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FOREWORD

COVERAGE OF JOINING TECHNOLOGIES IN THE ASM HANDBOOK HAS GROWN
DRAMATICALLY OVER THE YEARS. A SHORT CHAPTER ON WELDING--EQUAL IN SIZE TO
ABOUT 5 PAGES OF TODAY'S ASM HANDBOOK--APPEARED IN THE 1933 EDITION OF THE
NATIONAL METALS HANDBOOK PUBLISHED BY THE AMERICAN SOCIETY OF STEEL TREATERS,
ASM'S PREDECESSOR. THAT MATERIAL WAS EXPANDED TO 13 PAGES IN THE CLASSIC 1948
EDITION OF METALS HANDBOOK. THE FIRST FULL VOLUME ON WELDING AND BRAZING IN
THE SERIES APPEARED IN 1971, WITH PUBLICATION OF VOLUME 6 OF THE 8TH EDITION OF
METALS HANDBOOK. VOLUME 6 OF THE 9TH EDITION, PUBLISHED IN 1983, WAS EXPANDED TO
INCLUDE COVERAGE OF SOLDERING.

THE NEW VOLUME 6 OF THE ASM HANDBOOK BUILDS ON THE PROUD TRADITION
ESTABLISHED BY THESE PREVIOUS VOLUMES, BUT IT ALSO REPRESENTS A BOLD NEW STEP
FOR THE SERIES. THE HANDBOOK HAS NOT ONLY BEEN REVISED, BUT ALSO ENTIRELY
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REFORMATTED TO MEET THE NEEDS OF TODAY'S MATERIALS COMMUNITY. OVER 90% OF
THE ARTICLES IN THIS VOLUME ARE BRAND-NEW, AND THE REMAINDER HAVE BEEN
SUBSTANTIALLY REVISED. MORE SPACE HAS BEEN DEVOTED TO COVERAGE OF SOLID-
STATE WELDING PROCESSES, MATERIALS SELECTION FOR JOINED ASSEMBLIES, WELDING IN
SPECIAL ENVIRONMENTS, QUALITY CONTROL, AND MODELING OF JOINING PROCESSES, TO
NAME BUT A FEW. INFORMATION ALSO HAS BEEN ADDED FOR THE FIRST TIME ABOUT
JOINING OF SELECTED NONMETALLIC MATERIALS.

WHILE A DELIBERATE ATTEMPT HAS BEEN MADE TO INCREASE THE AMOUNT OF CUTTING-
EDGE INFORMATION PROVIDED, THE ORGANIZERS HAVE WORKED HARD TO ENSURE THAT
THE HEART OF THE BOOK REMAINS PRACTICAL INFORMATION ABOUT JOINING PROCESSES,
APPLICATIONS, AND MATERIALS WELDABILITY--THE TYPE OF INFORMATION THAT IS THE
HALLMARK OF THE ASM HANDBOOK SERIES.

PUTTING TOGETHER A VOLUME OF THIS MAGNITUDE IS AN ENORMOUS EFFORT AND COULD
NOT HAVE BEEN ACCOMPLISHED WITHOUT THE DEDICATED AND TIRELESS EFFORTS OF THE
VOLUME CHAIRPERSONS: DAVID L. OLSON, THOMAS A. SIEWERT, STEPHEN LIU, AND GLEN R.
EDWARDS. SPECIAL THANKS ARE ALSO DUE TO THE SECTION CHAIRPERSONS, TO THE
MEMBERS OF THE ASM HANDBOOK COMMITTEE, AND TO THE ASM EDITORIAL STAFF. WE
ARE ESPECIALLY GRATEFUL TO THE OVER 400 AUTHORS AND REVIEWERS WHO HAVE
CONTRIBUTED THEIR TIME AND EXPERTISE IN ORDER TO MAKE THIS HANDBOOK A TRULY
OUTSTANDING INFORMATION RESOURCE.

EDWARD H. KOTTCAMP, JR.
PRESDENT
ASM INTERNATIONAL

EDWARD L. LANGER
MANAGING DIRECTOR
ASM INTERNATIONAL

PREFACE

THE ASM HANDBOOK, VOLUME 6, WELDING, BRAZING, AND SOLDERING, HAS BEEN ORGANIZED
INTO A UNIQUE FORMAT THAT WE BELIEVE WILL PROVIDE HANDBOOK USERS WITH READY
ACCESS TO NEEDED MATERIALS-ORIENTED JOINING INFORMATION AT A MINIMAL LEVEL OF
FRUSTRATION AND STUDY TIME. WHEN WE DEVELOPED THE ORGANIZATIONAL STRUCTURE
FOR THIS VOLUME, WE RECOGNIZED THAT ENGINEERS, TECHNICIANS, RESEARCHERS,
DESIGNERS, STUDENTS, AND TEACHERS DO NOT SEEK OUT JOINING INFORMATION WITH THE
SAME LEVEL OF UNDERSTANDING, OR WITH THE SAME NEEDS. THEREFORE, WE
ESTABLISHED DISTINCT SECTIONS THAT WERE INTENDED TO MEET THE SPECIFIC NEEDS OF
PARTICULAR USERS.

THE EXPERIENCED JOINING SPECIALIST CAN TURN TO THE SECTION "CONSUMABLE
SELECTION, PROCEDURE DEVELOPMENT, AND PRACTICE CONSIDERATIONS' AND FIND
DETAILED JOINING MATERIALS DATA ON A WELL-DEFINED PROBLEM. THIS HANDBOOK
ALSO PROVIDES GUIDANCE FOR THOSE WHO NOT ONLY MUST SPECIFY THE JOINING
PRACTICE, BUT ALSO THE MATERIALS TO BE JOINED. THE SECTION "MATERIALS SELECTION
FOR JOINED ASSEMBLIES' CONTAINS COMPREHENSIVE INFORMATION ABOUT THE
PROPERTIES, APPLICATIONS, AND WELDABILITIES OF THE MAJOR CLASSES OF STRUCTURAL
MATERIALS. TOGETHER, THESE TWO MAJOR SECTIONS OF THE HANDBOOK SHOULD
PROVIDE AN ENGINEER ASSIGNED A LOOSELY DEFINED DESIGN PROBLEM WITH THE MEANS
TO MAKE INTELLIGENT CHOICES FOR COMPLETING AN ASSEMBLY .

FREQUENTLY, TECHNOLOGISTS ARE CALLED UPON TO INITIATE AND ADOPT WELDING
PROCESSES WITHOUT IN-DEPTH KNOWLEDGE OF THESE PROCESSES OR THE SCIENTIFIC
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PRINCIPLES THAT IMPACT THE PROPERTIES AND PERFORMANCE OF WELDMENTS. THE
SECTIONS "FUNDAMENTALS OF JOINING" AND "JOINING PROCESSES' ARE DESIGNED TO
MEET THE NEEDS OF THESE USERS, OR ANYONE WHO NEEDS BASIC BACKGROUND
INFORMATION ABOUT JOINING PROCESSES AND PRINCIPLES.

WELDING, BRAZING, AND SOLDERING ARE TRULY INTERDISCIPLINARY ENTERPRISES; NO
INDIVIDUAL CAN BE EXPECTED TO BE AN EXPERT IN ALL ASPECTS OF THESE
TECHNOLOGIES. THEREFORE, WE HAVE ATTEMPTED TO PROVIDE A HANDBOOK THAT CAN
BE USED AS A COMPREHENSIVE REFERENCE BY ANYONE NEEDING MATERIALS-RELATED
JOINING INFORMATION.

MANY COLLEAGUES AND FRIENDS CONTRIBUTED THEIR TIME AND EXPERTISE TO THIS
HANDBOOK, AND WE ARE VERY GRATEFUL FOR THEIR EFFORTS. WE WOULD ALSO LIKE TO
EXPRESS OUR THANKS TO THE AMERICAN WELDING SOCIETY FOR THEIR COOPERATION AND
ASSISTANCE IN THISENDEAVOR.

DAVID LEROY OLSON, COLORADO SCHOOL OF MINES

THOMASA. SEWERT, NATIONAL INSTITUTE OF STANDARDS AND
TECHNOLOGY

STEPHEN LIU, COLORADO SCHOOL OF MINES
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Energy Sources Used for Fusion Welding

Thomas W. Eagar, Massachusetts Institute of Technology

Introduction

WELDING AND JOINING processes are essential for the development of virtually every manufactured product.
However, these processes often appear to consume greater fractions of the product cost and to create more of the
production difficulties than might be expected. There are a number of reasons that explain this situation.

First, welding and joining are multifaceted, both in terms of process variations (such as fastening, adhesive bonding,
soldering, brazing, arc welding, diffusion bonding, and resistance welding) and in the disciplines needed for problem
solving (such as mechanics, materials science, physics, chemistry, and electronics). An engineer with unusually broad and
deep training is required to bring these disciplines together and to apply them effectively to avariety of processes.

Second, welding or joining difficulties usually occur far into the manufacturing process, where the relative value of
scrapped partsis high.

Third, a very large percentage of product failures occur at joints because they are usually located at the highest stress
points of an assembly and are therefore the weakest parts of that assembly. Careful attention to the joining processes can
produce great rewards in manufacturing economy and product reliability.

The Section "Fusion Welding Processes' in this Volume provides details about equipment and systems for the major
fusion welding processes. The purpose of this Section of the Volume is to discuss the fundamentals of fusion welding
processes, with an emphasis on the underlying scientific principles.

Because there are many fusion welding processes, one of the greatest difficulties for the manufacturing engineer is to
determine which process will produce acceptable properties at the lowest cost. There are no simple answers. Any change
in the part geometry, material, value of the end product, or size of the production run, as well as the availability of joining
equipment, can influence the choice of joining method. For small lots of complex parts, fastening may be preferable to
welding, whereas for long production runs, welds can be stronger and less expensive.

The perfect joint is indistinguishable from the material surrounding it. Although some processes, such as diffusion
bonding, can achieve results that are very close to thisideal, they are either expensive or restricted to use with just a few
materials. Thereis no universal process that performs adequately on all materialsin all geometries. Nevertheless, virtually
any material can be joined in some way, although joint properties equal to those of the bulk material cannot always be
achieved.

The economics of joining a material may limit its usefulness. For example, aluminum is used extensively in aircraft
manufacturing and can be joined by using adhesives or fasteners, or by welding. However, none of these processes has
proven economical enough to allow the extensive replacement of steel by aluminum in the frames of automobiles. An
increased use of compositesin aircraftsis limited by an inability to achieve adequate joint strength.
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It is essential that the manufacturing engineer work with the designer from the point of product conception to ensure that
compatible materials, processes, and properties are selected for the final assembly. Often, the designer leaves the problem
of joining the parts to the manufacturing engineer. This can cause an escalation in cost and a decrease in reliability. If the
design has been planned carefully and the parts have been produced accurately, the joining process becomes much easier
and cheaper, and both the quality and reliability of the product are enhanced.

Generally, any two solids will bond if their surfaces are brought into intimate contact. One factor that generaly inhibits
this contact is surface contamination. Any freshly produced surface exposed to the atmosphere will absorb oxygen, water
vapor, carbon dioxide, and hydrocarbons very rapidly. If it is assumed that each molecule that hits the surface will be
absorbed, then the time-pressure value to produce a monolayer of contamination is approximately 0.001 Pa - s (10® atm -
9). F%r example, at apressure of 1 Pa (10® atm), the contamination time is 10° s, whereas at 0.1 MPa (1 atm), it is only 10
x 107 s.

In fusion welding, intimate interfacial contact is achieved by interposing a liquid of substantially similar composition as
the base metal. If the surface contamination is soluble, then it is dissolved in the liquid. If it isinsoluble, then it will float
away from the liquid-solid interface.

Energy Sources Used for Fusion Welding

Thomas W. Eagar, Massachusetts Institute of Technology

Energy-Source Intensity

One distinguishing feature of all fusion welding processes is the intensity of the heat source used to melt the liquid.
Virtually every concentrated heat source has been applied to the welding process. However, many of the characteristics of
each type of heat source are determined by its intensity. For example, when considering a planar heat source diffusing
into avery thick slab, the surface temperature will be a function of both the surface power density and the time.

Figure 1 shows how this temperature will vary on steel with power densities that range from 400 to 8000 W/cm?. At the
lower value, it takes 2 min to melt the surface. If that heat source were a point on the flat surface, then the heat flow
would be divergent and might not melt the steel. Rather, the solid metal would be able to conduct away the heat as fast as
it was being introduced. It is generally found that heat-source power densities of approximately 1000 W/cm? are
necessary to melt most metals.

Distance from joint, in,
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FIG. 1 TEMPERATURE DISTRIBUTION AFTER A SPECIFIC HEATING TIME IN A THICK STEEL PLATE HEATED
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UNIFORMLY ON ONE SURFACE AS A FUNCTION OF APPLIED HEAT INTENSITY; INITIAL TEMPERATURE OF PLATE
IS 25 °C (77 °F)

At the other end of the power-density spectrum, heat intensities of 10° or 10" W/cm? will vaporize most metals within a
few microsecond. At levels above these values, all of the solid that interacts with the heat source will be vaporized, and
no fusion welding can occur. Thus, the heat sources for al fusion welding processes should have power densities between
approximately 0.001 and 1 MW/cm?. This power-density spectrum is shown in Fig. 2, along with the points at which
common joining processes are employed.

Electroslag, Resistance welding
oxyacetylene flame, loxygen cutting)
thermite

. Friction
Air/fuel gas Electron beam,

flame Arc welding laser beam

L___1 |, | |
109 10% 10° 10° 108 107

W/cm®

FI1G. 2 SPECTRUM OF PRACTICAL HEAT INTENSITIES USED FOR FUSION WELDING

The fact that power density is inversely related to the interaction time of the heat source on the material is evident in Fig.
1. Because this represents a transient heat conduction problem, one can expect the heat to diffuse into the steel to a depth
that increases as the sgquare root of time, that is, from the Einstein equation:

X ~+at (EQ 1)

where X is the distance that the heat diffuses into the solid, in centimeters. a is the thermal diffusivity of the solid, in
cm?/s; and t is the time in seconds. Tables 1 and 2 give the thermal diffusivities of common elements and common alloys,
respectively.

TABLE 1 THERMAL DIFFUSIVITIES OF COMMON ELEMENTS FROM 20 TO 100 °C (68 TO 212 °F)

ELEMENT DENSITY HEAT THERMAL mm?/s | THERMAL
CAPACITY CONDUCTIVITY DIFFUSIVITY
glem?® Ib/in2 | j/kg -k | cali/g-°c | wim-k caly/cm - s- °c cm?¥s
ALUMINUM 2.699 | 0.098 | 900 0.215 221 0.53 91 0.91
ANTIMONY 6.62 0.239 | 205 0.049 19 0.045 14 0.14
BERYLLIUM 1.848 | 0.067 | 1880 | 0.45 147 0.35 42 0.42
BISMUTH 9.80 0.3%4 | 123 0.0294 |8 0.020 7 0.09
CADMIUM 8.65 0.313 | 230 0.055 92 0.22 46 0.46
CARBON 2.25 0.081 | 691 0.165 24 0.057 15 0.15
COBALT 8.85 0.320 | 414 0.099 69 0.165 19 0.188
COPPER 8.96 0.324 | 385 0.092 394 0.941 114 1.14
GALLIUM 5907 |0.213| 331 0.079 29-38 0.07-0.09 17 0.17
GERMANIUM 5323 | 0.192 | 306 0.073 59 0.14 36 0.36
GOLD 19.32 | 0.698 | 131 0.0312 | 297 0.71 118 1.178
HAFNIUM 13.09 | 0.472 | 147 0.0351 | 22 0.053 12 0.12
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INDIUM 7.31 0264239 0057 |24 0.057 14 0.137
IRIDIUM 22.5 0.813]129 ]0.0307 |59 0.14 20 0.20
IRON 7.87 0284460 |0.11 75 0.18 21 0.208
LEAD 11.36 | 0.410| 129 | 0.0309 | 35 0.083 24 0.236
MAGNESIUM 1.74 0.063] 1025 | 0.245 |154 0.367 86 0.86
MOLYBDENUM | 10.22 | 0.369 | 276 | 0.066 | 142 0.34 50 0.50
NICKEL 8902 0322|440 |0.105 |92 0.22 235 [0.235
NIOBIUM 8.57 0310( 268 |0.064 |54 0.129 23.6 |0.236
PALLADIUM 12.02 | 0434|244 |0.0584 |70 0.168 24 0.24
PLATINUM 2145 | 0.7/5]131 |0.0314 |69 0.165 245 10.245
PLUTONIUM 1984 | 07171138 |0.033 |8 0.020 3.0 0.030
RHODIUM 1244 10449 | 247 |0.059 |88 0.21 29 0.286
SILICON 2.33 00841678 (0162 |84 0.20 53 0.53
SILVER 1049 [0.379|234 |0.0559 |418 1.0 170 1.705
SODIUM 0.9712 1 0.035] 1235 | 0.295 |134 0.32 112 1.12
TANTALUM 16.6 0600|142 (0034 |54 0.130 23 0.23
TIN 7.2984 10264 | 226 | 0.054 |63 0.150 38 0.38
TITANIUM 4507 (0163|519 0124 |22 0.052 9 0.092
TUNGSTEN 19.3 0.697 | 138 | 0.033 | 166 0.397 62 0.62
URANIUM 19.07 [ 0.689 | 117 |0.0279 | 30 0.071 13 0.13
VANADIUM 6.1 022 1498 10119 |31 0.074 10 0.10
ZINC 7.133 [ 0.258 383 |0.0915 | 113 0.27 41 0.41
ZIRCONIUM 6.489 0234|280 |0.067 |21 0.050 12 0.12

TABLE 2 THERMAL DIFFUSIVITIES OF COMMON ALLOYS FROM 20 TO 100 °C (68 TO 212 °F)

ALLOYS DENSITY | HEAT THERMAL THERMAL
CAPACITY CONDUCTIVITY DIFFUSIVITY

glem® | Ibfin2 | j/kg -k | cali/g-°c | wim -k | caly/em -s-°c mm?/s | cm?s

ALUMINUM ALLOYS

1100 2.71 | 0.098 | 963 0.23 222 0.53 85 0.85

2014 2.80 | 0.101 | 963 0.23 193 0.46 71 0.71

5052 2.68 | 0.097 | 963 0.23 138 0.33 54 0.54

6061 2.70 | 0.098 | 963 0.23 172 0.41 66 0.66

7075 2.80 | 0.101 | 963 0.23 121 0.29 45 0.45

COPPER ALLOYS

COMMERCIAL 8.80 | 0.318 | 377 0.09 188 0.45 57 0.57

BRONZE

CARTRIDGE 8.53 | 0.308 | 377 0.09 121 0.29 38 0.38

BRASS

NAVAL BRASS 8.41 | 0.303 | 377 0.09 117 0.28 37 0.37

BERYLLIUM 8.23 | 0.297 | 419 0.1 84 0.20 24 0.24

COPPER

9% ALUMINUM | 7.58 | 0.273 | 435 0.104 60 0.144 18 0.18

BRONZE

MAGNESIUM ALLOYS

AZ 31 1.78 1 0.064 | 1050 | 0.25 84 0.20 45 0.45

AZ 91 1.83 | 0.066 | 1005 | 0.24 84 0.20 46 0.46

ZW 1 1.8 | 0.065| 1005 | 0.24 134 0.32 74 0.74

RZ 5 1.84 | 0.066 | 963 0.23 113 0.27 64 0.64

STAINLESSSTEELS
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TYPE 301 7.9 |0.285 | 502 0.12 16 0.039 4.1 0.041
TYPE 304 7.9 10.285]| 502 0.12 151 0.036 3.8 0.038
TYPE 316 8.0 |0.289 | 502 0.12 155 0.037 3.9 0.039
TYPE 410 7.7 10.278 | 460 0.11 24 0.057 6.7 0.067
TYPE 430 7.7 10.278 | 460 011 26 0.062 7.3 0.073
TYPE 501 7.7 |0.278 | 460 0.11 37 0.088 10 0.10
NICKEL-BASE ALLOYS

NIMONIC 80A 8.19 | 0.296 | 460 011 11 0.027 3.0 0.030
INCONEL 600 8.42 | 0.304 | 460 0.11 15 0.035 3.8 0.038
MONEL 400 8.8310.319 | 419 0.10 22 0.052 5.8 0.058
TITANIUM ALLOYS

TI-6AL-4V 4.43 ] 0.160 | 611 0.146 5.9 0.014 2.1 0.021
TI1-5AL-2.55N 4.46 | 0.161 | 460 0.11 6.3 0.015 3.1 0.031

For the planar heat source on a steel surface, as represented by Fig. 1, the time in seconds to produce melting on the
surface, tn, isgiven by:

Tm = (5000/H.1.) (EQ 2

where H.1. isthe net heat intensity (in W/cm?) transferred to the workpiece.

Equation 2 provides arough estimate of the time required to produce melting, and is based upon the thermal diffusivity of
steel. Materials with higher thermal diffusivities--or the use of alocal point heat source rather than a planar heat source--
will increase the time to produce melting by a factor of up to two to five times. On the other hand, thin materials tend to
heat more quickly.

If the time to melting is considered to be a characteristic interaction time, t;, then the graph shown in Fig. 3 can be
generated. Heat sources with power densities that are of the order of 1000 W/cm?, such as oxyacetylene flames or electro-
slag welding, require interaction times of 25 s with steel, whereas laser and electron beams, at 1 MW/cm?, need
interaction times on the order of only 25 ps. If this interaction time is divided into the hest-source diameter, dy, then a
maximum travel speed, Vma, IS Obtained for the welding process (Fig. 4).
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1 1 -
@ 0.1 0 -
E 0.01 100 'E
51073 10° §
8 10~ 10" %
£10- 10° E
10-8 10°
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10° 10° 10° 108 107 108

Heat intensity, W/em?

F1G. 3 TYPICAL WELD POOL-HEAT SOURCE INTERACTION TIMES AS FUNCTION OF HEAT-SOURCE INTENSITY.
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MATERIALS WITH A HIGH THERMAL DIFFUSIVITY, SUCH AS COPPER OR ALUMINUM, WOULD LIE NEAR THE
TOP OF THIS BAND, WHEREAS STEELS, NICKEL ALLOYS, OR TITANIUM WOULD LIE IN THE MIDDLE. URANIUM
AND CERAMICS, WITH VERY LOW THERMAL DIFFUSIVITIES, WOULD LIE NEAR THE BOTTOM OF THE BAND.
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FIG. 4 MAXIMUM WELD TRAVEL VELOCITY AS A FUNCTION OF HEAT-SOURCE INTENSITY BASED ON TYPICAL
HEAT-SOURCE SPOT DIAMETERS

The reason why welders begin their training with the oxyacetylene process should be clear: it is inherently slow and does
not require rapid response time in order to control the size of the weld puddle. Greater skill is needed to control the more-
rapid fluctuations in arc processes. The weld pool created by the high-heat-intensity processes, such as laser-beam and
electron-beam welding, cannot be humanly controlled and must therefore be automated. This need to automate leads to
increased capital costs. On an approximate basis, the W/cm? of a process can be substituted with the dollar cost of the
capital equipment. With reference to Fig. 2, the cost of oxyacetylene welding equipment is nearly $1000, whereas a fully
automated laser-beam or electron-beam system can cost $1 million. Note that the capital cost includes only the energy
source, control system, fixturing, and materials handling equipment. It does not include operating maintenance or
inspection costs, which can vary widely depending on the specific application.

For constant total power, a decrease in the spot size will produce a squared increase in the heat intensity. This is one of
the reasons why the spot size decreases with increasing heat intensity (Fig. 4). It is easier to make the spot smaller than it
is to increase the power rating of the equipment. In addition, only a small volume of material usually needs to be melted.
If the spot size were kept constant and the input power were squared in order to obtain higher densities, then the volume
of fused metal would increase dramatically, with no beneficial effect.

However, a decreasing spot size, coupled with a decreased interaction time at higher power densities, compounds the
problem of controlling the higher-heat-intensity process. A shorter interaction time means that the sensors and controllers
necessary for automation must operate at higher frequencies. The smaller spot size means that the positioning of the heat
source must be even more precise, that is, on the order of the heat-source diameter, dy. The control frequency must be
greater than the travel velocity divided by the diameter of the heat source. For processes that operate near the maximum
travel velocity, thisisthe inverse of the process interaction time, t, (Fig. 3).

Thus, not only must the high-heat-intensity processes be automated because of an inherently high travel speed, but the
fixturing requirements become greater, and the control systems and sensors must have ever-higher frequency responses.
These factors lead to increased costs, which is one reason that the very productive laser-beam and el ectron-beam welding
processes have not found wider use. The approximate productivity of selected welding processes, expressed as length of
weld produced per second, to the relative capital cost of equipment is shownin Fig. 5.

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



Productivity, in. of weld/s

0.004 0.04 0.4 ) 40 400
107 T T
Laser and
@ glectron beam
5 100 t
I=]
°
]
2 10°
L&)
5 L s
£ 10° e ;
9_ T
% / Arc Resistance
T 107 R
= Flame
© |
100
0.01 0.1 1 10 w00 10°

Productivity, cm of weld/s

FIG. 5 APPROXIMATE RELATIONSHIP BETWEEN CAPITAL COST OF WELDING EQUIPMENT AND SPEED AT
WHICH SHEET METAL JOINTS CAN BE PRODUCED

Another important welding process parameter that is related to the power density of the heat source is the width of the
heat-affected zone (HAZ). This zone is adjacent to the weld metal and is not melted itself but is structurally changed
because of the heat of welding. Using the Einstein equation, the HAZ width can be estimated from the process interaction
time and the thermal diffusivity of the material. This is shown in Fig. 6, with one slight modification. At levels above
approximately 10* W/cm?, the HAZ width becomes roughly constant. This is due to the fact that the HAZ grows during
the heating stage at power densities that are below 10" W/cn?, but at higher power densities it grows during the cooling
cycle. Thus, at low power densities, the HAZ width is controlled by the interaction time, whereas at high power densities,
it is independent of the heat-source interaction time. In the latter case, the HAZ width grows during the cooling cycle as
the heat of fusion is removed from the weld metal, and is proportional to the fusion zone width.
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FI1G. 6 RANGE OF WELD HAZ WIDTHS AS FUNCTION OF HEAT-SOURCE INTENSITY
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The change of slope in Fig. 6 also represents the heat intensity at which the heat utilization efficiency of the process
changes. At high heat intensities, nearly all of the heat is used to melt the material and little is wasted in preheating the
surroundings. As heat intensity decreases, this efficiency is reduced. For arc welding, aslittle as half of the heat generated
may enter the plate, and only 40% of this heat is used to fuse the metal. For oxyacetylene welding, the heat entering the
metal may be 10% or less of the total heat, and the heat necessary to fuse the metal may be less than 2% of the total heat.

A fina point is that the heat intensity also controls the depth-to-width ratio of the molten pool. This value can vary from
0.1 in low-heat-intensity processes to more than 10 in high-heat-intensity processes.

It should now be evident that al fusion welding processes can be characterized generaly by heat-source intensity. The
properties of any new heat source can be estimated readily from the figures in this article. Nonetheless, it is useful to more
fully understand each of the common welding heat sources, such as flames, arcs, laser beams, electron beams, and
electrical resistance. These are described in separate articles in the Section "Fusion Welding Processes” in this Volume.

Heat Flow in Fusion Welding

Chon L. Tsai and Chin M. Tso, The Ohio State University

Introduction

DURING FUSION WELDING, the thermal cycles produced by the moving heat source cause physical state changes,
metallurgical phase transformation, and transient thermal stress and metal movement. After welding is completed, the
finished product may contain physical discontinuities that are due to excessively rapid solidification, or adverse
microstructures that are due to inappropriate cooling, or residual stress and distortion that are due to the existence of
incompatible plastic strains.

In order to analyze these problems, this article presents an analysis of welding heat flow, focusing on the heat flow in the
fusion welding process. The primary objective of welding heat flow modeling is to provide a mathematical tool for
thermal data analysis, design iterations, or the systematic investigation of the thermal characteristics of any welding
parameters. Exact comparisons with experimental measurements may not be feasible, unless some calibration through the
experimental verification procedure is conducted.

Welding Thermal Process. A physical model of the welding system is shown in Fig. 1. The welding heat source moves
at a constant speed along a straight path. The end result, after either initiating or terminating the heat source, is the
formation of atransient thermal state in the weldment. At some point after heat-source initiation but before termination,
the temperature distribution is stationary, or in thermal equilibrium, with respect to the moving coordinates. The origin of
the moving coordinates coincides with the center of the heat source. The intense welding heat melts the metal and forms a
molten pool. Some of the heat is conducted into the base metal and some is lost from either the arc column or the metal
surface to the environment surrounding the plate. Three metallurgical zones are formed in the plate upon completion of
the thermal cycle: the weld-metal (WM) zone, the heated-affected zone (HAZ), and the base-metal (BM) zone. The peak
temperature and the subsequent cooling rates determine the HAZ structures, whereas the thermal gradients, the
solidification rates, and the cooling rates at the liquid-solid pool boundary determine the solidification structure of the
WM zone. The size and flow direction of the pool determines the amount of dilution and weld penetration. The material
response in the temperature range near melting temperatures is primarily responsible for the metallurgical changes.
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FIG. 1 SCHEMATIC OF THE WELDING THERMAL MODEL

Two thermal states, quasi-stationary and transient, are associated with the welding process. The transient thermal
response occurs during the source initiation and termination stages of welding, the latter of which is of greater
metallurgical interest. Hot cracking usually begins in the transient zone, because of the nonequilibrium solidification of
the base material. A crack that forms in the source-initiation stage may propagate along the weld if the solidification
strains sufficiently multiply in the wake of the welding heat source. During source termination, the weld pool solidifies
several times faster than the weld metal in the quasi-stationary state. Cracks usually appear in the weld crater and may
propagate along the weld. Another dominant transient phenomenon occurs when a short repair weld is made to a
weldment. Rapid cooling results in a brittle HAZ structure and either causes cracking problems or creates a site for
fatigue-crack initiation.

The quasi-stationary thermal state represents a steady thermal response of the weldment in respect to the moving heat
source. The magjority of the thermal expansion and shrinkage in the base material occurs during the quasi-stationary
thermal cycles. Residual stress and weld distortion are the thermal stress and strain that remain in the weldment after
completion of the thermal cycle.

Relation to Welding Engineering Problems. To model and anayze the thermal process, an understanding of
thermally induced welding problems is important. A simplified modeling scheme, with adequate assumptions for specific
problems, is possible for practical applications without using complex mathematical manipulations. The relationship
between the thermal behavior of weldments and the metallurgy, control, and distortion associated with welding is
summarized below.

Welding Metallurgy. As aready noted, defective metallurgical structures in the HAZ and cracking in the WM usually
occur under the transient thermal condition. Therefore, a transient thermal model is needed to analyze cracking and
embrittlement problems.

To evaluate the various welding conditions for process qualification, the quasi-stationary thermal responses of the weld
material need to be analyzed. The minimum required amount of welding heat input within the alowable welding speed
range must be determined in order to avoid rapid solidification and cooling of the weldment Preheating may be necessary
if the proper thermal conditions cannot be obtained under the specified welding procedure. A quasi-stationary thermal
model is adequate for this type of analysis.

Hot cracking results from the combined effects of strain and metallurgy. The strain effect results from weld-metal
displacement at near-melting temperatures, because of solidification shrinkage and weldment restraint. The metallurgical
effect relates to the segregation of aloying elements and the formation of the eutectic during the high nonequilibrium
solidification process. Using metallurgical theories, it is possible to determine the chemical segregation, the amounts and
distributions of the eutectic, the magnitudes and directions of grain growth, and the weld-metal displacement at high
temperatures. Using the heating and cooling rates, as well as the retention period predicted by modeling and analysis, hot-
cracking tendencies can be determined. To analyze these tendencies, it is important to employ a more accurate numerical
model that considers finite welding heat distribution, latent heat, and surface heat loss.
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Welding Control. In-process welding control has been studied recently. Many of the investigations are aimed at
developing sensing and control hardware. However, a link between weld-pool geometry and weld quality has not been
fully established. A transient heat-flow analysis needs to be used to correlate the melted surface, which is considered to be
the primary control variable, to the weld thermal response in atime domain.

Welding Distortion The temperature history and distortion caused by the welding thermal process creates nonlinear
thermal strains in the weldment. Thermal stresses are induced if any incompatible strains exist in the weld. Plastic strains
are formed when the thermal stresses are higher than the material yield stress. Incompatible plastic strains accumulate
over the thermal process and result in residual stress and distortion of the final weldment. The material response in the
lower temperature range during the cooling cycle is responsible for the residual stresses and weldment distortion. For this
type of analysis, the temperature field away from the welding heat source is needed for the modeling of the heating and
cooling cycle during and after welding. A quasi-stationary thermal model with a concentrated moving heat source can
predict, with reasonable accuracy, the temperature information for the subsequent stress and distortion analysis.

Literature Review. Many investigators have analytically, numerically, and experimentally studied welding heat-flow
modeling and analysis (Ref 1, 2, 3, 4,5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18). The mgjority of the studies were
concerned with the quasi-stationary therma state. Lance and Martin (Ref 1), Rosenthal and Schmerber (Ref 2) and
Rykalin (Ref 3) independently obtained an analytical temperature solution for the quasi-stationary state using a point or
line heat source moving along a straight line on a semi-infinite body. A solution for plates of finite thickness was later
obtained by many investigators using the imaged heat source method (Ref 3, 4). Tsai (Ref 5) developed an analytical
solution for a model that incorporated a welding heat source with a skewed Gaussian distribution and finite plate
thickness. It was later called the "finite source theory" (Ref 6).

With the advancement of computer technology and the development of numerical techniques like the finite-difference and
finite-element methods, more exact welding therma models were studied and additional phenomena were considered,
including nonlinear thermal properties, finite heat-source distributions, latent heat, and various joint geometries. Tsai (Ref
5), Pavelic (Ref 7), Kou (Ref 8), Kogan (Ref 9), and Brody (Ref 10) studied the simulation of the welding process using
the finite-difference scheme. Hibbitt and Marcal (Ref 11), Friedman (Ref 12), and Paley (Ref 13) made some progressin
welding simulation using the finite-element method.

Analytical solutions for transient welding heat flow in a plate were first studied by Naka (Ref 14), Rykalin (Ref 3), and
Masubuchi and Kusuda (Ref 15) in the 1940s and 1950s. A point or line heat source, constant thermal properties, and
adiabatic boundary conditions were assumed. Later, Tsai (Ref 16) extended the analytical solution to incorporate
Gaussian heat distribution using the principle of superposition. The solution was used to investigate the effect of pulsed
conditions on weld-pool formation and solidification without the consideration of latent heat and nonlinear thermal
properties.

The analysis of the transient thermal behavior of weldments using numerical methods has been the focus of severa
investigations since 1980. Friedman (Ref 17) discussed the finite-element approach to the genera transient thermal
analysis of the welding process. Brody (Ref 10) developed a two-dimensional transient heat flow model using a finite-
difference scheme and a simulated pulsed-current gas-tungsten arc welding process (GTAW). Tsai and Fan (Ref 18)
modeled the two-dimensional transient welding heat flow using a finite-element scheme to study the transient welding
thermal behavior of the weldment.

General Approach. The various modeling and analysis schemes summarized above can be used to investigate the
thermal process of different welding applications. With adegquate assumptions, analytical solutions for the simplified
model can be used to analyze welding problems that show alinear response to the heat source if the solutions are properly
calibrated by experimental tests. Numerical solutions that incorporate nonlinear thermal characteristics of weldments are
usually required for investigating the weld-pool growth or solidification behavior. Numerical solutions can also be
necessary for metalurgical studies in the weld HAZ if the rapid cooling phenomenon is significant under an adverse
welding environment, such as welding under water.

Thermally related welding problems can be categorized as:

SOLIDIFICATION RATESIN THE WELD POOL
COOLING RATESIN THEHAZ AND ITSVICINITY
THERMAL STRAINSIN THE GENERAL DOMAIN OF THE WELDMENT
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The domain of concern in the weld pool solidification is within the molten pool area, in which the arc (or other heat
source) phenomena and the liquid stirring effect are significant. A convective heat-transfer model with a moving
boundary at the melting temperature is needed to study the first category, and numerical schemes are usually required, as
well.

The HAZ is always bounded on one side by the liquid-solid interface during welding. This inner-boundary condition is
the solidus temperature of the material. The liquid weld pool might be eliminated from therma modeling if the interface
could be identified. A conduction heat-transfer model would be sufficient for the anaysis of the HAZ. Numerical
methods are often employed and very accurate results can be obtained.

The thermal strains caused by welding thermal cycles are caused by the nonlinear temperature distribution in the general
domain of the weldment. Because the temperature in the material near the welding heat source is high, very little stress
can be accumulated from the thermal strains. Thisis due to low rigidity, that is, small modulus of easticity and low yield
strength. The domain for thermal strain study is less sensitive to the arc and fluid-flow phenomena and needs only a
relatively simple thermal model. Analytical solutions with minor manipul ations often provide satisfactory results.

In this article, only the analytical heat-flow solutions and their practical applications are addressed. The numerical
conduction solutions and the convective models for fluid flow in a molten weld pool are not presented.
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Heat Flow in Fusion Welding

Chon L. Tsai and Chin M. Tso, The Ohio State University

Mathematical Formulations

Conduction Equation. A diagram of the welding therma model is shown in Fig. 1. The origin of the moving
coordinates (w,X,2) is fixed at the center of the welding heat source. The coordinates move with the source at the same
speed. The conduction equation for heat flow in the weldmentsis:

RN la_.A_ fiq

N.( Ng) +r Cova T Q=" GV (EQ 1)
Theinitia condition is:

0=00,ATT=0 (EQ 2
and the general boundary conditionis:

fiq flq fiq : —

| —1,+—I,+—1 -qg+h(- =0
w gy T @-ay) (EQ 3)

where N is a differential operator; 0 is the temperature; 6 ¥ is the environmental temperature; 0, is the initia
temperature; A is thermal conductivity; p is density; C, is specific heat h is the surface heat-loss coefficient; |, Iy, and I,
are the direction cosines of the boundary surface; Q isthe volumetric heat source, tistime, and v is welding speed.

The volumetric heat source represents the Joule heating in the weldment that is due to the electric current flow within that
conducting medium. The total energy of such heating in welding is usually minimal, compared to the arc heat input. The
majority of the energy is concentrated in avery small volume beneath the arc (Ref 5). In other words, avery high energy
density generation existsin the weld pool, and it may have a significant effect on transient pool growth and solidification.

Heat-Source Formulation. The direction cosines on the surface that receive the heat flux from the welding source (z =
0) are l, =1, = 0 and I, = -1. Within the significant heat-input area (to be defined later in this section), the heat 1oss
coefficient, h, is zero.

The distribution of the welding heat flux on the weldment surface can be characterized, in a general form, by a skewed
Gaussian function (Ref 19):

) ) 2] bv 6
q(r,w) =q, expg- Cr2- " (EQ4)
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where B is a weight constant, « is the thermal diffusivity of the base material, C is a shape constant, q isheat flux as a

function of (r, w), qo is heat flux at the source center, r is the radial coordinate from the source center, and v is welding
speed.

The weight constant, 8, indicates the significance of the welding travel speed. A normal distribution of the welding heat
flux is obtained if the weight constant is zero.

In general, the total energy input to the weldment, which is a fraction of the total welding power generated by the welding
machine, is the sum of the concentrated heat and the diffused heat (Ref 20). The concentrated heat is carried by the core
of the energy transmission medium, for example, the arc plasma column. The diffused heat reaches the weld surface by
radiation and convection energy transport from the core surface. The heat-flux distribution is a function of the
proportional values between these two types of energy. The fraction of the total welding power reaching the weldment
indicates the heating efficiency of the welding process, and the fraction percentage is defined as welding heat efficiency,

n.

The shape constant, C, can be obtained in terms of the core diameter, D, and the concentration factor, F. The
concentration factor is defined as the ratio of the concentrated hest to the net energy reaching the weldment. The core
diameter can be assumed to be the diameter of the plasma column in the arc welding process. The concentration factor
and welding heat efficiency are not fully understood and have been subjected to manipulation during the mathematical
analysesin order to obtain a better correlation with the experimental data.

Assuming a normal heat-flux model, two concentrations are required to determine the shape constant and the heat flux at

the source center, q o- By integrating Eq 4 over the core heat area and the entire heat input domain (r =0 ® ¥ ), the shape

factor can be determined by dividing the two integrals. The heat flux at the source center can then be determined from the
second integral. The two constants are expressed as:

= Hal1/A- F)]
= e

c (EQ5)

where |4 is the length of the arc plasma column.

o
B0

(EQ 6)

In the case of arc welding,

(EQ7)

0

m |2
It
i=Rle)]

where E isthe welding arc voltage and | isthe welding current.

For practical purposes, the welding heat source can be considered to be restricted within a circle of radius r, where the
heat flux drops to 1/100 of the center flux q o- Theradius of the significant heat input area can be written as:

0.5

r,= :

g‘wﬁoo' (EQ®)

[SE e

Surface Heat Loss. The hest-loss coefficient, h, represents both radiation and convection heat loss from the boundary
surfaces outside the significant heat input area. The formulation for both heat-loss mechanisms can be written as the
radiation heat-loss coefficient (in air):
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Hrap = €0(0y + ¥ )( Ow > 0¥ 2)) (EQ9)

or the natural convection heat-loss coefficient (in air):
— Ow - Oy
H e =0.00042=5= (EQ 10)

or the convection heat-loss coefficient (in water):
Hew = 0.442(0y - 0¥ )% (EQ 11)

where ¢ is emissivity, o is the Stefan-Boltzmann constant, 6,, is the surface temperature, 6 ¥ , is the environmental
temperature, and B is the characteristic surface dimension.

Natural convection is dominant at a temperature below 550 °C (1020 °F), whereas radiation becomes more important at
temperatures above this level. The total heat-loss coefficient is the sum of Eq 9 and 10. The characteristic surface
dimension is the effective distance from the source beyond which the temperature rises insignificantly during welding.
The characteristic dimension for stedl is about 150 mm (6 in.) (Ref 5). In underwater welding, heat losses are primarily
due to heat transfer from the surface to the moving water environment. This motion is created by the rising gas column in
the arc area (Ref 21).

For an insulated surface, no heat transfer into or out of the surface is assumed. The temperature gradient normal to the
surfaceis zero, and can be represented by:

N-Rg=0 (EQ 12

where nisaunit vector normal to the surface and equals (I° + 1, + 1,°)*°.

Other Boundary Conditions. There are several other possible boundary conditions in welding heat-flow modeling that
depend on the assumptions used for model simplification. One is the condition at infinity:

q=q, or !E@n;lﬂ—qzo (EQ 13)

qr
Another is the condition near the heat source. In the case of aline source for athin plate:

g _
-2pl H!gngrﬁ—h El (EQ 14)

In the case of apoint source for athick plate:

-2pl lim 214 _ph g (EQ 15)

¥
In the case of afinite source for athick plate:

N-(-AR6) = q; RE Ra (EQ 16)
Anocther is represented by the conditions at the solid-liquid interface:
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01=05=0y (EQ 17)

n.( Nq), - n( Nqg), :irsL$ (EQ 18)

where + indicates the melting process and - indicates the solidification process. The subscripts s and | indicate the
temperature and the properties in a solid and liquid, respectively. The n is a normal vector on the boundary surface or
interface, r, is the radius of the heat-input area, L isthe latent heat of the base material, and the subscript m represents the
melting temperature of the base material.
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Heat Flow in Fusion Welding

Chon L. Tsai and Chin M. Tso, The Ohio State University

Engineering Solutions and Empirical Correlation

General Solutions. The general (analytical) heat-flow solutions for fusion welding can be categorized by those
appropriate for athick plate, athin plate, or a plate with finite thickness. In most cases, the boundary surfaces (except for
the heat-input area) are assumed to be adiabatic, and the thermal properties are independent of temperature. The various
metallurgical zones in the weldment are assumed to be homogeneous, and the thermal model islinear.

The solutions give the temperature for a specific point if the welding velocity, v, voltage, E, and current, |, as well as the
physical properties of the plate material (p, A, C,) and the welding heat efficiency, n, are known. This specific point is
defined by r and win:

r=JW2+y2+2z2 (EQ 19)

where w = X - vt. The heat-flow solutions are not accurate at points near the welding arc, because a point source or line
source is assumed for thick and thin plates, respectively.

To approximate the transient temperature changes at the start and end of aweld, Fig. 2 shows a global coordinate system
(x,y,2), the origin of which is fixed at the source initiation, where ty is the welding time and t; is the time after the welding
heat-source termination. The temperature solutions at t, and t; are the temperature changes at the start and end of the
weld, respectively.
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FIG. 2 GLOBAL AND MOVING COORDINATE SYSTEMS FOR WELDING HEAT CONDUCTION.

The temperature solution for thick plate at the arc start location is:

_ hEl
q-q, = 201 Vi, (EQ 20)
The quasi-stationary temperature distribution is:
hEl é-v(w+r)Q
- = ex -
9o =5 SPE (EQ 21)
At the arc termination location, the solution is:
_ hEl
-0, = 200, (EQ 22
The temperature solution for thin plate at the arc start location is:
hEl V3t VA
- = —ex 0 k 0
00 = 5o &P 5 K (EQ23)
The quasi-stationary temperature distribution is:
hEl -wW,wr
- = — exp——k —
A0 =5 g P Ko (EQ 24)
For the arc termination location, the solution is:
hEIl V2t eyt o
-Q, = exp—Lk, o—t2
-0 = g &P kg (EQ 25)

where K, is the modified Bessel function of the second kind of zero™ order and 1y El is the welding heat input rate.

Temperature for Plate With Finite Thickness. The image method enables the investigator to superimpose the
solutions for an infinitely thick plate, the source of which is placed on imaginary surfaces until the proper boundary
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conditions on the plate surfaces are obtained. This method is based on the premise that if a solution satisfies the governing
equation and the boundary conditions, then it must be not only a correct solution, but the only solution (that is, the
uniqueness of solution premise).

Using the image method, the solution for plates of finite thickness with a adiabatic surfaces can be modified from the
respective temperature solutions described previously.

Let f o (wy,zt) betheinitia solution for an infinitely thick plate. The temperature solution for a finite thick plate can be
obtained by super imposing the imaginary solutions f 1 (W,Ym, Z,, t) and f 'y (WY m, Zin, t) to the initial solution, and
this can be written in ageneral form as:

G- =-FoW Y, 2 )+ Q @ [f (W Vs Zos ] +F o (WY, Z,1)] (EQ 26)

m=0 n=0

wherey,=2mB-vy; yn=2mB +vV; z,=2nH - z, and Z, = 2nH + z, in which B is the half width and H is the thickness of
the plate. The subscripts m and n are integers that vary from zero to infinity.

For a plate with sufficient width, the subscript m is zero. The solution will coverage and reach the correct adiabatic
surface condition in six to ten superposition steps, depending on the thickness of the plate. The two-dimensional solution
(that is, thin plate) is generally used for any solution that requires more than ten superposition steps.

Equation 26 can be expressed as:
51 eV € w6 U aw,, ol
h El expgalvgj XPo——= éeXp 2n uexp 2n+1 e
o kgl &2kp dg &2k p o & 2K g
q-d, = — *a — +@ . (EQ 27)
f § v b
where
Ron = W2 + Y2 + (2NH - 2)2 AND
Rone = WP + Y + (2NH + 2)° (EQ28)

Cooling Rate. Frequently, it is desirable to know the cooling rate experienced at some location in aweldment to enable a
prediction of the metallurgical structurein that area. A general methodology by which cooling rate equations are obtained
from the temperature-distribution equations is discussed below.

Recall that the moving coordinate w is defined by w = x - vt. Using this definition, it is easily shown that:

%V=-v (EQ 29)

Using the chain rule, the cooling-rate equation is:

Ta __,Ja
=V (EQ 30)

Because the temperature-distribution equations are a function of w and r, the cooling-rate equations can be obtained by
differentiating the temperature-distribution equations with respect to w and multiplying by -v.

The cooling rate is defined as the slope of a tangent line drawn on the temperature-time curve. Because the cooling rate
changes with temperature, when one speaks of a cooling rate, the specific temperature, 6., at which it occurs must also be
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given. In a weldment, the variable of interest is the cooling rate at the critical temperature that ultimately defines what
type of metallurgical structure will result (if the material is heat treatable). For steels, this critical temperature is the
"nose" of the continuous cooling-transformation (CCT) curve. At this temperature, the cooling rate determines if upper
transformation products (pearlite, upper bainite) or lower transformation products (martensite, lower bainite) will form.
For many steels, this critical temperature ranges from approximately 200 to 540 °C (400 to 1000 °F).

The cooling rate in a weldment is also a function of location. In order to find a cooling-rate egquation, the particular
location in the weldment that is of interest must be defined. The resulting cooling-rate equation will be applicable only to
that location.

The differentiation, 16/ w, of either Eq 21 or 27, which is required to obtain the cooling-rate expression, will result in a
function of w and r. The variable r can be written in terms of w if the location of interest is defined by a given set of
values of y and z. This relationship for r, once formulated, can then be substituted into 76/ 7w, the result being a function
of waone.

To determine w corresponding to the critical temperature, 0., a temperature-distribution equation is required (Eq 21 or
27). The aforementioned r-w relationship and temperature distribution equation (Eq 21 or 27) where 6 is equal to 6,
critical temperature, are used to determine w. Then w is substituted into the do/dw expression obtained previously. The
end result will be an equation that defines the cooling rate for a particular location in the weldment, and, being a function
of the critical temperature, the welding conditions and thermal conductivity of the base material.

To determine the cooling rate in a thick plate along the weld centerline (that isy = 0) for a particular critical temperature,
the cooling-rate equation can be reduced to:

2ol v(q, - q, )
1‘1”_(:= p r(]qé do) (EQ 31)

This equation has been used to predict weld cooling rates in shop practices. Cooling rateisinversely (that is, Q N)andis
proportional to thermal conductivity and the critical temperature at which the cooling rate needs to be evaluated.

On the basis of experimental results, a cooling-rate equation was developed for the HAZ of low-carbon sted weldments
(Ref 25). This equation considers the combined effects of plate thickness, H, preheating temperature, 6o, and welding
conditions, and is given as:

1q jasl, - 0,0 € 2. saH - H, ol
= =0.35 - A+Ztan e EQ 32

The variables o and Hy depend on the critical temperature of interest. Several values are givenin Table 1.

TABLE 1 SELECTED CRITICAL TEMPERATURE AND CORRESPONDING VALUES FOR a AND Hg

CRITICAL Ho o
TEMPERATURE, 0c

°C °F mm |[in. [ mm|in.
700 1290 99 (03920 |0.08
540 1000 1421056|4.1 | 0.16
300 570 19.80.78 9.9 | 0.39

The units used in Eq 32 are important, because the same units that were used in developing the equation must be
employed in its application. The plate thickness, H, must be given in inches, and the travel speed, v, must be given in
in./min. The temperatures 6. and 6, must be given in °C, and the welding current, I, must be given in amperes. Using the
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correct units, the application of Eq 32 will result in a predicted cooling rate (°C/s) for the HAZ of a low-carbon steel
weldment.

For low-carbon steels welded by the shielded metal arc welding (SMAW), gas-metal arc welding (GMAW), and
submerged arc welding (SAW) processes, an empirical equation has been developed that correlates the weld-metal
cooling rate at 538 °C (1000 °F) with a 95 to 150 °C (200 to 300 °F) preheat, the weld nugget area (Ref 26):

1119

o _e 2012 0O
OIS o o (EQ 33)

where the nugget area is in mm?. For low-carbon steels, an empirical chart for determining nugget area for a given
welding condition (Fig. 3) also has been developed (Ref 27). The straight line drawn to connect the current and travel
speed intersects the nugget area at the calculated value. Welding voltage controls weld bead shape.

Weld bead heal input, kJ/in.
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| |
G | |
1000 800 600| 400 | 300
05 ] o — : 0.15
12 °Cls (22 °F/s) ~|
-. | .
oy i el
E 1|9 °Cls (34 °F/s) | [=
g 65— m e d e a 0.10 E
£ ]
% 19 “Cls (34 "F/s) | %
= | 1 | =
z : =
| 26 °C/s (48 F/s) !
3{] | 1 B B I | ﬂ UE
| | L]
| |
| i
| | |
0 0

0 0.4 08 1.2 1.6 20 24 28 32 36 4.0
Weld bead heat inpul, kJmm

FI1G. 3 RELATION BETWEEN NUGGET AREA, HEAT INPUT, AND CURRENT

Peak Temperature. An equation to determine the peak-temperature in a weldment at a given distance y from the weld
centerline would enable the prediction of HAZ sizes, as well as weld bead widths. The general concept of obtaining a
peak-temperature equation, as well as some results that have been obtained, are discussed below.

Consider Fig. 4 and note that the maximum, or peak, temperature is given when 16/t = 0. For the thick-plate model, the
cooling rate can be obtained by differentiating Eq 21 and multiplying by -v:

fa__ Ja _-whEl evwino ew v wil
w2 g ok B kg Tl (EQ 34)
Clearly, the only way that 76/t can be equal to zeroisif
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W, V?+‘L":o+ (EQ 35)

y
» o |
dw | (wg, ¥ Zp) -

Peak HAZ
temperature width
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F1G. 4 SCHEMATIC SHOWING PEAK TEMPERATURE AT (Wp, Yp, Zp) WITH Wp TO BE DETERMINED FOR A GIVEN
PEAK TEMPERATURE VALUE FOR A GIVEN (Yp, Zp) LOCATION. (A) ISOTHERMS. (B) TEMPERATURE HISTORY

Equation 35 describes the relationship that must exist between the two location variables, r and w, for the temperature at
the point to be equal to the peak temperature. If this expression were to be substituted into the temperature distribution
equation for thick plates (Eq 21) and solved for w and r (two equations and two unknowns), then the location of the peak
temperature could be determined in terms of w and r. The location given by r and w would be easily converted to y and z
as.

RR=W+Y+Z72 (EQ 36)

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



Such a solution for r and w is not explicitly possible, however, because the equations for r and w that result are not
explicit. Consequently, iterative techniques are required, resulting in a solution that is both cumbersome and time-
consuming.

One method of obtaining a simpler thick-plate peak-temperature equation is to assume that the heat input is from an
instantaneous line on the surface of the plate, rather than from a moving point source (that is, v ® ¥ ). This allows the
elimination of the time dependency in the peak-temperature evaluation. Using this assumption, the temperature
distribution is given by:

_NEl @
q- 0 =5 OPea s (EQ 37)

Again, to find the peak-temperature location, 16/ ftis set equal to zero and the equation is solved for r. Theresult is:

4rk_2t =1 (EQ 38)

Substituting Eq 38 into Eq 37 yields the peak-temperature expression:

1 _a&rCpr?o ahEl o
=¢ =/ 2
9-dy & 2 &V g

(EQ 39)

It has been found that Eq 39 gives resuilts that are too high, but that the slope of 1/(0,, -6,) versus r? is accurate. To rectify
this situation, Eq 39 is forced to fit experimental results by specifying a known temperature/location condition. When this
is done, Eq 39 becomes:

& o]
1 _SerCp(rz-r3)l/27 1
=6 T+ EQ 40
9-% ¢  @@Eod <+ q-q (EQ40)
& E&Evo o

where 0, and r, are the reference temperature and distance. If the peak temperature (6,) evaluation is restricted to locations
on the plate surface (z = 0), and if the reference temperature and distance are assumed to be the melting temperature and
the distance from the weld centerline to the fusion boundary (one half of the weld bead width), then Eq 40 can be written
as.

® 50
cer Cpp(yZ-gE%g0 +
(; =
1 -¢ 2 = ! (EQ 41)
dp-Go ¢ AEIO T 4,0
&V g +
g ;

where 0y, is the melting temperature and d is the weld bead width. This equation gives the peak temperature 6, in a thick
plate at a distance y from the weld centerline.

Solidification Rate. The weld solidification structure can be determined by using the constitutional supercooling
criterion. Three thermal parameters that influence the solidification structure are temperature gradient normal to the solid-
liquid interface, G (°C/cm), solidification rate of the interface, R (cm/s), and cooling rate at the interface, do/dt at melting
temperature (°C/s and equal to the product of GR). The microstructure may change from being planar to being cellular, a
columnar dendrite, or an equiaxial structure if the G/R ratio becomes smaller. The dendrite arm spacing will decrease as
the cooling rate increases. The solidification structure becomes refined at higher cooling rates.
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At a quasi-steady state, the weld pool solidifies at a rate that is equal to the component of the electrode travel speed
normal to the solid-liquid interface. Therefore, the solidification rate varies along the solid-liquid interface from the
electrode travel speed, at the weld trailing edge, to zero, at the maximum pool width. The temperature gradient and the
cooling rate at the solid-liquid interface can be determined from Eq 21, 24, and 27.

Modified Temperature Solution. The temperature solutions have a singularity at the center of the heat source. This
singularity causes the predicted temperatures to be inaccurate in the area surrounding the heat source. However, a
condition exists in which the peak temperature along the weld bead edge, that is, the solid-liquid interface location at the
maximum pool width, is the melting temperature of the material. Using this temperature condition as a boundary
condition for the temperature solutions, Eq 21 and 24 can be modified as shown below for thin plate:

q-q, = Bz eXp?KWVEKO gzlkrg (EQ 42)

where B, is a heat input constant to be determined from the weld bead width, d.

eK,(vrg /2k)u
- o exp(vrg / k) - —B—=;
2 Ko (VI / 2K)

with a bead width of:

d=2r,1- g 2 B 05y (EQ 44)

and for thick plate:

& v(w+r)Q

d, -9 =B, engTH/r (EQ 45)

vry 6€ 1 u

X g+ @) X (EQ 46)

e
B,=@,-9)rk expg

with a bead width of:

.05

é 1 u
=2r.al- ——— - 7)
d ngl 1+ (K / B)H (EQ4

The welding heat input, Q, is replaced by the weld bead width.

A Practical Application of Heat Flow Equations (Ref 22). The thermal condition in and near the weld metal must be
established to control the metallurgical eventsin welding. The particular items of interests are the:

DISTRIBUTION OF PEAK TEMPERATURE IN THE HAZ
COOLING RATESIN THEWELD METAL AND IN THE HAZ
SOLIDIFICATION RATE OF THE WELD METAL

Although the following discussion primarily focuses on manual are welding, certain general statements are applicable to
all welding processes.
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Peak Temperatures. The distribution of peak temperatures in the base metal adjacent to the weld is given by (Ref 23):

1 413 Cy . 1
T-T, H_, T-T, (EQ 48)

P m

where T, is the peak temperature (°C) at distance Y (mm) from the weld fusion boundary, Ty is the initial temperature
(°C), T is the melting temperature (°C), H,« is the net energy input equal to nEl/v (Js - mm), p is the density of the
material (g/mm?), C, is the specific heat of solid metal (Jg - °C), and t is the thickness of the base metal (mm).

Equation 48 can be used in order to determine the:

PEAK TEMPERATURES AT SPECIFIC LOCATIONSIN THE HAZ
WIDTH OF THE HAZ
EFFECT OF PREHEAT ON THE WIDTH OF THE HAZ

In addition, determination of the peak temperature at specific locations in the HAZ and the width of the HAZ can be
obtained by the procedure described from Eq 34, 35, 36, 37, 38, 39, 40, and 41.

Cooling Rate. Because the cooling rate varies with position and time, its calculation requires the careful specification of
conditions. The most useful method is to determine the cooling rate on the weld centerline at the instant when the metal
passes through a particular temperature of interest, T.. At a temperature well below melting, the cooling rate in the weld
and in itsimmediate HAZ is substantially independent of position. For carbon and low-alloy steels, T, is the temperature
near the pearlite "nose" temperature on the time-temperature transformation (TTT) diagram. The value of T, = 550 °C
(1020 °F) is satisfactory for most steels, although not critical.

The cooling rate for thick plate (Ref 23) is:

o2 (- T

H (EQ 49)

met

Equation 49 is comparable to Eq 31, which was obtained by the procedure described in the section "Cooling Rate" in this
article. Adams (Ref 24) has developed a cooling rate equation for thin plate along the centerline from Eq 24.

The cooling rate for thin plate (Ref 24) is:

R=2pl rC, ?HL? F(T-T,) (EQ 50)
e

met @

where Ris the cooling rate (°C/s) at a point on the weld centerline at just that moment when the point is cooling past the
T, and A isthe thermal conductivity of the metal (Jmm - s- °C).

The dimensionless quantity t , called the "relative plate thickness," can be used to determine whether the plate is thick or

thin:
t =t /% (EQ 51)

The thick-plate equation applies when t is greater than 0.75, and the thin-plate equation applies when t is less than that
value.
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Equations 49 and 50 are used to determine the cooling rate along the centerline for thick plate and thin plate, respectively.
If oneisinterested in the cooling rate at the location at distance y (in mm) from the centerline, iterative techniques should
be used to solve the cooling rate. First, w and r can be obtained by iteration of the simultaneous equation, which consists
of Eq 21 or 27, where 0 equals 6. and r”> = w? + y?, where y is given. Then substitute w and r into the differentiation,
10/t = -v16/9w, from the temperature from Eq 21 or 27. The result will be the cooling rate for thick or thin plate
located at y distance from the centerline:

9
ﬂt qc

In addition, the cooling rate for HAZ of low-carbon steel weldments can be obtained from Eq 32 directly.

The solidification rate can have a significant effect on metallurgical structure, properties, response to heat treatment, and
soundness. The solidification time, S, of weld metal, measured in seconds, is:

LH
(EQ 52)

ST m-Ty

where L isthe heat of fusion (Jmm®).
Example 1: Welding of 5 mm (0.2 in.) Thick Low-Carbon Steels.

The thermal properties needed for heat flow analysis are assumed to be:

MELTING TEMPERATURE (Ty), °C (°F) 1510 (2750)
AUSTENIZATION TEMPERATURE, °C (°F) 730 (1350)
THERMAL CONDUCTIVITY (A), W/M - K (JMM - S-°C) | 11.7 (0.028)
VOLUMETRIC SPECIFIC HEAT (pCp), IMM? - °C 0.0044
HEAT OF FUSION (L), JMM® 2

The welding condition is assumed to be:

CURRENT (1), A 200

ARC VOLTAGE (E), V 20
TRAVEL SPEED (V), MM/S (IN./S) 5(0.2)
PREHEAT (To), °C (°F) 25 (77)
HEAT-TRANSFER EFFICIENCY () 0.9

NET ENERGY INPUT, Hyer, JMM (KJIN.) | 720 (18.3)

Calculation of the HAZ Width. Thevalueof Y at T, = 730 °C (1345 °F) must be determined from Eq 48:

1 4130.0044)5Y, 1
730- 25 720 1510- 25 (EQ S3)

resulting in avaue for Y, (the width of the HAZ) of 5.9 mm (0.24 in.).
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In addition, the HAZ width can be obtained by the procedure described in Eq 34, 35, 36, 37, 38, 39, 40, and 41. By
substituting w =W, r =1, Y =Y, and z= 0 (on surface) into Eq 35 and 36, we obtain:

W, vE WO, (EQ 54)
2 2kg ro=

rZ=w’+y? (EQ 55)
The substitution of Eq 55 in Eq 54 yields:

Wity 2K Wy

Inserting v =5 mm/s, k= Apc, = 0.028/0.004 into Eq 56:

W
——F - =0.3831+ —~— EO 57
vy, Wiy, (FQo7)

W, and y, should satisfy Eq 57.

From the temperature distribution equation (Eq 21) and E = 10V, | =200 A, 1= 0.9, A= 0.028, 8, = 730 °C, 6, =25 °C, v =
5 mm/s, k= A/pc, = 0.028/0.044:

0.9x20x200/5 & -5(w,+r,) U
e)( P ’

730- 25= XeXp & g
2p x0.028r, &2x0.028/0.0044

(EQ 58)
-1.76 + LNRp =-0.393 (W + Rp) (EQ 59)
Solving Eq 21 using the above va ues, by iteration:

ASSUME Rr = 3.4 AND PUT THIS VALUE OF Re INTO EQ 59 TO OBTAIN We = -2.036.
SUBSTITUTE Rr = 34 AND Wr = -2.036 INTO EQ 55 AND SOLVE FOR Yp: Yp = 2.7.
SUBSTITUTE Yp AND Wr INTO EQ 56: THE LEFT SIDE OF EQ 56 = 0.176; THE RIGHT SIDE OF
EQ 56 = 0.158. THE RESULTS DO NOT SATISFY EQ 56.

ASSUME Rer = 35 AND PUT THIS VALUE OF Re INTO EQ 59 TO OBTAIN Wp = -2.2.
SUBSTITUTE Rp=3.5AND W =-2.2 INTO EQ 55 AND SOLVE FOR Yp: Yp = 2.72. SUBSTITUTE
Ye AND W INTO EQ 56: THE LEFT SIDE OF EQ 56 = 0.179; THE RIGHT SIDE OF EQ 56 = 0.146.
THE RESULTS DO NOT SATISFY EQ 56.

ASSUME Re = 3.3 AND PUT THIS VALUE OF Re INTO EQ 59 TO OBTAIN Wr = -1.86.
SUBSTITUTE Rer = 3.3 AND We = -1.86 INTO EQ 55 AND SOLVE FOR Yp: Yp = 2.726.
SUBSTITUTE Yp AND Wr INTO EQ 56: THE LEFT SIDE OF EQ 56 = 0.170; THE RIGHT SIDE OF
EQ 56 =0.171. EQUATION 56 ISNOW SATISFIED.

The full HAZ width equals 2y, = 2 x 2.726 = 5.5 mm. Comparing this result, 5.5 mm, with the result obtained with Eq 48
(that is, 5.9 mm), we know that Eq 48 can be used to obtain accurate results when calculating HAZ width and peak
temperature.
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Effect of Tempering Temperature on Quenched and Tempered (Q&T) Steels. If the plate had been quenched
and then tempered to 430 °C (810 °F), then any region heated above that temperature will have been "over-tempered” and
may exhibit modified properties. It would then be reasonable to consider the modified zone as being "heat affected,” with
its outer extremity located where T, = 430 °C (810 °F):

1 _413000449)5Y, 1
430- 25 720 1510- 25

(EQ 60)

resulting in avauefor Y; of 14.2 mm (0.568 in.).

Effect of Preheating Temperature on Q&T Steels. Assume that the Q& T steel described above was preheated to a
temperature, Ty, of 200 °C (390 °F):

1 _41300044)5Y, 1
430- 200 720 1510- 200

(EQ 61)

resulting in avalue for Y, of 28.4 mm > 14.2 mm (1.14 > 0.568 in.). Therefore, increasing the preheating temperature will
increase the value of Y.

Effect of Energy Input on Q&T Steels. Assume that the energy input into the Q&T steel (without preheating)
increases 50% (that is, 1.08 kImm, or 27.4 kJ/in.):

1 4.13(0.0044)5Y, 1
_ 41300045, , (EQ 62)
430- 200 1080 1510- 25

resulting in avalue for Y, of 21.3 mm > 14.2 mm (0.839 > 0.568 in.). Therefore, increasing the energy input will increase
the value of ..

Example 2: Welding of 6 mm (0.24 in.) Thick Low-Carbon Steels.

The thermal properties needed for heat-flow analysis are assumed to be;

MELTING TEMPERATURE (Ty), °C (°F) 1510 (2750)
AUSTENIZATION TEMPERATURE, °C (°F) 730 (1346)
THERMAL CONDUCTIVITY (1 ), W/M - K (JMM - S - °C) | 11.7 (0.028)
VOLUMETRIC SPECIFIC HEAT (r Cp), JIMM®-°C 0.0044
HEAT OF FUSION (L), JMM® 2

The welding condition is assumed to be:

CURRENT (1), A 300
ARC VOLTAGE (E), V 25
PREHEAT (To), °C (°P) 25 (77)
HEAT-TRANSFER EFFICIENCY () | 0.9
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Critical Cooling Rate at 550 °C (1020 °F) (T.). A critica cooling rate exists for each steel composition. If the actual
cooling rate in the weld metal exceeds this critical value, then hard martensitic structures may develop in the HAZ, and
thereis agreat risk of cracking under the influence of thermal stresses in the presence of hydrogen.

The best way to determine the critical cooling rate is to make a series of bead-on-plate weld passes in which all
parameters, except the arc travel speed, are held constant. After the hardness tests on the weld passes deposited at travel
speeds of 6, 7, 8, 9 and 10 mm/s (0.23, 0.28, 0.32, 0.35, and 0.39 in./s), it was found that at the latter two travel speeds,
the weld HAZ had the highest hardness. Therefore, the critical cooling rate was encountered at a travel speed of
approximately 8 mm/s (0.32 in.s). At this speed, the net energy input is:

25(300)0.9

Hu =57 =8.43.75) /mm (EQ 63)

From Eq 51, the relative plate thicknessiis:

‘26 \/0.0044(550- 25) _ 031 (EQ 64)

843.75

Because t islessthan 0.75, the thin-plate equation (Eq 50) applies:

R &
— =00
§843.75

2pl

6 (550- 25)° =32.2 (EQ 65)

0
Sg
resulting in R being equal to 27(0.028)32.2, which is equal to 5.7 °C/s (10.3 °F/s). This value is the maximum safe

cooling rate for this steel and the actual cooling rate cannot exceed this value.

Preheating Temperature Requirement. Although the critical cooling rate cannot be exceeded, in the actual welding
operation a preheat can be used to reduce the cooling rate to 5.7 °C/s (10.3 °F/s).

Assume that the welding condition is:

CURRENT (1), A 250
ARC VOLTAGE (E), V 25
HEAT-TRANSFER EFFICIENCY () | 0.9
TRAVEL VELOCITY (V), MM/S(IN./S) | 7 (0.3)
PLATE THICKNESS (T), MM (IN.) 9 (0.4)

The energy heat input, Hpg, is:

25(250)0.9
H. :%:soulmm (EQ 66)

Assuming that the thin-plate equation (Eq 50) applies:

&R 0

x9
Sol 5 =322=00044c (550- T,)’ (EQ 67)

O
04 g
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resulting in a Ty of 162 °C (325 °F).

The relative plate thickness should be checked:

=0.41 (EQ 68)

‘=9 \/0.0044(550- 162)
804

Because t islessthan 0.75, the thin-plate equation does apply. If the initial plate temperature is raised either to or above
162 °C (325 °F), then the cooling rate will not exceed 5.7 °C/s (10.3 °F/s).

Effect of Joint Thickness. If the plate thickness increases from 9 to 25 mm (0.36 to 1 in.), but there is the same level of

energy input, then the calculation of the initial plate temperature would be as follows. First, using the thin-plate equation
(Eq 50):

&R 0§ 225 &

"~ 9 =322-000442292 (550- T.)° EQ 69
€20l g 8804;3( 0) (EQ69)

resulting in avalue for Ty of 354 °C (670 °F).

The relative plate thickness, t , should be checked:

- \/0.0044(550- 354)

=0.82 EQ 70
804 (EQT0)

Because t isgreater than 0.75, the use of the thin-plate equation is inadequate. Using the thick-plate equation (Eq 49):

(550- T,)*

32.2= (EQ 71)

resulting in avalue for Ty of 389 °C (730 °F).

The relative plate thickness should be checked:

=0.74 (EQ 72)

- \/0.0044(550- 389)
804

Although t is less than, but near to, 0.75, using the thin-plate equation is adequate. Therefore, the initial temperature
should be raised to 389 °C (730 °F) to avoid exceeding the cooling rate of 5.7 °C/s (10.3 °F).

Now, if the plate thickness increases to 50 mm (2 in.), but there is the same level of energy input, then the thick-plate
eguation (Eq 49) applies and, again, the value for Ty is 389 °C (730 °F).

The relative plate thickness should be checked:

=148 (EQ 73)

¢ =50 \/0.0044(550- 389)
804

Because t isgreater than 0.75, the use of the thick-plate equation is adequate.
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Under some welding conditions, it is not necessary to reduce the cooling rate by using a preheat. For example, if the plate
thicknessis5 mm (0.2 in.) and there is the same level of energy input:

&R 0 &5 62 3
O -322-00044%>9 (550- T EQ 74
8804(};( 0) (EQ74)

&2l G
resulting in avalue for Ty of -24 °C (-11 °F). Therefore, using a preheat is unnecessary.

Fillet-Welded "T" Joints. For aweld with a higher number of paths, as occursin fillet-welded "T" joints, it is sometime
necessary to modify the cooling-rate equation, because the cooling of a weld depends on the available paths for
conducting heat into the surrounding cold base metal.

When joining 9 mm (0.35 in.) thick plate, where Hn« = 804 Jmm (20.4 kJ/in.), and when there are three legs instead of
two, the cooling-rate equation is modified by reducing the effective energy input by afactor of % :

Hyer = 2 (804) = 536 IMM (EQ 75)
Using the thin-plate equation (Eq 50):

®R 6 *9 &

> =322=0.0044,~—= (550- T s EQ 76
€20l G 8536;3( o) (EQ76)

resulting in avalue for Ty of 254 °C (490 °F).

The relative plate thickness should be checked:

44 (EQ 77)

‘29 \/0.0044(550- 254) _,
536

Because t isless than 0.75, using the thin-plate equation is adequate. Therefore, a higher preheat temperature is more
necessary than a butt weld because of the enhanced cooling.

Example 3: Cooling Rate for the Location at Distance y (in cm) from the Centerline.

For a steel plate of 25 mm (1 in.) thickness, (t), the welding condition is assumed to be:

HEAT INPUT (nEl), KW (CAL/S) 7.5 (1800)
TRAVEL SPEED (V), CM/S(IN./S) 0.1 (0.04)
PREHEAT (To), °C (°F) 20 (68)
NET ENERGY INPUT (Hwer), CAL/CM | 18,000

The thermal properties needed for heat flow analysis are assumed to be:
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MELTING TEMPERATURE (Tw), °C (°F) 1400 (2550)
THERMAL CONDUCTIVITY (1), W/M - K (CAL;1/CM - S - °C) | 43.1 (0.103)
SPECIFIC HEAT (Cp), JKG - C (BTU/LB - °F) 473 (0.113)
DENSITY (p), G/ICM? (LB/IN.%) 7.8 (0.28)

Assume that one is interested in the critical cooling rate at the location on the surface (z = 0) at distancey = 2 cm from the
centerline at the instant when the metal passes through the specific temperature of 615 °C (1140 °F). Initially, the relative
plate thickness should be checked. From Eq 51, the relative plate thickness (using English units) is:

= 4,267

¢ = o5 [7-8X0.113(615- 20
18,000

Because t is greater than 0.75, this plate can be treated as a thick plate. From Eq 78, cooling rate for thick plate at the
location where the variablesare w and r and at critical temperature 6= 6. is:

Tg__, Ja_-wE éviw+rja éw ve wil
T qw 20l Pe ngrz 2k8+rBJ” (EQ78)

To solve Eq 78, we need to calculate the value of w and r first. From Eq 21, the temperature distribution of thick plate,
and Eq 36 where z = 0, we can get:

_ hEl x @ V(Ww+r)o

TR TPk (EQ 79)

and r=/w2+y?2

By substituting the welding condition and material properties into Eq 21, Eq 36, and r = \/W2+ y? , we can obtain the
following simultaneous equations:

1800 o€ 0.(w+r) u

615- 20=
22p x0.103r ps 2x0.117 H
and r=vw?+4

The value of w and r can be solved by using iteration techniques to solve the above simultaneous equation. The result is
that w=-3 cmand r = 3.606 cm.

Substituting w and r into Eq 78:

9 _ T9_ -0.1x1800 é-01(-3+36060 ¢-(-3) 01 =& -3 &l
— =-v—= Xexp X - + -
taec W 2px0.103x3.606 & 2x0.117 H £3.6062 2x0.117& 3.606

Therefore:
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ALC] 9.78°C/s

Tt lye
From Eq 49 we can calculate the cooling rate along the centerline at the same temperature (615 °C, or 1140 °F):

= - 20X0.103(615- 202
18,000

=12.7°C/s

Also from Eq 32, we can calculate the cooling rate in the heat-affected zone at atemperature of 615 °C (1140 °F):

N ..0.8
fa  _gg35l€615- 20 @1'7x§1+3tan-18@'9843' 04860081 _ o
Moc-es  18336/23620 "€ p & 0125 aﬁé

Therefore, at the same temperature, the cooling rate at the centerline is greater than the cooling rate at the location a
distance y from the centerline. In addition, the cooling rate of the heat-affected zone is less than the cooling rate in the
weld pool at the same temperature.

Example 4: Solidification Rate.

A weld pass of 800 Jmm (20.3 kJ/in.) in net energy input is deposited on a steel plate. The initial temperature is 25 °C
(75 °F). The solidification time would be:

_ 2(800)
2p (0.028)(0.0044)(1510- 25)2

S| =0.94(s) (EQ 80)
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Heat Flow in Fusion Welding
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Parametric Effects
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To show the effects of materia property and welding condition on the temperature distribution of weldments, the welding
of 304 stainless steel, low-carbon steel, and aluminum are simulated for three different welding speeds: 1.0, 5.0, and 8.0
mm/s (0.04, 0.02, and 0.03 in./s). The thermal conductivity and thermal diffusivity of 304 stainless stedl are 26 W/m - K
(0.062 cal/cm - s - °C) and 4.6 mm?/s (0.007 in.?/s), respectively. For low-carbon steel, the respective values are 50 W/m
K (0.12 cal/cm s °C) and 7.5 mm?%s (0.012 in.?/s), whereas for aluminum, the respective values are 347 W/m K (0.93
cal/cm - s - °C) and 80 mm? (0.12 in.%/s). The heat input per unit weld length was kept constant, 4.2 kJ/s (1 kcal/s), for all
cases. The parametric results are described below.

Effect of Material Type. Figures 5(a), 5(b), and 5(c) depict the effect of thermal properties on isotemperature contours
for a heat input of 4.2 kJ/s (1 kcal/s) and travel speeds of 1.0, 5.0, and 8.0 mm/s (0.04, 0.02, and 0.3 in./s). The
temperature spreads over alarger area and causes alarger weld pool (larger weld bead) for low-conductivity material. The
isotemperature contours also elongate more toward the back of the arc for low-conductivity material. For aluminum, a
larger heat input would be required to obtain the same weld size as the stainless steel weldment.
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Direction of travel] ——=

304 stainless steel Y

1420
400
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=
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Steel
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FI1G. 5(A) EFFECT OF THERMAL PROPERTY ON ISOTEMPERATURE CONTOURS FOR A HEAT INPUT OF 4.2 KJ/S
(1000 CAL/S) AT A WELDING SPEED, V, OF 1 MM/S (0.04 IN./S) AND THE RESPECTIVE THERMAL

CONDUCTIVITIES OF EACH MATERIAL (REFER TO TEXT FOR VALUES). VALUES FOR X AND Y ARE GIVEN IN CM,
AND TEMPERATURES ARE GIVEN IN °C.
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Direction ol travel ———
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F1G. 5(B) EFFECT OF THERMAL PROPERTY ON ISOTEMPERATURE CONTOURS FOR A HEAT INPUT OF 4.2 KJ/S

(1000 CAL/S) AT A WELDING SPEED, V, OF 5 MM/S (0.02

IN./S) AND THE RESPECTIVE THERMAL

CONDUCTIVITIES OF EACH MATERIAL (REFER TO TEXT FOR VALUES). VALUES FOR X AND Y ARE GIVEN IN CM,

AND TEMPERATURES ARE GIVEN IN °C.
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Direclion of travel ——=

304 stainless steel Y o
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F1G. 5(C) EFFECT OF THERMAL PROPERTY ON ISOTEMPERATURE CONTOURS FOR A HEAT INPUT OF 4.2 KJ/S
(1000 CAL/S) AT A WELDING SPEED, V, OF 8 MM/S (0.3 IN./S) AND THE RESPECTIVE THERMAL
CONDUCTIVITIES OF EACH MATERIAL (REFER TO TEXT FOR VALUES). VALUES FOR X AND Y ARE GIVEN IN CM,
AND TEMPERATURES ARE GIVEN IN °C.
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Welding Speed. Figures 6(a), 6(b), and 6(c) show the effect of welding speed on isotemperature contours. When the
travel speed increases, the weld size decreases and the isotemperature contours are more elongated toward the back of the
arc. Larger heat inputs would be required for faster travel speedsin order to obtain the same weld size.

Direction of ravel ———=

¥v=1mm/s
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| l | ] | | 4 1
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800 1000 1200
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| | l ] 1 l Y 1
-6 -5 -4 -3 -2 -1 0 1 2
_ y
v=8mm/s 2
1420
400
L
\\m : ﬂ
800 1000 1200
-2
I I | ] l 1 4 |
-6 -5 —4 -3 -2 -1 0 1 2

F1G. 6(A) EFFECT OF WELDING SPEED, V, ON ISOTEMPERATURE CONTOURS OF 304 STAINLESS STEEL FOR
4.2 KJ/S (1000 CAL/S) HEAT INPUT
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FI1G. 6(B) EFFECT OF WELDING SPEED, V, ON ISOTEMPERATURE CONTOURS OF LOW-CARBON STEEL FOR 4.2
KJ/S (1000 CAL/S) HEAT INPUT
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FI1G. 6(C) EFFECT OF WELDING SPEED, V, ON ISOTEMPERATURE CONTOURS OF ALUMINUM FOR 4.2 KJ/S
(1000 CAL/S) HEAT INPUT
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Figure 7 shows the effect of welding heat input on the peak temperature at two locations, 6.4 mm (% in.) and 13 mm (%

in.) from the weld centerline. (The material simulated in thisillustration is low-carbon steel plate with alarge thickness.)
Within the practical range of welding conditions for the GMAW process of low-carbon stedls, the peak temperature at
both locations increases linearly, as the welding current increases, and decreases exponentially, with the travel speed. To
increase welding current proportionally with travel speed for a constant heat input per unit weld length (that is. Q/V =
constant), the peak temperature at two locations increases with the travel speed, which implies alarger weld size resulting
from higher heat input. The welding current has a more significant effect on peak temperature than does the travel speed.
However, the increase in peak temperature is more dominant at the 6.4 mm (% in.) location. The influence of

proportional increase in welding current and travel speed on peak temperature diminishes as the distance from the weld
centerline increase and when the travel speed becomes high.
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[ | | 5
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FIG. 7 PEAK TEMPERATURE DETERMINED BY THE POINT HEAT SOURCE SOLUTION. (A) AT 6.4 MM (% IN.)

FROM THE CENTER. (B) AT 13 MM (% IN.) FROM THE CENTER

Heat Flow in Fusion Welding

Chon L. Tsai and Chin M. Tso, The Ohio State University

Thermophysical Properties of Selected Engineering Materials

For the sake of convenience when using heat-flow equations, the thermal properties of selected engineering materials are
provided in Table 2.

TABLE 2 THERMAL PROPERTIES OF SELECTED ENGINEERING ALLOYS

ALLOY DENSITY (p), | SPECIFIC THERMAL COEFFICIENT OF
AT 20°C (68 | HEAT CONDUCTIVITY (k) | THERMAL
°F), (CP), AT 20°C | AT 20°C (68°F, W/M | EXPANSION (a), AT 20
G/Icm® (68 °F), KIIKG | -K) °C
K (68 °F), 10 %/°C
CARBON STEEL
~0.5% C 7.833 0.465 54 1.474
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~1.0% C 7.801 0.473 43 1.172
~1.5% C 7.753 0.486 36 0.970
ALUMINUM
AL-CU (94-96 % AL, 3-5% CU) | 2.787 0.883 164 6.676
AL-SI (86.5% AL. 1% CU) 2.659 0.867 137 5.933
AL-SI (78-80% AL, 20-22% Sl) | 2.627 0.8%4 161 7.172
AL-MG-SI (97% AL, 1% MG, 2.707 0.892 177 7.311
1% S|, 1% MN)
TITANIUM 4,500 0.52 16 0.84
ALLOY DENSITY SPECIFIC THERMAL COEFFICIENT OF
), HEAT CONDUCTIVITY (k), THERMAL
AT 100°C (CP), AT 0-100 | AT 100 °C (212 °F), EXPANSION (a), AT 0-
(212 °F), °C W/M - K 538 °C
GICM? (32-212 °F), (32-1000 °F), 10 °/°C
KJKG -K
STAINLESS STEEL
CHROMIUM-NICKEL 7.800-8.000 0.46-0.50 18.7-22.8 1.700-1.920
AUSTENITIC
CHROMIUM FERRITIC 7.800 0.46-0.50 24.4-26.3 1.120-1.210
CHROMIUM 7.800 0.42-0.46 28.7 1.160-1.210
MARTENSITIC
CARBON STEEL 7.800 0.48 60 1.17

Heat Flow in Fusion Welding

Chon L. Tsai and Chin M. Tso, The Ohio State University

References

1. N.S. BOULTON AND H.E. LANCE-MARTIN, RESIDUAL STRESSES IN ARC WELDED PLATES,
PROC. INST. MECH. ENG., VOL 33, 1986, P 295

2. D. ROSENTHAL AND R. SCHMERBER, THERMAL STUDY OF ARC WELDING, WELD. J., VOL 17
(NO. 4), 1983, P 2S

3. N.N. RYKALIN, "CALCULATIONS OF THERMAL PROCESSES IN WELDING," MASHGIZ,
MOSCOW, 1951

4. K.MASUBUCHI, ANALYSSOF WELDED STRUCTURES, PERGAMON PRESS, 1980

5. C.L. TSAIl, "PARAMETRIC STUDY ON COOLING PHENOMENA IN UNDERWATER WELDING;"
PH.D THESIS, MIT, 1977

6. C.L. TSAI, FINITE SOURCE THEORY, MODELING OF CASTING AND WELDING PROCESSES I,
ENGINEERING FOUNDATION MEETING, NEW ENGLAND COLLEGE (HENNIKER, NH), 31 JULY
TO5AUG 1983, P 329

7. R.PAVELIC, R. TANAKUCHI, O. CZEHARA, AND P. MYERS, EXPERIMENTAL AND COMPUTED
TEMPERATURE HISTORIES IN GAS TUNGSTEN ARC WELDING IN THIN PLATES, WELD. J.,
VOL 48 (NO. 7), 1969, P 295S

8. S. KOU, 3-DIMENSIONAL HEAT FLOW DURING FUSION WELDING, PROC. OF
METALLURGICAL SOCIETY OF AIME, AUG 1980, P 129-138

9. P.G. KOGAN, THE TEMPERATURE FIELD IN THE WELD ZONE, AVE. SVARKA, VOL 4 (NO. 9),
1979, P8

10. G.M. ECER, H.D. DOWNS, H.D. BRODY, AND M.A. GOKHALE, HEAT FLOW SIMULATION OF
PULSED CURRENT GAS TUNGSTEN ARC WELDING, MODELING OF CASTING AND WELDING

PROCESSES ENGINEERING FOUNDATION 1980 MEETING (RINDGE, NH), 3-8 AUG 1980, P 139-
160

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22.

23.

24,

25.

26.

27.

H. HIBBITT AND P. MARCAL, A NUMERICAL THERMOMECHANICAL MODEL FOR WELDING
AND SUBSEQUENT LOADING OF A FABRICATED STRUCTURE, COMPUT. STRUCT., VOL 3,
1973, P 1145

E. FRIEDMAN, THERMOMECHANICAL ANALY SIS OF THE WELDING PROCESS USING FINITE
ELEMENT METHODS, TRANS. ASME, AUG 1975, P 206

Z. PALEY AND P. HIBBERT, COMPUTATION OF TEMPERATURE IN ACTUAL WELD DESIGN,
WELD. J., VOL 54 (NO. 11), 1975, P 385.S

T. NAKA, TEMPERATURE DISTRIBUTION DURING WELDING, J. JPN. WELD. SOC., VOL 11 (NO.
1), 1941, P 4

K. MASUBUCHI AND T. KUSUDA, TEMPERATURE DISTRIBUTION OF WELDED PLATES, J. JPN
WELD. SOC., VOL 22 (NO. 5), 1953, P 14

C.L. TSAI AND CA. HOU, THEORETICAL ANALYSIS OF WELD POLL BEHAVIOR IN THE
PULSED CURRENT GTAW PROCESS, TRANSPORT PHENOMENA IN MATERIALS PROCESSNG,
ASME WINTER ANNUAL MEETING, 1983

E. FRIEDMAN, "FINITE ELEMENT ANALYSIS OF ARC WELDING," REPORT WAPD-TM-1438,
DEPARTMENT OF ENERGY/, 1980

J.S. FAN AND C.L. TSAI, "FINITE ELEMENT ANALY SIS OF WELDING THERMAL BEHAVIOR IN
TRANSIENT CONDITIONS," 84-HT-80, ASME

R.L. APPS AND D.R. MILNER, HEAT FLOW IN ARGON-ARC WELDING, BR. WELD. J., VOL 2
(NO. 10), 1955, P 475

H.S. CARSLAW AND J.C. JAEGER, CONDUCTION OF HEAT IN OLIDS, OXFORD PRESS

CL. TSAl AND JH. WU, "AN INVESTIGATION OF HEAT TRANSPORT PHENOMENA IN
UNDERWATER WELDING," PRESENTED AT THE ASME WINTER ANNUAL MEETING (MIAMI
BEACH, FL), 1985

HEAT FLOW IN WELDING, CHAPTER 3, WELDING HANDBOOK, VOL 1, 7TH ED., AWS, 1976

C.M. ADAMS, JR. COOLING RATE AND PEAK TEMPERATURE IN FUSION WELDING, WELD. J.,
VOL 37 (NO. 5), 1958, P 210S-215S

C.M. ADAMS, JR., COOLING RATES AND PEAK TEMPERATURES IN FUSION WELDING, WELD.
J., VOL 37 (NO. 5), P 210-S TO 215-S

H. KIHARA, H. SUZUKI, AND H. TAMURA, RESEARCH ON WELDABLE HIGH-STRENGTH STEELS
60TH ANNIVERSARY SERIES, VOL 1, SOCIETY OF NAVAL ARCHITECTS OF JAPAN, TOKYO,
1957

C.E. JACKSON, DEPARTMENT OF WELDING ENGINEERING, THE OHIO STATE UNIVERSITY
LECTURE NOTE, 1977

C.E. JACKSON AND W.J. GOODWIN, EFFECTS OF VARIATIONS IN WELDING TECHNIQUE ON
THE TRANSITION BEHAVIOR OF WELDED SPECIMENS--PART I, WELD. J., MAY 1948, P 253-S
TO 266-S

Fluid Flow Phenomena During Welding

C.R. Heiple and P. Burgardt, EG&G Rocky Flats

Introduction

MOLTEN WELD POOLS are dynamic. Liquid in the weld pool in acted on by several strong forces, which can result in
high-velacity fluid motion. Fluid flow velocities exceeding 1 m/s (3.3 ft/s) have been observed in gas tungsten arc (GTA)
welds under ordinary welding conditions, and higher velocities have been measured in submerged arc welds. Fluid flow is
important because it affects weld shape and is related to the formation of a variety of weld defects. Moving liquid
transports heat and often dominates heat transport in the weld pool. Because heat transport by mass flow depends on the
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direction and speed of fluid motion, weld pool shape can differ dramatically from that predicted by conductive heat flow.
Temperature gradients are also altered by fluid flow, which can affect weld microstructure. A number of defectsin GTA
welds have been attributed to fluid flow or changes in fluid flow, including lack of penetration, top bead roughness,
humped beads, finger penetration, and undercutting. Instabilities in the liquid film around the keyhole in electron beam
and laser welds are responsible for the uneven penetration (spiking) characteristic of these types of welds.

Fluid Flow Phenomena During Welding

C.R. Heiple and P. Burgardt, EG&G Rocky Flats

Mass Transport in the Arc

High-velocity gas motion occursin and around the arc during welding. The gas motion is partially due to cover gas flow,
but, more importantly, it is driven by electromagnetic forces associated with the arc itself. In gas metal arc (GMA) welds,
liquid filler metal is also being transferred through the arc from the electrode to the workpiece. Both the mode and
velocity of metal transfer have major effects on weld pool shape. Mass transport in and around the arc is important in
GTA welding (GTAW) and even more so in GMA welding (GMAW); a detailed description of this phenomenon can be
found in the articles on arc physics and metal transfer and weld behavior in this Volume. Only the effects of this transport
on the weld pool will be discussed in this article.

Fluid Flow Phenomena During Welding

C.R. Heiple and P. Burgardt, EG&G Rocky Flats

Gas Tungsten Arc Welding

Most experimental and theoretical work on weld pool fluid flow and its effects has been directed toward GTAW. The
motivation for much of this work was the observation of dramatically different weld pool shapes for GTA welds made
using identical welding parameters on different heats of the same material with the same nominal composition. An
extreme example of weld shape variability is shown in Fig. 1. Early observations of variable weld shape (often referred to
as variable penetration) were not only an intellectual puzzle but also an indication of a growing practical problem. Gas
tungsten arc welding is commonly used for high-precision, high-quality automated welding applications, where
reproducibility of weld shape or penetration is critical.

FI1G. 1 PARTIAL-PENETRATION GTA WELDS MADE UNDER THE SAME WELDING CONDITIONS ON TWO HEATS
OF TYPE 304L STAINLESS STEEL HAVING THE SAME NOMINAL COMPOSITION. (A) 3 PPM S, D/W = 0.2. (B)
160 PPM S, D/W = 0.40. 9x%

The possibility that fluid flow in the weld pool could alter weld shape has been recognized for many years. For example,
in 1965 Christensen et al. (Ref 1) proposed that convection is partially responsible for deviations in weld pool shapes
from those predicted by conduction solutions. The forces driving fluid flow in GTA weld pools have also been long
known. The four primary driving forces are surface tension gradients, electromagnetic or Lorentz forces, buoyancy forces,
and aerodynamic drag forces caused by passage of the arc plasma over the weld pool surface.
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Surface-Tension-Driven Fluid Flow Model. Surface tension gradients were first proposed by Ishizake et al. (Ref 2) as
potential driving forces for weld pool fluid flow. Surface-tension-driven fluid flow was first described by Thomson (Ref
3) in 1855, but the phenomenon is commonly called Marangoni convection from the work of Carlo Marangoni (Ref 4).

In 1982, Heiple and Roper (Ref 5) proposed that surface tension gradients are commonly the dominant forces driving
fluid flow in GTA welds and that these gradients could be drastically altered by very small concentrations of certain trace
elements. Surface tension gradients exist on a weld pool surface because the surface tension is temperature dependent,
and there are large temperature gradients on a weld pool surface. For pure metals and many alloys, the surface tension
decreases as temperature increases; that is, the surface tension temperature coefficient is negative. For weld pools in such
materials, the surface tension will be greatest on the coolest part of the pool surface at the edge and lowest on the hottest
part under the arc near the center of the pool. Such a surface tension gradient produces outward surface fluid flow, as
shown schematically in Fig. 2(a). This fluid flow pattern transfers heat efficiently from the hottest part of the weld pool
(near the center) to the edge and produces ardatively wide and shallow weld.

(a) (b}

FI1G. 2 SCHEMATIC SHOWING SURFACE FLUID FLOW (TOP) AND SUBSURFACE FLUID FLOW (BOTTOM) IN THE
WELD POOL. (A) NEGATIVE SURFACE TENSION TEMPERATURE COEFFICIENT (PURE MATERIAL). (B) POSITIVE
SURFACE TENSION TEMPERATURE COEFFICIENT (SURFACE-ACTIVE ELEMENTS PRESENT)

Certain elements are surface active in molten metals; that is, they segregate to the surface of the solvent liquid metal and
lower the magnitude of the surface tension, often drastically. Small concentrations of surface-active additions can also
change the temperature dependence of the surface tension of the solvent metal or alloy so that, for a limited range of
temperature above the melting point, the surface tension increases with increasing temperature. With a positive surface
tension temperature coefficient, the surface tension will be highest near the center of the weld pool. Such a surface tension
gradient will produce fluid flow inward along the surface of the weld pool and then down, as indicated schematically in
Fig. 2(b). This fluid flow pattern transfers heat efficiently to the bottom of the weld pool and produces a relatively deep,
narrow weld.

Experimental Observations. This physica model was developed and verified with a series of experiments in which
stainless steel base metal was doped with low concentrations of various elements and the effect of the doping on weld
pool shape measured. High-speed motion pictures of the weld pool surface suggested the fluid flow patterns indicated in
Fig. 2. The addition of sulfur, oxygen, selenium, and tellurium to stainless steel in low concentrations (less than 150 ppm)
was shown to substantially increase GTA weld depth-to-width ratio (d/w). All these elements are known to be highly
surface active in liquid iron. Measurements of the temperature dependence of the surface tension for steels with different
GTA weld penetration characteristics produced an impressive correlation between a positive surface tension temperature
coefficient arising from surface-active impurities and high d/w ratio welds (Fig. 3).
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FIG. 3 PLOT OF SURFACE TENSION VERSUS TEMPERATURE FOR TWO LIQUID STEELS. THE DATA LABELED
"HIGH D/W HEAT" ARE FROM MATERIAL HAVING APPROXIMATELY 160 PPM MORE SULFUR THAN THE
MATERIAL LABELED "LOW D/W HEAT." THE DASHED LINES INDICATE THE EXPECTED BEHAVIOR OF THE
SURFACE TENSION ABOVE THE MAXIMUM TEMPERATURE STUDIED. SOURCE: REF 6

When additions were made to the weld pool of elements known to react with surface-active elements already present in
the steel to form compounds that are not surface active, the GTA weld d/w ratio decreased. Aluminum reacts with oxygen
and produced wider, shallower welds in 21-6-9 stainless steel. Cerium reacts with both sulfur and oxygen and also
produced lower d/w ratio welds. The effects of trace elements on weld shape have also been observed in a number of
other aloys. These observations are summarized in Table 1.

TABLE 1 EFFECT OF TRACE ELEMENT IMPURITIES ON GTA WELD PENETRATION OF SELECTED
ALLOYS

ALLOY SYSTEM TRACE ELEMENT IMPURITY
INCREASES DECREASES
WELD PENETRATION WELD PENETRATION
ZIRCALOY-2 CHLORINE .
IRON-BASE ALLOYS SULFUR, OXYGEN, CALCIUM, ALUMINUM, CERIUM®
STAINLESS STEELS | SELENIUM®), LANTHANUM®, SILICON®,
304, 316, 21-6-9 BBK-75 | TELLURIUM®W TITANIUM®
AISI 8630 2.5CR-
1IMO
NICKEL-BASE ALLOYS | SULFUR OXYGEN
INCONEL 600, 718

(A) UNCOMMON IMPURITIES
(B) EFFECT NEGLIGIBLE OR UNCERTAIN

The simple physical model illustrated in Fig. 2 has been remarkably successful in qualitatively explaining trace element
effects. For example, changing GTA welding conditions alters the magnitude and distribution of arc energy input to the
weld, which in turn changes temperature gradients on the weld pool surface. From Fig. 2, a change in welding conditions
that makes the center of the weld hotter, such as increasing current, should drive the existing fluid flow pattern more
strongly. As shown in Fig. 4, increasing current improves the d/iw ratio of steel doped with surface-active elements and
reduces it for high-purity base metal. If the center of the weld becomes so hot that there is a region where the temperature
coefficient of the surface tension is no longer positive, then the fluid flow pattern necessary for deep penetration is
disrupted and the d/w ratio decreases. This effect is seen at high currents in Fig. 4. Similar results have been obtained for
other welding parameters. The surface temperature at which the change from positive to negative surface tension
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temperature coefficient occurs for stainless steedl is estimated by extrapolation in Fig. 3 to be about 2050 °C (3720 °F).
Detailed thermodynamic calculations of the temperature dependence of the surface tension of iron-sulfur aloys predict
that the transition from positive to negative dy/dT will occur at 2032 °C (3690 °F) for the high-sulfur alloy in Fig. 3.
Recent spectrographic weld pool temperature measurements and numerical simulations have indicated that this
temperature can be exceeded in stainless steel GTA weld pools under normal welding conditions.

0.5
SELENIUM DOPED
0.4 -
o
® 0.3
o«
\;\ 0.2 1
o BASE METAL
0.1

100 200 300
Current (A)

FIG. 4 PLOT OF WELD D/W RATIO VERSUS WELD CURRENT FOR THE STARTING BASE METAL (TYPE 304
STAINLESS STEEL WITH VERY LOW RESIDUAL IMPURITY CONTENT) AS WELL AS FOR ZONES DOPED WITH
SULFUR AND SELENIUM. SOURCE: REF 7

The surface-tension-driven fluid flow model should be applicable to non-arc processes, provided the energy input
distribution is similar to a GTA arc. This condition is satisfied for conduction-mode electron beam and laser welds.
Dramatic increases in weld d/w ratio in selenium-doped zones in stainless steel have been observed for both traveling
laser and electron beam conduction-mode welds. The weld shape changes were similar to those observed for GTA welds.

Conduction-mode electron beam welds can also be used to demonstrate that variations in weld shape with changes in
welding parameters, as illustrated in Fig. 4, are not aresult of some complex arc/weld pool interaction. One of the results
of an investigation of the effect of changes in beam focus on weld shape in electron beam welds on low- and high-sulfur
materialsis shown in Fig. 5. The high-sulfur material exhibits a maximum in d/w ratio with increasing power density at a
moderate power density away from sharp focus, which is analogous to that shown with increasing current in Fig. 4. (The
low- and high-sulfur stainless steels have deep and nearly identical penetration near sharp focus. Near sharp focus, where
the power density is high, penetration is by a keyhole mechanism in which average penetration is unrelated to surface-
tension-driven fluid flow.) Measurements of the electron beam power-density distribution verified that there were no
anomalous changes in the beam, such as a beam width maximum, with increasing peak power density. The d/w ratio
maximum away from sharp focus is therefore proposed to originate from exactly the same mechanism as for increasing
current with GTA welds.

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



e
=

| |

) Sulfur content
3 50 ® >120ppm S
° o 20ppm S
©
= 20
B
£ 10 o=
L2) o |o® .
a o* ch D
© oo QO & O
g 0.2

0.1

100 200 500 1000 2000 5000 104
Peak power density, W/mm?

FIG. 5 PLOT OF ELECTRON BEAM WELD POOL RATIO (D/W) VERSUS ELECTRON BEAM POWER DENSITY FOR
LOW-SULFUR (20 PPM) AND HIGH-SULFUR (>120 PPM) TYPE 304L STAINLESS STEEL. KEYHOLE FORMATION
BEGINS AT ABOUT 2 x 10° W/MM?.

M easurements of electron beam power distribution were made as a function of beam focus and were used to calculate the
beam power density at the d/w maximum. The power density was also calculated at the d/w maximum for GTA welds.
Calculation of weld pool surface temperatures using atraveling distributed heat source model showed the central surface
temperatures to be essentially identical at the d/w maxima for the electron beam and GTA processes. The calculated
surface temperatures using the traveling distributed heat source conduction approximation are much too high because, as
indicated previously, most of the heat transport in the weld pool is by mass flow rather than by conduction. Nevertheless,
the equality of the calculated weld pool peak temperatures at the d/w maxima provides strong confirmation that the
mechanism responsible for the presence of the maximum in weld d/w with increasing input power density is independent
of heat source and is not aresult of an arc phenomenon.

A final example of the success of the fluid flow model in explaining GTA welding phenomena is provided by butt
welding together two steels with large differences in weld penetration characteristics. The weld pool is not centered over
the joint; rather, it is displaced toward the material with low d/w behavior (Ref 8), as indicated schematically in Fig. 6.
The low d/w material has a low concentration of surface-active impurities and therefore a high surface tension. Thus,
there is a net surface tension gradient across the weld pool toward the low d/w material, producing the fluid flow pattern
and weld cross section indicated in Fig. 6. The actual fluid flow pattern is certain to be more complicated than that
illustrated.

Electrode

'
X

High D/W Heat Low D/W Heat
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FIG. 6 SCHEMATIC SHOWING TYPICAL FLUID FLOW GENERATED WHEN BUTT WELDING TWO HEATS OF
MATERIAL WITH DIFFERENT PENETRATION CHARACTERISTICS. SOURCE: REF 8

Numerical Simulations. Direct measurement of weld pool fluid flow is very difficult. Surface flow has been studied by
observing the motion on the surface of dlag or intentionally added particles, as has bulk flow in transparent liquid/solid
systems using simulated welding heat sources. There are a number of numerical calculations of weld pool fluid flow and
shape, the most comprehensive of which appears to be that of Zacharia et al. (Ref 9). These numerical fluid flow
simulations agree in broad terms with the physical model illustrated in Fig. 2; however, they differ in detail with Fig. 2
and with one another. One result of the analysis of Zacharia is that the weld pool surface temperature reached in
stationary welds exceeds that in traveling welds. Trace element effects should therefore be less pronounced in stationary
welds, because a larger portion of the pool surface is above the temperature range where a positive surface tension
temperature coefficient exists. This prediction isin agreement with experimental observations.

Interactions. Experiments in which low concentrations of various elements have been added to the base metal have
demonstrated clear changes in weld pool shape. However, when weld d/w ratio is plotted versus chemical analysis for
numerous heats of material, considerable scatter is observed. A comparison of weld d/w ratio in a standard weldability
test versus sulfur content for about 200 lots of stedl is shown in Fig. 7. There is a clear trend of increasing d/w with
increasing sulfur, but the variability for a given sulfur content is substantial. Some of this variability is associated with
imprecision in chemical analysis for sulfur and some with variations in oxygen content. However, it appears that much of
the variability is related to interactions of the surface-active elements sulfur and oxygen with other components of the
steel. Calcium is known to react with oxygen and, to alesser extent, with sulfur to form stable compounds unlikely to be
surface active. Aluminum and silicon also react with oxygen to form stable compounds. Thus, the amount of sulfur and
oxygen available for segregation to the weld pool surface is a complicated function of the total weld pool chemistry.

Weld D/W Ratio

0 : L
0 0.005 0.010 0,015 0.020
Sulfur Content (wt. %)

FI1G. 7 PLOT OF WELD D/W RATIO VERSUS SULFUR CONTENT FOR APPROXIMATELY 200 HEATS OF TYPE 304L
STAINLESS STEEL. EACH POINT IS AN AVERAGE OF MULTIPLE SULFUR ANALYSES AND WELD D/W RATIO
MEASUREMENTS. IF SINGLE VALUES ARE USED, THE SCATTER IS GREATER. SOURCE: REF 10

There is an additional complication, illustrated in Fig. 8. When oxygen is added to the shielding gas, weld d/w ratio
increases, passes through a maximum, and then declines with increasing oxygen content. Similar effects are seen with
SO, additions. The surface of welds made with torch gas concentrations above the d/w maximum are heavily oxidized. A
possible explanation for the decreasing d/w ratios at higher oxygen concentrations is that a liquid oxide film (dlag) is
formed on the weld pool surface, atering the surface tension gradients.
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FI1G. 8 PLOT OF WELD D/W RATIO VERSUS OXYGEN CONCENTRATION IN THE TORCH GAS FOR GTA BEAD-ON-
PLATE WELDS ON 21-6-9 STAINLESS STEEL. SOURCE: REF 11

Oxygen can be added to the weld pool in other ways. Oxidizing the plate surface prior to welding adds oxygen to the weld
pool and increases the weld d/w ratio. Wire brushing and grit blasting an originally clean surface increases both the
surface oxide thickness and the surface area, thereby adding oxygen to the weld pool. The d/w ratio of JBK-75 stainless
steel (amodification of ASTM A-286) GTA welds as a function of amount of wire brushing is similar in form to Fig. 8.
WEelds on plate brushed beyond the weld d/iw maximum had extensive slag on the weld surface. The weld d/w ratio on
JBK-75 stainless steel appears to be particularly sensitive to oxygen additions. Similar wire-brushing experiments on type
304 stainless steel showed smaller effects.

Although the origin of the difference in sensitivity between JBK-75 and type 304 is not known, one possibility is
indicated by surface tension measurements on iron-silicon alloys in contact with carbon dioxide. The effect of CO, on the
surface tension was a strong function of silicon content. For low-silicon aloys, the surface tension dropped sharply when
contacted with CO,. For alloys with more than 1.2% Si, the surface tension increased when contacted with CO,. The
different behavior was attributed to differences in slag formation on the liquid metal surface. Thus, silicon appears to
interfere with the ability of oxygen to produce a positive surface tension temperature coefficient on liquid iron. The JBK-
75 stainless steel used in the wire-brushing experiments contained only 0.06% Si, and the 21-6-9 used for the torch gas
experiment (Fig. 8) contained only 0.16% Si. Type 304 stainless steel typically contains more than 0.5% Si. Thus, the
high sensitivity of JBK-75 to oxygen additions may be related to its unusually low silicon content. Reports in the
literature on the effect of oxygen on GTA weld penetration have been somewhat variable; differencesin weld pool silicon
content may be partially responsible for this variability.

Effects of High Current. Electromagnetic (Lorentz) stirring of the weld pool becomes more important at higher
currents. The direction of the Lorentz force produces the deep penetration fluid flow pattern indicated in Fig. 2(b). At
sufficiently high current, the Lorentz force dominates other forces that drive fluid flow, and the effects of trace elements
become less important. In addition, the plasma jet becomes stronger with increasing current and at high enough currents
produces a significant depression of the weld pool surface. The plasma jet forces are resisted by surface tension forces on
the weld pool. Halmoy (Ref 12) has shown that for atraveling weld the radial pressure gradient from the plasma jet tends
to transport liquid from the front to the rear of the weld (Fig. 9). For a sufficiently strong pressure gradient, pg, the liquid
level under the arc may be pushed down to the bottom of the pool, as shown in Fig. 9(c). High-speed motion pictures of
the effect of sulfur additions on weld pool fluid flow in 21-6-9 stainless steel showed behavior similar to that in Fig. 9(c)
after large sulfur additions. Sulfur additions substantially reduce the weld pool surface tension and thereby increase the
effect of the plasma jet.
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F1G. 9 EFFECT OF ARC PRESSURE ON THE WELD POOL FOR STATIONARY AND TRAVELING WELDS. (A) V = 0.
(B) V = 0, WITH WEAK RADIAL PRESSURE GRADIENT, P;. (C) V = 0, WITH STRONG RADIAL PRESSURE
GRADIENT, Pg. SOURCE: REF 12

In addition, a surface depression almost certainly changes the energy distribution input to the weld pool by the arc
compared with aflat weld pool surface. Finally, under some high-current conditions, a vortex has been observed near the
center of weld pools.

Strategies for Controlling Poor and Variable Penetration. A number of techniques have been developed to reduce
penetration variability and improve penetration. Sometimes the weld pool shift illustrated in Fig. 6, which occurs when
heats with different penetration characteristics are welded together, can be minimized by very tight heat sinking. The
sensitivity of weld shape to trace element differences is a function of welding parameters, as illustrated in Fig. 4 for
current; thus, combinations of welding parameters can be chosen that minimize heat-to-heat penetration variability. For
wire-fed joints, some joint designs are more tolerant of penetration variability than others. For example, joints with
thinner, wider lands are less sensitive than narrower grooves with thicker lands.

Material control by selection or specification is another approach. It was originally anticipated that stainless steels with
less than 20 ppm S would have poor, but consistent, penetration. However, the data illustrated in Fig. 7 demonstrate that
penetration variability is substantial even at these very low sulfur levels. Stainless steels with more than about 100 ppm S
generally have consistently good penetration. A related approach is to test incoming material for welding characteristics
and then select material with desired welding behavior for critical applications.

Finally, the weld pool can be doped with enough surface-active elements to ensure good penetration. Sulfur and oxygen
are the most practical dopants for ferrous aloys. The addition of oxygen or sulfur dioxide to the torch shielding gas has
been shown to improve penetration and reduce penetration variability; however, this approach presents several practical
problems. Oxygen can aso be added to the weld pool by oxidizing the weld joint or by otherwise increasing the oxygen
content of the weld groove surface--by wire brushing, for example. Probably the most useful approach is to dope the weld
pool in the wire-fed joints by using a special filler wire. A group of defense contractors had a special heat of type 380L
stainless steel produced with a sulfur content in the range of 100 to 150 ppm. The heat was then converted into weld wire.
Welds made with this wire on avariety of stainless steel base metals have exhibited consistent and good penetration.
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Fluid Flow Phenomena During Welding

C.R. Heiple and P. Burgardt, EG&G Rocky Flats

Deep-Penetration Electron Beam and Laser Welds

Keyhole Formation. A fundamental difference between arc heat sources and electron or laser beam heat sources is that
electron and laser beams are capable of delivering heat over a small area at much higher power densities. As the power
density of the welding heat source is increased, the peak surface temperature of the weld pool rises. For many metals,
vapor pressure rises nearly exponentially with temperature and becomes appreciable (above 4000 Pa, or 30 torr, for an
electron beam operating in a vacuum) near 0.8 Ty, where Ty, is the material boiling point in degrees Kelvin. As the surface
temperature approaches this value, the liquid surface under the power source is depressed by the vapor pressure. As the
liquid moves away from the power source, the surface is depressed and a cavity is formed. This is the basic theory of
keyhole formation by an electron or laser beam.

Fluid Flow in the Keyhole. The keyhole is a cavity having roughly the size and shape of the beam; that is, it is usually
approximately cylindrical. Fluid flow in the thin layer around the cavity plays a maor role in determining the behavior of
deep-penetration, keyhole-mode el ectron beam and laser welds. The first flow required for atraveling weld is transport of
metal melted at the front wall of the cavity to the rear (where it eventually solidifies). Because of the weld geometry, this
liquid must move around the keyhole cavity as athin, high-velocity layer on the walls of the cavity. The dominant driving
force for this motion appears to be surface tension gradients. As in GTAW, these gradients arise because the surface
tension is temperature dependent and there is a substantial temperature difference between the front and rear of the cavity.

Calculations of the fluid flow have been performed by Wei and Giedt (Ref 13). Their calculations for pure iron predict
that liquid metal is moved from the front to the rear of a sharp focus keyhole in afilm that is about 0.02 mm (0.0008 in.)
thick and is moving at a velocity of about 250 mm/s (10 in./s). The fluid is driven by a temperature difference of about
400 °C (720 °F). These results are only nominal values from the calculations, but they change little with the assumptions
used and are representative of electron beam weldsin general.
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There is an interesting potential problem with this model. As discussed previously, the surface tension temperature
coefficient, dy/dT, can be positive over a limited temperature range in steels and some other aloys if surface-active
impurities are present in sufficient quantity. If dy/dT is positive, then it would appear that molten metal would not be
transported around the cavity. The likely resolution of this difficulty isthat the liquid dwells slightly longer in the front of
the cavity and is heated by the beam above the temperature at which a transition to negative dy/dT occurs. Some
perturbation of the normal fluid flow may occur under these circumstances. Effects of such a perturbation on weld
characteristics appear to be uncommon. The only available evidence for such an effect comes from electron beam welds
performed on a heat of type 304 stainless steel with very low residual impurity content, except for about 340 ppm S.
These welds had very high porosity compared with identical welds in other heats of material.

Instability in Keyhole Fluid Flow. In addition to the steady-state flow of liquid around the keyhole, significant
instability in the fluid motion has been seen. For example, Mara et al. (Ref 14) used side-view, self-illuminated X-ray
films to show that the beam locations shifts between full penetration and nearly zero penetration in an irregular fashion.
High-speed X-ray photographs show that the variable penetration is caused by a lump of metal that sags into the keyhole
from high up on the cavity rear wall. The sequence of events that creates weld penetration irregularity was analyzed by
Tong and Giedt (Ref 15) and isillustrated schematically in Fig. 10. First, the beam forms a keyhole and produces a lump
of very hot displaced metal at the top rear of the traveling cavity (Fig. 10a). After some period of time, the weld reaches
the full penetration allowed by heat flow (Fig. 10b). The lump of displaced metal is unstable and eventually falls into the
cavity, partidly filling it. The beam must now drill through this additional material. The sequence (@) to (c) in Fig. 10
occurs repeatedly, but irregularly, and produces weld penetration variability. When particularly severe, the irregular
penetration is called spiking. Spiking also leads to atendency for voids to become trapped in the root of the weld.

Electron Beam Electron Beam Electron Beam

vry

FIG. 10 SCHEMATIC SHOWING KEYHOLE INSTABILITY. (A) KEYHOLE IS FORMED BY HEAT GENERATED BY
ELECTRON BEAM. (B) MAXIMUM PENETRATION THAT CAN BE PRODUCED BY HEAT FLOW. (C) LIQUID COOLS,
CAUSING IMPENDING COLLAPSE OF DISPLACED METAL. THE KEYHOLE IS FILLED BY A LUMP OF COOLING
MATERIAL AT THE END OF (C), WHICH RETURNS THE KEYHOLE TO CONDITION (A) TO RESTART THE
SEQUENCE.

A mathematical model that is the basis for understanding this keyhole instability was developed by Giedt et al. (Ref 13,
15). Stability of the keyhole is basically a balance between vapor pressure, which keeps the cavity open, and surface
tension, which tries to close the cavity. Vapor pressure and surface tension are both functions of temperature. Vapor
pressure increases nearly exponentially with temperature for many materials, while surface tension generally decreases
slowly with temperature. Because there is a substantial temperature gradient from the top to the bottom of the keyhole,
both vapor pressure and surface tension vary with depth in the keyhole. Direct measurements of cavity wall temperatures
for electron beam welds indicate that the temperature at the top is nearly equa to the melting temperature, while the
temperature at the bottom is high enough that the vapor pressure there islarge. In type 304 stainless steel, the temperature
a the bottom of the cavity is about 2200 °C (1200 °F). The data indicate that the temperature profile is insensitive to
welding variables and is determined primarily by material properties, that is, by the temperature where the vapor pressure
exceeds about 1330 Pa (10 torr).
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Based on temperature measurements of atypical keyhole, the vapor pressure decreases approximately exponentially with
height from the bottom of the keyhole and approaches zero at the top of the keyhole. The vapor pressure is balanced
primarily by surface tension. For pure iron and many other materials, the surface tension decreases approximately linearly
with temperature. Thus, the inward surface tension pressure increases slowly from the bottom to the top of the keyhole.
The balance of vapor pressure and surface tension is such that the cavity is stable near the bottom, where the vapor
pressure tending to expand the cavity exceeds the surface tension tending to collapse it. At the top, the cavity is unstable
because the surface tension tending to collapse it exceeds the vapor pressure tending to expand it. Thus, the cavity will
always tend to be filled by liquid originating from above some height H in the keyhole, the pressure crossover height.
This cavity filling produces weld penetration irregularity. Weld penetration irregularity is a consequence of the nature of
the keyhole in deep-penetration welding and will not generally be solved by simple equipment or material modifications.

Penetration irregularity is usually less severe if H (as measured from the top) is a small fraction of the keyhole depth. In
such cases the volume of the lump is small, and liquid tends to flow into the cavity relatively smoothly. If H is a large
fraction of the keyhole depth, then the liquid lump has a relatively large volume and, when it falls into the keyhole at
irregular times, it nearly fills the cavity and produces large penetration variations.
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Fluid Flow Phenomena During Welding

C.R. Heiple and P. Burgardt, EG&G Rocky Flats

Gas Metal Arc Welding

Fluid flow certainly occursin GMA weld pools, but reports on the details of its nature and effects are quite limited. In the
spray transfer mode, the impact of the stream of droplets from the electrode on the weld pool forms a substantial
depression or crater. This is the mechanism responsible for the typical fingerlike penetration observed with argon as the
torch gas. Thus, the depth of penetration is primarily dependent on the momentum of the stream of droplets. A plot of
penetration versus the momentum of the droplet stream shows an excellent correlation (Fig. 11). Because the major force
driving the droplets toward the weld is drag from the plasma jet, the kinematic viscosity (density times viscosity) of the
shielding gas is important. For example, argon has a substantially higher kinematic viscosity than helium, so argon drives
the droplet stream more effectively, resulting in a deeper, narrower penetration finger than with helium torch gas. The
strength of the plasma jet can also be atered by changing the ambient pressure. For GMA welds on aluminum. Amson
and Salter (Ref 17) saw a steady decrease in penetration with pressure until at 13,300 Pa (100 torr) there was essentially
no penetration at all. Another way to modify the penetration depth is to spread the stream of droplets over the surface of
the weld. This can be accomplished by applying avarying transverse magnetic field.
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FI1G. 11 PLOT OF GMA WELD PENETRATION IN MILD STEEL FOR SPRAY TRANSFER MODE VERSUS MOMENTUM
OF DROPLET STREAM. SOURCE: REF 16
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Fluid Flow Phenomena During Welding

C.R. Heiple and P. Burgardt, EG&G Rocky Flats

Submerged Arc Welding

Currents commonly employed in submerged arc welding (SAW) are much higher than those used in GTAW or GMAW.
Submerged arc welding currents often exceed 1000 A. Thus, the electromagnetic or Lorentz force combined with the
tendency of the radial pressure gradient in the moving cavity to transport liquid to the rear of the cavity (Fig. 9) are likely
the dominant forces driving fluid flow. The generally accepted flow pattern is indicated schematically in Fig. 12. A cavity
is formed at the front of the moving weld pool by arc pressure and by the momentum of drops from the rapidly melting
electrode. Metal that is melted at the front of the pool flows underneath and on either side of the cavity. At the rear of the
pool, the flow reverses and metal flows back toward the cavity along and near the surface. Flow velacities can be very
high; Eichhorn and Engel (Ref 19) measured 4 m/s (13 ft/s) at 720 A. The flow pattern was derived from observations of
motion of marker elements, added to the weld pool, as determined from subsequent metallographic sections, and from the
motion of radioactive tracer additions. The genera features illustrated in Fig. 12 appear to be supported by X-ray
fluoroscopy observations. Major perturbations in the indicated fluid flow have been demonstrated, including reversal of
the flow direction. These perturbations have been associated with weld defects.
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Transfer of Heat and Mass to the Base Metal in Gas-Metal Arc Welding

Herschel B. Smartt, Idaho National Engineering Laboratory

Introduction

HEAT AND MASS TRANSFER in arc welding is normally studied from the standpoint of the weld pool and heat-
affected zone (HAZ); however, it is also instructive to examine heat and mass transfer from the arc to the base metal. This
article describes the latter topic in terms of the gas-metal arc welding (GMAW) process and provides practical
information related to the development of welding procedures and the general operation of the process.

Welding procedures emphasize control of parameters such as electrode speed (or current), voltage, welding speed, contact
tube-to-base metal distance, as well as current pulse parameters for out-of-position welding. It is therefore easy to
overlook the fact that the process is simply a source of heat and mass inputs to the weldment. Melting of the base metal,
dilution of the filler metal, solidification of the weld bead, microstructural development in the weld bead and HAZ, and
thermomechanical distortion and residual stresses all follow from the heat and mass inputs. The conventional parameters
identified above arc variables that control the heat and mass inputs. An example of the relationship between the
conventional parameters of electrode speed and welding speed to heat and mass transferred to the weldment is shown in
Fig. 1 for certain conditions, as applied to the welding of thick-section steel.

Electrode speed (s), in./s
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FI1G. 1 PLOT OF WELDING SPEED VERSUS ELECTRODE SPEED AS FUNCTION OF HEAT TRANSFER PER LENGTH
OF WELD, H, AND MASS TRANSFER EXPRESSED IN TERMS OF REINFORCEMENT, G. POWER SUPPLY OPEN-
CIRCUIT VOLTAGE, Eo, IS 32 V; CONTACT TUBE-TO-BASE METAL DISTANCE, C, IS 15.9 MM (0.625 IN.).
SHADED AREA DENOTES REGION IN WHICH SPRAY AND STREAMING TRANSFER MODES OCCUR; GLOBULAR
TRANSFER OCCURS AT LOWER ELECTRODE SPEEDS, AND ELECTRODE CONTACTS THE WELD POOL AT HIGHER
ELECTRODE SPEEDS. SOURCE: REF 1

The issues described in this article include the:

TOTAL HEAT TRANSFERRED TO THE BASE METAL
PARTITIONING OF HEAT TRANSFER BETWEEN THE ARC AND THE MOLTEN ELECTRODE
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DROPLETS

TRANSFER MODES OF THE DROPLETS

ROLE OF THE ARC IN DROPLET TRANSFER

SIMPLE MODEL FOR WELDING PROCEDURE DEVELOPMENT BASED ON AN
UNDERSTANDING OF HEAT AND MASS TRANSFER TO THE BASE METAL
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Transfer of Heat and Mass to the Base Metal in Gas-Metal Arc Welding

Herschel B. Smartt, Idaho National Engineering Laboratory

Heat Transfer

The total transfer of heat, H, (neglecting preheating) from the GMAW process to the weldment per unit time is given
by:

H=nEl (EQ1)

where E isvoltage, | is current, and 1) is the heat-transfer efficiency. The rate at which heat is transferred to the weldment
per unit length of weld is given by:

H=—x (EQ 2

where Riswelding speed. Calorimeter-based heat-transfer experiments reveal that the heat-transfer efficiency for welding
thick-section steel is nominally 80 to 90%, asindicated in Fig. 2. Thetotal heat-transfer efficiency is altered somewhat by
changing other parameters. For example, it increases slightly as the power supply open-circuit voltage is decreased (for a
silicon controlled rectifier regulated power supply and it increases dightly with increasing contact tube-to-base metal
distance. However, 85% is a reasonable estimate for most conditions.

1
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FIG. 2 PLOT OF HEAT-TRANSFER EFFICIENCY TO BASE METAL VERSUS ELECTRODE-SPEED FOR 0.89 MM
(0.035 IN.) DIAMETER STEEL ELECTRODE IN AN AR-2% O, SHIELD GAS. TOTAL HEAT-TRANSFER EFFICIENCY
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IS SHOWN PARTITIONED INTO ARC AND MOLTEN DROP COMPONENTS. POWER SUPPLY OPEN-CIRCUIT
VOLTAGE, E,, IS 32 V; CONTACT TUBE-TO-BASE METAL DISTANCE, Cy, IS 15.9 MM (0.625 IN.). SOURCE: REF
2

Partitioning of Heat Transfer. In the GMAW process, the molten droplets of electrode material carry a significant
portion of the total heat transferred to the weld pool. Thisis seen in calorimetry experiments (Fig. 2), where the total heat-
transfer efficiency of the GMAW process is partitioned into those portions associated with transfer by the arc and by the
molten droplets. At low electrode speeds, about 60% of the total heat transferred is associated with the arc. As electrode
speed increases, the fraction of total heat transferred associated with the droplets increases, reaching nominally 50% at
current levelsin excess of about 220 A (that is, at about 230 mmy/s, or 9.1 in./s, electrode speed) for the conditions used.
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Transfer of Heat and Mass to the Base Metal in Gas-Metal Arc Welding

Herschel B. Smartt, Idaho National Engineering Laboratory

Mass Transfer

Droplet Transfer Modes. Although the International Institute of Welding (I1W) lists eight distinct metal transfer modes
(Ref 3), the modes commonly used in U.S. welding practice are globular, spray, streaming, rotating, and short circuiting.
The mode terms "drop" and "repelled" used by the IIW are often referred to as "globular," and the mode term "projected"
isgenerally referred to as "spray." The globular, spray, streaming, and short-circuiting transfer modes are shown in Fig. 3,
4,5, 6.
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FIG. 3 GLOBULAR TRANSFER MODE IN GAS-METAL ARC WELDING OF STEEL. (A) SCHEMATIC SHOWING
TRANSFER OF ELECTRODE MATERIAL GLOBULES ONTO CATHODE BASE METAL. (B) HIGH-SPEED PHOTOGRAPH
OF GLOBULAR METAL TRANSFER
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FI1G. 4 SPRAY TRANSFER MODE IN GAS-METAL ARC WELDING OF STEEL. (A) SCHEMATIC SHOWING TRANSFER
OF ELECTRODE MATERIAL DROPLETS ONTO CATHODE BASE METAL. (B) HIGH-SPEED PHOTOGRAPH OF SPRAY
METAL TRANSFER MODE

FIG. 5 HIGH-SPEED PHOTOGRAPH OF STREAMING TRANSFER MODE IN GAS-METAL ARC WELDING OF STEEL

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



— \h"\"'\. L |
i

FIG. 6 SHORT-CIRCUITING TRANSFER MODE IN GAS-METAL ARC WELDING OF STEEL. (A) SCHEMATIC
SHOWING TRANSFER OF ELECTRODE MATERIAL BY SURFACE TENSION OF WELD POOL ONTO CATHODE BASE
METAL. (B) HIGH-SPEED PHOTOGRAPH OF MATERIAL TRANSFER WHEN ARC LENGTH IS VERY SHORT. (C)
HIGH-SPEED PHOTOGRAPH OF CYCLIC SHORTING OF ARC BY THE ELECTRODE DURING METAL TRANSFER TO
WELD POOL. (D) HIGH-SPEED PHOTOGRAPH OF VIOLENT ARC REIGNITION WITH ASSOCIATED SPATTER

When all other parameters are held constant, the metal transfer mode at the lowest wire feed speed (and associated current
level) is globular. Aswire speed (and therefore current) increases, the mode changes rapidly from globular to spray. With
an additional increase in wire speed (and current), spray transfer becomes streaming transfer. Figure 7 shows the droplet
sizes during the transition from globular to spray to streaming transfer for direct and pulsed current welding. If an
adequately high current, contact tube-to-base metal distance, and voltage exist, then rotating transfer, wherein the lower
part of the electrode becomes molten over a considerable length and rotates in a helical spiral under the influence of the
magnetic field surrounding the arc, can occur. As it rotates, a controlled stream of droplets is transferred from the
electrode tube to the weld pool over a relatively wide area. Additional increases in wire feed/current at low voltage
shorten the arc length and, eventually, the wire stubs into the weld pool. In addition, with appropriate conditions (for
example, carbon dioxide, argon-carbon dioxide mixtures, and helium-based shielding gases), droplets can be transferred
directly, by surface tension forces, after contact of the drop with the weld pool, a condition called short-circuiting transfer.
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FIG. 7 DROPLET SIZES ATTAINABLE UNDER SELECTED CURRENT PULSING CONDITIONS IN GAS-METAL ARC
WELDING OF STEEL. SOURCE: REF 4

In practical applications, the optimum transfer mode depends in part on the thickness of the base metal being welded. For
example, very thin sections (in al positions) require the short-circuiting mode (with low current levels and appropriate
settings of voltage and other operating parameters, including shielding gas composition). Thicker sections show best
results with spray or streaming transfer. These transfer modes also produce high heat input, maximum penetration, and a
high deposition rate. In welding steel, they are generaly limited to welding that occurs in the flat position and the
horizonta fillet position, except when pulsed current is used. Rotating transfer can be used in a deep groove in thick-
section material. One- and two-pass heavy fillet welds are also a major area of application for this process variation.

Globular transfer (Fig. 3) involves a droplet that, generally, is much larger in diameter than the electrode wire. Globular
transfer can involve a transfer rate of about 1 to 10 drops/s, and the arc has a soft, rounded appearance. Droplet
detachment and transfer are mainly due to the gravitational force, which limits globular transfer to in-position welding.
For spray transfer (Fig. 4), droplet and electrode diameters are roughly equivalent.

Spray transfer can involve 100 drops/s, and the arc noticeably contracts, or "stiffens." Drops usually travel in-line down
the center of the arc, but several drops may bein flight at the same instant.

In streaming transfer (Fig. 5), a well-developed liquid column extends from the solid electrode down into the arc and
breaks into small droplets before contacting the weld pool (see the discussion on spatter below). Streaming transfer can
involve 1000 drops/s, and the arc has a characteristic "cone" shape, as shownin Fig. 5.

In short-circuiting transfer, the arc is very short (Fig. 6a). During metal transfer, the undetached molten droplet contacts
the weld pool, shorting out the arc (Fig. 6b), which then extinguishes. Surface tension plays an important role in
transferring the drop to the weld pool, but detachment of the drop from the electrode is due to electromagnetic pinch
forces. Reignition of the arc is violent (Fig. 6¢), resulting in considerable scatter.

Asseenin Fig. 7, the transition from one mode to another actually involves continuous variations in droplet size. Because
the product of droplet volume and transfer rate equals the electrode melting rate (in appropriate dimensions), there is also
a continuous variation in droplet transfer rate. Detailed experimental studies have shown that rapid, cyclic transition from
globular to spray to globular, and so on, occurs in the transition region between globular and spray transfer (Ref 5).
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Although it is generally not possible for the welder to see droplet transfer events in the spray and streaming transfer
modes (except under ideal conditions for spray transfer), the arc shape changes and associated changes in electrical and
acoustic noise alow a trained welder to readily identify all of the transfer modes. The section "Electrical and Acoustic
Signals' in this article describes this event more fully.

Weld Reinforcement. Assuming that mass is conserved as welding occurs, the transverse cross-sectional area of the
weld bead added to the weldment for a single weld pass, which is called the reinforcement, G, is given by:

2
G:§pd

= (EQ3)

where Sis electrode speed, R is welding speed, and d is electrode diameter. For the spray and streaming transfer modes,
the assumption that mass is conserved is reasonably good. However, because short circuiting and other conditions
generate considerably spatter, the actual reinforcement will be slightly less than the value calculated by Eq 3.

Droplet Velocity and Temperature. In spray and streaming transfer, the droplets are accelerated rapidly through the
arc to the weld pool. Velocities of 1 m/s (40 in./s) are typical, increasing with voltage (Fig. 8). Calorimetry-based
experimental results indicate that steel droplets can reach temperatures of approximately 2600 K (4220 °F) (Ref 2). This
explains why the droplets transport one-half of the total heat transferred to the base metal.
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FIG. 8 DROPLET VELOCITIES FOR SPRAY TRANSFER IN GAS-METAL ARC WELDING OF STEEL AT THREE
DIFFERENT OPEN-CIRCUIT VOLTAGES. SOURCE: REF 5

A result of the activity of molten electrode droplets in heat transfer to the base metal is that they also play an important
role in convective heat transport in the weld pool and, thus, in weld penetration (Ref 6). This can be seen in Fig. 9, a
transverse cross section of a gas-metal arc bead-on-plate weld on carbon steel. The region of deep penetration in the
center of the weld bead is associated with the heat convected to the lower portion of the weld pool by the entering
droplets.
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FIG. 9 TRANSVERSE CROSS SECTION OF GAS-METAL ARC BEAD-ON-PLATE WELD IN CARBON STEEL TO
SHOW DEEP PENETRATION IN THE WELD BEAD CENTER GENERATED BY MOLTEN ELECTRODE DROPLETS

Electrical and Acoustic Signals. As the droplets of molten metal detach from the electrode, an amost instantaneous
change occurs in the electrode extension, which results in a sudden, although small, change in the electrical resistance
between the contact tube and the base metal. The results are spikes in the secondary circuit voltage and welding current,
accompanied by pressure changes in the arc. Thus, both electrical and acoustic noise (Fig. 10) are generated by the
GMAW process and are characteristic of the droplet transfer mode. The waveforms for globular transfer show prominent
spikes associated with individual droplet transfer events. This can also be seen in Fig. 11, aplot of the computer-digitized
current for aweld on carbon steel, where a change from globular to spray transfer has occurred at about 8 s into the weld.
The power spectra of the current changes dramatically for the two transfer modes (Fig. 12), leading to a means of

detecting transfer mode during welding.
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FIG. 10 AUDIO, CURRENT, AND VOLTAGE DURING GLOBULAR TRANSFER IN GAS-METAL ARC WELDING OF
STEEL. SOURCE: REF 7
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FIG. 11 PLOT OF DIGITIZED CURRENT VERSUS TIME DURING A GAS-METAL ARC WELD IN CARBON STEEL IN
WHICH A TRANSITION FROM GLOBULAR TO SPRAY TRANSFER OCCURRED (AT —T = 8 S) AS CURRENT WAS
INCREASED. SOURCE: REF 1
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FIG. 12 WELDING CURRENT POWER SPECTRA FOR GLOBULAR TRANSFER AND SPRAY TRANSFER MODES
DURING GAS-METAL ARC WELDING OF STEEL. SOURCE: REF 1

Severa specific techniques have been identified (Ref 8) for detecting the mode of meta transfer: Fourier transform,
standard deviation, peak ratios, and integrated amplitude of the current and voltage signal. In a similar manner, spatter,
lack of shielding gas, and contact tube wear can also be detected. Similar power spectra changes aso occur in the
secondary circuit voltage and acoustic noise. The change in acoustic noise allows the aural detection of the transfer mode.
An experienced welder can readily hear, for example, the difference between globular and spray transfer.

Contact of the molten droplet with the weld pool, while the droplet is till attached to the electrode, also results in a
sudden change in electrical resistance. This is important, because spatter is generally produced when this electrode-to-
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weld pool contact breaks. (Spatter can also be produced by rapid expansion of gas bubbles in the electrode as it melts.)
The resulting electrical and acoustic noise can be used to detect that spatter is being produced.
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Transfer of Heat and Mass to the Base Metal in Gas-Metal Arc Welding

Herschel B. Smartt, Idaho National Engineering Laboratory

Procedure Development

The preceding discussion leads to a logical approach toward selecting welding parameters during the development of
welding procedures. First, given a nominal power supply open-circuit voltage and contact tube-to-base metal distance, the
electrode speed can be set to determine the welding current. It can be shown that:

_ Gl

S=
Hpd?

(E, +HI) (EQ 4

where Ey is the power supply open-circuit voltage. It is assumed that the proper selection of electrode type and shielding
gas have been made, and that the electrode diameter is appropriate for the application.

Second, the open-circuit voltage is adjusted to give either an acceptable arc length or electrode extension. The objectiveis
to prevent either burnback (transfer of the arc to the contact tube) or spatter caused by shorting of the molten electrode
droplets with the weld pool prior to detachment from the electrode. Fine adjustment of voltage may be necessary to obtain
a clean start of the process, thus avoiding a short period of spatter or globular transfer following arc ignition. The
combination of current and voltage for a given contact tube-to-base metal distance determines the droplet transfer mode.

Third, the welding current determines the melting rate of the electrode. The electrode melting rate (M,p) is a quadratic
function of current (Ref 9):
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Mrp:(C1+C2A)I +C3% (EQ 5)

where A isthe cross-sectional area of the electrode and C;, C,, Cs, and i are constants.

Another researcher (Ref 10) defines M, by:
LIz
My =Cl +Cy= (EQ6)

where C, and Cs are constants.

Given a desired melting rate, the welding travel speed is set to abtain the desired weld bead reinforcement. The current,
voltage, and weld travel speed have all now been set, thus determining the heat input per length of weld (H = nEI/R).

It should be noted that it is actually possible to independently vary heat input and mass input (in terms of weld bead
reinforcement) to the weld, over at least a small range. Thisis shown in Fig. 13, where the same data presented in Fig. 1
are replotted in terms of reinforcement as afunction of heat input per length of weld.
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FIG. 13 PLOT OF REINFORCEMENT VERSUS HEAT INPUT TO SHOW PARAMETERS THAT FAVOR SPRAY
TRANSFER MODE FOR GAS-METAL ARC WELDING OF STEEL. POWER SUPPLY OPEN-CIRCUIT VOLTAGE, Eo, IS
32 V; CONTACT TUBE-TO-BASE METAL DISTANCE, Cy, IS 15.9 MM (0.625 IN.).

The above discussion on procedure development ignores second-order effects, such as the dependence of arc length on
weld travel speed. It should also be realized that severa iterations through the steps defined above may be required for
final parameter determination. Proper power supply settings must be used, and code requirements must be met.
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Arc Physics of Gas-Tungsten Arc Welding

J.F. Key, EG&G ldaho, Inc.

Introduction

THE GAS- TUNGSTEN ARC WELDING (GTAW) process is performed using a welding arc between a nonconsumable
tungsten-base electrode and the workpieces to be joined. C.E. Jackson defined a welding arc as "a sustained electrical
discharge through a high-temperature conducting plasma producing sufficient thermal energy so as to be useful for the
joining of metals by fusion." This definition is a good foundation for the discussion that follows.
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The physics of GTAW are fundamental to all arc processes and are more straightforward, because the complications of
materials (for example, filler and flux) transferred through and interacting with the arc can be avoided. Geometrically, the
arc discharge in GTAW is between a rod-shaped tungsten electrode and a planar-shaped electrode, that is, the workpiece.

Pure tungsten electrodes are less expensive and, possibly, more environmentally compatible than those with rare earth or
other oxide additions. They are used for lower-specification welds, where tungsten contamination that is caused by the
molten electrode surface can be tolerated. They are also used for aternating current (ac) welding of aluminum, copper,
magnesium, and thin sections of low-alloy and stainless steels.

Analysis of the arc discharge is separated into electrode regions and the arc column. The electrode regions are confined to
very small distances from the electrode surfaces, have very high electrical and thermal fields, and have much higher
current density, because of the contraction of the arc to a small spot. As a result, electrode regions for both the cathode
and the anode are difficult to analyze by diagnostic measurements and theoretical computation. This situation must be
remedied for a thorough understanding of the process, because the process parameters control the arc discharge at the
cathode, with the anode serving as the connection to ground. The arc column, on the other hand, is relatively easy to
analyze, but isimportant primarily as a means to deduce arc characteristics at the el ectrodes.

Polarity. The GTAW process generally utilizes a direct current (dc) arc, where the tungsten electrode has a negative
polarity. The tungsten electrode thus becomes the cathode and the workpiece becomes the anode. The polarity is called
straight polarity, or direct current electrode negative (DCEN).

Reverse polarity, or direct current electrode positive (DCEP), is literally the reverse of DCEN. The workpiece is the
cathode and the tungsten electrode serves as the anode. Because most heat is generated at the anode in the GTAW
process, DCEP is used for welding certain thin-section, low melting point materials when DCEN would be likely to cause
excessive penetration or burn-through.

Either alternating current or DCEP is used for removing an oxide film from the surface of the weld pool or workpiece.
The oxide film promotes emission during the half-cycle (ac) when the workpiece is negative polarity. As the oxide is
depleted, the emission moves to a new location that has a high enough oxide content to sustain the discharge of electrons.
The arc root or cathode spot where the emission occurs is highly mobile in ac or DCEP and, as a result, the arc is much
less stable than in DCEN.

Gas Shielding. In all cases, the arc and both electrodes are shielding by gas, usually an inert gas or a gas mixture. Argon
and argon-helium mixtures are used most often, although argon-hydrogen mixtures are used for some applications. The
GTAW process may simply utilize the arc to fuse the workpieces together without the addition of filler materials
(autogenous) or filler may be added to the molten pool to fill grooves in thicker weldments. A reasonable understanding
of welding arc fundamentals and the GTAW process requires a more thorough discussion of the electrode regions of the
arc and the arc column.

Arc Physics of Gas-Tungsten Arc Welding

J.F. Key, EG&G ldaho, Inc.

Electrode Regions and Arc Column

The cathode and anode are similar in several respects. Both exhibit a voltage drop caused by a space charge that covers a
very thin region over their surfaces, and the arc is significantly contracted on the surfaces. Figure 1 shows that the total
arc voltage is partitioned between the electrode drops and arc column. The relative magnitude of these drops depends on
welding parameters and electrode material.
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FIG. 1 PLOT OF RELATIVE ARC VOLTAGE DISTRIBUTION VERSUS RELATIVE ARC LENGTH BETWEEN
ELECTRODES

The arc discharge requires a flow of electrons from the cathode through the arc column to the anode, regardless of
polarity or whether ac or dc is used. Two cases of electron discharge at the cathode will be discussed: thermionic emission
and nonthermionic emission, also called cold cathode, or field emission.

Thermionic emission results from joule heating (resistance) of the cathode by the imposed welding current until the
electron energy at the cathode tip exceeds the work function (energy required to strip off an electron). This case appliesto
the general case of DCEN, where the tungsten electrode is the emitter, or cathode. Pure tungsten electrodes have to be
heated to their melting point to achieve thermionic emission. Once molten, the equilibrium tip shape becomes a
hemisphere, and a stable arc results from uniform emission over this surface. Thoria (ThQO,), zirconia (ZrO,), or ceria
(CeO,) are added to pure tungsten in amounts up to 2.2 wt% ThO,, 0.4 wt% ZrO,, or 3.0 wt% CeO, to lower the work
function, which results in thermionic emission at lower temperatures and avoids melting the cathode tip. These electrodes
typically have a ground conical tip, and thermionic emission is localized to a cathode spot. Thermionic emission creates a
cloud of electrons, called a space charge, around the cathode. If a second electrode at a higher potentia is nearby (the
workpiece, in this case), then the electrons will flow to it, thus establishing the arc.

Nonthermionic, or field, emission creates an electron discharge with a very high electric field, typically exceeding 10°
V/m. Thisintense electric field literary pulls electrons out of arédatively cold or unheated cathode. This would not appear
to be applicable to welding until one considers that for reverse polarity or DCEP, a condensation of positive ions from the
arc column can build up in avery thin (1 nm, or 0.04 uin.) layer over the cathode surface, creating a very high localized
electric field even though the cathode voltage drop may only amount to several volts.

An oxide layer, which is always present on the cathode surface in an actual weld, facilitates the discharge with a source of
lower work function electrons. When the oxide layer is very thin (on the order of one atom layer), emission occurs via a
tunneling mechanism through the film to an emitting site. Thicker oxide films exhibit locally conducting spots at the end
of filamentary channels through the oxide. Large currents flow in these channels, which are on the order of 100 nm (4
uin.) in diameter and have lifetimes of 0.001 to 1 ps.

The cathode cleaning action, which is one of the principal reasons to use DCEP or ac, results from stripping away the
oxide film at the emitting sites by very small and intense jets of metal vapor and debris. It becomes obvious that a
practical implication of the short lifetime of these cathode spots is a generally unstable arc that is due to the necessity of
continual movement of the cathode spot to undepleted regions of oxide film. Arc instability is undesirable and DCEP or
ac is only used when cathodic cleaning or the minimizing of heat input to the workpiece is a higher priority than
optimizing weld bead shape and location.

Anode. Welding process parameters (for example, current and voltage) control the arc discharge at the cathode. Although
the electron flow enters the anode through the anode spot and constitutes 85% of the energy going into the weld pool, thus
making current density the single most important welding parameter that determines pool shape, events at the anode can
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only be controlled indirectly by controlling the cathode. Anode spot stability does depend somewhat on shielding gas
composition and the shape of the anode (that is, weld groove).

Current density and heat input measurements at the anode have been made to better understand how process parameters
that are largely controlling events at the cathode will, in turn, influence the shape and melting rate of the weld pool. The
relative contributions of heat transfer to the workpiece, in terms of the GTAW process, are shown in Fig. 2.
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FIG. 2 RELATIVE HEAT TRANSFER CONTRIBUTIONS TO WORKPIECE WITH GTAW. (A) CONTRIBUTION OF

INDIVIDUAL PARAMETERS TO ANODE HEAT INPUT. (B) HEAT OUTPUT AT CATHODE (WORKPIECE) RELATIVE
TO WELD POOL HEAT LOSS

The Thomson effect represents the energy lost by electrons as they move from higher to lower temperatures. The sum of
work function, Thomson effect, and anode fall gives an electron contribution to heat transfer of approximately 84%. The
remaining 16% is due to thermal effects (that is, conduction, convection, and radiation). There are small heat losses from
the pool that are due to evaporation of metal ions and radiation. Figure 3 shows that the energy distribution for this
particular case approaches a Gaussian distribution (that is, normal distribution curve). High helium contents in the
shielding gas have produced data that are typically better fit by a Lorentzian curve, indicating a narrower current density
distribution (that is, a more-contracted arc at the anode spot).
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FIG. 3 PLOT OF ELECTRON AND THERMAL CONTRIBUTIONS TO HEAT TRANSFER. A, TOTAL ARC POWER
(STANDARD DEVIATION, s , OF 0.8 MM, OR 0.031 IN.); B, ELECTRON CONTRIBUTION (o = 0.7 MM OR 0.028
IN.); C, THERMAL CONTRIBUTION. WELD PARAMETERS: CURRENT, 10 A; VOLTAGE, 10 V; TIME, 10 S;
SHIELDING GAS, ARGON; ELECTRODE ANGLE, 30°

Arc efficiency, in addition to those variables that have an effect on it, is an extremely important term in the heat transfer
analysis of welding. It gives the percentage of heat dissipated in the arc that actually is captured by the workpieces and is
available for melting. Arc efficiency, as a function of all GTAW welding parameters and many materials, has been
determined experimentally and found to be nominally 75%. The variables having the greatest effect on arc efficiency are
arc voltage and anode material. For those variables, the effect is usually no more than £5%. Other parameters have a
negligible effect.

Arc Column. The €electron discharge between the electrodes partially ionizes the shielding gas in its path, thus making
the arc column a conductor, or plasma. Overall, the arc column is neutral and is composed of electrons, positive gas and
possibly metal ions, and neutral gas atoms.

Ironically, fundamental measurements of arc properties are most easily made in the arc column, although the actual effect
of these properties on the electrode region of an actual weld must still be inferred. Nevertheless, it is useful to understand
fundamentals of the arc that relate essential welding variables (for example, current, voltage, electrode gap, choice of
shielding gas, and electrode shape) to arc temperature, current density distribution, and gas flow structure at the anode
surface.

Effect of Cathode Tip Shape. For the general case of straight polarity, DCEN, the tip of the tungsten alloy cathode is
ground to a point and then truncated somewhat to prevent the sharp tip from burning off and contaminating the weld. The
included angle of the cone and the diameter of the truncation under some welding conditions have a significant effect on
weld pool shape. Figure 4 shows examples of the effect of these two parameters on weld pool shape.
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FIG. 4 FUSION ZONE PROFILE FOR SPOT-ON-PLATE WELDS AS A FUNCTION OF ELECTRODE TIP GEOMETRY
USING 100% AR AS A SHIELDING GAS. WELD PARAMETERS: CURRENT, 150 A; DURATION, 2 S

For a stationary spot-on-plate weld shielded by pure argon, the weld depth-to-width ratio increased with an increasing
vertex angle up to 90° and with an increasing truncation diameter. The arc became less "bell shaped" and more "ball
shaped” as the vertex angle or truncation diameter increased. These results should be a valid indication of the effect of
cathode tip shape for pulsed current welding, which produces a series of overlapping spot welds.

A study of bead-on-plate welds (Fig. 5) made with constant current and velocity indicated a similar but less pronounced
trend. These conditions produce a tear-drop molten pool shape when viewed from above, compared to circular shape for
spot or pulsed current welding. Fluid and heat flow within the pool is less uniform front-to-rear in a tear-drop-shaped pool
and probably has a greater influence on pool shape than electrode tip shape.

FIG. 5 FUSION ZONE PROFILE FOR BEAD-ON-PLATE WELDS AS A FUNCTION OF ELECTRODE TIP GEOMETRY
USING 100% AR AS A SHIELDING GAS. WELD PARAMETERS: CURRENT, 150 A; WELDING SPEED, 3 MM/S
(0.12 IN./S)

When the arc is used in a weld groove, the relative shapes of the cathode tip and the anode groove become more
important. The arc discharge from the cathode will seek a path to ground with the lowest electrical resistance. For a stable
arc properly centered in the groove (for example, a root pass), the shortest path to ground should be between the cathode
tip and the bottom of the groove (Fig. 6). Thiswill require the cathode vertex angle to be somewhat |ess than the included
angle of the groove and/or a sufficiently wide groove to ensure that the shortest path to ground is from the cathode tip to
the groove bottom and not, for example, from the electrode shoulder to the groove wall, as the case would be with a 90°
electrode in a 10° narrow groove. Welding in a groove places a higher priority on arc stability and location than on
maximum penetration.
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FI1G. 6 EFFECTS OF ELECTRODE TIP GEOMETRY ON THE PATH LENGTH TO GROUND IN WELD GROOVES OF
VARIOUS SHAPES. (A) 75° V-GROOVE. (B) 40° U-GROOVE. (C) 10° NARROW GROOVE

To understand the effects of tip shape, temperature distributions in the plasma were measured. Figure 7 shows that as the
cathode vertex angle increases, the plasma radius of the arc column increases at mid-gap and becomes more constricted
near the anode. The quantitative interpretation of these results requires theoretical modeling, which has yet to be
completed.
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FIG. 7 EFFECT OF VERTEX ANGLE ON GTAW ARC COLUMN TEMPERATURE DISTRIBUTION WITH 100% AR

USED AS SHIELDING GAS. (A) 30° ELECTRODE VERTEX ANGLE. (B) 90° ELECTRODE VERTEX ANGLE. WELDING
CURRENT, 150 A

Effect of Shielding Gas Composition. The GTAW process typically uses either an inert gas, such as argon, or an inert
gas mixture, such as argon and helium, to shield the arc and the weld from atmospheric contamination. Occasionally, a
dightly reactive gas mixture, such as argon with up to 15 vol% H, is used. (The 15 vol% limit is based on safety
considerations.) Shielding gas compoasition has a rather strong effect on arc temperature distribution and, under certain
conditions, a significant effect on weld pool shape.

Figure 8 shows how shielding gas affects arc voltage. The curves would all be displaced downward for shorter arc
lengths, but the relative positions would be maintained. Figure 9 shows the effects of both cathode vertex angle and
shielding gas composition on weld pool shape for spot-on-plate welds. Increasing additions of helium to argon show a
remarkable increase in penetration when using a 30° vertex angle. However, the effect is much less evident when using a
90° vertex angle.
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FIG. 9 EFFECT OF ELECTRODE TIP GEOMETRY AND SHIELDING GAS COMPOSITION ON WELD POOL SHAPE
FOR SPOT-ON-PLATE WELDS. WELDING PARAMETERS: CURRENT, 150 A; DURATION, 2 S

To understand these phenomena, arc temperature distributions for a variety of shielding gases and mixtures, electrode
shapes, current, arc voltages (electrode gaps), and anode materials have been measured in order to clarify welding arc
fundamentals. Welding arcs are composed of electrons, positive gas ions, and neutral gas atoms. Some measurement
techniques give the temperature of one species (electrons), whereas other techniques give the temperature of another
species (neutral atoms). If the arc is in local thermodynamic equilibrium (LTE), all techniques should give the same
temperature.

Although the assumption of LTE used to be considered completely valid, contemporary investigations have suggested
that thisis not always the case and that some of the older measurements may be somewhat in error. Absolute values of arc
temperature are only needed to establish boundary conditions for detailed arc modeling of temperature-dependent
properties. What is of more importance to the welding engineer or technologist is the relative effect of essential variables
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on heat input to the workpiece. Arc temperature measurement is one useful indication of how these variables affect the
arc.

When compared to Fig. 7(a), Fig. 10 shows that large additions of helium to argon decrease peak temperatures dightly
and increase the plasma diameter in the plasma column. The arc appears to become a broader and more isothermal heat
source. The lower peak temperature is reasonable, because a combination of the high ionization potential of helium and
relatively low currents of welding arcs gives an arc column that is only dightly ionized. Figure 7 showed that a large
vertex angle had a similar, but less pronounced, effect on arc temperature when adding helium to the shielding gas (that
is, the axial peak temperature decreased and the plasma diameter increased).
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FI1G. 10 PLOT OF GTAW ARC COLUMN TEMPERATURE DISTRIBUTION AS A FUNCTION OF ANODE DISTANCE
AND ARC POSITION. WELDING PARAMETERS: ELECTRODE VERTEX ANGLE, 30°; CURRENT, 150 A; SHIELDING
GAS, 10AR-90HE

Figure 11 shows that doubling the current from 150 to 300 A produces an increase in plasma diameter (that is, that
portion of the arc above approximately 8000 K, or 13,900 °F). This effect occurs regardless of the shielding gas
composition.
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FIG. 11 PLOT OF GTAW ARC COLUMN TEMPERATURE DISTRIBUTION RELATIVE TO ANODE DISTANCE AND ARC
POSITION. WELDING PARAMETERS: ELECTRODE VERTEX ANGLE, 30°; CURRENT, 300 A; SHIELDING GAS,
100% AR

The arc length or gap between the electrodes is yet another process parameter that must be considered, especialy for
mechanized welding, where it can be kept reasonably constant. Because arc length is proportional to arc voltage, longer
arcs have higher arc voltages and consume more energy for the same current. However, this increased energy is generally
lost through radiation to the environment surrounding the weld and does not effectively supply additional heat to the
workpieces. Mechanized welding generally utilizes rather short arc lengths (2 to 3 mm, or 0.08 to 0.12 in.), whereas
manual welding uses a longer arc length. Unfortunately, relationships that establish a direct correlation between the
temperature distribution in the arc column and the weld pool shape still have not been established, primarily because weld
pool shape depends on other factors, such as compositionally dependent molten metal properties.

Flow Structure. Shielding gas is used to displace reactive gases in the atmosphere from the vicinity of the weld. Inert
gases are preferred for the GTAW process, because they minimize unwanted gas-metal reactions with the workpieces. A
uniform laminar flow of gas from the gas cup would be ideal and, in fact, is usually achieved as long as there is no
welding arc. However, the arc discharge rapidly heats the gas in the arc column, and thermal expansion causes plasma
jets. The lower temperature near the cathode tip in Fig. 11 is an indication of a jet pumping in cooler gas. This becomes
an important factor at high currents, because these jets can depress the surface of the weld pool and alter heat transfer to
it. The rapid gas expansion can cause the flow to deviate from laminar and, in extreme cases, the flow can become
turbulent. Turbulence tends to mix atmospheric contaminants into the arc, often where they can do the most harm: at the
surface of the molten weld pool. Holographic interferometry and Schlieren photography have been used to characterize
gas flow.

Figures 12, 13, and 14 show examples of laminar and turbulent flow. The flow from a commercial-design gas cup for
three current levels is shown in Fig. 12. Laminar flow occurs where the fringes are generally straight and parallel.
Turbulent flow is indicated by very wavy or circular fringes. Increasing current tends to make the laminar region
somewhat broader and thicker, effectively increasing the area shielded from atmospheric contamination.
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FIG. 12 EFFECT OF GEOMETRY ON COMMERCIAL GAS CUP LAMINAR AND TURBULENT FLOW AS DETECTED BY
REAL-TIME HOLOGRAPHIC INTERFEROMETRY

FIG. 13 EFFECT OF GEOMETRY ON CONVERGING CONE CUP LAMINAR AND TURBULENT FLOW AS DETECTED
BY REAL-TIME HOLOGRAPHIC INTERFEROMETRY

FIG. 14 EFFECT OF GEOMETRY ON VENTURI GAS CUP LAMINAR AND TURBULENT FLOW AS DETECTED BY
REAL-TIME HOLOGRAPHIC INTERFEROMETRY

Figures 13 and 14 result from experiments with gas cup shapes that were designed to improve shielding. Figure 13 shows
that a converging cone would be a very poor choice for the GTAW process, as indicated by the very small area of laminar
flow and the extreme turbulence in the surrounding region.
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Figure 14 isaventuri shape, which provides alarge laminar flow region for all current levels and excellent shielding. This
design may be somewhat better than commercia designs, but weld contamination studies should be conducted to verify
this possibility.
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Power Sources for Welding

F. James Grist, Miller Electric Manufacturing Company, Inc.; William Farrell and Glen S. Lawrence, Ferranti Sciaky

Introduction

POWER SOURCES are apparatuses that are used to supply current and voltages that are suitable for particular welding
processes. This article describes power sources for arc welding, resistance welding, and electron-beam welding.

Power Sources for Welding

F. James Grist, Miller Electric Manufacturing Company, Inc.; William Farrell and Glen S. Lawrence, Ferranti Sciaky

Arc Welding Power Sources

Arc welding requires that an electric arc be established between an electrode and the workpiece to produce the hest
needed for melting the base plate. Because utility energy is not delivered at the proper voltage and current, it must be
converted to the required levels by the welding power source.

Arc power sources convert the customary 240 or 480 V alternating current (ac) utility power to a range from 20 to 80 V
and simultaneously increase the current proportionately. Galvanic isolation is also provided from the utility line voltage to
ensure operator safety. Motor- or engine-driven welding generators are wound to deliver the correct voltage and current
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directly; therefore, no transformer is necessary. Actua arc voltage is established by factors other than the power source
(for example, electrode type, base-meta type, shielding gas, and standoff distance).

Ratings and Standards

The Nationa Electrical Manufacturers Association (NEMA) categorizes arc welding power sources into three classes on
the basis of duty cycle:

CLASSI: RATED OUTPUT AT 60, 80, OR 100% DUTY CYCLE
CLASSII: RATED OUTPUT AT 30, 40, OR 50% DUTY CYCLE
CLASSIII: RATED OUTPUT AT 20% DUTY CYCLE

Duty cycleisthe ratio of arc timeto total time based on a 10 min averaging period. A 60% machine will deliver 6 min of
arc time and 4 min off time without overheating. In Fig. 1, curve A shows a NEMA class | (60%) 300 A rated machine
that is capable of a maximum 375 A at reduced duty cycle (38%) and 232 A at 100% (continuous). Curve B represents a
NEMA class Il (50%) 250 A machine with a continuous duty of 176 A. Curve C represents an engine-driven machine
rated at 225 A and 20% duty. It does not offer output in excess of its rating, because of a horsepower limitation of the
engine.
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FI1G. 1 SELECTED DUTY CYCLE CURVES. A, 300 A, 60% MACHINE; B, 250 A, 50% MACHINE; C, 225 A, 20%
ENGINE-DRIVEN MACHINE WITH HORSEPOWER LIMITATION

NEMA requires most machines to produce a maximum of 125% of rated output current. No minimum current is
specified, but 10% (of rating) istypical. Load voltage, E, for class| and |1 machinesis defined by:

E =20+ 0.04I (EQ 1)

where | is the current in amperes, below 600 A. Above 600 A, the rated load voltage remains at 44 V. Power sources
intended for gas-tungsten arc welding (GTAW) service are defined by:

Ectaw = 13 + 0.012I (EQ 2)

Class |11 machines are constant-current types limited to 20% duty cycle.
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Efficiencies (that is, ratios of power output to power input) of 68% for line-frequency machines and 88% for inverters are
typical. Line current draw can be reduced in certain machines by the addition of power factor correcting capacitors
connected to the primary winding.

Input (line) voltages shown on the manufacturer nameplate are often multivoltage by means of tap changing for 200, 230,
460, or 575 V. Designed primarily for 60 Hz power, most systems will operate at 50 Hz, with minor changes in output.
Input voltages for 50 Hz systems are typically 220, 380, and 415 V. Usual service conditions are temperature that range
from 0 to 40 °C (32 to 105 °F) and altitudes of up to 1000 m (3300 ft). (Altitude is afactor because of fuel-air mixtures.)

The power source nameplate must include the following specifications:

MANUFACTURER

NEMA CLASS(l, II, OR I11) AND DUTY CYCLE

MAXIMUM OPEN-CIRCUIT VOLTAGE

NUMBER OF PHASES

MAXIMUM SPEED (IN REVOLUTIONS PER MINUTE) AT NO LOAD (ROTATING
EQUIPMENT)

RATED LOAD (IN VOLTS)

RATED LOAD (IN AMPERES)

FREQUENCY (OR FREQUENCIES) IN HERTZ

INPUT VOLTAGE(S)

The National Electric Code (NEC) requires that a main disconnect switch be provided for each installed welding machine.
Manufacturer installation instructions list the kVA and kW rating and recommend the correct fuse and conductor size.
Local codes may differ from NEC requirements.

Proper grounding is a necessary safety consideration. Machines equipped with high-frequency arc stabilizers must be
correctly grounded to prevent electromagnetic interference (EMI) to nearby equipment. The installer certifies (to the
Federal Communications Commission) that the machine has been grounded according to manufacturer instructions. Most
power sources are forced-air cooled by internal fans. Thermal sensors will interrupt output if airflow isimpeded.

Power Source Selection
Because no single power source is right for all welding situations, it is necessary to know the processes to be used before

selecting the best power source. Table 1 gives the more-common processes that use constant-current and constant-voltage
power Sources.

TABLE 1 SELECTION OF POWER SOURCE RELATIVE TO WELDING PROCESS TO BE EMPLOYED

WELDING PROCESS POWER SOURCE
CONSTANT | CONSTANT
CURRENT |VOLTAGE

SHIELDED METAL ARC WELDING (SMAW) .

GAS-TUNGSTEN ARC WELDING (GTAW) . .

GASMETAL ARC WELDING (GMAW) . .

PULSED GAS-METAL ARC WELDING (GMAW-P) | » .

FLUX-CORED ARC WELDING (FCAW) . .

SUBMERGED ARC WELDING (SAW) . .

ELECTROGAS WELDING (EGW) . .

ELECTROSLAG WELDING (ESW) . .

PLASMA ARC WELDING (PAW) .
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| PLASMA ARC CUTTING (PAC) E ... |

Alternating current power sources for shielded metal arc welding (SMAW) and submerged arc welding (SAW) can
be as simple as a single transformer (Fig. 2a). Low-voltage machines with open-circuit voltages of 50 V or less are
transformer types. Output alternating current reflects the sinusoidal waveform of the utility input line (Fig. 3a).
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FIG. 2 SELECTED ALTERNATING CURRENT POWER SOURCES. (A) ALTERNATING CURRENT WELDING
TRANSFORMER, ADJUSTABLE CORE OR WINDINGS. (B) THREE-PHASE SCR-CONTROLLED DC WELDING POWER
SOURCE. (C) INVERTER BLOCK DIAGRAM. (D) MOTOR-GENERATOR SET. (E) ENGINE-DRIVEN ALTERNATOR
WITH DC OUTPUT. (F) SECONDARY SWITCHING POWER SOURCE
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FIG. 3 TYPICAL AC WELDING CURRENT WAVEFORMS. (A) SINE WAVE ALTERNATING CURRENT, SIMPLE
TRANSFORMER WELDER. (B) MODIFIED SINE WAVE OBTAINED FROM MAGNETIC AMPLIFIER-TYPE WELDER.
(C) SQUARE WAVE, LINE FREQUENCY, AND BALANCED DWELL. (D) SQUARE WAVE WITH UNBALANCED

DWELLS, EP VERSUS EN. (E) VARIABLE-POLARITY AC WITH DWELL, AMPLITUDE, AND FREQUENCY ALL
ADJUSTABLE

Magnetically controlled equipment (that is, a saturable reactor or magnetic amplifier) used for GTAW delivers a modified
sinewave output (Fig. 3b). There is a risk of electrode (tungsten) migration to the workpiece if peak current greatly
exceeds the average value. This technology exhibits moderate response.

Newer technologies deliver a sguare wave output at line frequency (Fig. 3c). A sguare wave eliminates peaking and
provides a rapid transition through zero, which is important to cyclic reignition of the arc. Thyristors are employed in
concert with magnetic cores to generate the square current waveform. Adjustable imbalance permits the operator to
control the ratio of electrode positive (EP) to electrode negative (EN) current by dwell extension (Fig. 3d).

Direct current power sources can be classified as being constant-current sources or constant-voltage sources.

Constant-Current Sources. For the SMAW process, afamily of "drooping" volt-ampere (V-A) curves (A, B, and C) is
provided in Fig. 4(a). Often, a current boost or "dig" characteristic is made available (curve D in Fig. 43). A burst of extra
current during the brief period of metal transfer shorting tends to alleviate sticking during keyhole welding or when
weaving or whipping the electrode, especially with the more-globular transfer electrodes.
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FIG. 4 VOLT-AMPERE CURVES OF TYPICAL DC POWER SOURCES. (A) CONSTANT-CURRENT SOURCE. (B)
CONSTANT-VOLTAGE SOURCE

Power sources for dc GTAW processes are generally more critically constant-current than are the SMAW "stick
droopers.” Ripple content is lower and current regulation is tighter. Inverter types customarily regulate to £1% or £1 A,
whichever is larger. Remote foot control is essential to ensure that both hands are free for manipulation. Response time

need not be fast, except for pulsed programs. Programmable and pulse-capable units permit the automation of complex
current profiles.

Power sources for GTAW processes include a high-frequency arc starting device that impresses a high radio frequency
(RF) voltage on the electrode. This energy "jumps the gap" from the electrode to the workpiece, ionizing the shielding
gas, and permits establishment of an arc. Thus, the electrode need not touch the workpiece.

Constant-Voltage Sources. Power sources intended for gas-metal arc welding (GMAW) exhibit arelatively flat V-A
curve, as shown in Fig. 4(b) (curves E, F, and G). The self-correcting characteristic of GMAW regulates the electrode
burn-off rate. As the wire feed rate is increased, additional current will be drawn, but terminal voltage will remain
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essentially constant. Voltage feedback techniques are used in solid-state designs to hold long-term output close to a set
value.

In the short-circuiting GMAW process, for example, drops of metal are transferred to the base metal through a pinch-off
routine during a period of short circuiting of the electrode to the workpiece. Shorting time and arc time are determined by
power source dynamics.

Source Characteristics

Whether utility fed or motor driven, all welding power sources have a characteristic that indicates their dynamic and
steady-state response. In early machines, source characteristics were optimized for a single process and were relatively
unchangeable. More recent designs can be programmed for a variety of characteristics that include multiple weld
processes.

The welding arc process is a dynamic, fast-changing load, exhibiting short circuits (if shorting, then no arc) at high
currents and momentary voltages from near zero to over 50 V. Changes occur in milliseconds, particularly when metal
transfer takes place. The ability of the power source to respond properly to rapidly changing conditions at the arc is
critical to good performance. Modern technology invariably includes a closed-1oop feedback circuit in the control system.

Open-Circuit Voltage (OCV). When no load is connected to the output terminals of a welding power source, the
voltage that appears at the terminals is at its maximum. A high OCV value generaly aids in arc starting and stability. In
transformer-type power sources. OCV is established by the incoming utility line voltage and the transformer primary-to-
secondary turns ratio. The output winding turns, the flux, and the angular velocity (rev/min) will establish the OCV in
generators.

In manual welding, the maximum OCV is 80 Vs for machines with more than 10% ripple, or 100 V OCV for aripple
content of less than 10%. Power sources intended for automatic welding only are permitted 100 V OCV. The percentage
ripple voltage is the ratio of rmsripple to average pulsating dc, expressed as:

. V-V
%rlpplez—ma\xl o (EQJ)

rms

Static V-A Curves. Two terms are commonly used to define the characteristics of a power source for welding: static
output and dynamic response. Static characteristics are set forth by the manufacturer as a series of V-A curves (Fig. 4).
The slope of the static V-A curve is the ratio of load voltage change to the change in load current, expressed in /100 A.
It indicates the achievable envelope of output limits, including the highest voltage the machine will support at a given
current, and the highest current that can be drawn at a given voltage.

Dynamic Response. The static V-A curves discussed above do not take into account the dynamic interplay between the
power source and the process. Instantaneous response of the power source to step changes in load voltage is important to
welding performance. This is especially true in the case of certain GMAW processes, where the response to a meta
transfer short circuit isinstrumental in bead formation and the reduction of spatter generation.

Methods of Control or Electrical Conversation. Power source control methods are a key factor in the rate of current
rise (dI/dt). Either increased reactance in the ac circuitry or inductance in the dc portion will slow the rate of rise (and fall)
of current during changes at the arc. Some equipment incorporates an adjustment to select the proper number of turns for
a given welding condition (with silicon-controlled rectifiers [SCR] and transistor controls, these characteristics can be
synthesized). Because there is no industry-accepted method to quantify the dynamics, the user must obtain a power source
with a satisfactory range of adjustment.

Another consideration is the frequency response of the power source, that is, its ability to "follow" afast command signal,
such as a pulse program. Magnetically based machines are generally not fast enough to faithfully reproduce a pulsed
GMAW control signal and deliver it at high currents to the weld. When a better response is required, inverter-based SCR,
transistorized sources with a high-frequency response are preferred.

Droopers. A constant-current, a drooper, power source displays V-A curves such asthosein Fig.(a) (curves A and C). A
considerable negative slope is evident. The internal impedance of the power source is said to be high. Large variationsin
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the arc (load) voltage (for example, below 40 V) do not appreciably affect the selected current. Droopers are noted for
their use in the SMAW process, where the operator sets current to establish a suitable burn-off rate for the selected
electrode. Manipulation, that is, shortening or lengthening the arc, does not greatly affect the arc current.

However, if welding is conducted on aflatter V-A curve (see curve B in Fig. 3a), then electrode manipulation may change
the current considerably. Thus, the operator gains more local control of the current through eye-hand coordination.
Increasing the arc length by "pulling back" on the electrode causes the operating point to shift up slightly in terms of
voltage, but decrease considerably in terms of current.

Open-circuit voltage can be field adjusted in generator types, which provides the operator with a great degree of control
through electrode manipulation. Skilled operators use this flexibility to their advantage when performing difficult out-of-
position welds.

Constant-Voltage Sources. Equipment designed for constant-voltage processes will display a"stiff," nearly horizontal
V-A curve (curve E, F, and G in Fig. 4b). The open-circuit voltage is 43 V for curve F. When serving a 300 A load, it
fallsto 35V. Thisis expressed as:

(43-35) 8 _ 26V
300A  300A 100A (EQ4)

Curve H of Fig. 4(b) is representative of an inverter source in the constant-voltage mode. When set to 30 V, the electronic
regulation system keeps the output very constant out to 300 A under a static (resistive) load, beyond which it falls
abruptly to O V a 400 A. Curve K in Fig. 4(b) represents an extended output that may be available on a short-term
(dynamic) basis from inverters.

The term "constant” is taken to mean relatively constant. Some droop in voltage is permitted, and is even preferred in
certain welding situations. Load current at a given voltage is responsive to the rate at which a consumable electrode is fed
into the arc. The designer ensures that terminal voltage is maintained during heavy loads by providing tight coupling
between the primary and secondary windings of the transformer, or by providing electronic regulation systems, or both.

Movable Magnetic Cores. Welding power must be delivered to the arc under complete control of the operator. In the
simplest form, conversion to the lower voltage and selection of current are incorporated into a single, specia welding
transformer. Movable coils (varying the coupling between primary and secondary windings) and moving iron shunts
provide stepless adjustment of the output (Fig. 2a).

Saturable Reactors. In heavy industrial equipment, control is imparted by saturable reactors. These reactors comprise
laminated iron core assemblies fitted with power and control windings. A small control current varies the effective
magnetic permeability of the iron core and controls flux to the power winding. Considerable gain is obtained. Typically, 5
A of control will command several hundred amperes of welding current. Both ac and dc outputs are available. Direct
current output is obtained by the addition of secondary rectifiers. By combining rectifier diodes with self-saturating
magnetic cores, awider range is obtained, referred to as magamp control.

Alternating current and ac/dc power sources are manufactured in sizes that range from 180 A Class |11 "farm welders' to
units designed for industrial use and rated in hundreds of amps. Principa attributes are low cost and simplicity.
Alternating current is specified wherever arc blow is a concern. It is aso preferred for welding aluminum. Direct current
machines are favored for most SMAW and GTAW processes, and for essentialy all GMAW processes.

Silicon-Controlled Rectifiers. In addition to the transformer taps, moving coils, moving shunts, and saturable reactors
mentioned earlier, there are a number of other means by which output can be controlled. Thyristors, commonly known a
SCRs, are frequently employed as control elements, replacing magnetic cores.

The SCR is similar to a rectifying diode, but is equipped with an additional gating element. With properly phased low-
power gate signals, a configuration of SCRswill deliver hundreds of amperes of current.

The output of such a phase-controlled arrangement (Fig. 2b) can be tailored to perform as a stiff (that is, flat slope)
constant-voltage source or as a drooping constant-current source through closed-loop feedback controls. When designed
for three-phase operation, the dc output ripple frequency is either three times the line frequency (using three SCRs) or six
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times, using six SCRs. Output ripple is "smoothed" with an appropriate inductor. Single-phase versions display the ripple
of twice the line frequency and require alarger output inductor, L.

Because welding current is analog in nature, it has traditionally been adjusted with analog circuitry via rheostats and
potentiometers. Recent advances allow digital control with microprocessors and dedicated software; tight-tolerance
repeatability is the driving force.

Inverters. Inverter welding power sources are smaller and more efficient, and they offer better performance than their
line-frequency counterparts. The size and weight of iron-core components are reduced when operating at higher
frequencies (Fig. 5).

FIG. 5 300 A RATED CONVENTIONAL LINE-FREQUENCY POWER SOURCE (RIGHT) AND INVERTER POWER
SOURCE WITH SAME RATING (LEFT). COURTESY OF MILLER ELECTRIC MANUFACTURING COMPANY, INC.

With reference to the inverted shown in Fig. 2(c), the incoming utility line directly feeds a rectifier for conversion to
direct current, which powers an inverter stage operating in the range from 2 to 100 kHz. Various topologies include
forward, buck, series capacitor, and series resonant inverters.

Control methods employ either pulse width modulation (PWM) or frequency modulation (FM). A variety of
semiconductors are used as switching elements, including transistors (for example, field-effect transistors [FETS] and
insulated-gate bipolar transistors [IGBTS]).

The transformer, which is often designed of ferrite core material, operates at high frequencies without introducing high
losses. The turns ratio determines welding voltage, usually 80 Vs ac at the secondary winding. A second rectifier
convertsit back to dc for welding. A small output inductor is required to smooth the high-frequency ripple.

Inverters have the greatest application where portability or advanced performance is required. Fast response permits
current with fast transitions, low overshoot, and faithful reproduction of pulse programs.

Variable Polarity. High-technology power sources permit adjustment of the ac waveform to vary the ratio of EP to EN
current and terms of both width and amplitude (Fig. 3e). Among these are switched dc types, wherein two dc constant-
current power sources are alternately switched on and off, and arc current is of one polarity and then the other polarity.
Almost unlimited frequencies can be generated, with rapid zero crossings.

Cycloconverter power sources constitute a family that uses three-phase inputs to generate low-frequency ac for the
GTAW process. Through careful selection of specific portions of each line-frequency cycle, a pseudo sguare wave is
assembled at a frequency lower than line frequency.

Rotating Equipment. For a variety of reasons, rotating generators and alternators are often used to supply welding
power. In what is known as a motor-generator (M-G) set, an electric motor (Fig. 2d) drives the shaft of a generator, which
also isolates weld power from the input utility power. The flywheel effect of the M-G set ensures stable output.
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Where no electric utility power is readily available, engine-driven equipment can supply welding power (Fig. 2e).
Gasoline and diesel fuels predominate. Both air- and water-cooled prime movers are available. Some include an auxiliary
air compressor for air tool use.

Generators produce direct current. A wire-wound armature spins in a frame arranged with electromagnetic field poles.
The armature windings cut through these fields cyclicaly, generating ac. This is collected by commutator, that is, copper
segments fitted to the armature shaft and equipped with fixed carbon brushes. The commutator serves as a "mechanical
rectifier,” converting the armature currents to dc. Both the OCV and current can be user adjusted, providing good control
of the V-A slopes. The output isrelatively pure dc, with very little ripple content. Engine speed is governor controlled.

Most generators provide constant-current output for SMAW and GTAW processes, but adapters are often available for
constant-voltage operation in the GMAW process. Auxiliary power for lights, tools, and so on derived from auxiliary
stator windings.

Alternators (that is, ac generators) produce aternating current, as the name implies (Fig. 2€). A spinning rotor winding is
charged with direct current obtained from the exciter and applied through slip rings, creating a rotating magnetic field. No
commutator is required. The rotating field cuts through a surrounding stator assembly, the windings of which collectively
produce alternating current, either single phase or three phase, as designed. In single-phase designs, the resulting current
can be used for ac welding.

Output selection is provided in course ranges with reactor taps (Fig. 6), and fine adjustment is provided by rheostat-
controlled current in the revolving field windings. Engine speeds are generally either 1800 or 3600 rev/min,
corresponding with four-people and two-pole aternators, respectively. Some alternators eliminate the revolving field
winding by employing rotating permanent magnets. If direct current is required, a static (silicon diode) rectifier is
included. The combination is referred to as a dc generator-rectifier.
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FIG. 6 SCHEMATIC SHOWING TYPICAL ENGINE-DRIVEN WELDING POWER SOURCE

The recent evolution to solid-state controls has raised the performance level of engine-driven machines. Accessories
include remote controls, idle devices to reduce engine speed when not welding, battery charging capabilities, and high-
frequency arc igniters.

Pulsed Power Supplies

Pulsed GTAW and GMAW processes require a power source with the ability to deliver precisely shaped current pulses
superimposed on a lower background (arc-sustaining) level. In addition to thyristors in phase control, inverters are also
used to generate pulses and are especially versatile for such applications. Add-on "pulse formers" have also been designed
for attachment for conventional dc welding power sources.

Pulse Repetition Rates (PRR). For the GTAW process, PRRs (the number of times per second that a pulse is
transmitted) are relatively low (typically, 1 to 10 PRR). Fast rise times are not essential. However, in the GMAW pulse
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process, repetition rates typically range from 100 to 200 PRR. Rise (and fall) times must be short (50 to 500 #s) and
overshoot must be low to preserve pulse fidelity.

The mean current of atrain of rectangular pulsesis given by:

lav =FTp(lp- 1) + I (EQY)

where |, isthe average current, | isthe background current, |5 is pulse peak current, fis frequency, and Tr is pulse width.

From Eq. 5, with background current, pulse width, and peak current selected, the average current will be proportional to
frequency. Increasing and decreasing pulse frequency in proportion to wire feed speed will balance the current with the
burn-off rate of the electrode, maintaining the proper arc length for the GMAW process. Individual droplet size will
remain essentially constant.

Some pulse power sources generate pulses at line frequency or multiples thereof and stabilize the process by adjusting the
power envelope of each pulse. (In arefined development, designated "one-knab control," the operator need only select a
wire and gas type; pulse parameters are established by algorithms in the controller. As wire feed speed is adjusted, all
other functions "track.")

Synergic Pulsed GMAW. A step higher in technology results in synergic pulsed GMAW. Inverters (Fig. 2¢) and
secondary switchers (Fig. 2f) ensure process stability by controlling melting rate through modulation of pulse shape and
frequency. The relationship between digitally monitored wire feed speed and pulsation parameters is managed by
microprocessor look-up tables and similar control strategies. The power source is simply required to exhibit fast response
and high peak current capability.

Multiple Operator Power Sources

On large job sites with a number of arcs, a multiple operator (MO) power source can serve several operators. Diversity of
use suggests that all arcs will not be operating simultaneously and that a 0.25 factor is typical. Accordingly, a single,
large, 76 V constant potential power source can supply up to 20 SMAW operators. Each operator is equipped with a
resistor "grid" to adjust arc current to his particular needs.

An aternative MO concept provides individual magamp control modules (typicaly, eight) fed from a single, large,
multiwinding transformer. Each operator can select his preferred polarity and current. Modules can be connected in
paralel for greater output.

Power Sources for Welding

F. James Grist, Miller Electric Manufacturing Company, Inc.; William Farrell and Glen S. Lawrence, Ferranti Sciaky

Resistance Welding Power Sources

The function of the power source for resistance welding (RW) is to deliver a predetermined amplitude of current to the
welding electrodes that are clamping the workpiece. Current flows from the power source to one electrode, through the
workpiece to the opposing electrode, and returns to the power source. The electrodes concentrate current into a small,
usually circular area. The flow of this constricted current generates heat, concentrated largely at the interface(s) of the
workpiece details to be joined.

Heat Input. The rate of heating must be sufficiently intense to cause local electrode/workpiece interface melting. The
opposed electrodes apply a pressure and, when sufficient melting has been achieved, the current is interrupted. Electrode
force is maintained while the molten metal solidifies, producing a sound, strong weld.

If both the local resistance of the workpiece and the welding current magnitude were constant, then the total quantity of
heat, Q, developed in the workpiece would be given (in joules) by:
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Q=I?RT (EQ 6)

where | is the effective value of current in amperes, R is the resistance of the workpiece in ohms, and t is the duration of
flow of current in seconds.

However, the resistance is not constant. Contact resistances decrease in magnitude and the bulk resistance of the work
column increases as its temperature rises. Furthermore, resistance variations of the workpiece may cause variations in the
current amplitude, depending on the nature of the power source. Under these circumstances, the total quantity of heat, Q,
isgiven by:

Q= é} i2r .t (EQ7)

where i is the instantaneous value of current expressed as a function of time and r is the instantaneous resistance that is
changing with time.

Equipment Selection. The design of resistance welding machines resembles that of a "C" frame press (Fig. 7). The
power source transformer secondary winding is connected to the electrodes on cantilevered arms, one of which provides
for adjustable electrode force. Throat depth is the distance from the frame to the electrodes. Throat gap is the vertical
distance between the two parallel secondary conductors. The total area of the secondary circuit (throat depth times throat
gap) exerts a profound influence on output performance. Any increase in inductance, whether due to geometry or
magnetic materials within the secondary, will degrade performance and lower the power factor.
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FIG. 7 SCHEMATIC SHOWING PRIMARY COMPONENTS OF A RESISTANCE WELDING MACHINE

The input to resistance welding power sources is usually 230 or 460 V utility power delivering single-phase or three-
phase aternating current at 60 Hz. All systems require transformers to step down the line voltage to a relatively low
value, with a proportional increase in current. The simplest systems consist of a transformer connected to single-phase
power. More advanced sources produce a dc welding current through rectification.

Rectification Systems. In primary rectification systems, a special three-phase transformer is designed with a very large
iron core. Each dc pulse is limited in duration and each is reversed in polarity to prevent saturation of the core. In the
majority of applications, a weld is produced by a single impulse of direct current. For heavy gages, pulsation welding is
used. A series of dc impulses of alternating polarity is separated by "cool time." The result is a very low frequency
alternating current. Hence, the term frequency converter is commonly applied to this type of power source. Figure 8
shows a three-phase half-wave primary rectified power source.

()
-
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FIG. 8 CIRCUIT DIAGRAM OF THREE-PLATE HALF-WAVE RESISTANCE WELDING POWER SOURCE WITH
PRIMARY RECTIFICATION

Secondary rectification systems are available in single-phase full-wave, three-phase half-wave, and three-phase full-wave
forms; the latter is most commonly utilized. Three-phase full-wave systems consist of three single-phase transformers,
with rectifiers connected to the secondary windings (Fig. 9). With this system, current pulse time is limited only by
thermal considerations and polarity is fixed.
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FIG. 9 CIRCUIT DIAGRAM OF THREE-PHASE FULL-WAVE RESISTANCE WELDING POWER SOURCE WITH
SECONDARY RECTIFICATION

The energy efficiency of a resistance welder depends on the efficiency of delivered energy at the electrodes. Energy is
dissipated in the form of heat, because of resistance in the conductors. The current, 1, which produces the heat of welding,
is ssimply the secondary voltage divided by the total machine impedance, Z, plus that of the weld:

i== (EQ 8)

where Z is the vector sum of the resistance and the reactance:

Z =JRe+ X2 = [Re+(wL)? (EQ9)

where Risthetotal resistance of the circuit and X = oL isthe total reactance of the circuit (where wequals 2zf and L isthe
inductance).

Resistance welders designed for single-phase utility power are lowest in investment cost, but highest in energy cost. The
high-magnitude alternating current results in large inductive losses and a low power factor. Three-phase primary
rectification and three-phase full-wave secondary rectification power sources reduce the power demand to about one half
and operate at a higher power factor.
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The rapidly pulsing weld zone temperature inherent with a single-phase source is least desirable from a welding
standpoint. In addition, copper electrodes suffer from clamping impact, force, and heat, causing the occurrence of
"mushrooming,” which lowers current density.

Mushrooming also reduces resistance in the current path. Welding current will increase, because current is controlled
indirectly in resistance welding machines by adjusting secondary voltage (that is, advancing or retarding the firing angle).
From Eq 8, a decrease in impedance causes an increase in the current. Therefore, all resistance in the work path influences
the current magnitude produced by a given secondary voltage. This influence is small if total system impedance is high,
but significant if the system impedanceis low.

A three-phase primary rectification system exhibits the greatest degree of this self-compensating effect, followed to a
somewhat lesser degree by the three-phase secondary rectification category.

Finally, athermoelectric effect is associated with passing current from a copper aloy electrode to a workpiece of a given
material. This phenomenon is important when welding aluminum or magnesium alloys with a single impulse. Reversing
the current polarity for each successive weld, an inherent characteristic of the three-phase primary rectification system,
provides the maximum electrode life between dressings.

Duty Cycle. Resistance welding is inherently an intermittent process with a series of very short current periods followed
by "off" or "cool" periods. Therefore, this type of power source is rated on a 50% duty cycle and a 1 min integrating
period. The relationship between kVA rating at 50% duty cycle and kVA demand at actual duty cycleis asfollows:

KVAy, = KVA, ..q+/2.(D.C.) (EQ 10)

where D.C. isthe duty cyclein %, entered in the form of adecimal. Duty cycleis defined by:

DC.=—— (EQ 11)

where N is the number of welds per minute, T isthe weld timein cycles, and f is the frequency in hertz.

Heat Controls. Resistance welds are short and are measured in cycles. Because timing is very important, digital
microprocessor controls abound. Electrochemical contactors have been replaced by SCRs or ignitrons connected in
inverse parallel to handle the high currents. Coarse heat adjustment is accomplished by transformer tap switch setting, and
fine adjustment is achieved through phase shifting, with digital circuitry providing the highest repeat accuracy.

Additional information on resistance welding is available in the Section "Joining Processes" in this Volume.

Power Sources for Welding

F. James Grist, Miller Electric Manufacturing Company, Inc.; William Farrell and Glen S. Lawrence, Ferranti Sciaky

Electron-Beam Welding Power Sources

Electron-beam welding (EBW) requires a variety of power supplies in two categories. those that generate and control
beam position and those that control beam power. The outputs of various power supplies are coordinated by a machine
control system.

Beam Position and Intensity. Beam position arrangements for alignment, deflection, and focus are dominated by

magnetic devices in electron-beam welders. Because the magnetic field effect on the beam (the magnetomotive force) is
directly proportional to the current in the windings of the device, these power supplies are typically current regulated.

MMF =N - | (EQ 12
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where N is the number of turnsin the coil and | is the current in the coil. The desired current value is programmed by
potentiometer, computer, or function generator.

A second factor regarding the effectiveness of magnetic devicesis the velocity of the electrons in the beam, as determined
by the accelerating voltage. At the voltages used in EBW (typically, 50 to 150 kV), relativistic effects must be considered.
In situations where the beam potential is changing, but it is desired to have the effect of the magnetic devices be constant,
then the effective magnetic excitation, k, must be constant:

(N.I)2

k2= (EQ 13)

where NI is the magnetomotive force and V* is the relativistic voltage. The relativistic voltage can be expressed in volts
as.

V* =V + (0.9785 x 10°)\/? (EQ 14)

Sensors monitor the beam potential generated by the high-voltage (HV) supply and correct the control signa to the
magnetic device power supply. Thus, the action of the device can be held constant as beam potential changes.

This correction can be achieved by using computer software or an analog circuit. Such correction is often called square
root compensation, because of the relationship indicated in Eq 13.

Alignment coils are used for slight corrections to the x and y positions of the beam as it enters the magnetic focusing coil.
Power supplies for these devices are typically potentiometer programmed by the operator in an alignment procedure.
These supplies are characterized by a high degree of long-term stability, with minima need for dynamic response.
Selected installations employ alternate means for achieving alignment.

The magnetic focus coil acts very much as a glass focusing lens would for optics. It takes a divergent electron beam and
converges it at a more distant point along the beam axis. The beam focus point from the magnetic lens is roughly
inversely proportional to the sguare of the lens excitation:

’
iy EQ 1)

fu

The magnetic lens supply is usually controlled by computer output in order to coordinate beam focus with the weld
program. Manual control (operator offset) and square root compensation are also usualy provided. These supplies are of
high stability and moderate dynamic response.

The deflection coil moves the beam along the x and y axes to position the beam over the surface of the workpiece.
Deflection rates can range from dc to high audio frequencies. Thus, the deflection supply is a high-quality current-
regulated stereo amplifier.

Amplifier input controls allow computer input for coordinated movements of the part and beam, function generator inputs
for beam deflection patterns (rasters, and so on), and dc offsets to patterns. These are highly stable current-regulated coils
drivers with wide dynamic response.

High-Voltage Control. The electron beam is generated in an electron gun (resembling a diode or triode of cylindrical
symmetry) that generates a paraxial flow of electrons. The power in an electron beam comes from the high-voltage supply
that generates the large voltage difference between the anode and cathode of the gun. Electrons are emitted from the
cathode and, accelerated by the voltage, fall to the anode. The beam passes through a central aperture in the anode and
drifts through various alignment, focus, and deflection elements to strike the workpiece (Fig. 10). Both the workpiece and
the anode are typically at ground potential, whereas the cathode is highly negative.
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FIG. 10 SIX INDIVIDUAL POWER SUPPLIES THAT CONTROL POSITION AND INTENSITY OF THE BEAM IN EBW
PROCESS

Control and regulation of the high voltage is usually done on the input to the high-voltage transformer/rectifier oil-filled
tank. The input control installations range from motor-driven variable autotransformers, motor-alternators with field
controls, SCR switching or phase control, to power MOSFET (metal-oxide semiconductor field-effect transistor) and
IGBT devicesin various switch mode regulators.

In athree-phase input unit, a standard technigue is to place the switching control in the primary neutral conductor of the
HV transformer (Fig. 11). The secondary circuitry is three-phase or six-phase, full-wave rectified, and filtered.

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



o High voltage
Three-phase primary - output

—r—

S
™ R T L

power
= r

To ground
Transistor Delta return

switching
regulator *
I 4
or
SCR _* .
regulator ﬁ__

Control
signal

Control
signals

FIG. 11 CIRCUIT DIAGRAM OF A HIGH-VOLTAGE CONTROL IN NEUTRAL IN A THREE-PHASE INPUT UNIT

In an alternate arrangement, line voltage is converted to dc, which powers an inverter to produce high-frequency single-
phase input to the high-voltage transformer. Control can be provided either by regulating the level of the dc supply or by
controlling the inverter pulse width or frequency. The HV transformer can be a conventional step-up unit or a voltage
multiplier. These supplies can be characterized as voltage regulated and input controlled, with a moderate response rate.

Thermionic Emission. The cathode heating unit provides the energy to raise the cathode to thermionic electron emission
temperatures. This is usually a dc source. For beam-heated cathodes, discharge-heated cathodes, and others, it may be
more complicated, to a point of supplying power to a second miniature gun.

In a space-charge limited electron beam, the cathode temperature must be held high enough that temperature-limited
emission (Eq 16) is greater than space-charge limited flow (Eq 17):

lp= AT?E- ¢ /kt (EQ 16)

Ip = K(Vp + mVg)¥? (EQ 17)

In Eq 16 and 17, I, is beam current, V, is accelerating voltage, A is Dushman's constant, V, is bias voltage, and T is
temperature.

The bias supply provides voltage to the control electrode and regulates the magnitude of the beam current. Bias supplies
can be input controlled with ground-level sensing of beam current on the return of the HV supply, or the beam can be
sensed and regulated at high voltage using optical isolation (Fig. 12).
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FIG. 12 CURRENT FEEDBACK AND BIAS CONTROL AT HIGH-VOLTAGE POTENTIAL

Ground-level sensing systems tend to use high-frequency inputs from linear amplifiers or switch mode inverters in order
to achieve response on the order of a millisecond. Submillisecond response bias supplies are achieved by sensing and
controlling the beam current at the high-voltage output. Because bias voltage is in the low kV range, vacuum tubes are
used for output control.

Additiona information on electron-beam welding is available in the article "Electron-Beam Welding" in this Volume.

Fundamentals of Weld Solidification

Harvey D. Solomon, General Electric Company

Introduction

OF ALL PHASE TRANSFORMATIONS, few have been more widely observed and studied than the transformation of a
liquid to a solid (that is, solidification). The process of solidification is the same in all cases, whether it is the freezing of
water on awindshield or in afreezer, or the solidification of metal in a casting or in the weld that joins two solids.

The processis controlled by the free energy of the liquid phase, G, relative to that of the solid, Gs. Thisisdepicted in Fig.
1, which shows the behavior of a pure (single component) material. Above the freezing temperature, T;, the liquid phase
has the lower free energy and is therefore stable, but below T;, the solid is the stable phase. At T;, both phases are in
equilibrium, that is, G, = G..
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AG = G, - G, = negative number

Bulk free energy ——i—

Temperature —

FI1G. 1 TEMPERATURE DEPENDENCE OF BULK FREE ENERGY OF THE LIQUID AND SOLID PHASES IN SINGLE-
COMPONENT SYSTEM. THE SOLID LINE PORTION AND THE DASHED LINE PORTION OF EACH G,, AND Gs
CURVE INDICATE THE STABLE AND UNSTABLE PHASES, RESPECTIVELY, OF THE FREE ENERGY ON EITHER
SIDE OF T¢. SOURCE: REF 1

In the transition from one phase to another, the change in free energy, AG, is the difference in free energy of the product
and the reactant. This free energy change can be expressed in terms of the enthalpy and the entropy changes, that is, for
the transformation of aliquid to a solid during freezing:

AG = Gs- G = (Hs- H\)
T(&%-S) = AH-TAS (EQD)

At the freezing temperature, T;, AG = G - G, = 0, because the free energy of the two phasesis the same, and AH = T;AS It
is necessary to cool below T; for solidification, because at Ty both the solid and liquid phases are present and in
equilibrium. Below Ty, AG is not equal to zero (Fig. 1 showsthat Gs< G)) andisgivenby Eq 1 with T=T', where T' < Ts.

Because the AH and AS are not strong functions of temperatures, they can be assumed to be temperature independent.
Therefore, at any temperature, AH = AH; and AS= AS, where AH; and AS are the values of the enthalpy and the entropy
changes for the equilibrium reactions at T; (that is, the latent heat of fusion and the entropy change on fusion,
respectively). Combining these enthalpy and entropy expressions, the fact that AH = T; AS and Eq 1, then at T, one
obtains:

AG = (AHHTH)(Te-T) (EQ2

where AHs, the latent heat of fusion, is negative. Hence, in agreement with Fig. 1, AG is negative. The greater the amount
of undercooling (supercooling) below T; (T - T'), then the greater the thermodynamic driving force for solidification.

However, even when the conditions of Eq 2 are met, the liquid does not spontaneously transform to the solid below T;.
Rather, small amounts of solid nucleate and grow to produce complete solidification. Nucleation creates a new surface,
that is, the surface between the solid and the liquid. The energy per unit are of this surface is the surface tension, y, which
is always positive. For solidification to occur, the increase in energy associated with the surface energy must be balanced
by a greater decrease in the free energy of the solid relative to that of the liquid. This requires undercooling, as shown by
Eq 2
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There are three ways in which a solid can form: homogeneous nucleation, heterogeneous nucleation, and epitaxial growth.
Homogeneous nucleation occurs when there is no foreign body (mold wall, solid particle in the melt, etc.) on which to
form the solid. Figure 2 shows the balance of the surface tension and the bulk free energy per unit volume, AG,, as a
function of the size of the nucleus that forms during homogeneous nucleation. The AG,, value is just AG (as given by Eq
2) divided by the molar volume of the solid, V.

Free energy —m

FI1G. 2 FREE ENERGY OF FORMATION OF A NUCLEUS AS FUNCTION OF ITS RADIUS. SOURCE: REF 1

For a spherical nucleus of radius greater than r., the volume free energy decrease outweighs the increase in energy that is
due to the surface energy, and the nucleus is stable. At r = r*, the net energy is a maximum, but if additional atoms are
added to the nucleus, then the energy decreases. The value r* is thus the radius at which the spherical nucleus is just
stable, because as additional atoms are added, the energy is decreased. The value r* isgiven by:

R* = -2y/IAGy (EQ 3)
which is apositive number, because AG, is negative. Substituting into Eq 2, one gets:
R* = -2yTeVs/AH ¢(Te - T) (EQ )

Ther* is positive because AH; is negative and, for undercooling, (T; - T') is positive. This equation is ageneral expression
relating the radius of curvature of a surface and the degree of undercooling that is required for solidification of that
surface. The greater the degree of undercooling, the smaller the radius of curvature that is stable. This equation will be
considered again when nonplanar solidification is discussed.

Nucleation requires a thermal energy either equal to or greater than AG* in order for a spherical nucleus of radius r* to
form. The AG* value is the activation energy, which, as Fig. 2 shows, is a positive quantity. The greater the degree of

undercooling, the more negative the free energy, the less positive the AG* value, and the greater the rate of nucleation of
the solid. For homogeneous nucleation, AG* is given by:

AG* = (16/3)(n v *TFAVSA)/(AHEAT?) (EQ5)

where AT=T;-T.
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Heterogeneous nucleation develops when the solid forms on a foreign body. Now, the interaction of the nucleus and the
foreign body must be considered. This interaction is defined in terms of the wetting angle between the nucleus and
foreign body. The activation energy for heterogeneous nucleation is given by:

2

4p 9TV,

DG’ = !
3 DH?DT?

(2- 3cosq +cosyq) (EQ 6)

Theangleis 180° if thereis no wetting, and Eq 6 reducesto Eq 5, that is, with no wetting, there can only be homogeneous
nucleation. With awetting angle of 90°, AG* is one half the value given by Eq 5. Instead of requiring a spherical nucleus
of radius r*, a hemispherical nucleus of the same radius is necessary, which requires one half the number of atoms and
one half the activation energy. This is the sort of nucleation that develops in a casting, where the mold wall acts as the
foreign body.

When the wetting angle is zero, Eq 6 shows that the activation energy is zero. This is the case for epitaxial growth on a
substrate, where epitaxial derives from the Greek epi, upon, and taxis, to arrange, that is, to arrange upon. In effect, no
new surface is being formed. Atoms are just being added to the substrate, thereby extending it. The important point is that
no activation energy nor undercooling is required to add atoms onto an existing substrate. This is the situation that
develops when aliquid solidifies on a substrate of the same material or one that is similar in composition and structure, as
in the solidification of aweld.
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Fundamentals of Weld Solidification

Harvey D. Solomon, General Electric Company

Comparison of Casting and Welding Solidification

A weld can be thought of as a miniature casting. The fundamentals of weld solidification are the same as those of a
casting, but with different boundary conditions. These differences and their effects are described below.

First, by its very nature, a sound weld must attach to the metals being joined, whereas a casting must not adhere to the
mold wall. To achieve this, the mold is treated to prevent adherence, whereas the joint to be welded is prepared to
promote adherence. The practical result of this preparation is that there is generally excellent heat transfer through a weld
joint, but relatively poor heat transfer through the mold, because oxides are often used as mold materials or for mold
coatings (the molten metal will not wet the oxide and therefore cannot adhere to it).

Second, heat is continually being added to the weld pool asit travels, whereas no heat is added to a casting after the pour,
except for possibly modest heating of the mold. The practical result of this and of the first consideration described above
is that the temperature of the casting is relatively uniform. In contrast, a very large temperature gradient develops in a
weld. The center of aweld pool reaches a very high temperature (typically, 2000 to 2500 °C, or 3630 to 4530 °F), which
is limited by the vaporization of the weld metal. At the sides of the weld pool, where solidification is taking place, the
temperature is the solidification temperature, which is typically about 1000 °C (1800 °F) less than the temperature at the
center on the weld pool. Thus, a positive temperature gradient is developed in aweld (that is, measured from the fusion
line of the weld, the temperature increases going into the molten material). A casting will typically supercool to below the
solidification temperature. Solidification will first develop by heterogeneous nucleation at the mold wall. The latent heat
and the poor heat transfer through the mold wall will then cause a temperature rise at the mold wall. Thus, a small
negative temperature gradient can develop briefly in a casting. The nature of this gradient is important, because it
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promotes nonplanar solidification (to be discussed below) in the casting, whereas the positive gradient that developsin a
weld helpsto limit nonplanar solidification.

Third, solidification is developed at the mold wall of a casting by heterogeneous nucleation, whereas epitaxial growth
develops at the weld fusion line. Thus, some supercooling is required for the casting, but only a vanishingly small degree
of supercooling is required for the weld. (As was discussed, epitaxial growth requires no supercooling, but some slight
degree of undercooling is required to shift the reaction from an equilibrium between the solid and liquid, to all solid.) This
undercooling in aweld would typically be lessthan 1 °C (1.8 °F). In contrast, in castings when there is alack of effective
nuclei for hetergeneous nucleation, undercoolings of 100 °C (180 °F) or more are possible. In general, however, the
undercooling in castingsistypically only on the order of afew degrees centigrade.

Fourth, the generally larger volume of a casting, relative to that of a weld, and the poorer heat transfer makes the cooling
rate and the solidification rate much lower for castings than for welds.

Fifth, as a casting solidifies, the volume of the remaining liquid decreases. Thus, the shape of the molten pool is
continually changing. In aweld, the weld pool shape is generally kept constant as it travels (if the heat input and section
geometry are constant).

Sixth, because of the stirring action of the arc and the action of Marongoni surface tension gradient induced convection
forces, there is good mixing of the molten weld pooal. In contrast, there is comparatively little mixing of the molten
material of acasting.

As discussed in the section "Solidification of Alloy Welds (Constitutional Supercooling)” in this article, al of these
factors influence the nature of weld solidification, relative to what is observed in a casting.

Fundamentals of Weld Solidification

Harvey D. Solomon, General Electric Company

Solidification of Alloy Welds (Constitutional Supercooling)

The solidification of an alloy is much more complex than that of a pure metal, whether in a weld pool or in a casting.
Figure 3 shows a simple binary isomorphous phase diagram. The temperatures of the liquidus and solidus lines of Fig. 3
can be approximated by straight lines (for a limited temperature range). (The liquidus defines the temperature above
which only liquid is present and the solidus the temperature below which only solid is present. The liquidus and solidus
lines bound the two-phase liquid plus solid region.) The liquidus line is given by:

T =Tua + MLCL (EQ7)

where T is the melting point of pure A, M, is the slope of the liquidus, and C_ is the composition of the liquid at T,.
The solidus is described by a similar expression.
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FI1G. 3 BINARY ISOMORPHOUS PHASE DIAGRAM SHOWING THE LIQUID AND SOLID COMPOSITIONS AT
SELECTED TEMPERATURES

Another important quantity that can be estimated from the phase diagram is the distribution coefficient, K, which is
defined as:

K = Cy/CL (EQ 8)

where Cs and C, are the solidus and liquidus compositions, respectively, defined by equilibrium tie lines. Assuming that
the solidus and liquidus lines are straight lines means that K is not a function of temperature. In general, the liquidus and
solidus lines are curved, so that in actuality, K isafunction of temperature. For simplicity, this curvature will be neglected
and, instead, limited temperature ranges where K can correctly be assumed to be a constant will be considered. The use of
a distribution coefficient defined by equilibrium tie lines implies that equilibrium exists between the liquid and the solid
at the solid-liquid interface. This equilibrium need not exist elsewhere. Figure 3 and the following discussion are based on
a K value of less than 1 and a negative M, value. The following discussion is also true for diagrams where K is greater
than 1 and M__ is positive.

The distribution coefficient defines how the solute is distributed or partitioned between the solidifying solid and the
remaining liquid. The slope of the liquidus line and the distribution coefficient are important in defining the composition
gradient that develops when alloys solidify. In general, the distribution coefficient, K, is a function of temperature, but as
already noted, to simplify the analysis, it will be assumed that over alimited temperature range, it is a constant.

An equilibrium phase diagram, such as that of Fig. 3, assumes that equilibrium is maintained in all of the solid and liquid
and that there are no composition gradients in the solid or liquid. It defines the equilibrium solid and liquid compositions
at any temperature. Figure 3 shows that the solidification of an alloy of composition Cy will begin when the temperature is
reduced below T;. If equilibrium is maintained, then solidification will be complete when the temperature is reduced
below Ts. A two-phase mixture of solid plus liquid will be present between T, and Ts, with the relative amount of each
phase given by the lever rule:

&C,-C, ¢
Piqia = ¢ . N =+100% (EQ9)
eC1.2 Csz (%]

a T,. The free energy curves corresponding to this equilibrium are much more complex than those of Fig. 1, which is
relevant for a pure material.
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The equilibrium predicted by Fig. 3 is never realized in practice, because it would require an infinitely slow cooling rate.
When considering castings, it is generally assumed that the equilibrium predicted by the phase diagram is maintained at
the solid-liquid interface, but that no composition change occurs in the solid as the temperature is lowered. At T, a solid
of composition Cs; forms. Cs; isequal to C, 1K, and because at the liquidus C; = Cy the Cs; = CoK. When the temperature
drops to T, the solid that forms has a composition of Cs,, and so on. A composition gradient is thus developed in the
solid. As the solid forms, solute is rejected into the liquid, and it is assumed that this solute is mixed into the liquid,
raising its composition to that predicted by the phase diagram. This occurs even though the mixing action in a casting is
relatively poor, because the cooling rate is generally low enough to provide enough time to allow for the required solute
redistribution by diffusion in the liquid. As aresult, no gradient is developed in the liquid. The composition of the solid at
the solid-liquid interface is still given by the equilibrium phase diagram. However, the previously formed solid is
deficient in solute. As a consequence, complete solidification does not occur at Ts. Further cooling is required, with
solidification being completed only when the average solid composition is C,.

The boundary conditions for a weld are somewhat different from those of a casting. The composition gradient that
developsin the solid is assumed to be the same as that which formsin a casting, but the behavior of the liquid is assumed
to be different. The mixing of the melt is greater than that developed in a casting, but the cooling rate is much higher.
Thus, the solute that is rejected as the solid forms is not completely mixed into the liquid. Rather, the bulk liquid remains
a the initial composition, Co, with a solute gradient formed in the liquid near the solid-liquid interface. At the liquids, T,
the solid that forms has a composition of Cs; = CoK. At Ty, the solid composition is Csp. As with castings, it is assumed
that the solid-liquid equilibrium predicted by the equilibrium phase diagram is maintained at the solid-liquid interface.
Therefore, the liquid in equilibrium with this solid is C, = Cs/K. However, the lack of complete mixing means that the
bulk liquid remains a Co, and that a composition gradient forms directly ahead of the solid-liquid interface. This
composition gradient is illustrated in Fig. 4, which shows the composition gradient developed by unidirectional
solidification and the temperature gradient driving this solidification. The solidification is modeled by assuming that a bar
is being unidirectionally solidified, but this approach is applicable to solidification in general.
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FI1G. 4 INITIAL STAGE OF DIRECTIONAL SOLIDIFICATION OF A BAR, SHOWING THE TEMPERATURE PROFILE
DRIVING THE SOLIDIFICATION AND THE COMPOSITION PROFILE ESTABLISHED FOR AN ALLOY WITH A
SOLUTE CONTENT OF Co. SOURCE: REF 4

At temperature T, the solid that forms has a composition of Co. The solid that is forming now has the same composition
as the bulk liquid. Thus, an equilibrium situation exists. Solidification can now continue without having to further reduce
the temperature. For castings, however, the composition gradient in the solid and complete mixing of the solute into the
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liquid leaves the liquid till present at Ts, thereby reducing the liquidus temperature. This means that, in a casting, the
temperature must be lowered even more before further solidification can take place.

Figure 4 shows the situation during weld solidification, whereas Fig. 5 shows the composition when solidification is
complete. For most of the solidification, the solid forms at C,. The exceptions are at the start and at the end of
solidification. The first solid that forms does so with a solute composition of Cs;, which the phase diagram shows is less
than Co. A composition gradient develops until temperature is lowered to T, when the solid compoasition reaches Cy and
an equilibrium is reached between the solid being formed and the composition of the bulk liquid. At the end of
solidification, there is an increase in the solute content. This occurs to accommodate the solute buildup at the solid-liquid
interface. At the end of the solidification, there is no longer any bulk liquid at Co. The solute that is ahead of the solid-
liquid interface raises the composition of the remaining liquid as it is rejected into this final small volume of liquid. This
obviates the assumed boundary condition (a lack of mixing of the solute into the bulk liquid), and the situation becomes
more like that of a casting (complete mixing in this small liquid volume). The final liquid composition of this final
transient is the terminal composition predicted by the phase diagram, that is, the final liquid is driven to the composition
of the lowest melting point. In the case of the simple binary isomorphous diagram used for this example, this is pure B.
For asimple binary eutectic, it would be the eutectic composition.

100% B
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c 50 /RK
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FI1G. 5 FINAL COMPOSITION PROFILES FOR THE UNIDIRECTIONAL SOLIDIFIED BAR SHOWN IN FIG. 4. THE
INITIAL AND FINAL TRANSIENT ARE SHOWN FOR K < 1. R, RATE OF SOLIDIFICATION; D, DIFFUSION RATE OF
THE SOLUTE IN THE LIQUID. SOURCE: REF 4

The profile of the liquid composition gradient that is ahead of the solid-liquid interfaceis given by:
CL=Cae-[RX_ /D] +Cp (EQ 10)

where R is the rate of solidification. D, is the diffusion rate of the solute in the liquid, C, is the increase in the
composition of the liquid at the solid-liquid interface (relative to Cp), and X, is the distance into the liquid that is ahead of
the solid-liquid interface. The liquid at the solid-liquid interface has a composition of C3, which isin equilibrium with
Cs = Co. Therefore, C 3 = Cy/K. The enrichment of the solute in the liquid, C,, is thus (Cy/K) - Co or Co(1 - K)/K. The
distribution coefficient, K, is thus an important variable in determining the composition profile in the liquid and, as will
be shown, in determining the nature of the solidified microstructure.

Substituting Eq 10 into Eq 7, one gets the expression describing the temperature variation of the liquidus that is ahead of
the solid-liquid interface, namely:

TL=Tuwa + ML Cae- [RX, /D] + ML Co (EQ 11)
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Figure 6 illustrates this liquidus profile, along with three possible temperature gradients that could actualy exist in the
liquid. They are all positive, reflecting the positive gradient that develops in aweld. Gradient A is greater than the slope
of the liquidus at the solid-liquid interface, but those of B and C are not. The slope of the liquidus can be found by
differentiating Eq 11 at X, = 0, that is, at the solid-liquid interface. For the temperature gradient to be less than this slope,
the gradient G must be:

G <M_RCy(K - 1)/D K (EQ 12)
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FIG. 6 LIQUIDUS PROFILE OF A SOLID-LIQUID INTERFACE. (A) LIQUIDUS PROFILE FOR STEADY-STATE
CONSTITUTIONAL SUPERCOOLING. (B) THREE LIQUIDUS TEMPERATURE GRADIENTS (CURVES A, B, AND C)
COMPARED TO THE LIQUIDUS PROFILE. SOURCE: REF 6

Equation 12 is important because it describes the temperature gradient required for constitutional supercooling (Ref 3, 4,
5). The establishment of the composition gradient in the liquid that is ahead of the solid-liquid interface produces a
variation in the temperature of the liquidus. For curves B and C, this has alowed the actual temperature to be below the
liquidus (that is, supercooling has developed, even though the temperature of the bulk liquid is above the bulk liquidus
temperature). This is constitutional supercooling, and as will be shown, this promotes nonplanar solidification, even
though there is a positive temperature gradient. The liquidus profile shown in Fig. 6 is correlated with the propensity for
hot cracking. The greater the temperature difference between that of the solid-liquid interface and that of the bulk liquid,
the greater the tendency for hot cracking. Thisis discussed in more detail in the article " Cracking Phenomena Associated
with Welding" in this Volume.

The constitutional supercooling model for describing weld solidification is presented because it qualitatively describes the
evolution of different microstructures (described in the section "Development of Weld Microstructures' in this article).
Many newer nonequilibrium approaches to solidification give better quantitative results. These approaches will be
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discussed in the section "Nonequilibrium Effects: High-Rate Weld Solidification and Composition Banding" in this
article.
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Fundamentals of Weld Solidification

Harvey D. Solomon, General Electric Company

Development of Weld Microstructures

Nonplanar solidification develops when a protrusion moves ahead of the rest of the solid-liquid interface and continues to
grow in a stable manner. This increases the surface area. The stable radius is given by Eq 4, which shows that the
protrusion must move into a supercooled region in order to be stable. This is possible in a casting, because a negative
temperature gradient is developed (that is, the temperature decreases from the solid-liquid interface into the liquid). In a
pure material (single-component system), the positive temperature gradient that is established in the liquid of a weld
prevents this nonplanar growth. In an alloy, however, constitutional supercooling allows nonplanar solidification in a
weld, even with a positive temperature gradient.

The lower the gradient, G, (compare curve C with curve B in Fig. 6), the greater the degree of constitutional supercooling.
Thisisillustrated in Fig. 7, which shows several temperature gradients (Fig. 7f) compared to the variation in the liquidus
and the nature of the solid-liquid interface (Ref 5, 6, 7). For acurve a, the temperature gradient is steeper than the liquidus
temperature curve and only planar solidification is possible. For curve b, there is a shallower gradient and the solid-liquid
interface can move by cellular growth. The gradient is successively lower for ¢ and d, which allows larger protrusions and
the development of cellular dendritic and columnar dendritic growth. At curve e, the gradient is so shallow and the
resulting liquidus temperature is so far above the actual temperature in the liquid that equiaxed dendrites can form ahead
of the solid-liquid interface.
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FI1G. 7 SCHEMATICS SHOWING MICROSTRUCTURE OF SOLID-LIQUID INTERFACE FOR DIFFERENT MODES OF
SOLIDIFICATION AND THE TEMPERATURE GRADIENTS THAT GENERATE EACH OF DIFFERENT MODES. (A)
PLANAR GROWTH. (B) CELLULAR GROWTH. (C) CELLULAR DENDRITIC GROWTH. (D) COLUMNAR DENDRITIC
(F) FIVE TEMPERATURE GRADIENTS VERSUS CONSTITUTIONAL

Figure 8, which is based on experimental observations, relates the gradient, solidification rate, and composition to the
type of structure developed (Ref 5, 6, 7). The basis for this figure lies in Eq 12. If R is moved to the left side of Eq 12,
then the right side contains only material variables. For a given alloy system (where D, M., and K are fixed), the greater
the C,, the greater the tendency for constitutional super-cooling and nonplanar solidification. Equation 12 predicts that the
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smaller the G/R, the more nonplanar the solidification. Figure 8 shows that, experimentally, the correlation is with G/
JR, rather than G/R,

Equiaxed
dendritic Columnar
growth dendritic

growth

Cellular
dendritic
growth

Cellular
growth

Nominal solute content (C,), %

Planar
growth

Solidification parameter (G /+/R) ===

FIG. 8 PLOT OF SOLUTE CONTENT VERSUS SOLIDIFICATION PARAMETER TO SHOW THE NATURE OF
SOLIDIFICATION. SOURCE: REF 6

As the dendrite, or columnar grain, grows into the liquid, it should follow the behavior shown in Fig. 5. (As will be
discussed in the section "Nonequilibrium Effects: High-Rate Weld Solidification and Composition Banding” in this
article, the experimentally determined compositions do not always exactly agree with that predicted by Fig. 5.) The center
of each cell or dendrite behaves like the initial transient, that is, the solute content is low. The regions between the cells or
dendrites behave like the final transients, that is, they are enriched in solute. This is illustrated schematically in Fig. 9.
Cellular growth occurs for asmaller C, and/or for alarger G/ /R than that for dendritic growth (see Fig. 8).
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FIG. 9 SCHEMATIC SHOWING SOLUTE DISTRIBUTION AT THE DENDRITE OR CELL CORE AND IN THE
INTERCELLULAR OR INTERDENDRITIC REGIONS. (A) CELLULAR GROWTH. (B) DENDRITIC GROWTH. SOURCE:
REF 8

The constitutional cooling described by Fig. 4, 5, 6, 7, 8, and 9 occurs on a very fine scale. Solving Eq 10 shows that the
solute composition that is ahead of the solid-liquid interface will decrease to aimost C, when X, = 5D, /R. For a typica
liquid diffusion rate of 5 x 10 cm?/s (5 x 10°® ft¥/s) and a solidification rate of 5 mmy/s (0.2 in./s), the liquid composition
drops to Cyp within about 5 pum (200 pin.). In the initia transient, the distance over which the solid composition increases
to Cp is given by 5D, /RK. Thus, for K < 1, this distance is greater than the region in the liquid just ahead of the solid-
liquid interface. Thisisillustrated in Fig. 5. This difference is aso important in defining the extent of the final transient,
which is of the order of the length of the zone in the liquid where the composition drops to Co. The length of the initial
transient is thus /K larger than that of the final transient. The length of the solute-poor cell or dendrite core is thus 1/K
larger than that of the solute-rich intercellular or interdendritic regions.

The solute-rich region between the cells or dendrites has alower freezing temperature than that of the cellular or dendritic
core. Thus, it is possible to have liquid films between impinging cells or dendrites. These films cannot support the
thermally induced shrinkage stress that develops during solidification, and hot cracking can develop (see the article
"Cracking Phenomena Associated with Welding" in this Volume). The hot cracking produced by nonplanar solidification

can be minimized by reducing C, (that is, by using purer materials) and/or by increasing G/ +/R (see Fig. 8).
The temperature gradient in the liquid, G, isinversely proportional to the heat input, Q, which is given by:

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



Q=FEINV (EQ 13)

where f is the efficiency of the welding process, E is the arc voltage, | is the arc current, and V is the welding torch
velocity. Thus, G can be increased by decreasing either the arc voltage or arc current, or by increasing the torch velocity.
The influence of the velacity is counterbalanced by the fact that the solidification rate, R, is proportional to V (see the
section "Effect of Welding Rate on Weld Pool Shape and Microstructure” in this article). Thus, increasing V increases R,
which tends to increase the degree of constitutional supercooling.
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Effect of Welding Rate on Weld Pool Shape and Microstructure

The velacity of the welding torch affects not only the rate of solidification, but the shape of the weld pool and the
propensity to develop centerline hot cracks. The shape of the weld pool is dictated by the velocity, V, at which the
welding torch moves and by the rate at which heat can be removed at the solid-liquid interface. To keep a constant shape,
the rate of new melting must be exactly balanced by the solidification rate. On the average, this solidification occurs
normal to the solid-liquid interface, because this is the direction of the maximum temperature gradient and, thus, the
direction of the maximum heat removal. Simple geometry requires that for the weld pool shape to remain constant, the
solidification rate, R, must be related to the torch velocity by:

R=VCOSt (EQ 14)

where f isthe angle between the normal to the solid-liquid interface and the direction of motion of the torch (Fig. 10). At
the back of the weld pool, where f =0, R= V. If this were not so, then the weld pool would be elongating or shortening.
At the side of the weld pool, where f =90°, R= 0. If this were not the case, then the weld pool would be decreasing in

diameter. With a constant weld pool shape, solidification at the side of the weld pool occurs as the region adjacent to
where f =90° sweeps by, rather than by the motion normal to the weld pool velocity.
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Locus of the liquidus

acus of the solidus

F1G. 10 SCHEMATIC OF A MOVING WELD POOL SHOWING THE RELATIONSHIP BETWEEN VELOCITY OF TRAVEL
OF WELDING TORCH, V, AND THE RATE OF SOLIDIFICATION, R, AT SELECTED POINTS ALONG WELD POOL
BOUNDARY. SOURCE: REF 9

Equation 14 predicts that R will vary around the weld pool. Figure 8 shows that as R varies, so does the microstructure.
The result of these two effects is a variation of the microstructure around the weld pool (Ref 7). Planar solidification is to
be expected at the sides of the weld pool, with the extent of the nonplanar solidification increasing towards the center of
the weld pool. Thisis shown schematicaly in Fig. 11.

Fusion zone

Weld center
ILarEI”E g’j R A RRENE T T T
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Base metal

FIG. 11 SCHEMATIC SHOWING VARIATION OF MICROSTRUCTURES IN RESPONSE TO VARIATION OF THE
SOLIDIFICATION RATE AROUND THE WELD POOL. SOURCE: REF 7

The coarseness of the nonplanar structure is also a function of R. The dendrite tip radius varies inversely with the square
root of R. Not only does the dendrite tip radius become smaller as R increases, the dendrite arm spacing does also,
although the exact form of the dependency is more complex. The same general inverse dependency with Ris aso true for
the cell spacing when the solidification is cellular.

The ability of the solid-liquid interface to move at a velocity, V, depends on two factors: the maximum solidification rate,
which is a function of the crystallographic orientation of the solid at the point in question, and the ability of the
temperature gradient in the solid to remove the heat and establish the appropriate temperature for solidification to
proceed. Consider first the influence of the orientation of the solid grain at the solid-liquid interface. For body-centered
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cubic (bec) and face-centered cubic (fcc) metas, the preferred growth direction for epitaxial solidification is the <100>
direction. For hexagonal close-packed (hcp) metals, the preferred growth direction is <1010>.

The planar growth of grains oriented with this direction normal to the solid-liquid interface is favored. Thisisillustrated
in Fig. 12. Grains with the preferred orientation will grow at the expense of adjacent grains that are less favorably
oriented (Ref 8, 9, 10, 11, 12). Because dendrites follow the same preferred growth directions, those with the proper
orientation will be favored. The requirement for a constant weld pool size becomes somewhat more complex when the
effect of crystallographic orientation is considered (Fig. 12). Equation 14 can be modified to become:

R=VCOSf /COS(f '-f) (EQ 15)
where R is the growth rate in the preferred direction required to maintain a constant weld pool shape and f ' is the angle

between R and V, and (f ' - f ) is the angle between the local preferred growth direction and R, which is normal to the
solid-liquid interface.

FI1G. 12 SCHEMATIC SHOWING MOVEMENT OF A CURVED SOLID-LIQUID INTERFACE FOR SEVERAL GRAINS (A
AND B), AND THE CHANGE IN THE RAPID GROWTH DIRECTION RELATIVE TO THE INTERFACE POSITION.

Figure 12 shows the situation at successive positions of the weld pool as it moves in the direction of V. The situation for
the weld moving from position 1 to position 2 is shown. The weld pool is assumed to be élliptical in shape, so that at any
point (except at the very back of the weld pool where f = 0) as the pool moves, the angle between R (or R) and V

changes. If an adjacent grain becomes oriented such that R' becomes normal to the solid-liquid interface [that is, so that
(f"- f)isequal to zero], it will become most favored and will grow at the expense of adjacent grains. In Fig. 12,

between positions 0 and 1, grain A is more favorably oriented than grain B. The reverse is true between positions 1 and 2.
Figure 12 uses only afew widely spaced positions, but in reality there is a continuum of such positions.
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Competitive growth causes grains to try to rotate into the direction of V. Figure 13(a) shows how the grains rotate in an
elliptical weld pool. Dendrites will also try to rotate into the R direction, although the grains or dendrites do not actually
rotate. Rather, the growth shifts to the most favored <100> (or <1010>) direction of the six present in the fcc, bec, or hep
lattices. As grains are edged out by more favorably oriented grains, they get smaller and eventually can disappear. The
solute that they were rejecting is spread out as this competitive process favors and disfavors different grains. Those grains
or dendrites that eventually grow into the V direction will reject their solute into the weld pool, which gradually becomes
solute enriched, contributing to possible crater cracking when the weld terminates. To combat this, the weld power should
be gradually decreased in order to maintain a steep temperature gradient (minimizing the degree of constitutional
supercooling). The use of arunoff weld tab could also be considered.
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FI1G. 13 SCHEMATIC SHOWING EFFECT OF HEAT INPUT AND WELDING SPEED VARIATIONS ON WELD GRAIN
STRUCTURE. (A) LOW HEAT INPUT AND LOW WELDING SPEED, PRODUCING AN ELLIPTICAL WELD POOL. (B)
HIGH HEAT INPUT AND HIGH WELDING SPEED, PRODUCING A TEAR-DROP-SHAPED WELD POOL. HERE, THE
HEAT INPUT AND WELDING SPEED ARE NOT YET SUFFICIENT TO CAUSE HETEROGENEOUS NUCLEATION AT
THE WELD POOL CENTERLINE. (C) HIGH HEAT INPUT AND HIGH WELDING SPEED, WITH HETEROGENEOUS
NUCLEATION AT THE WELD POOL CENTERLINE. SOURCE: REF 13

The second factor to consider is the ability to extract heat at the solid-liquid interface. Heat is extracted by the temperature
gradient of the solid. This gradient is a minimum at the back of the weld pool, where the temperature of the solid is the
highest. Unfortunately, this is exactly where the solidification rate must be a maximum to keep up with V. The
temperature gradient is a maximum at the side of the weld pool, where the |east heat extraction is required, because here R
= 0. Aslong as the maximum possible solidification rate, Ry, 1S equal to or greate than V, the weld pool can maintain an
dliptical shape. If V isincreased above R, then the solidification rate at the back of the weld pool cannot keep up, and
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the weld pool elongates. Increasing V decreases the heat input, which shrinks the weld pool volume. With the weld
elongating, this means that the diameter must decrease as the pool elongates. This causes the weld to take on a tear-drop
shape, as shown in Fig. 13(b). The angle at the back of the weld pool will decrease until f ijca iSreached. f gitica IS

given by:
f crimicaL = COS™ (Ruax/V) (EQ 16)

Rrax is controlled by the thermal conductivity of the solid, the geometry of the part being welded (primarily the
thickness), and the preferred direction growth rate.

When there is a shift to a tear-drop weld pool, the grain (or dendrite) rotation is limited to f iica. When this situation is

attained (Fig. 13b), the grains (or dendrites) will al grow together at the center of the weld pool. The solute that is being
rejected into the terminal transient will build up at the centerline, which can lead to centerline cracking. This cracking is
caused by the lower solidification temperature of this solute-rick centerline region. As the surrounding material solidifies,
stresses are developed that cannot be supported by the liquid centerline material, causing centerline cracking. The obvious
remedy isto reduce the welding rate, although this has a production rate penalty.

Figure 13(b) typifies what is to be expected from a pure material or one with alow solute content. In the case of alloys or
in cases when the solute content is high, Fig. 8 predicts that when R is increased, not only does the weld pool become
tear-drop shaped, but the nature of the structure changes, as shown in Fig. 11. If Ris large enough, equiaxed grains can
develop from heterogenous nucleation in the supercooled centerline material (Fig. 13c¢). Such behavior has indeed been
observed in aluminum alloys (Ref 13, 14, 15). Figure 14 shows actua weld microstructures corresponding to the
schematic structures of Fig. 13.
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FIG. 14 ACTUAL WELD MICROSTRUCTURES CORRESPONDING TO SCHEMATICS OF FIG. 13. (A) GRAIN
STRUCTURE OF A GTAW OF ALUMINUM ALLOY 6061, MADE WITH Q OF 700 W (200 BTU/H) AND V OF 5.1
MM/S (0.20 IN./S). (B) GRAIN STRUCTURE OF A GTAW OF PURE ALUMINUM, MADE WITH V OF 20.8 MM/S
(0.819 IN./S). (C) GRAIN STRUCTURE OF A GTAW OF ALUMINUM ALLOY 6061, MADE WITH A HIGHER Q THAN
THAT OF (A) (1320 W, OR 385 BTU/H) AND V OF 12.7 MM/S (0.500 IN./S). GTAW, GAS-TUNGSTEN ARC WELD.

SOURCE: REF 13, 15
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Fundamentals of Weld Solidification

Harvey D. Solomon, General Electric Company

Nonequilibrium Effects: High-Rate Weld Solidification and Composition Banding

As has been noted, while the constitutional supercooling model (described in previous sections of this article) gives
valuable insights into the establishment of nonplanar structures, it does not necessarily give an exact depiction of the
composition gradient develop within the dendrites or cells that may form and within the interdendritic or intercellular
regions. This has been shown by Brooks and Baskes (Ref 16) in their study of gas-tungsten arc and electron-beam
aluminum-copper and iron-niobium welds. For the aluminum-copper welds, the cell core compositions were about 2 to 3
times the KC, value expected for the first material to solidify (see Fig. 5) and ailmost 4 times KC, for the iron-niobium
welds. This discrepancy was ascribed to the undercooling because of the curvature at the cell tip (see Eq 4), which is not
considered in the constitutional supercooling model. Tip undercooling decreases the temperature at which the
solidification occurs and, as Fig. 3 shows, increases the composition of the solid that is forming.

No initial transient of the sort shown in Fig. 5 was observed. This was explained by using the lower solidification rate at
the side of acell, rather than that at the dendrite tip in the calculation of the size of the initial transient. This increases the
length of the transient (which isinversely proportional to the solidification rate, R) and eliminates the sharp composition
variation of the initial transient shown in Fig. 5. Brooks and Baskes also incorporated postsolidification solid-state
diffusion of solute (following the approach of Brody and Flemings, which is given in Ref 17) to explain the composition
gradients that they measured. Such diffusion is also not considered in the conventional constitutional supercooling model.

In addition, the classical theory of constitutional supercooling, as described by Eq 10, 11, and 12, does not take into
account the temperature gradient that develops in the solid, the thermal conductivity of the solid and the liquid, and, most
importantly, the surface tension of the solid-liquid interface. These factors are considered in interface stability models
(Ref 18, 19, 20, 21, 22, 23, 24, 25, 26), which describe the breakdown of a planar solid-liquid interface in terms of the
stability of nonplanar perturbations. The importance of these models is that they explain the observed transition from
nonplanar solidification back to planar solidification when the solidification rate is increased to very high levels.

As has aready been shown, at low solidification rates there can be a transition from planar to nonplanar solidification, as
described by constitutional supercooling (as shown in Fig. 8). As the solidification rate is increased, the radius of
curvature and spacing of the dendrite arms will decrease, as does the cell spacing. What eventually occurs, at very high
solidification rates, is that the very small radius that is required is not supportable, because of the increased surface
energy. The stability models predict that there will be a solidification rate (the limiting stability rate) beyond which there
will be a transition back to planar solidification. Figure 15 shows the calculated dendrite tip radius as a function of
velocity of the solid-liquid interface. The increase in R at high rates defines the limiting stability rate.
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FI1G. 15 PLOT OF DENDRITE TIP RADIUS, R, VERSUS VELOCITY, V, OF THE SOLID-LIQUID INTERFACE FOR AN
AG-5% CU COMPOSITION WITH TEMPERATURE GRADIENT, G, OF 10° K/CM (5 x 10° °F/IN). CURVE A HAS
D.(T) AND K(V) WITH Kg AND M_ AS CONSTANTS; CURVE B, D, (T) WITH Ke AND M, AS CONSTANTS; CURVE C,
WITH D, Kg, AND M, AS CONSTANTS. THE VELOCITY WHERE THE TIP RADIUS INCREASES IS THE STABILITY
LIMIT. THE CALCULATIONS ARE MADE USING THE CONVENTIONAL STABILITY LIMIT APPROACH, WITH THE
ADDITION OF A TEMPERATURE-DEPENDENT DIFFUSION COEFFICIENT, AND WITH THE ADDITION OF BOTH A
TEMPERATURE-DEPENDENT DIFFUSION COEFFICIENT AND A VELOCITY-DEPENDENT PARTITION COEFFICIENT.
SOURCE: REF 21

Each of the three curves in Fig. 15 illustrates different assumptions. The right-most curve shows the result using the
approach of Mullins and Sekerka (Ref 18), who developed the original interface stability model. Here, the solute diffusion
rate in the liquid, D, the equilibrium distribution coefficient, K, and the liquidus slope, M, are all assumed to be
constants. The middle curve takes into account the fact that the diffusion coefficient is temperature dependent. (Increasing
the degree of undercooling that is due to rapid solidification decreases both the solute diffusion rate and the limiting
velacity.) The left-most curve not only considers the temperature dependence of the diffusion coefficient, but also takes
into account a dependency of the distribution coefficient on the solidification rate.

The preceding discussions have utilized the distribution coefficient, K, determined from equilibrium phase diagrams. At
high solidification rates, this equilibrium is not achieved at the solid-liquid interface. Rather, K is a function of the
solidification rate. One of severa different expressions for the variation of K with V is given by (Ref 23):

K=[Ke+ (VAJDL)]/[1+ (VAJ/DL)] (EQ 17)

where K, is the equilibrium distribution coefficient (K in Eq 8 and 12), and &, is a distance that is related to the
interatomic spacing. Different models use different definitions for a, and different functiona relationships, but give
similar results. When V > D/ay, K will approach 1. For D = 5 x 10° cm?/s, or 5 x 10® ft¥/s (a typica value for liquid
diffusion), and ap = 5 x 10® cm, or 2.0 x 108 in., K will approach 1 for V > 10° cm/s, or 4 x 10%in./s. With K = 1, there is
no partition of the solute, no constitutional supercooling, and the solidification will be planar for a positive temperature
gradient. Figure 15 shows that the limiting velocity, as predicted by the stability model, is quite a bit lower than 10° crm/s
(4 x 10% in./s). Thus, the reestablishment of planar solidification is not just the result of K approaching unity. Rather, it is
due to the lack of the stability of nonplanar protrusions, which is influenced by this change in K. This development of
planar solidification is important because it can arise in electron-beam and laser welds, and because the development of
planar solidification lessens the tendency for hot cracking.

Figure 15 shows the results of calculations, whereas Fig. 16 shows the results of actual observations made on silver-
copper electron-beam scans (passes of the electron beam). These results are in general agreement with the predictions of
Fig. 15. Figure 16 shows the compositional dependence of the transition to segregation-free planar solidification. It is
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analogous to Fig. 8, which describes the transition from planar to nonplanar solidification that occurs at lower
solidification rates. Figure 16 also shows that just below the limiting solidification rate, a banded structure can develop.
This banding develops at a constant solidification rate and is due to instabilities at the solid-liquid interface.
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FIG. 16 OBSERVED MICROSTRUCTURES IN SILVER-COPPER ALLOYS AS A FUNCTION OF THE SCAN VELOCITY
(BEAM TRANSLATION VELOCITY) FOR ELECTRON-BEAM WELDS. OPEN CIRCLES DENOTE MICROSEGREGATION-
FREE STRUCTURE; CLOSED CIRCLES, A STRUCTURE CONSISTING OF CELLS OR DENDRITES; AND OPEN
TRIANGLES, THE DEVELOPMENT OF A BANDED STRUCTURE. SOURCE: REF 24

A more common type of banding is associated with the ripples observed on the surface of most welds. Variations in the
welding power will cause variations in the solidification rate. If the power decreases, then the solidification rate will
increase. More solute will be incorporated into the solid and a solute-rich band will be created (for K < 1 and where M, is
negative). The reverseistrue for an increase in the power (that is, the solidification rate will decrease), and this will cause
a solute-poor band to form (for K < 1 and where M, is negative). These power fluctuations can be deliberate, asin pulsed
welding, or can result from unavoidable instabilities in the welding power supplies or fluctuations in primary voltage,
mechanical (travel) motion, and so on. Solute banding and surface rippling areillustrated in Fig. 17.
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FIG. 17 SOLUTE BANDING AND SURFACE RIPPLING IN WELD BEADS. (A) SURFACE RIPPLES IN A TUNGSTEN-
INERT GAS WELD MADE WITH AL-5SI FILLER. 6x%. (B) SULFUR AND PHOSPHORUS SOLUTE BANDING AT THE
FUSION BOUNDARY OF A MANUAL ARC WELD IN CARBON-MANGANESE STEEL. 26x. COURTESY OF THE
WELDING INSTITUTE

Variations in the welding speed can aso cause banding, as can the waves associated with the weld pool circulation, which
can also influence the solidification rate. Special alternating magnetic fields have been used to supplement the surface
tension forces, the usual electromagnetic forces, and the arc pressure and buoyancy forces, al of which affect the weld
pool circulation (Ref 27). The aim isto induce interface fragmentation and cause grain refinement.

The solidified structure can also be influenced by severa other factors, in addition to variations in the rate of movement
of the solid-liquid interface (Ref 27). Inoculants have been used to nucleate equiaxed grains by heterogeneous nucleation
on the inoculant particles. Ferro-titanium, ferro-niobium, titanium carbide, and titanium nitride have been used as grain
refinersin steels. Zirconium and titanium have also been used as inoculants for aluminum. The effectiveness of inoculants
depends not only on the type of inoculants used, but on the size of the inoculant particles, the method of introduction
(wherein the weld pool it is added), and welding conditions.

Arc motion and vibrations have also been used to suppress columnar growth and to produce a finer grain size (Ref 27).
The effectiveness of arc vibration on the as-solidified grain size of an Al-2.5% Mg weld is illustrated in Fig. 18. The
effectiveness of this approach depends on the frequency and amplitude of the arc motion, the heat input, arc length, and
sheet thickness. In general, the greater the amplitude of vibration, the less the frequency required for grain refinement
(Ref 28).
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FI1G. 18 PLOT OF GRAIN SIZE VERSUS ARC VIBRATION AMPLITUDE FOR AL-2.5MG WELD. WELD PARAMETERS:
WELDING CURRENT, 150 A; WELDING SPEED, 200 MM/MIN (50 IN./MIN); ARC GAP, 2.4 MM (0.094 IN.); ARC
VIBRATION FREQUENCY, 10 HZ. SOURCE: REF 27

Campbell (Ref 28) has developed frequency-amplitude maps that define several physical effects associated with the use
of vibrations (that is, peak pressures generated, development of shearing stresses, power densities, laminar flow around
dendrite arms, and the development of standing waves). These factors affect microstructural features, such as grain size,
amount of microsegregation, and the development of porosity. For a given frequency of vibration, increasing the
amplitude of vibration can cause a refinement of the grain size (Fig. 18), reduce microsegregation, and, unfortunately,
increase the degree of porosity that is caused by vibration-induced cavitation. Vibrations can also cause splatter of the
liquid weld metal; coarsen intragranular features, such as the secondary dendrite arm spacing; and promote hot tearing.
Great care must therefore be taken when using vibratory motion and when determining the optimum amplitude and
frequency of vibration.

Variations in the arc current can also help to refine the weld microstructure. Ultrasonic vibration of the weld pool has also
been found to be effective in some cases. These vibrations have been added through the filler wire and through the use of
water-cooled copper probes (in large weld pools, such as those developed in electro-slag welding). In some cases,
variations in the nature of the weld pool circulation have also been found to be effective in refining the weld structure.
The desire to produce a fine-grained equiaxed weld structure is driven by the improved mechanical properties and
lessened hot cracking that this structure provides.

Torch weaving (Ref 29) (that is, moving the arc in a sinusoidal rather than linear fashion) has been used to break up the
linear nature of the weld and to prevent hot cracks from propagating along the weld. A weld made with torch weaving is
shown in Fig. 19. This weaved weld structure prevents cracks from running the length of the weld, but adds to the cost of
the weld by decreasing the linear travel speed.
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FI1G. 19 TYPICAL GRAIN STRUCTURE OBTAINED WHEN TORCH WEAVING IS USED TO WELD ALUMINUM ALLOY
2014. WELD PARAMETERS: TRANSVERSE ARC FREQUENCY OSCILLATION, 1.0 HZ; AMPLITUDE OF
OSCILLATION, 1.5 MM (0.059 IN.). SOURCE: REF 13, 30

Our understanding of weld solidification owes much to the more extensive study of the solidification of castings. The
reader should refer to that subject area for a more in-depth treatment of solidification in general. However, it should be
remembered that the boundary conditions for weld solidification and for that of a casting are not the same. Therefore, care
must be taken in applying all that has been learned from casting metallurgy to the metallurgy of welds.
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Nature and Behavior of Fluxes Used for Welding

D.L. Olson, S. Liu, R.H. Frost, G.R. Edwards, and D.A. Fleming, Colorado School of Mines

Introduction

FLUXES are added to the welding environment to improve arc stability, to provide a slag, to add alloying elements, and
to refine the weld pool (Ref 1, 2). Different ingredients in the flux system will provide the process with different
pyrometallurgical characteristics and thus different weld metal properties (Ref 3, 4).

The slag that forms during welding covers the hot weld metal and protects it from the atmosphere. Welding slag consists
of the glass-forming components of the flux, as well as inclusions that form in the weld pool, coalesce, rise, and become
incorporated into the slag.

The need to improve flux formulation to achieve optimal weld metal composition, and ultimately improve the properties
of weldments, has led to fundamental studies of weld pyrochemistry. Understanding the thermodynamic and Kinetic
factors that are prevalent at the electrode, in the arc column, and in the weld pool, has led to more precise prediction of
the final weld metal composition (Ref 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15).
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Nature and Behavior of Fluxes Used for Welding

D.L. Olson, S. Liu, R.H. Frost, G.R. Edwards, and D.A. Fleming, Colorado School of Mines

Equilibrium Parameters

Equilibrium is not achieved during welding, because of the very large temperature and density gradients, the short
reaction times, and the large electric currents. Despite these expected departures from equilibrium, thermodynamic
considerations can be used as a guide for constraining chemical reactions and mechanisms involved in welding (Ref 5, 7,
9). A common approach is to assume that extremely high temperatures and high surface-to-volume ratios allow
thermodynamic equilibrium to be locally attained, in spite of the short reaction times available.

Further complicating the issue is the dependence on welding parameters of the chemical partitioning between the slag and
the weld metal (Ref 3, 7). This dependence suggests that the pyrometallurgical reactions involved are influenced by the
processes that occur at the electrode tip. As a specific example, the welding parameters affect metal-droplet size, which in
turn aters the chemical kinetics. Nonetheless, thermodynamics will reveal the direction taken by the chemical reactions
(but will not accurately predict weld metal composition).

The effective slag-metal reaction temperature has been estimated (by pyrochemical analysis of slag-metal compositions)
to be approximately 1900 °C (3450 °F), a temperature intermediate between that of the hot spot at the arc root (2300 °C
or 4170 °F) and the melting point of iron (1500 °C or 2730 °F). Thus, during the droplet lifetime, the average temperature
is effectively 1900 °C (2730 °F). During this period, oxygen from the hot spot reactions is distributed throughout the
droplet, and that oxygen reacts with the metallic elements to form oxides; these products of oxidation pass into the slag,
and the slag-metal reactions tend toward equilibrium. Estimates of the time for which the molten slag and molten metal
are in contact range from 3 to 8 s. During the process, the gaseous phase in the arc cavity contacts the metal for an
estimated 0.5t01.0s.

Effect of Oxygen

The most important chemical reagent in controlling weld metal composition, and thus microstructure and properties, is
oxygen (Ref 3, 4, 14, 16, 17, 18, 19). Oxygen directly reacts with alloying elementsto alter their effective role by:

REDUCING HARDENABILITY
PROMOTING POROSITY
PRODUCING INCLUSIONS.

All three effects are significant to weld quality.

Oxygen is introduced into the weld pool at high temperatures by:
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THE PRESENCE OF OXIDE FLUXES THAT DISSOCIATE IN THE ARC

THE SLAG-METAL REACTIONSIN THE WELD POOL

THE OXIDES ON THE SURFACE OF BAKED METALLIC POWDERS MIXED WITH FLUX OR
ON ELECTRODE

THE ASPIRATION OF ATMOSPHERE (AIR) INTO THE ARC.

Shielding gas may contain oxidizing reagents, a common gas is 75Ar-25CO, or 100% CO,. As a 100 to 1000 ppm,
depending on the type of welding consumable used.

The weld metal oxygen measured directly at the molten electrode tip has been reported to be as high as 1400 ppm.
Individual droplets have been found to contain as much as 2000 ppm O,. There are two views concerning the genesis of
the high oxygen content. One suggests that pyrochemical or electrochemical reactions (or both) provide oxygen to the
electrode tip, and then further oxidation occurs within the droplet as it passes through the arc. The other view is that the
high oxygen levels of the droplet represent the maximum buildup of oxygen in the electrode prior to detachment, with
limited reaction during flight across the arc to the weld pool. In either case, high oxygen concentrations are introduced
into the weld pool by the welding process.

At the melting point, the solubility of oxygen in pure liquid iron is approximately 1600 ppm at 100 kPa (1 atm) pressure.
During solidification, solubility decreases to about 860 ppm at 1500 °C (2730 °F) in 6-Fe. Most of the alloying elements
present in liquid steel reduce oxygen solubility through deoxidation equilibria. Steelmaking processes typically yield
analytical oxygen levels ranging from 70 to 100 ppm. Welds typically pick up oxygen to levels of several hundred ppm,
then deoxidize to oxygen levels of around 200 to 300 ppm. Deoxidation of the weld metal occurs in two separate steps,
the first being the primary deoxidation of the weld pool (Ref 6). Secondary deoxidation occurs during solidification as
solute concentrations increase within the intercellular or interdendritic regions. The secondary deoxidation will either
form very small inclusions or will coat the interdendritically trapped primary inclusions.

The high oxygen concentrations added to the weld pool by the metal droplets significantly affect deoxidation. Figure 1
shows experimentally measured soluble oxygen concentrations for various deoxidants (solid lines), along with
deoxidation curves predicted by the solubility products (broken lines). The experimental deviation is caused by
interactions of the deoxidant with other alloy elements. If the oxygen and metallic element concentrations resulting from
the welding process exceed the equilibrium concentration for a specific reaction, inclusions will result. The ability to form
a specific inclusion will correspond directly to the position of the weld pool composition relative to the activity plot for
this inclusion. Thus, the thermodynamic order for the formation of primary oxides would be: Al,Os; > Ti,03 > SIO, >
Cr,O, > MnO.

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



T I
Oxygen concentration

— —— Oxygen activity (a,) = wi% O for %x —- 0

Iron oxide saturation

SRR EREEEEEEE NN EENER)

e

8,0,

0.1 \

Sié\

Oxygen in solution, wi%h

0.001 0.01 0.1

—

10
Deoxidizer in solution, wi%

FI1G. 1 DEOXIDATION EQUILIBRIA IN LIQUID IRON ALLOYS AT 1600 °C (2910 °F). THE BROKEN LINES SHOW
DEOXIDATION EQUILIBRIA PREDICTED BY SOLUBILITY PRODUCT CALCULATIONS. THE SOLID LINES SHOW
EXPERIMENTALLY DETERMINED SOLUBLE OXYGEN CONCENTRATIONS FOR VARIOUS DEOXIDANTS. THE
EXPERIMENTAL DEVIATION IS CAUSED BY VARIATIONS IN THE ACTIVITY COEFFICIENTS WITH INCREASING
DEOXIDANT CONCENTRATION. SOURCE: REF 20

Inclusion Formation. Inclusions form as a result of reactions between metallic aloy elements and nonmetallic tramp
elements, or by mechanical entrapment of nonmetallic slag or refractory particles. Inclusions may include:

OXIDES

SULFIDES

NITRIDES

CARBIDES

OTHER COMPOUNDS
MULTIPLE PHASES

Among these, oxides and complex oxides occur most frequently in the size range known to influence weld metal
microstructure.
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Using only thermodynamic considerations in the analysis of slag-metal reactions, the following reactions may be
considered as the ones that describe inclusion formation:

XM +Y0 =(MxOv) (EQ 1)

where the underlining of a component M (M ) and the component O (Q) indicate that M and O, respectively, are
dissolved in the metal, and:

X M + Y(FEO) = (MxOy) + YFE (EQ 2)

The equilibrium constants (K, and K5) for the above two reactions are:

(Auo,)
= EQS3
AR ENE (EQ3)
where g; isthe activity, afunction of the concentration, for component i, and:
(Avo,)
=_  xV E 4
B CHA G (EQ4)

Equilibrium compositions for the weld deposit can be estimated with Eq 1, 2, 3, and 4 and can be used to predict trends
for the weld pool pyrochemical reactions. The actual compositions may, however, differ from the calculated values due to
aloying-element partitioning during cellular or dendritic solidification, commonly observed in steel weldments.

During solidification of a weld metal, solute elements segregate to the liquid at the solid/liquid interface, and the solute
concentrations can reach high levels in the interdendritic regions, as suggested in Fig. 2. Neglecting solid diffusion, the
solute composition in the liquid at the solid/liquid interface can be modeled (Ref 6) by the nonequilibrium lever rule, or
Scheil Equation:

CL = CoF K? (EQ5)

where C, is the bulk concentration in the weld pool, C, is the solute concentration in the liquid at the interface, and k is
the equilibrium partition ratio.

Solid Liquid
Growth Wzzzzzzzzzzd )
direction Dendrite Interdendritic
T center space
o
S G|
I e = =2
Dendrite ~ § kG

Distance ——=
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FI1G. 2 SCHEMATIC SHOWING THE SOLID AND LIQUID COMPOSITION PROFILES MODELED BY EQ 5 BASED ON
THE ASSUMPTION THAT THERE IS COMPLETE LIQUID DIFFUSION AND NO SOLID DIFFUSION. Cq, THE INITIAL
ALLOY COMPOSITION; K, THE PARTITION RATIO OF THE SOLID TO LIQUID COMPOSITIONS ON THE
EQUILIBRIUM PHASE DIAGRAM; KCy, THE INITIAL COMPOSITION OF THE SOLID; AND Cs AND C,, THE SOLID
AND LIQUID COMPOSITIONS, RESPECTIVELY, AT THE SOLIDIFICATION INTERFACE. SOURCE: REF 4

The equilibrium partition ratio, k, controls the direction and the extent of segregation. For most aloy elementsin stedl, the
partition ratio is less than one, and the element segregates to the interdendritic liquid.

Consider the deoxidation equilibrium as represented by the dissolution reaction for a complex oxide:
MxNYOz=XM +YN +Z O (EQ 6)
The free energy change associated with the dissolution of the MyN,O, can be written as:

[MTIN]’[O]*
[M.N,O,] (EQ 7)

x' Ny~z

DG =DG°+RTIn

where [M], [N], and [Q] are the solute activities in the liquid; and X, y, and z are the stoichiometric constants from Eq 6.
The value [MN,O,] isthe activity for the specific inclusion and can be assumed to have the value of one.

The ratio of the activities of the reactants to that of the oxide can be termed the activity quotient (Q):

M T INT[O]*
q=[MIINI'IOI" [gA[XN]yéZ]] (EQ )

With Eq 5 representing the extent of segregation, the solute activities in the interdendritic liquid can be written as:

[|\/|]=[“:"M][Mo]f:fM ! (EQ 9A)
=N T (EQ 9B)
01 = (Va0 /1 (EQ 9C)

In Eg 9a, 9b, and 9c, [M¢], [No], and [Og] are the bulk concentrations of M, N, and O in the melt; and [ym], [yn], @d [yo]
are the activity coefficients for the solutes.

Substituting Eq 9a, 9b, and 9c into Eq 8 gives the free energy as afunction of the remaining liquid fraction:

AG = AG®

[YmMaf™ ™' (¥aNof ™ PlvoOufie ') (EQ 10)

+ RT
n [M.N,O_]

Equation 10 expresses the free energy driving force for oxide dissolution. The first term on the right side, AG, represents
equilibrium conditions. The second term represents the departure from equilibrium caused by changes in reactant
concentrations or by segregation during solidification.

At equilibrium, the free energy driving force, AG, is zero, and the equilibrium concentrations can be found by equating
the two terms on the right-hand side of Eq 10. At equilibrium, the activity quotient becomes the equilibrium constant, Ke:
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[MIINFIOF _

AG*® = -RT In —eemne = RTIn K, (EQ 11)

Inclusion precipitation is possible when the concentrations of oxygen and deoxidants exceed the equilibrium values for a
particular oxide. This condition can be expressed with the ratio of the activity quotient to the equilibrium coefficient:

Precipitation index = E (EQ 12)
ey

A precipitation index less than unity indicates that the concentrations of oxygen and deoxidants are below the equilibrium
value, and the precipitation of the inclusions will not occur. A value greater than 1.0 indicates that concentrations are
sufficiently high for precipitation according to the methodology described above. The compounds Al,O3, Ti,O3, and SIO,
are some of the oxides that will form in a low-carbon low-alloy steel weld. Multiple reactions can occur, and different
oxides may appear in the same weld when more than one of these deoxidizersis present.

Metal Transferability During Pyrochemical Reactions. The final weld metal concentration for a particular element is
made up of contributions from the filler wire, flux, and base metal; however, losses caused by the welding process vary
for each element.

Delta Quantity. The nomina composition of each weld can be calculated considering just the dilution effect of the filler
wire and base metal. The extent of loss or transfer of a specific element can be evaluated by a quantity, which expresses
the difference between the analytical and the nominal composition. These quantities, designated delta quantity in this
article, indicate the effect of the flux on element transfer during welding. A positive delta quantity indicates an elemental
transfer from the flux to the weld metal. A negative delta quantity suggests an elemental 1oss from the weld pool to the
slag. A null delta quantity for a specific element suggests an apparent equilibrium condition, in which the flux and slag
content for that element are the same. Flux compositions with null delta-quantity behavior have been used to make
equilibrium calculations and thus achieve a better understanding of the chemical reactions involved in welding (Ref 8).
Investigators have also quantified elemental transfer by measuring similar neutral points (null delta quantity) for various
flux systems and have devel oped a thermodynamic model capable of predicting neutral points for some slag systems (Ref
10).

Arc Stabilizers. Arc welding fluxes are compositionally more complex than fluxes used in other metallurgical processes,
such as steelmaking. Many of the additions to the flux are not designed to assist weld metal refinement. Some additions
are present to promote arc stability, generate plasma and protective gases, control viscosity, support out-of-position
welding, and promote slag detachability.

The welding arc requires an inert or chemically reducing plasma and shielding gas that can be easily ionized. Additions
must be made to the flux to achieve the necessary current-carrying capacity and to maintain arc stability. Specific
additions will be necessary for the various modes of current (direct current, dc, or alternating current, ac) and polarity.

Alkali metal, zirconium, and titanium additions to the arc affect the ionization process and the ease with which the
welding is reinitiated (reinitiation is required 50 to 60 times per second with ac welding). These additions come to the
welding flux as feldspar (alkali aluminum silicates), rutile, lithium carbonate, titanium aluminate, and potassium oxalate,
and they play an especially important role when welding either in the dc electrode negative (DCEN) maode or in the
aternate current (ac) mode. Arc stabilizers are also important in high-speed welding when the cathode and anode spots
are less stable. These additions are part of the AWS classification of electrodes, as seen by the fourth digit (E XXX X)in
the classification standard for steel electrodes for shielded metal arc welding (SMAW) given in Table 1. The electrodes
designed to perform with ac mode or in the DCEN mode current have been specified as containing high titania or alkali
metal (potassium or sodium) additions. Special additions such as Li,O have been used to achieve multipurpose results--
for example, reducing the viscosity while increasing the arc stability.

TABLE 1 AWS CLASSIFICATION OF SELECTED SMAW ELECTRODES FOR WELDING MILD AND LOW-
ALLOY STEELS
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ELECTRODE | CURRENT AND PENETRATION | ARC STABILIZERS %
DESIGNATION | POLARITY®W FE
EXX10 DCEP DEEP HIGH CELLULOSE-NA 0-10
EXXX1 AC, DCEP DEEP HIGH CELLULOSE-K 0
EXXX2 AC, DCEN MEDIUM HIGH RUTILE-NA 0-10
EXXX3 AC, DCEP, DCEN LIGHT HIGH RUTILE-K 0-10
EXXX4 AC, DCEP, DCEN LIGHT RUTILE-IRON POWDER 25-
40
EXX24 AC, DCEP, DCEN LIGHT RUTILE-IRON POWDER 50
EXXX5 DCEP MEDIUM LOW H-NA 0
EXXX6 AC, DCEP MEDIUM LOW H-K 0
EXX27 AC, DCEN, DCEP MEDIUM IRON OXIDE-IRON 50
POWDER
EXXX8 AC, DCEP MEDIUM LOW HYDROGEN-IRON 25-
POWDER 40
EXX28 AC, DCEP MEDIUM LOW HYDROGEN-IRON 50
POWDER
E A No. =

X Y ra
Tensile | Primary

strength

welding position

A, B, C, D, etc., with number: a means to match alloy compaosition

Electrode usability

1: Flat, horizontal, vertical and overhead
2: Flat, horizontal fillet

(A) DCEP, DC ELECTRODE POSITIVE, DCEN, DC ELECTRODE NEGATIVE

Changes in Flux Composition With Delta Quantity. Figure 3 shows a transfer of manganese for welds made with
SiO,-TiO,-Ca0-1N&0 flux at constant SIO, content in the flux. These values vary widely, depending on other aloy
concentrations. The data imply that manganese is amost always lost to the slag, and that the activity of manganese varies
considerably with changes in the amount of titaniain the flux. Manganese is very important to weld metal hardenability
and must be closely controlled to obtain the optimum weld microstructure. Controlling the weld metal manganese
concentration in the titania-containing flux systems would require strict compositional control of the welding flux to
ensure the correct manganese concentration in the weld metal.
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FIG. 3 PLOT OF CHANGES IN MANGANESE CONTENT IN THE WELD VERSUS THE VARIATION IN FLUX
COMPOSITION AS A FUNCTION OF TWO-HEAT INPUTS. THE SIO, CONTENT WAS MAINTAINED AT 40%
THROUGHOUT THE FLUX-CORED ARC WELDING PROCESS. SOURCE: REF 21

In the same system, the delta titanium showed a constant increase with increasing titania content of the flux (Fig. 4).
Because of the large amounts of titania in the flux, it is not surprising that the welds show positive compositional
deviations for titanium. These results also suggest that control of the weld metal titanium content will require tight control
of the limits of the TiO, content of the flux.
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FIG. 4 PLOT OF CHANGES IN TITANIUM CONTENT IN THE WELD VERSUS THE VARIATION IN FLUX
COMPOSITION AS A FUNCTION OF TWO HEAT INPUTS. THE SIO, CONTENT WAS MAINTAINED AT 40%
THROUGHOUT THE FLUX-CORED ARC WELDING PROCESS. SOURCE: REF 21

If the delta quantity changes rapidly with flux composition, it may be difficult to maintain specific weld metal
composition, microstructure, and properties with variation in flux composition. The magnitude of the delta quantity for
specific elements is most often not as serious a concern as a rapid change in the delta quantity with variations in flux
chemistry and welding parameters. The magnitude of the delta quantity can be adjusted by altering the aloy content of
the welding wire or the amount of ferro-additions to the flux. Thus, a suitable combination of wire, flux, and welding
parameters should achieve negligibly small delta quantities of major aloying elements.

Shielding Gas. When the shielding gas that protects the weld pool comes from the flux, it is necessary to understand the
decomposition of specific flux components. Two common shielding gas atmospheres from flux dissociation are hydrogen
and CO/CO.,. The hydrogen gas can be produced by the decomposition of cellulose (wood flour or similar hydrocarbons).
A CO/CO, atmosphere results from the decomposition of carbonates such as limestone (CaCOs) or dolomite
[CaMg(COs),]. The CO/CO, atmosphere can be balanced to provide a reducing (and thus protective) atmosphere.

At high temperatures, CO, or CO will react with carbon to achieve equilibrium, which requires the presence of CO and
CO.. It is the relative amounts of CO and CO, that determine the reducing/oxidizing nature of the arc environment. The
CO/CO;, ratio aso determines the recovery of specific aloying elements. Typical plasma atmospheres for both hydrogen-
type and low-hydrogen-type electrodes are given in Table 2.

TABLE 2 GAS COMPOSITION OF WELDING ARC OBTAINED FROM SPECIFIC TYPES OF WELDING
ELECTRODES

AWS TYPE COMPOSITION, WT%
DESIGNATION HO [H, |CO, | CO
6010 CELLULOSIC | 16 41 |3 40
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[ 6015 | BASIC | 2 2 |19 |77 |

Source: Ref 15

In submerged arc welding, the covering flux also produces the protective shielding gas and plasma. Other gaseous phases,
including flourine-bearing components, are also part of the plasma.

The effect of arc environment (for example, amounts of CO and CO,) on weld metal chemistry control for hyperbaric
welding with a basic electrode is shown in Fig. 5. The high-pressure welding allows evaluation of the CO reaction.
Considering the CO reaction:

C+0=CO (EQ13)
the law of mass action gives:
FCU
k= EQ 14
[CIi0] (EQ14)

where [C] and [O] are the weld metal carbon and oxygen contents, respectively. At equilibrium the partial pressure of CO
isdirectly related to the total pressure by Dalton's Law.

Total pressure, bar
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Calculations based on;
[Qleg )/
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=
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. -
0
0 1 2 3 4

Total pressure, MPa

FIG. 5 EFFECT OF PRESSURE ON THE PRODUCT M = [%C][%0] FOR HYPERBARIC WELDING WITH A BASIC
ELECTRODE. SOURCE: REF 12

In Fig. 5, two lines are indicated. The solid line plots the product of the weld metal oxygen and carbon as a function of
total pressure when the analytical weld metal oxygen concentration, [%0]a.a, Was used. The broken line indicates a
similar relationship; however, in this case, the weld metal oxygen concentration has been corrected for the displacement
of oxygen because of the formation of manganese silicate inclusions during welding and its transport to the slag. The
equilibrium oxygen content, [%0], in the liquid steel at high temperatures is then given by the following expression:
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32 1
[%0],, = [%0],m + 7 Al%Si] + E'».l: Al%Mn] (EQ 15)

where A[%Si] and A[%Mn] represent the difference between the expected compositions of these elements (from
knowledge of initial consumables and base plate compositions as well as dilution) and the actual compositions measured.
The linearity of theselinesin Fig. 5 is evidence of the strong influence of the CO reaction in arc welding.

The evidence of water reaction control for some electrodes (for example, cellulosic electrodes) can be seen in Fig. 6. With
an increase in the degree of oxidation of the deposited metal, the weld metal hydrogen content decreases (Ref 22). The
relationship between weld metal oxygen and hydrogen contents as seen in Fig. 6 is consistent with the functional form
expected from the law of mass action for a H,O reaction. It is apparent that with increasing weld metal oxygen content
there is a significant reduction in weld metal hydrogen. The hydrogen content of the deposited metal can be reduced by
increasing the CaCO; content of the coating. With the ever-increasing reguirements of weld-deposit properties and the
increasing need for higher productivity, pyrochemistry will play an important role for flux formulation and weld-property
prediction.
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Weld metal oxygen content, wi%

]

Weld metal diffusible hydrogen content, cm®/100 g
.

F1G. 6 PLOT OF WELD METAL OXYGEN CONTENT VERSUS WELD METAL HYDROGEN CONTENT WHEN WELDING
WITH ELECTRODES THAT CONTAIN CHROMIUM AND NIOBIUM IN THEIR COATINGS. SOURCE: REF 22

Basicity Index

Asindicated in the section "Meta Transferability During Pyrochemical Reactions' in this article, the transfer of alloying
elements during welding depends strongly on the physical and chemical properties of the flux. The ability to correlate flux
properties with weld metal chemical compositions and properties is essential to understand the interactions between weld
metal and flux.

Because of the incomplete understanding of the thermodynamic properties of slags, the empirical concept of basicity has
been applied to predict flux and weld properties. A basicity index, B, for welding has been proposed:
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CaO + CaF, + MgO
+ K;0 + Na,0 + Li,O +
Bl 1/2{MnO + Fe() (EQ 16)

I

where the chemical components are given in wt%. When the basicity index for a given flux is less than one, the flux is
considered acidic. A flux with a Bl between 1.0 and 1.2 can be classified as neutral. A flux with a Bl greater than 1.2 is
considered basic.

In general, the higher the basicity, the cleaner the weld with respect to nonmetallic inclusions (that is, lower weld metal
oxygen content) (Ref 23). Figure 7 illustrates the correlation between weld metal oxygen and the basicity index for some
flux systems. The weld metal oxygen content drops significantly as the Bl is increased to 1.2 and then remains relatively
constant at about 250 ppm O. The correlation between weld metal oxygen, which is an indication of weld metal
toughness, and basicity is acceptable for some welding flux systems, especially those that are primarily based on CaO,
MgO, and SiO,. However, Eq 16 cannot be used to correlate the strength and toughness of welds made with high flux
concentrations of Al,Os, TiO,, ZrO,, MnO, FeO, and CaF,. Although numerous basicity formulas have been considered,
none has been flexible enough to deal with high amphoteric oxide contents. There is still some concern over utilizing this
index (which was primarily conceived by steelmakers for evaluating sulfur refinement) for predicting weld metal oxygen,
or for use as a genera criterion for weld metal quality (Ref 7). Additionally, the Bl does not consider the physical
properties of the fluxes, nor doesit explain the kinetics of the flux-metal reactions.
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FI1G. 7 EFFECT OF WELD METAL OXYGEN CONTENT ON FLUX BASICITY INDEX WHEN USING THE SUBMERGED
ARC WELDING PROCESS. SOURCE: REF 23

Basicity index has been used by the welding industry as a measure of expected weld metal cleanliness and mechanical
properties. Consequently, manufacturers of welding consumables have classified and advertised their fluxes with this
index. It is believed that high basicity means high toughness, a quality of great interest to the engineer, while an acidic
flux means excellent slag behavior, a characteristic of interest to the welder attempting to improve weld bead morphol ogy
and deposition rate. Table 3 classifies the various coating formulations for SMAW electrodes using the descriptors of
cellulosic, basic, acid, and rutile (alternating current stabilizer and slag former).

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



TABLE 3 ELECTRODE COATING FORMULATIONS OF SELECTED SMAW ELECTRODES

Electrode Coating formulation® Comments
Type AWS _ Rutile | Cellulose | Quartz | Carbonates | Ferromanganese | Organics | Iron ore- | Calcium C_:qmplex Fluorspar | Ferroalloys
designation manganese | carbonate | silicates
ore
Cellulosic | 6010 20- | 10-50 | 15- |[0-15 5-10 Cellulose promotes gas
60 30 shielding in the arc region.
Hydrogen increases heat at
weld. High hydrogen
content (30-200 ppm).
Deep penetration, fast
cooling weld
Rutile 6012 40- 15- | 0-15 10-12 2-6 Slags mainly for slag
6013 60 25 5-25 1.4-14 0-5 shielding
20- 15- relatively high hydrogen
40 25 content (15-30 ppm). High
inclusion content in weld
deposit
Acid- 6020 X X X X X Relatively high hydrogen
ore® content. High slag content
in weld metal
Basic 7015 0- 0-5 20-50 20-40 | 5-10 Relatively low hydrogen
10 levels (= 10 ppm), hence
commonly used in welding
low-alloy construction
steels. Electrodes should be
kept dry. Low inclusion
content in weld deposit
Source: Ref 24
(A) X, DATA UNAVAILABLE.
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Pyrochemical Kinetics During Welding

The ability of aflux to refine as well as protect the weld pool is related to the mass transport processes in the flux. The
flux should melt approximately 200 °C (360 °F) below that of the aloy for proper flux coverage and for protection of the
weld deposit. One of the most important physical properties of aflux isits slag viscosity, which not only governs the way
the slag flows and covers the molten weld pool but also strongly affects the transport processes involved in pore removal,
deoxidation, and retention of alloying additions. The chemica processing and refining by the flux to achieve a weld
deposit with low concentrations of oxygen and sulfur and optimal concentration of hardenability agents (carbon,
manganese, chromium, molybdenum, nickel, and so on) may not be achieved unless slag viscosity is also adequate. The
viscosity is strongly temperature-dependent, so the use of various heat inputs during welding may require different flux
compositions to produce the matching slag viscosity. For simple ionic melts, the viscosity has been shown to follow an
Arrhenius-type temperature dependence:

E
n=mew(22) (EQ 17

where nis the viscosity, no is a system constant, En is the viscous activation energy, RT is the gas constant, and T is the
temperature.

For polymeric melts, Eq 17 often does not hold true. It has been shown that in certain cases a modified equation can be
used:

n=Toexp | __ (EQ 18)

where Ty is a constant for a given flux composition. The presence of entrapped particulates tends to increase the slag
viscosity. Slag viscosity is aso affected by composition. The compositional dependence is commonly reported by
considering En to be a function of composition at constant temperature.

The slag must be fluid enough so that it flows and covers the molten weld pool but must be viscous enough so that it does
not run away from the molten metal and flow in front of the arc, leading to possible overlapping by the weld metal. (For
overhead welding, surface tension becomes a primary factor because fluidity reduces coverage [opposite gravitational
vector].) It has been reported that if the manganese silicate flux viscosity at 1450 °C (2640 °F) isabove 0.7 Pa- s (7 P), a
definite increase in weld surface pocking will occur. Pock marks have been associated with easily reducible oxides in the
flux, which contribute oxygen to the weld pool. The weld pool reacts with carbon to form carbon monoxide, which cannot
be transported through a high-viscosity flux and is trapped at the liquid-metal/flux interface. The result is a weld metal
surface blemished by surface defects or pocks. Because viscosity is sensitive to temperature and thus heat input, pocking
can be the evidence that a flux formulated for high-current welding is being used at too low a current or too great atravel
speed. The viscosity of most welding fluxes at 1400 °C (2550 °F) isintherange of 0.2t0 0.7 Pa-s(2to 7 P).

Slag viscosity also affects the shape of the weld deposit and must be carefully controlled when covered electrodes are
used out of position. The higher the slag viscosity, the greater the weld penetration in submerged arc welding. However,
this benefit must be balanced, because if the viscosity is too high, the gaseous products cannot escape the weld pool,
resulting in unacceptable porosity. This condition can be monitored by observing the density of pores trapped in the
underside of the detached slag. Detached slags manifesting a honeycomb structure suggest a severe weld metal porosity
problem. This condition usually means that a given flux has experienced an insufficient heat input for the effective
transport of gas through the slag.
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Nature and Behavior of Fluxes Used for Welding
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Alloy Modification

Other additions to the welding consumables are required to make alloy additions to the weld pool, usually in the form of
powder metal or ferro-additions (Ref 1). Often the composition of the wire that makes up the rod for the shielded metal
arc electrode from a specific manufacturer is the same, regardless of the aloy to be welded. Alloying is achieved by
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powder metal additions to the flux coating. Manganese, silicon, chromium, niobium, and other aloying additions are
adjusted in the weld pool by ferroalloy powder additions. Specially prepared aloy additions of Fe-50Si, Fe-80Mn, Fe-
60Mn-30Si, and others are used. One concern in formulating electrodes using ferro-additions is the alloying element
recovery (that is, the amount of the element that is transferred across the arc and into the weld deposit). Values for the
recovery of typical elementsin steel welding are given in Table 4. The metal |osses are either to the slag or to the fume.

TABLE 4 RECOVERY OF ELEMENTS FROM SELECTED ELECTRODE COVERINGS

ALLOY ELEMENT | FORM OF APPROXIMATE
MATERIAL RECOVERY
IN ELECTRODE OF ELEMENT,WT%
COVERING

ALUMINUM FERROALUMINUM 20

BORON FERROBORON 2

CARBON GRAPHITE 75

CHROMIUM FERROCHROMIUM 95

NIOBIUM FERROCOLUMBIUM 70

COPPER COPPER METAL 100

MANGANESE FERROMANGANESE 75

MOLYBDENUM FERROMOLYBDENUM 97

NICKEL ELECTROLYTIC NICKEL | 100

SILICON FERROSILICON 45

TITANIUM FERROTITANIUM 5

VANADIUM FERROVANADIUM 80

Source: Ref 1

Slipping and Binding Agents. In the case of SMAW electrodes, slipping agents are also added to the green flux formulation
to improve the extrudability of the flux onto the rod (Ref 1). Glycerin, china clay, kaolin, talc, bentonite, and mica have
al been used as dlipping agents. Binding agents can be classified into two types. The first type comprises binders that
bond the flux components to the rod without introducing a hydrogen source. These low-hydrogen binders include sodium
silicate and potassium silicate. The second type of binding agent does function as a hydrogen source. The binders used for
high-hydrogen electrodes can be organic in nature and include gum arabic, sugar, dextrine, and other specialized synthetic
organic binders.

Slag Formation. Slag, a mixture of glass and crystalline structure, must solidify on the already solidified weld deposit to
protect the surface from oxidation during cooling. Specific physical properties are required of the slag. It must melt below
the melting temperature of steel (~ 1450 °C, or 2640 °F), must have a density significantly less than steel to reduce slag
entrapment in the weld deposit, must possess the proper viscosity in the temperature range of 1450 to 1550 °C (2640 to
2820 °F), and must easily detach from the weld deposit after welding.

Silicates, auminates, and titanates are all primary slag formers. The high-valence cations of these compounds produce a
bonding network that can promote glass formation. Most electrodes produce silicate or titanate slag. Silicates of such
elements as manganese produce very workable glass deposits, but also produce weld deposits that are relatively high in
weld metal oxygen content. These fluxes are said to range from acidic to neutral. The titanate and aluminate fluxes
produce more rigid and stable oxide covers. The result is a lower concentration of weld metal oxygen, but a higher-
viscosity slag. Aluminates and calcium-bearing compounds are common additions to basic fluxes for the submerged arc
welding of high-toughness linepipe steels. Minerals used for slag formation include:

RUTILE

POTASSIUM TITANATE
ILMENITE

ALUMINA

SILICA FLOUR
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IRON POWDER
FLUORSPAR
FELDSPAR
MANGANESE DIOXIDE

Asbestos (up to 50%) was used as a slag former, but has been phased out by welding consumable manufacturers.

Slag detachability is a serious productivity concern for steel fabricators. The relative ease of slag detachability influences
the economic advantages of flux-related welding processes. Residual slag on the weld deposit promotes slag stringersin
multipass weldments, limits the effective use of narrow-gap flux-related welding processes, and may reduce the corrosion
resistance of the weldment. Welding flux formulators have modified flux compositions to alleviate or reduce this
hindrance (Ref 25).

Poor slag removal has been reported to occur when the flux contains fluorite. Slags containing spinels generally have
been found to attach tenaciously to the weld deposit. Slags with cordierite and (Cr,Mn,Mg)O - (Cr,Mn,Al),O3 type spinel
phases have been reported to be difficult to remove from stainless steel weldments. It has also been reported to be difficult
to remove from stainless steel weldments. It has also been reported that if (Ca0),SiO,, Cr,TiOs, and FeTiOs are present,
the slag readily detaches from the weld deposit (Ref 25). The compositional range for acceptable slag detachability has
been reported for the CaO - CaF, - SiO, system and the CaO - TiO, - SiIO, system. Easier slag removal has also been
related to deoxidation with aluminum instead of titanium. Increasing the Al,O; content in the flux has demonstrated
improved detachahility (Ref 25).

Differencesin the coefficient of thermal expansion between the slag and the weld are also important.
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Nature and Behavior of Fluxes Used for Welding

D.L. Olson, S. Liu, R.H. Frost, G.R. Edwards, and D.A. Fleming, Colorado School of Mines

Types of Fluxes

Producing a weld deposit with high mechanical integrity and with high productivity requires many physical and chemical
occurrences in the welding arc. These occurrences are achieved in flux-related arc welding processes by the careful
formulation of the welding flux. The welding flux must:

STABILIZE ARC AND CONTROL ARC RESISTIVITY

PROVIDE SLAG WITH PROPER MELTING TEMPERATURE

PROVIDE LOW-DENSITY SLAG

PERMIT USE OF DIFFERENT TYPES OF CURRENT AND POLARITY
ADD ALLOYING ELEMENTS

REFINE THE WELD POOL (DEOXIDATION AND DESULFURIZATION)
PROVIDE PROPER VISCOSITY FOR OUT-OF-POSITION WELDING
PROMOTE SLAG DETACHABILITY

PRODUCE SMOOTH WELD CONTOUR
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REDUCE SPATTER AND FUME

It is apparent, after considering the large number of necessary requirements, that a welding flux must be carefully and
deliberately formulated to achieve an optimized performance.

A number of different arc welding processes depend on welding fluxes. Each of these processes requires a different

formulation.

SMAW Fluxes. The typical constituents and their functions in electrode coatings for the SMAW process are given in
Table 5. It should be noted that the flux ingredients are based on additions of refined minerals of the earth. Natural
minerals offer an economical method of keeping welding consumables at a reasonable cost. Table 6 presents the
elemental content of these minerals. Table 7 gives the typical chemical compositions for flux coatings for three different

SMAW electrodes.

TABLE 5 TYPICAL FUNCTIONS AND COMPOSITIONS OF CONSTITUENTS FOR SELECTED MILD
STEEL SMAW ELECTRODE COATINGS

COATING FUNCTION OF COMPOSITION RANGE OF COATING
CONSTITUENT CONSTITUENT ON ELECTRODE
PRIMARY SECONDARY | E6010, | E6013 | E7018 | E7024 | E7028
E6011
CELLULOSE SHIELDING 2540 | 2-12 1-5
GAS
CALCIUM SHIELDING | FLUXING 0-5 15-30 | 0-5 0-5
CARBONATE GAS AGENT
FLUORSPAR SLAG FLUXING 15-30 5-10
FORMER AGENT
DOLOMITE SHIELDING | FLUXING 5-10
GAS AGENT
TITANIUM DIOXIDE | SLAG ARC 10-20 [ 3055 [0-5 20-35 | 10-20
(RUTILE) FORMER STABILIZER
POTASSIUM ARC SLAG ) ) 0-5 0-5
TITANATE STABILIZER | FORMER
FELDSPAR SLAG STABILIZER 020 |05 0-5
FORMER
MICA EXTRUSION | STABILIZER 0-15 0-15
CLAY EXTRUSION | SLAG 0-10
FORMER
SILICA SLAG
FORMER
ASBESTOS SLAG EXTRUSION [ 10-20
FORMER
MANGANESE OXIDE | SLAG ALLOYING
FORMER
IRON OXIDE SLAG
FORMER
IRON POWDER DEPOSITION | CONTACT 25-40 | 40-55 | 40-55
RATE WELDING
FERROSILICON DEOXIDIZER | ... 510 |05 2-6
FERROMANGANESE | ALLOYING |DEOXIDIZER |5-10 510 |26 510 |2-6
SODIUM SILICATE BINDER FLUXING 20-30 [510 |05 0-10 |05
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AGENT

POTASSIUM ARC BINDER ®) 515% | 510 [0-10 |05
SILICATE STABILIZER

(A) REPLACESTITANIUM DIOXIDE (RUTILE) TO PERMIT USE WITH ALTERNATING CURRENT.
(B) REPLACES SODIUM SILICATE TO PERMIT USE WITH ALTERNATING CURRENT

TABLE 6 TYPICAL COMPOSITION OF COMMON MINERALS USED IN SMAW ELECTRODE COATINGS

MINERAL CHEMICAL COMPOSITION
ILMENITE FEO - TIO;,
TALC 3MGO - 4S10; - H,0
BENTONITE COMPLEX AL, MG, CA, FE HY DROXIDES
SILICA, QUARTZ SI0,
CELLULOSE (CsH1008)x
ALUMINA AL,05
MUSCOVITE, MICA®W K,O - 3AL, - 6510, - 2H,0
ACTINOLITE CAO - MGO - 2FEO - 4S10;
MAGNETITE FE;O,
HEMATITE FE,O;3
RUTILE, TITANIA TIO,
DOLOMITE MGO - CAO - (CO,),
FLUORSPAR, FLUORITE CAF,
CRYOLITE NAALF,
LIME CAO
LIMESTONE, CALCITE, MARBLE | CACO;
ZIRCONIA ZRO,
FELDSPAR®W K,O - AL,O; - 6S10O;
CLAYW AL,0; - 2910, - 2H,0
SODIUM SILICATE SIO,/NA,O (RATIO-3.22)
POTASSIUM SILICATE SI0, K,0 (RATIO-2.11)
CHROMIC OXIDE CR,O;

Source: Ref 1

(A) ALTHOUGH THESE SUBSTANCES CAN HAVE SEVERAL CHEMICAL COMPOSITIONS, ONLY
TYPICAL COMPOSITION IS GIVEN.

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



TABLE 7 CHEMICAL COMPOSITION OF COVERINGS USED IN ELECTRODES FOR SMAW WELDING OF MILD STEELS AND LOW-ALLOY
STEELS

ELECTRODE COMPOSITION, WT%®W

DESCRIPTION AWS CAO TIO, CAF; S0, AL,O3 | MGO | NA3ALF; | N;O | FEO | S MN FE CO+ VOLATILE | MOISTURE
DESIGNATION CO, MATTER

HIGH-CELLULOSE, GAS | E6010 ... [101]... [470]... |32 ... 51(13[25[28]... |... 25.0 4.0

SHIELDED

HIGH-TITANIUM GAS-SLAG | E6012 ... |460]... [236]50 [20 ... 247025 25]... |... 5.0 2.0

SHIELD

LOW-HYDROGEN IRON | E7018 144)... [120][205[20 [10 |50 12]...125|18]285[120 ... 0.1

POWDER

Source: Ref 1

(A) AFTER BAKING.
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Flux-cored arc welding (FCAW) uses a hollow wire filled with flux reagents and ferro-additions. The two types of
flux-cored electrodes are carbon-dioxide-shielded flux-cored electrodes and self-shielded flux-cored electrodes (Ref 26).
Table 8 gives typical compositions for the three types of carbon-dioxide-shielded cored electrodes. Table 9 gives the
typical compositions for the four types of self-shielded flux-cored electrodes.

TABLE 8 TYPICAL FLUX COMPOSITIONS OF AVAILABLE CO, SHIELDED FCAW ELECTRODES

ELECTRODE COMPOSITION, WT%

DESCRIPTION AWS

TYPE FLUX DESIGNAT SO, | AL, TIO | ZR CA NA, | K; CO, C FE MN CAF

NUMB | TYPE ION R O O N R v, :

ER TE)

1 TITANIA | E70T-1, 21. |1 2.1 | 40. 0. 1161 (05 0. | 20. | 15.
(NONBAS | E70T-2 0 5 7 4 6 |1 8
IC)

2 LIME- E70T-1 17. 143 ({98 (629 |19 |1 |... 0. |124.|13. | 18.
TITANIA 8 7 5 3|7 0 0
(BASIC
OR
NEUTRA
L)

3 LIME E70T-1, 75105 |...]1...13. |...]0. 125 1. [55.]7.2]20.
(BASIC) E70T-5 2 5 110 5

Source: Ref 26

TABLE 9 TYPICAL FLUX COMPOSITIONS OF AVAILABLE SELF-SHIELDED FCAW ELECTRODES

ELECTRODE COMPOSITION, WT%

DESCRIPTION __ |AWS

TYPE FLUX DESIGNAT | g AL AL, TIO CA MG K, NA, | C CO, FE M NI CA

NUMB | TYPE oN ©: R O CARBON N &

ER ATE)

1 FLUORSP |E70T4, | 0. |15 |... ... 1. . |12 0. |02[1 (04 043 |..|63
AR- E70T-7. |5 |4 6 |4 2 0 5
ALUMIN | E60T-8
UM

2 FLUORSP |E70T-3 |3, |19]...120.|. .|45]|0 |01]0. |06 50. 4. |..| 22
AR- 6 6 6 6 0 |5 0
TITANIA

3 FLUORSP |E70T-6 |4 |14 |... |14. |4 |22 0. |21 502 |2 | 15.
AR-LIME- 2 7 lo 6 5 |0 |43
TITANIA

4 FLUORSP | E7OT-5 | 6. 06 (123 06(0 |13 58, | 7. 22,
AR-LIME 9 2 3 0 |9 0

Source: Ref 26

Submerged Arc Welding (SAW). In the SAW process, the flux drops from a hopper onto the work such that the
welding arc is submerged beneath the granular flux, producing an arc cavity that contains metal vapors, silicon monoxide,
manganese oxide, gaseous fluorides, and other higher-vapor-pressure components of the flux. This arc welding process
has been recognized as one that produces very little, if any, fume. Submerged arc welding is limited mainly to the flat or

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



horizontal position, and requires significant setup time. It is very successful in manufacturing humerous similar parts,
such as producing welded steel pipe.

Submerged arc fluxes are made in three different forms:

BONDED FLUXES MIX NONMETALLIC AND FERRO-ADDITIONS WITH A LOW-
TEMPERATURE BINDER INTO MIXTURES OF SMALL PARTICLES.

AGGLOMERATED FLUXES ARE SIMILAR TO THE BONDED FLUXES EXCEPT THAT A
CERAMIC GLASS BINDER, CURED AT HIGH TEMPERATURE, ISUSED.

FUSED FLUXES ARE MADE BY POURING A HOMOGENEOUS GLASS MIXTURE OF THE
PROPER FLUX COMPOSITION INTO WATER, RESULTING IN A FRIT.

Generally speaking, changing from bonded to agglomerated to fused fluxes improves control of the weld metd
composition, especially with respect to such impurities as hydrogen and oxygen.

There are seven types of submerged arc fluxes (Table 10). Flux classification according to basicity is the result of
observed correlations between weld metal oxygen concentration and flux composition. Table 11 gives some typical
compositions for SAW fluxes.
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TABLE 10 FLUXES USED FOR SAW APPLICATIONS

FLUX TYPE CONSTITUENTS | BASICITY | FLUX FORM ADVANTAGES LIMITATIONS COMMENTS
MANGANESE | MNO + SIO; >50% | ACID FUSED MODERATE LIMITED USE FOR ASSOCIATED
SILICATE STRENGTH,; MULTIPASS WELDING; | MANGANESE
TOLERANT TO USE WHERE NO GAIN;
RUST; FAST TOUGHNESS MAXIMUM
WELDING SPEEDS; | REQUIREMENT; HIGH | CURRENT, 1100
HIGH HEAT INPUT; | WELD METAL A; HIGHER
GOOD STORAGE OXYGEN; INCREASE WELDING
IN SILICON ON SPEEDS
WELDING; LOW IN
CARBON
CALCIUM- CAO + MGO + ACID AGGLOMERATED, | HIGH WELDING POOR WELD DIFFERIN
HIGH SILICA | SIO2 > 60% FUSED CURRENT; TOUGHNESS;, USE SILICON GAIN;
TOLERANT TO WHERE NO SOME CAPABLE
RUST TOUGHNESS OF 2500 A;
REQUIREMENT; HIGH | WIRESWITH
WELD METAL HIGH
OXYGEN MANGANESE
CALCIUM CAO + MGO + NEUTRAL | AGGLOMERATED, | MODERATE
SILICATE- SIO, > 60% FUSED STRENGTH AND
NEUTRAL TOUGHNESS; ALL
CURRENT TYPES;
TOLERANT TO
RUST; SINGLE- OR
MULTIPLE-PASS
WELD
CALCIUM CAO + MGO + BASIC AGGLOMERATED, | GOOD TOUGHNESS | NOT TOLERANT TO
SILICATE- SIO, > 60% FUSED WITH MEDIUM RUST; NOT USED FOR
LOW SILICA STRENGTH; FAST MULTIWIRE WELDING
WELDING SPEEDS;
LESS CHANGE IN
COMPOSITION
AND LOWER
OXYGEN
ALUMINATE | AL,O3+ CAO+ BASIC AGGLOMERATED | GOOD STRENGTH | NOT TOLERANT TO USUALLY
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BASIC MGO > 45%; AL203 AND TOUGHNESS | RUST, LIMITED TODC | MANGANESE
> 20% IN MULTIPASS ELECTRODE POSITIVE | GAIN;
WELDS; NO MAXIMUM
CHANGE IN CURRENT 1200
CARBON; LOSS OF A; GOOD
SULFUR AND MECHANICAL
SILICON PROPERTIES
ALUMINA BAUXITE BASE NEUTRAL | AGGLOMERATED, | LESSCHANGE IN
FUSED WELD
COMPOSITION
AND LOWER
OXYGEN THAN
FOR ACID TYPE;
MODERATE TO
FAST WELDING
SPEEDS
BASIC CAO + MGO + BASIC AGGLOMERATED, | VERY LOW MAY PRESENT CAN BEUSED
FLUORIDE MNO + CAF; > FUSED OXY GEN,; PROBLEMS OF SLAG WITH ALL
50%; SIO, <22%; MODERATETO DETACHABILITY; WIRES,
CAF,<15% GOOD LOW- MAY PRESENT PREFERABLE DC
TEMPERATURE PROBLEM OF WELDING; VERY
TOUGHNESS MOISTURE PICKUP GOOD WELD
PROPERTIES
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TABLE 11 TYPICAL COMPOSITIONS OF SMAW FLUXES

FLUX [ COMPOSITION, WT% BASICITY
AL,O3 [ SIO, | TIO, | MGO | CAF, | CAO | MNO | NA;O | K,0 | INDEX (BI)
49.9 13.7 | 101 |29 5.7 . 151 |16 02 |04
24.9 184 |02 [289 (242 |... 1.8 2.1 007 | 1.8

19.3 163 |08 [272 |236 |98 0.08 ]0.9 11 |24

18.1 132 |05 [282 |318 |45 0.1 0.9 09 |30

m{o|O|(w|>

17.0 122 |07 [36.8 |29.2 |07 8.9 1.6 01 [35
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Shielding Gases for Welding

Kevin A. Lyttle, Praxair, Inc.

Introduction

THE SHIELDING GAS used in awelding process has a significant influence on the overall performance of the welding
system. Its primary function is to protect the molten metal from atmospheric nitrogen and oxygen as the weld pool is
being formed. The shielding gas also promotes a stable arc and uniform metal transfer. In gas-metal arc welding
(GMAW) and flux-cored arc welding (FCAW), the gas used has a substantial influence on the form of metal transfer
during welding. This, in turn, affects the efficiency, quality, and overall operator acceptance of the welding operation.

The shielding gas interacts with the base material and with the filler material, if any, to produce the basic strength,
toughness, and corrosion resistance of the weld. It can aso affect the weld bead shape and the penetration pattern.

Understanding the basic properties of a shielding gas will aid in the selection of the right shielding gas or gases for a
welding application. Use of the best gas blend will improve the quality and may reduce the overall cost of the welding
operation as well.

Shielding Gases for Welding

Kevin A. Lyttle, Praxair, Inc.

Basic Properties of a Shielding Gas

The "controlled electrical discharge” known as the welding arc is formed and sustained by the establishment of a
conductive medium called the arc plasma. This plasma consists of ionized gas, molten metals, slags, vapors, and gaseous
atoms and molecules. The formation and structure of the arc plasma is dependent on the properties of the shielding gases
used for welding. Table 1 lists the basic properties of gases used for welding (Ref 1).

TABLE 1 PROPERTIES OF SHIELDING GASES USED FOR WELDING

GAS CHEMICAL | MOLECULAR | SPECIFIC | DENSITY IONIZATION

SYMBOL WEIGHT GRAVITY®W POTENTIAL
gt |gl |q® Y

ARGON AR 39.95 1.38 0.1114 | 1.784 | 2.52 15.7

CARBON CO, 44.01 1.53 0.1235[ 1.978 | 2.26 14.4

DIOXIDE

HELIUM HE 4.00 0.1368 0.0111 [ 0.178 | 3.92 24.5

HYDROGEN | H, 2.016 0.0695 0.0056 | 0.090 | 2.16 135

NITROGEN N, 28.01 0.967 0782 [125 [2.32 14.5

OXYGEN [ 32.00 1.105 0.0892 [ 1.43 [2.11 13.2

Source: Ref 1

(A) AT 100 KPA (1 ATM) AND 0 °C (32 °F); AIR=1.

(B) 108,

The ionization potential is the energy, expressed in electron volts, necessary to remove an electron from a gas atom--
making it an ion, or an electrically charged gas atom. All other factors held constant, the value of the ionization potential
decreases as the molecular weight of the gas increases. Arc starting and arc stability are grestly influenced by the
ionization potentials of the component shielding gases used in welding process. A gas with a low ionization potential,
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such as argon, can atoms into ions easily. Helium, with its significantly higher ionization potential, produces a harder to
start, less stable arc.

Although other factors are involved in sustaining the plasma, the respective energy levels required to ionize these gases
must be maintained; as a consequence, the arc voltage is directly influenced. For equivalent arc lengths and welding
currents, the voltage obtained with helium is appreciably higher than is with argon. This translates into more available
heat input to the base material with helium than with argon.

The thermal conductivity of agasis ameasure of how well it is able to conduct heat. It influences the radia heat loss
from the center to the periphery of the arc column as well as heat transfer between the plasma and the liquid metal.
Argon, which has a low thermal conductivity, produces an arc that has two zones: a narrow hot core and a considerably
cooler outer zone. The penetration profile of the weld fusion area then exhibits a narrow "finger" at the root and a wider
top. A gas with a high thermal conductivity conducts heat outward from the core; this results in a wider, hotter arc core.
This type of heat distribution occurs with helium, argon-hydrogen, and argon-carbon dioxide blends; it gives a more even
distribution of heat to the work surface and produces awider fusion area.

Dissociation and Recombination. Shielding gases such as carbon dioxide, hydrogen, and oxygen are multiatom
molecules. When heated to high temperatures within the arc plasma, these gases break down, or dissociate, into their
component atoms. They are then at least partialy ionized, producing free electrons and current flow. As the dissociated
gas comes into contact with the relatively cool work surface, the atoms recombine and release heat at that point. This heat
of recombination causes multiatomic gases to behave as if they have a higher thermal conductivity, similar to that of
helium. Dissociation and recombination do not occur with gases, such as argon, that consist of a single atom. Thus, at the
same arc temperature, the heat generated at the work surface can be considerably greater with gases such as carbon
dioxide and hydrogen.

Reactivity/Oxidation Potential. The oxidizing nature of the shielding gas affects both welding performance and the
properties of the resultant weld deposit. Argon and helium are completely nonreactive, or inert, and thus have no direct
chemical affect on the weld metal. Oxidizing or active gases, such as CO, and oxygen, will react with elements in the
filler metal or baseplate and will form a slag on the surface of the weld deposit. The loss of elements, such as manganese
and silicon, from steel can affect the quality and cost of the weldment produced. Both weld strength and toughness
generally decline as the oxidizing nature of the shielding gas increases.

Additions of reactive gases such as oxygen or carbon dioxide enhance the stability of the arc and affect the type of metal
transfer obtained. Metal droplet size is decreased, and the number of droplets transferred per unit time increases as the
level of oxygen in the shielding gas increases. Oxygen reduces the molten weld bead surface tension, promoting better
bead wetting and higher welding travel speeds. Small additions of CO, work in asimilar manner.

The surface tension between the molten metal and its surrounding atmosphere has a pronounced influence on bead
shape. If the surface energy is high, a convex, irregular bead will result. Low values promote flatter beads with minimal
susceptibility for undercutting.

Pure argon is generally associated with high interfacial energy, producing a sluggish weld puddle and high, crowned
bead. The addition of a small amount of a reactive gas, such as oxygen, lowers this surface tension and promote fluidity
and better wetting of the base material; it does this without creating excessive oxidation of the weld metal.

Gas Purity. Some metas, such as carbon steel and copper, have a relatively high tolerance for contaminants in the
shielding gas, others, such as aluminum and magnesium, are fairly sensitive to particular contaminants. Still others, such
astitanium and zirconium, have an extremely low tolerance for any foreign constituent in the shielding gas.

Depending on the metal being welded and the welding process used, very small quantities of gas impurities can
significantly affect welding speed, weld surface appearance, weld bead solidification, and porosity levels. The effects of
any given impurity are wide ranging, but weld quality and eventual fitness for purpose are major areas of concern.

There is aways a possibility that the gas, as delivered, is contaminated; however, it is far more likely that impurities will
enters somewhere between the supply and the end-use points. For this reason, property designed piping systems and high-
quality hose are recommended for use with welding shielding gases. Typical industry minimum purity levels for welding
gases are listed in Table 2 (Ref 2).
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TABLE 2 TYPICAL GASES PURITY AND MOISTURE CONTENT OF SHIELDING

GAS PRODUCT MINIMUM PURITY, [ MAXIMUM APPROXIMATE DEW
STATE % MOISTURE, POINT AT
PPM® MAXIMUM
MOISTURE
CONTENT
°C °F
ARGON GAS 99.995 10 -60 -77
LIQUID 99.997 6 -64 -83
CARBON GAS 99.5 19 -51 -60
DIOXIDE LIQUID 99.8 50 -58 -73
HELIUM GAS 99.95 32 -51 -61
LIQUID 99.995 3 -69 -92
HYDROGEN GAS 99.95 8 -63 -80
LIQUID 99.995 5 -65 -86
NITROGEN GAS 99.7 32 -51 -61
LIQUID 99.997 5 -65 -86
OXYGEN INDUSTRIAL 99.5 50 -48 -54
LIQUID 99.5 6 -64 -83
Source: Ref 2

(A) MOISTURE SPECIFICATIONS ARE MEASURED AT FULL CYLINDER PRESSURE, THE
PRESSURE AT WHICH THE CYLINDER ISANALYZED.

Gas density is the weight of the gas per unit volume. Density is one of the chief factors that influence shielding gas
effectiveness. Basically, gases heavier than air, such as argon and carbon dioxide, require lower flow rates in use than do
the lighter gases, such as helium, to ensure adequate protection of the weld puddie.
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Shielding Gases for Welding

Kevin A. Lyttle, Praxair, Inc.

Characteristics of the Components of a Shielding Gas Blend

To obtain a shielding gas that is suited to a specific application, a mix of gases is generally needed. Each basic gas
contributes certain characteristics to the performance of the overal mix. Some gas blends have relatively specific areas of
application and limited operating ranges; others can be used on many materials under a variety of welding conditions.
Each component of the blend brings with it properties that are supplemented by the others to produce an enhanced level
of performance.
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Argon is inert or unreactive with respect to the materials present in the welding electrode. With its low ionization
potential, argon promotes easy arc starting and stable arc operation. Its lower therma conductivity promotes the
development of axial "spray" transfer in certain forms of GMAW. It is aso used in applications where base material
distortion must be controlled or where good gap-bridging ability is required.

Helium. Unlike argon, helium is lighter than air and has a low density. Like argon, it is chemically inert and does not
react with other elements or compounds. Because of its high thermal conductivity and high ionization potential, more heat
is transferred to the base material, thus enhancing the penetration characteristics of the arc. In many applications, it also
alows higher weld travel speeds to be obtained. Because of its higher cost, helium is frequently combined with argon or
argon mixtures to enhance the overall performance of the blend while minimizing its cost.

Oxygen combines with almost all known elements except rare and inert gases; it vigorously support combustion. Small
amounts of oxygen are added to some inert mixtures to improve the stability of the welding arc developed as well as to
increase the fluidity of the weld puddle.

In the spray-transfer mode of GMAW, small additions of oxygen enhance the range over which this spatterless form of
welding can be performed. The droplet size decreases and the number of drops transferred per unit time increases as
oxygen is added to the blend.

Carbon dioxide isareactive gas that is commonly used alone in certain types of GMAW. Oxidation of the base material
and any filler electrode occurs readily. Carbon dioxide is added to argon blends to improve are stability, enhance
penetration, and improve weld puddle flow characteristics. The higher thermal conductivity of carbon dioxide (because of
the dissociation and recombination of its component parts) transfer more heat to the base material than does argon alone.
A broader penetration pattern versus argon is obtained; however, base material distortion and lack of gap-bridging ability
are possible problems.

Hydrogen is the lightest known element and is a flammable gas. Explosive mixtures can be formed when certain
concentration of hydrogen are mixed with oxygen or air. It is added to inert gases to increase the heat input to the base
material or for operations involving cutting and gouging. Because some materials are especially sensitive to hydrogen-
related contamination, its use is generally limited to specia applications, such as the joining of stainless steels, and to
plasma are cutting and gouging.

Nitrogen is generally considered to be inert except at high temperatures. At arc welding temperatures, it will react with
some metals (e.g., aluminum, magnesium, steel, and titanium), so it is not used as a primary shielding gas. It can be used
with other gases for some welding applications (e.g., copper) and is also widely used in plasma cutting.

Shielding Gases for Welding

Kevin A. Lyttle, Praxair, Inc.

Shielding Gas Selection

In most welding applications, more than one shielding gas or gas blend can be used successfully. For example, thereis no
one optimal gas blend for joining carbon steels, but a considerable array of mixes are available depending on the specific
reguirements of the application. For some processes, such as gas-tungsten arc welding (GTAW) and plasma arc welding
(PAW), the choices may be somewhat limited by the nature of the electrodes used and the materials being welded.
However, for applications involving GMAW, a multitude of blends can be selected from when carbon steels are being
joined. Determination of the best blend depends on a number of specific job-related needs.

Accuracy of Gas Blends

The accuracy with which gases are blended is a function of the way in which they are supplied. If the source of the gasis
ahigh-pressure cylinder, the following generally applies:

1. +10% RELATIVE, MINOR COMPONENT (REF 3)
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2. £0.5%

ABSOLUTE FOR CONCENTRATIONS UP TO 5%;

CONCENTRATIONS BETWEEN 5 AND 50% (REF 4)

+10% RELATIVE FOR

For example, the mix accuracy of an Ar-20, blend would be Ar/1.8-2.20, (method 1) or Ar/1.5-2.50, (method 2). A
blend of Ar-25CO, would yield Ar/22.5-27.5CO, by their method of calculation.

When gas cylinders are properly filled with the appropriate blend, the components of that mixture will not separate unless
the temperature of the environment is reduced far below normal working temperatures. If the gases are supplied from a

liquid source, such as a bulk tank, the accuracy of the blend is a function of the mixing equipment used, but most likely
falls within the £10% minor component range.

Shielding Gases for GMAW

By far, the largest number of gas blends have been developed for GMAW, especially for joining carbon steel. These can
be roughly divided into four categories: pure gases, argon-oxygen mixes, argon/carbon dioxide mixes, and three-part gas
blends composed of either argon, helium, oxygen, carbon dioxide, or hydrogen. Table 3 contains suggestions for shielding
gas selection based on material type, thickness, and mode of metal transfer.

TABLE 3 RECOMMENDED SHIELDING GAS SELECTION FOR GMAW

MATERIAL | THICKNESS | TRANSFER RECOMMENDED | ADVANTAGESAND
MM [ IN. MODE SHIELDING GAS | LIMITATIONS
CARBON <2.0 | <0.080 | SHORT AR-25CO, GOOD PENETRATION
STEEL CIRCUITING AR-15CO, AND DISTORTION
AR-8CO; CONTROL TO REDUCE
POTENTIAL
BURNTHROUGH
2.0- | 0.080- | SHORT AR-8CO, HIGHER DEPOSITION
32 [0125 | CIRCUITING AR-15CO, RATESWITHOUT
AR-25CO, BURNTHROUGH:
MINIMUM DISTORTION
AND SPATTER; GOOD
PUDDLE CONTROL FOR
OUT-OF-POSITION
WELDING
>3.2 | >0.125 | SHORT AR-15CO, HIGH WELDING
CIRCUITING AR-25CO, SPEEDS, GOOD
CO; PENETRATION AND
PUDDLE CONTROL,;
APPLICABLE LOT OUT-
OF-POSITION WELDS
GLOBULAR AR-25CO, SUITABLE FOR HIGH-
CO; CURRENT AND HIGH-
SPEED WELDING; DEEP
PENETRATION AND
FAST TRAVEL SPEEDS,
BUT WITH GREATER
BURNTHROUGH
POTENTIAL
CONVENTIONAL | AR-10; GOOD ARC STABILITY;
SPRAY ARC AR-20; PRODUCES A MORE
AR-5CO, FLUID PUDDLE AS O,
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AR-8CO,

INCREASES; GOOD

AR-10CO, COALESCENCE AND
AR-15CO, BEAD CONTOUR, GOOD
AR-CO2-0O, WELD APPEARANCE
BLENDS AND PUDDLE CONTROL
PULSED SPRAY ARGON-5CO, USED FOR BOTH GAGE
AR-HE-CO, AND OUT-OF-POSITION
BLENDS WELDMENTS;
AR-CO,-0O, ACHIEVES GOOD
BLENDS PULSED SPRAY
STABILITY OVER A
WIDE RANGE OF ARC
CHARACTERISTICS
AND DEPOSITION
RANGES
ALLOY ALL SIZES SHORT AR-8CO, HIGH WELDING
STEEL CIRCUITING AR-15CO, SPEEDS; GOOD
AR-CO,-0O, PENETRATION AND
BLEND PUDDLE CONTROL,;
APPLICABLE FOR OUT-
OF-POSITION WELDS;
SUITABLE FOR HIGH-
CURRENT AND HIGH-
SPEED WELDING
SPRAY ARC | AR-20, REDUCES
(HIGH-CURRENT | AR-50, UNDERCUTTING,;
DENSITY AND | AR-CO2-O; HIGHER DEPOSITION
ROTATIONAL) BLENDS RATES AND IMPROVED
AR-HE-CO, BEAD WETTING; DEEP
BLENDS PENETRATION AND
GOOD MECHANICAL
PROPERTIES
PULSED SPRAY AR-5CO; USED FOR BOTH LIGHT-
AR-8CO, GAGE AND HEAVY
AR-20; OUT-OF-POSITION
WELDMENTS;
ACHIEVES GOOD
PULSED SPRAY
STABILITY OVER A
WIDE RANGE OF ARC
CHARACTERISTICS
AND DEPOSITION
RANGES
STAINLESS | ALL SIZES SHORT- AR-HE-CO, LOW CO, CONTENTSIN
STEEL, CIRCUITING BLENDS HELIUM MIX MINIMIZE
COPPER, TRANSFER HE-AR-CO; CARBON PICKUP,
NICKEL, BLENDS WHICH CAN CAUSE
AND CU-NI AR-10, INTERGRANULAR
ALLOYS AR-20, CORROSION WITH

SOME ALLOY S, HELIUM
IMPROVES WETTING
ACTION; CO, CONTENTS
>5% SHOULD BE USED
WITH CAUTION ON
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SOME ALLOYS
APPLICABLE FOR ALL
POSITION WELDING

SPRAY ARC

AR-HE-CO,
BLENDS
AR-10,
AR-20,

GOOD ARC STABILITY;
PRODUCESA FLUID
BUT CONTROLLABLE
WELD PUDDLE; GOOD
COALESCENCE AND
BEAD CONTOUR,
MINIMIZES
UNDERCUTTING ON
HEAVIER THICKNESSES

PULSED SPRAY

AR-HE-
CO,BLENDS
AR-10,
AR-20,

USED FOR BOTH LIGHT-
GAGE AND HEAVY
OUT-OF-POSITION
WELDMENTS;
ACHIEVES GOOD
PULSED SPRAY
STABILITY OVER A
WIDE RANGE OF ARC
CHARACTERISTICS
AND DEPOSITION
RANGES

ALUMINUM,
TITANIUM,
AND OTHER
REACTIVE
METALS

£13

N

SPRAY ARC

ARGON

BEST METAL
TRANSFER, ARC
STABILITY, AND PLATE
CLEANING; LITTLE OR
NO SPATTER; REMOVES
OXIDES WHEN USED
WITH DCEP (REVERSE
POLARITY)

SPRAY ARC

75HE-25AR
S0HE-50AR

HIGH HEAT INPUT;
PRODUCES FLUID
PUDDLE, FLAT BEAD
CONTOUR, AND DEEP
PENETRATION;
MINIMIZES POROSITY

>13

SPRAY ARC

HELIUM
S0HE-25AR

HIGH HEAT INPUT;
GOOD FOR
MECHANIZED
WELDING AND
OVERHEAD;
APPLICABLE TOHEAVY
SECTION WELDING

PULSED SPRAY

ARGON

GOOD WETTING; GOOD
PUDDLE CONTROL

Argon. Pure argon is generally used on nonferrous base metal, such as aluminum, nickel, copper, and magnesium alloys,
and on reactive metals, such as titanium. Argon provides excellent arc stability, penetration, and bead profile when
joining these materials. Its low ionization potential results in easy arc starting. Argon produces a constricted arc column
with high current density, which concentrates the arc energy over asmall area; deep, fingerlike penetration results.

Carbon Dioxide. A reactive gas, carbon dioxide is generally used only for joining carbon stedl. It is readily available and
relatively inexpensive. Because CO, will not support spray transfer, deposition efficiency is lower and spatter and fume
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levels are higher than with argon blends. Weld bead surfaces are more oxidized and irregular in shape. The higher
ionization potential of CO, and its characteristic dissociation upon heating provide greater weld fusion and penetration
while still achieving acceptable mechanical properties.

Helium. Because of its higher thermal conductivity, helium can provide additional heat input to the base material while
still maintaining an inert atmosphere. Wetting action, depth of fusion, and travel speed can be improved over comparable
argon levels. This advantage is most frequently utilized in the welding of heavier sections of aluminum, magnesium, and
copper aloys.

Argon-Oxygen. The addition of a small amount of oxygen to a argon greatly stabilizes the welding arc, increases the
filler metal droplet rate, lowers the spray transition current, and influences bead shape. The weld pool is more fluid and
stays molten longer, allowing the metal to flow out toward the edges of the weld (Fig. 14).

AAEEAINMAS

Argon  Argon + oxygen o, Argon + CO, Helium  Argon + Helium

(a) (b) (c)

F1G. 1 EFFECT OF SHIELDING GAS BLENDS ON WELD PROFILE USING DIRECT CURRENT ELECTRODE POSITIVE
(DCEP). (A) ARGON VERSUS ARGON-OXYGEN. (B) CARBON DIOXIDE VERSUS ARGON/CARBON DIOXIDE. (C)
HELIUM VERSUS ARGON-HELIUM. SOURCE: REF 5

The most common blends contain 1, 2, 5, or 8% O, in argon. Increasing oxygen improves arc stability and makes higher
travel speeds possible by enhanced puddle fluidity. Some increased alloy loss and a greater chance of undercut occur as
the oxygen level isincreased, especialy beyond 5%.

Argon/carbon dioxide blends are primarily used for carbon and low-alloy steels and have limited use for stainless
steels. The addition of CO, to argon produces results similar to the addition of oxygen, but is also broadens the
penetration pattern as the CO, content is increased (Fig. 1b). Above a range of 18 to 20% CO,, spraylike transfer can no
longer be obtained; short-circuiting/globular transfer with somewhat increased spatter levelsis found from this point up to
approximately 50% CO, in argon.

The most common blends for spray transfer are argon plus 5, 8, 10, or 13 to 18% CO,. With increased CO, content, the
more fluid weld puddle permits higher weld travel speeds.

Mixes with higher carbon dioxide levels can also be used for short-circuiting transfer--commonly, argon plus 20 or 25%
CO,. Mixturesin this range provide an optimum droplet frequency for minimum spatter when small-diameter (0.9 and 1.2
mm, or 0.035 and 0.045 in.) wire is used.

Argon-Helium. Helium is often mixed with argon to obtain the advantages of both gases. These blends are primarily
used for nonferrous base materials, such as aluminum, copper, and nickel alloys. Helium increases the heat input to the
base material and thus is used for joining thick, thermally conductive plates. As the helium percentage increases, the arc
voltage, spatter, and weld width-to-depth ratio increase (Fig. 1c).

The most common blends contain 25, 50, or 75% He in argon. The highest percentage of helium is used for joining thick
(>50 mm, or 2 in.) plate material, especially aluminum and copper. Higher travel speeds can be obtained using helium-
enhanced blends.

Argon/Oxygen/Carbon Dioxide. Mixtures containing three gas components are versatile because of their ability to
operate in short-circuiting, globular, and spray-transfer modes. These blends are generally proprietary, and manufacturers
recommendations should be followed for their proper use. Blends of argon, carbon dioxide, and oxygen are generally
used to join carbon and alloy steels.
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Argon/Helium/Carbon Dioxide. Helium and carbon dioxide additions to argon increase the heat input to the base
metal, which improves wetting, puddle fluidity, and weld bead profile. With helium plus CO, additions less than 40%,
good spray transfer is obtained for carbon and low-alloy steel welding. Some increase in tolerance of base material
surface contamination is also noted.

When the helium content exceeds 50 to 60%, transfer is restricted to short-circuiting and globular. Blends in which the
CO, content is relatively low (£5%) are generally used for the joining of stainless steels without any loss in corrosion
resistance.

Argon/Carbon Dioxide/Hydrogen. Three-part blends of this design are intended for the joining of austenitic stainless
in the spray or short-circuiting transfer modes. Because of the addition of hydrogen, these blends should not be used for
carbon steel. The carbon dioxide and hydrogen increase the heat input to the base material and improve bead shape
characteristics, as well as promote higher welding travel speeds.

Shielding Gas Selection for FCAW

Carbon Dioxide. The mgjority of large-diameter (>1.6 mm, or %in.) wires that use a shielding gas use carbon dioxide.

Some smaller diameter wires are formulated to operate in 100% CO,. The arcs are generally stable and provide a globular
transfer over the usable operating range. Good performance over rust and mill scale on the plate surface is obtained with
these large-diameter wires and CO, shielding.

Argon/Carbon Dioxide. A significant number of small-diameter (£1.6 mm, or % in.) cored wires are shielded with the

blends of argon with 15 to 50% CO,. These blends provide better out-of-position weld puddle control versus that of CO..
To obtain the best performance from a particular cored wire, check the manufacturer's product literature for the
recommended gas blend.

Shielding Gas Selection for GTAW

Argon. The most commonly used gas for GTAW, argon exhibits low thermal conductivity, which produces a narrow,
constricted arc column; this allows greater variations in arc length with minimal influence on arc power or weld bead
shape. Its low ionization potential provides good arc starting characteristics and good arc stability using the direct current
electrode negative (DCEN) power connection plus superior arc cleaning action and bead appearance when ac power is
used. Argon is the most commonly selected gas for DCEN welding of most materials and ac manual welding of
aluminum.

Helium. The high thermal conductivity and ionization potential of helium make it suitable for the high-current joining of
heavy sections of heat-conductive materials such as aluminum. Helium increases the penetration of the weld as well as its
width. It also allows the use of higher weld travel speeds.

Argon-Helium. Blends of argon and helium are selected to increase the heat input to the base material while maintaining
favorable arc stability and superior arc starting characteristics. Blends of 25, 50, and 75% He in argon are commonly
used.

Argon-Hydrogen. Hydrogen is added to argon to enhance its thermal properties. The dlightly reducing atmosphere
improves weld puddle wetting and reduces some surface oxides to produce a cleaner weld surface. To minimize problems
associated with arc starting, additions of hydrogen are generally limited to 5 to 15%. These blends are primarily used to
join some stainless steels, nickel, and nickel alloys. These mixtures should not be used to join alloy steels; delayed weld
cracking may result.

Argon/2-5H, is used in manual welding applications on materials thicker than 1.6 mm (1—16 in.). Additions of 10 to 15%
H, are used in mechanized applications, such as those found in the manufacture of stainless steel tubing.

Caution: Special safety precautions are required when mixing argon and hydrogen. Do not attempt to mix argon and
hydrogen from separ ate cylinders. Always purchase ready-mixed hydrogen blends from a qualified supplier.
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Shielding Gas Selection for PAW

The physical configuration of the PAW system requires the use of two gases: a "plasma" or orifice gas and a shielding
gas. The primary role of the plasma gas, which exits the torch through the center orifice, is to control arc characteristics
and shield the electrode. The shielding gas, introduced around the periphery of the arc, shields or protects the weld area.

In many applications, the shielding gasis also partially ionized to enhance the performance of the plasma gas.

Low-Current (<100 A) PAW. Argon is the preferred plasma gas for low-current PAW because of its low ionization
potential, which ensures easy and reliable arc starting. Argon-hellium mixtures are used for some applications requiring
higher heat inputs. The choice of the shielding gas depends on the type and thickness of the base material.

Recommendations can be found in Table 4.

TABLE 4 RECOMMENDED GUIDELINES FOR SELECTING PAW SHIELDING GASES

MATERIAL THICKNESS MODE OF PENETRATION
MM IN. KEYHOLE MELT-IN
TECHNIQUE® TECHNIQUE®
LOW-CURRENT PAW®W
ALUMINUM COPPER <16 1 NOT RECOMMENDED | ARGON
16 HELIUM
[GES]1.6 | [GES] [|HELIUM HELIUM
1
16
CARBON STEEL <16 1 NOT RECOMMENDED | ARGON
16 HELIUM
75AR-25HE
[GES]1.6 | [GES] | ARGON ARGON
1 75HE-25AR 75HE-25AR
16
LOW-ALLOY STEEL <16 1 NOT RECOMMENDED | ARGON
16 HELIUM
AR-1.5H,
[GES]1.6 | [GES] | ARGON ARGON
1 75HE-25AR HELIUM
16 AR-1.5H, AR-1.5H,
STAINLESS STEEL, <16 1 ARGON ARGON
NICKEL ALLOYS 16 75HE-25AR HELIUM
AR-1.5H, AR-1.5H,
[GES]1.6 | [GES] | ARGON ARGON
1 75HE-25AR HELIUM
16 AR-1.5H, AR-1.5H,
HIGH-CURRENT PAW®
ALUMINUM <6.4 <1 ARGON ARGON
4 75-25AR
[GES]6.4 | [GES] | HELIUM HELIUM
1 75-25AR
4
COPPER <24 <3 NOT RECOMMENDED | HELIUM
32
CARBON STEEL; LOW- <3.2 .1 ARGON ARGON
ALLOY STEEL 8
[GES]3.2 | [GES] | ARGON 75HE-25AR
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1
8
STAINLESS STEEL,; <3.2 <1 ARGON ARGON
NICKEL ALLOYS 8 AR-5H,
[GES]3.2 | [GES] | ARGON 75-HE-25AR
1 AR-5H,
8
Source: Ref 6, 7

(A) GAS SELECTIONS SHOWN ARE FOR SHIELDING GAS ONLY. ORIFICE GASIN ALL CASESIS
ARGON.

(B) GAS SELECTIONS SHOWN ARE FOR BOTH THE ORIFICE AND SHIELDING GAS.

(C) PROPERLY BALANCED GAS FLOW RATES PRODUCE COMPLETE JOINT PENETRATION BY
FORMING A SMALL WELD POOL WITH A HOLE PENETRATING COMPLETELY THROUGH
THE BASE METAL. AS THE PLASMA TORCH IS MOVED, METAL MELTED BY THE ARC IS
FORCED TO FLOW AROUND THE PLASMA STEAM PRODUCING THE "KEYHOLE" TO THE
REAR WHERE THE WELD POOL |SFORMED AND SOLIDIFIED.

(D) CONVENTIONAL FUSION WELDING SIMILAR TO THAT DONE WITH GTAW.

High-Current ([ges]100 A) PAW. The choice of gas used for high-current PAW aso depends on the material to be
welded. In almost al cases, the shielding gas is the same as the orifice gas. Again, argon is suitable for welding all metals,
but it does not necessarily produce optimum results. Depending on the welding mode used (keyhole or melt-in), the
optimum gas blend will vary. Table 4 lists gases recommended on the basis of materials joined.

References cited in this section

3. "SPECIFICATION FOR SHIELDING GASES," AWS A5.32-9X, JULY 1991 (DRAFT)

4."GASES FOR GAS-SHIELDED ARC WELDING AND CUTTING," EUROPEAN STANDARD EN 439,
DEC 1990 (DRAFT)

5. H.B. CARY, MODERN WELDING TECHNOLOGY, 2ND ED., PRENTICE-HALL, 1989

6.N.E. LARSON AND W.F. MEREDITH, SHIELDING GAS SELECTION MANUAL, UNION CARBIDE
INDUSTRIAL GASES TECHNOLOGY CORP., 1990, P 30-32

7.N.E. LARSON AND W.F. MEREDITH, SHIELDING GAS SELECTION MANUAL, UNION CARBIDE
INDUSTRIAL GASES TECHNOLOGY CORP., 1990, P 18-19

Shielding Gases for Welding

Kevin A. Lyttle, Praxair, Inc.

Influence of Shielding Gas on Weld Mechanical Properties

The mechanical properties of aweld are dependent on specific characteristics of the shielding gas. When the gas blend is
totaly inert, the effects are less pronounced and are derived more indirectly. In this case, the shielding gas affects
penetration and solidification, which can influence the microstructure of the resulting weld.

When the shielding gas contains active components, such as oxygen or carbon dioxide, the influence is direct and more
substantial. The oxygen potential of the shielding gas influences the amount of surface slag, the fume emission rate, the
fluidity of the weld puddle, and the mechanical properties (both strength and toughness) of the weld metal. A number of
empirical formulas have been developed to estimate the oxygen potential of a gas blend (Ref 8); the differences lie in
their treatment of the CO, component of the gas mix. Because parameters other than gas composition can affect the
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oxygen level of the weld metal (e.g., welding speed), most of the recently developed formulas are also welding parameter
and materia specific. Their importance centers on how the oxidation potential is linked to elemental loss of silicon and
manganese in the weld metal, to weld metal oxygen content, and to weld mechanical properties.

Because a relatively complex relationship exists between the loss of aloying elements, the composition of the shielding
gas, and the mechanical properties of the resulting weld metal it is difficult to select an optimum gas blend that will work
well with all types of wires. This influence is most noticeable in the gas metal-arc welding of carbon steel. Figure 2 (Ref
8) and Table 5 (Ref 9) illustrate the effect of the shielding gas on impact strength and tensile strength. In general, as the
oxidation potential of the shielding gas increases, the toughness and the tensile strength of the weld deposit decrease.
Because of their lower oxidizing gas content, argon blends will generally produce weld properties superior to those
obtained by shielding with CO, only. There appears to be an "optimum" oxygen content, as too low an oxygen level can
also be detrimental to toughness.

TABLE 5 EFFECT OF SHIELDING GAS ON CARBON, MANGANESE, AND SILICON LOSSES AND ON
WELD STRENGTH VALUES

SHIELDING ULTIMATE YIELD ELONGATION, WELD METAL
GAS® TENSILE STRENGTH % COMPOSITION,

STRENGTH % ®

M PA KSI M PA KSI C MN S
AR-10CO;, 640 92.9 544 79.0 25.7 0.09 |143 |0.72
AR-18CO, 620 90.0 522 75.8 26.8 0.09 (137 |0.70
AR-5CO,-40, 610 88.5 472 68.5 28.1 0.08 |[1.32 |0.67
AR-25CO, 601 87.2 505 73.3 29.3 0.09 |1.30 |0.65
AR-120, 591 85.8 510 74.0 27.5 0.06 [1.20 |0.60
CO, 594 86.2 487 70.7 27.8 010 |1.21 |0.62

Source: Ref 9

(A) GASESLISTED IN ORDER OF INCREASING OXIDATION POTENTIAL.
(B) BASE WIRE COMPOSITION: 0.115% C, 1.53% MN, 0.98% SI.

Temperature, °F
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FI1G. 2 PLOT OF WELD METAL IMPACT ENERGY VERSUS TEST TEMPERATURE AS A FUNCTION OF SHIELDING
GAS COMPOSITION. SOURCE: REF 8
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Shielding Gases for Welding

Kevin A. Lyttle, Praxair, Inc.

Shielding Gas and Fume Generation

The shielding gas used in solid and flux-cored wire welding affects the rate at which fumes are produced during welding,
as well as the composition of the fumes. The type of shielding gas also affects the composition of the pollutant gases in
the welding area. The fumes and gases generated in some welding applicationsimpact on health and safety; therefore, itis
important for the user to review the Material Safety Data Sheets and precautionary labeling provided by the
manufacturers and suppliers of welding consumables. Welding safety and health information can be also be found in this
Handbook and in ANSI Z249.1, "Safety in Welding and Cutting."

Fume generation rates are generaly highest when CO, shielding is used. Inert gas blends containing CO, produce higher
fume levels than those containing only oxygen additions. For solid wire welding at the same weld metal deposition rate,
argon blends typically generate significantly less fumes than when CO, only is used (Ref 10, 11, 12). Figure 3 (Ref 13)
illustrates the dependence of the fume generation rate on shielding gas composition as a function of current level in
GMAW. Similar trends can be seen when using gas-shielded flux-cored wires.

=

E

o . 18.0 @
g 0 Ar—20C0, - 20, 808

S 0.4 i " e—t=114.0 8
S04 _ArI—ECD%—ED 11.0 .% "
£ .,|CO, ET
E 02 ‘\\-—-""f | 7.0 5E
2 0.1 435 oW
o Ar-12C0, - 20, ES
g ﬂ 1 1 ﬂ I.E

e

120 160 200 240 280
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FI1G. 3 PLOT OF FUME FORMATION RATE VERSUS CURRENT FOR MILD STEEL SOLID WIRE USING SELECTED
SHIELDING GASES. SOURCE: REF 13

Pollutant gases must be considered when arc welding. The gases of greatest interest arc carbon monoxide, ozone, and
nitrogen oxides. When CO, is used for shielding in confined spaces, CO can be a potential problem. Ozone can be a
concern when high-energy gas-shielded welding is conducted, particularly on aluminum and stainless steel plate. It is
produced in the immediate arc area as well as in the surrounding environment. Oxides of nitrogen can be present in some
plasmawelding and cutting applications (Ref 14).
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Shielding Gases for Welding

Kevin A. Lyttle, Praxair, Inc.

Self-Shielded Flux-Cored Arc Welding

The self-shielded flux-cored wire welding process employs a continuous wire electrode that requires no externa
shielding. These cored wires generate protective shielding gases from components in the core material similar to those
found in coated electrodes. The unique feature of this class of consumables is that they rely only partly on the exclusion
of air from the molten electrode and weld pool to produce a quality deposit. In addition to deoxidizers, they contain
denitriders to react with nitrogen that may be entrained in the molten metal. The less a given consumable relies on
shielding and the more it relies on "killing" to control nitrogen and produce sound weld metal, the less that consumable
will be affected by cross air currents and side winds.

Through careful control of welding parameters and the proper balance of core constituents, good-quality weld metal can
be obtained under poor welding conditions. Self-shielded flux-cored wires are especially suited to welding outdoors,
where it is difficult to provide acceptable external gas shielding. Both light- and heavy-gage materials have been
successfully joined with these electrodes.

Shielding Gases for Welding

Kevin A. Lyttle, Praxair, Inc.
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Solid-State Transformations in Weldments

P. Ravi Vishnu, Luled University of Technology, Sweden

Introduction

SOLID-STATE TRANSFORMATIONS occurring in a weld are highly nonequilibrium in nature and differ distinctly
from those experienced during casting, thermomechanical processing, and heat treatment. This discussion will primarily
focus on the welding metallurgy of fusion welding of steels and attempt to highlight the fundamental principles that form
the basis of many of the recent developments in steels and consumables for welding. Accordingly, examples are largely
drawn from the well-known and relatively well-studied case of ferritic steel weldments to illustrate the special physical
metallurgical considerations brought about by the weld thermal cycles and by the welding environment. Because of space
limitations, only a very brief discussion isincluded on welds in other alloy systems such as stainless steels and aluminum-
base, nickel-base, and titanium-base alloys. For detailed information on how the principles explained in the first part of
this article (using steel weldments as an example) are applicable to other materials, the reader is referred to the Sections
where individual alloy systems are discussed (see "Selection of Stainless Steels," "Selection of Nonferrous Low-
Temperature Materias," "Selection of Nonferrous High-Temperature Materials,” and "Selection of Nonferrous
Corrosion-Resistant Materials" in this Volume).

A concise method of describing the transformation behavior of a stedl is by a continuous cooling transformation (CCT)
diagram (Fig. 1). However, a conventional CCT diagram such as the one shown in Fig. 1 cannot be used to accurately
describe the transformation behavior in a weldment of the same material because weld thermal cycles are very different
from those used for generating conventional CCT diagrams.
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FIG. 1 CONVENTIONAL CCT DIAGRAM FOR AISI 1541 (0.39C-1.56MN-0.21S1-0.24S-0.010P) PLAIN CARBON
STEEL WITH ASTM NUMBER 8 GRAIN SIZE AND AUSTENITIZATION AT 980 °C (1800 °F). FOR EACH OF THE
COOLING CURVES IN THE PLOT (GIVEN IN TERMS OF °C/MIN), THE TRANSFORMATION START AND END
TEMPERATURES GIVEN BY THE CCT CURVES, THE AMOUNT OF EACH TRANSFORMATION PRODUCT, AND THE
HARDNESS OF THE FINAL STRUCTURE ARE SHOWN. AC;, 788 °C (1450 °F); AC,, 716 °C (1321 °F). F,
FERRITE; P, PEARLITE; B, BAINITE; M, MARTENSITE. SOURCE: REF 1
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Several aspects of the weld therma cycle and weld segregation should be considered because of their effect on the
transformation upon cooling:

PEAK TEMPERATURES REACHED IN THE HEAT-AFFECTED ZONE (HAZ) CAN BE VERY
MUCH HIGHER THAN THE AC; TEMPERATURE (THAT IS, THE TEMPERATURE AT WHICH
TRANSFORMATION OF FERRITE TO AUSTENITE IS COMPLETED DURING HEATING). THE
HEATING RATES ARE VERY HIGH, AND THE TIMES SPENT AT HIGH TEMPERATURE ARE
ONLY OF THE ORDER OF A FEW SECONDS,

THE TEMPERATURE GRADIENT IN THE HAZ IS VERY STEEP, AND THIS COMPLICATES
THE PROBLEM OF STUDYING IN IN STU TRANSFORMATIONS IN THE HAZ DURING
WELDING (REF 2).

DURING SOLIDIFICATION OF THE WELD METAL, ALLOYING AND IMPURITY ELEMENTS
TEND TO SEGREGATE EXTENSIVELY TO THE INTERDENDRITIC OR INTERCELLULAR
REGIONS UNDER THE CONDITIONS OF RAPID COOLING. ALSO, THE PICKUP OF
ELEMENTS LIKE OXYGEN BY THE MOLTEN WELD POOL LEADS TO THE ENTRAPMENT
OF OXIDE INCLUSIONS IN THE SOLIDIFIED WELD. THESE INCLUSIONS THEN SERVE AS
HETEROGENEOUS NUCLEATION SITES AND CAN SUBSTANTIALLY INFLUENCE THE
KINETICS OF SUBSEQUENT SOLID STATE TRANSFORMATIONS. ACCORDINGLY, THE
WELD METAL TRANSFORMATION BEHAVIOR IS QUITE DIFFERENT FROM THAT OF THE
BASE METAL, EVEN THOUGH THE NOMINAL CHEMICAL COMPOSITION HAS NOT BEEN
SIGNIFICANTLY CHANGED BY THE WELDING PROCESS (REF 3). MOST OF THE CCT
DIAGRAMS (APPLICABLE TO THE WELD METAL) HAVE BEEN GENERATED BY
REHEATING THE AS-DEPOSITED WELD METAL (REF 4). ONE OF THE LIMITATIONS OF
THESE DIAGRAMS IS THAT THEY ARE STRICTLY APPLICABLE ONLY TO THE HIGH-
TEMPERATURE REHEATED ZONE OF MULTIPASS WELDS, BECAUSE THE INITIAL
MICROSTRUCTURE AT HIGH TEMPERATURES IS NOT CHARACTERISTIC OF THAT
DEVELOPED FROM THE LIQUID PHASE.

WELDING MAY BE CARRIED OUT IN SEVERAL PASSES, AND THIS MAY RESULT IN THE
SUPERPOSITION OF SEVERAL DIFFERENT HEATING AND COOLING CYCLES AT ONE
POINT, EACH OF THESE CYCLESHAVING THE CHARACTERISTICS NOTED ABOVE.
SOLIDIFICATION OF THE WELD METAL IS ACCOMPANIED BY SHRINKAGE, AND THE
ANISOTHERMAL CONDITIONS ALREADY EMPHASIZED CAUSE DEFORMATION. THE
THERMAL CYCLES ARE THEREFORE ACTING ON METAL THAT IS SUBJECTED TO
MECHANICAL STRESSESAT THE SAME TIME.

The essential differences between weld thermal cycles and then thermal cycles used for generating a conventional CCT
diagram are summarized in Fig. 2. Figure 2(a) shows thermal cycles which involve a slow heating rate, soak at a
temperature just above the Acs temperature, and various constant cooling rates. Instead of a constant cooling rate, some
investigators (Ref 5) have used cooling curves according to Newton's law of cooling:

TRET (EQ 1)

where T is the temperature and t is the time. Others have used cooling curves corresponding to the mid-radial position of
cylindrical bars of different diameters when cooled in air or when quenched in different media. The weld thermal cycles
shown in Fig. 2(b) are very different, and this is why a conventional CCT diagram can give only an approximate idea of
the transformation behavior in the HAZ of aweldment.
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Solid-State Transformations in Weldments

P. Ravi Vishnu, Luled University of Technology, Sweden

HAZ of a Single-Pass Weld

Peak Temperature-Cooling Time Diagrams. The gradient in microstructure than can be obtained in a single-pass
weld is shown in Fig. 3. High peak temperatures in the HAZ just adjacent to the fusion line cause coarsening of the
austenite (y) grains, and this in turn increases the hardenability of this region compared to other regions. Because each of
the subzones shown in Fig. 3 occurs in a small volume, it is difficult to study the transformation behavior of individual
regions by in situ methods (Ref 2). It is more convenient to obtain information about the microstructural and property
changes in the HAZ by weld simulation (Ref 6, 7). A thermal cycle simulator (TCS) is used to reproduce the thermal
cycle corresponding to a point in the HAZ in a large volume (usually a specimen has the Charpy test specimen
dimensions). It is possible to program the required thermal cycle in the TCS so that the peak temperature and the cooling
rate can be varied independently. It is thus possible to obtain information about the microstructural changes in the HAZ
for awide range of welding parameters.
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FIG. 3 SCHEMATIC SHOWING VARIOUS SUBZONES THAT CAN FORM IN THE HAZ OF A CARBON STEEL
CONTAINING 0.15% C. SOURCE: REF 6

Figure 4 shows how a change in the peak temperature of the thermal cycle affects the CCT characteristics of a steel. The
well-known effect of alarger y grain size (due to a higher peak temperature) in increasing the hardenability of the steel is
seen. To present the information about the CCT behavior for a number of peak temperatures (see Fig. 2b and 3), it is more
convenient to adopt the scheme shown in Fig. 5. In this peak temperature-cooling time (PTCT) diagram (Ref 8, 9), each
point represents a weld thermal cycle with a peak temperature, T, given by the ordinate and the cooling time, Atg.s (that
is, required for cooling from 800 to 500 °C, or 1470 to 930 °F), given by the abscissa. A microstructural constituent or a
combination of two or more constituents is shown to occur over an areain the diagram. The upward slope in the boundary
between two areas is consistent with the information presented earlier in Fig. 4 that the hardenability increases with an
increase in the peak temperature of the thermal cycle. Hardness and C, transition temperatures are also shown in the
diagram corresponding to different thermal cycles.
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It may appear strange that the CCT diagram shown in Fig. 4 is plotted with Atg 5 as the abscissa instead of time asin Fig.
1. Higtorically, the practice of thinking in terms of a cooling time began when a need was recognized (Ref 5) to compare
the CCT behavior of specimens subjected to different types of cooling curves--Jominy specimens; cylindrical bars cooled
in air, water, or oil; dilatometer specimens cooled at a constant or a Newtonian rate; and so on. Initially, the cooling rate
a 704 °C (1300 °F) was used as a criterion to judge the equivalency of these specimens in terms of microstructure and
hardness. Because transformation takes place at lower temperatures in many steels, the half cooling time (Ref 5) was
found to be a better equivalency criterion. The half cooling time was defined as the time to cool from Ac; to atemperature
that lies midway between Acs; and room temperature. For the sake of general applicability, this was later modified to the
Atg s criterion, and CCT diagrams began to be plotted with Atgs as the abscissa. It must be noted that using Atgs as an
equivalency criterion is just an expedient solution that does not have strict theoretical justification (refer, for example, to
the additivity principle in Ref 5).

A special significance of using Atgs as the abscissain Fig. 5 isthat it is almost constant (for T, > 900 °C, or 1650 °F) in
the whole of the HAZ. This can be seen from Ref 6, where the expressions given for Atg s do not contain the distance from
the weld centerline as a factor. The derivation of these expressionsis based on the assumption that the time to cool to 800
°C (1470 °F) is far greater than the time to reach the peak temperature, so the Atgs can be taken to be the same for the
whole of the weld and the HAZ. This can be intuitively rationalized by observing that the thermal cyclesin Fig. 2(b) are
such that the curves are approximately parallel below 800 °C (1470 °F). The constancy of Atgsin the HAZ means that the
gradient in microstructure (in terms of the final transformation products from austenite) is mainly due to a variation in the
peak temperature. By drawing a vertical line in Fig. 5 at a value of Atgs corresponding to a given heat input and
preheating temperature, it is possible to get information about the type of microstructural gradient in the HAZ. An idea of
property changes like hardness and toughness can also be obtained from Fig. 5.

A fairly satisfactory correlation between real welds and simulation studies has been observed with respect to
microstructure and property measurements. However, it has frequently been observed that the maximum prior to austenite
grain sizein real welds is less than that in corresponding simulation specimens (Ref 2, 6, 7). It is believed that thisis due
to the growth of large grainsin the HAZ of real welds being hindered by the adjacent smaller grains. The constraint arises
from the fact that grain growth in real welds is in some sense directional, occurring from the fusion line toward lower
temperatures, while under the simulation condition the austenite grains can grow in all directions.

The above discussion shows that the PTCT diagram (along with property measurements, asin Fig. 5) can alert the user to
the possibility of local brittle zones in actual weldments, and that any error in the property being assessed will be on the
conservative side.

While the expressions for Atgs given Ref 6 (to determine the point at which a vertical line is to be drawn in the PTCT
diagram) are reasonably accurate, those for T, may be grossly in error because they are derived from a model with many
simplistic assumptions (Ref 10, 11). For this reason, although an idea of the type of microstructural gradient in the HAZ
can be obtained from the PTCT diagram, it is not possible to calculate the width of each region using simple closed form
solutions of the type given in Ref 6 (derived from Rosenthal's equations). Moreover, T, and Atg s are aone not enough to
completely characterize a weld thermal cycle. To improve the accuracy of simulation, it would be necessary to program
the thermal cycle with heating rates and the shape of the thermal cycle at higher temperatures, as in the HAZ of real
welds. The significance of these additional factorsis discussed below.

Continuous Heating Transformation Diagrams. The heating rate in many welding processes can be very high. The
implication is that considerable superheating may be required for the transformation to austenite on heating. That is, the
Ac; and Ac; temperatures will be raised with an increase in the heating rate (Ref 11). Thisis seenin Fig. 6, a continuous
heating transformation (CHT) diagram, which is analogous to a CCT diagram. It is seen that grain growth begins only
after the carbides have dissolved and after a homogeneous austenite (with respect to the distribution of carbon, at least) is
formed.
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FIG. 6 CONTINUOUS HEATING TRANSFORMATION DIAGRAM FOR 34CRMOA4STEEL. IN THE REGION OF
HOMOGENEOUS AUSTENITE THERE ARE LINES OF CONSTANT AUSTENITE GRAIN SIZE (ASTM NUMBERS).
BECAUSE OF THE MEASURING PROCEDURE, THE DIAGRAMS CAN ONLY BE INTERPRETED ALONG LINES OF
CONSTANT HEATING RATE. TO SHOW THE HEATING TIME MORE CLEARLY, A TIME SCALE IS ADDED. SOURCE:
REF 12

Precipitate Stability and Grain Boundary Pinning. In the last three decades, there has been a surge in the
development of microalloyed or high-strength low-alloy (HSLA) steels (base metals). Almost the entire thrust behind this
effort has been to tailor the thermomechanical processing of these steels to produce afine grain size (Ref 13). Previoudly,
higher strength was obtained by alloying the steel sufficiently to increase the hardenability and then heat treating to obtain
a tempered martensitic structure. The higher carbon equivalent (Ref 6, 14) in these alloy steels led to an increased
susceptibility to cold cracking or hydrogen-induced cracking. In the microalloyed steels, however, aloying additions are
kept to a minimum, and higher strength is achieved primarily by a reduction in the grain size and by precipitation
strengthening. A reduction in grain size is the only known method of increasing the strength and toughness at the same
time. Because strengthening is obtained by other means, both carbon and carbon equivalent can be decreased to
significantly reduce the susceptibility to cold cracking in these new HSLA steels (Fig. 7).
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FIG. 7 EFFECT OF STEEL COMPOSITION (HY-80, HSLA-80, HSLA-100) ON THE SUSCEPTIBILITY TO COLD
CRACKING IN THE HAZ. SOURCE: REF 13

A fine ferrite grain size in these steels is best achieved (after thermomechanical processing) by obtaining a fine austenite
grain size before the y-a transformation (Ref 13). To redlize this goal, it is essential that microalloy additions such as
niobium, vanadium, titanium, and aluminum are present so that the fine precipitate particles they form with nitrogen,
carbon, or oxygen can "pin" the austenite grain boundaries and inhibit grain coarsening. The pinning effect arises from the
fact that when a short length of grain boundary is replaced by a precipitate particle, the effective grain boundary energy is
lowered. When the grain boundary attempts to migrate away from the particles, the local energy increases and a drag is
exerted on the boundary by the particles.

In the HAZs of welds in these microalloyed steels, it is not possible to get the same optimum microstructure and
microalloy precipitation obtained in the parent materia by controlled thermomechanical processing. Because peak
temperatures are much higher in the HAZ, the precipitate particles coarsen and dissolve, resulting in reduced pinning
forces and therefore coarser austenite grains. This effect can be minimized by having precipitate particles that do not
dissolve, even at higher temperatures. An idea of the stability of precipitate particles can be obtained from the plot shown
inFig. 8. It isseen that TiN has maximum stability, and this has been used to advantage in many steel. The other carbides
and nitrides are not as effective as titanium nitride in limiting the extent of grain coarsening; they play a bigger role
during thermomechanical processing (Ref 13).
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Figure 9 shows how a high volume fraction of fine precipitate particles is needed to maximize the pinning effect. It also
shows that heating to high temperatures increases the size of the particles, by a process known as Ostwald ripening (Ref
6), and decreases their volume fraction due to dissolution. This means that it is only possible to limit, and not to totally
stop, grain coarsening in the HAZ, especially in high heat input welds. This inevitable grain coarsening is actually used to
advantage in titanium, oxide steels (see the section "Titanium Oxide Steels" in this article).
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Unmixed and Partially Melted Zones in a Weldment. It is common to think of a single-pass weld as consisting of
two zones: weld metal and HAZ. Careful metallographic examination has shown that a weld can in fact be divided into
four regions (Fig. 10):

THE COMPOSTE ZONE, IN WHICH A VOLUME OF BASE METAL MELTED BY THE
SUPERHEATED FILLER METAL EXPERIENCES COMPLETE MIXING TO PRODUCE AN
ALLOY WITH NOMINAL COMPOSITION INTERMEDIATE BETWEEN THAT OF THE BASE
METAL AND THAT OF THE FILLER METAL.

THE UNMIXED ZONE, WHICH FORMS FROM THE STAGNANT MOLTEN BOUNDARY LAYER
REGION (ABOUT 100 TO 1000 uM, OR 0.004 TO 0.040 IN., THICK) AT THE OUTER
EXTREMITIES OF THE COMPOSITE REGION. BECAUSE NO MECHANICAL MIXING WITH
THE FILLER METAL OCCURS HERE, THE COMPOSITION OF THE METAL IN THIS REGION
ISIDENTICAL TO THAT OF THE BASE METAL, EXCEPT FOR MINOR CHANGES PRODUCED
BY DIFFUSION.

THE PARTIALLY MELTED ZONE, WHICH ISA REGION AT THE FUSION BOUNDARY WHERE
THE PEAK TEMPERATURES FALL BETWEEN THE LIQUIDUS AND SOLIDUS SO THAT
MELTING ISINCOMPLETE.

THE TRUE HEAT-AFFECTED ZONE, WHICH ISTHAT PORTION OF THE BASE METAL
WHERE ALL MICROSTRUCTURAL CHANGESINDUCED BY WELDING OCCUR IN THE
SOLID STATE.

Specia metallographic procedures are needed to reveal the existence of these specia zones, as shown in Fig. 11.
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FIG. 10 SCHEMATIC SHOWING THE DIFFERENT DISCRETE REGIONS PRESENT IN A SINGLE-PASS WELD.
SOURCE: REF 17

FI1G. 11 SPECIAL METALLOGRAPHIC PROCEDURES SHOW THE MICROSTRUCTURE OF DISCRETE REGIONS (SEE
FIG. 10) IN AN HY-80 WELD. (A) MICROSTRUCTURE OBTAINED NEAR A REFERENCE MARK (INDICATED BY
"RM™) USING A TWO-STAGE NITAL AND SODIUM BISULFITE PROCEDURE. (B) MICROSTRUCTURE AT
IDENTICAL LOCATION REPOLISHED AND ETCHED WITH NITAL ONLY. TWO-STAGE PROCEDURE SHOWS MUCH
GREATER DETAIL. SOURCE: REF 17

The width of the partially melted zone can be extended by a phenomenon known as constitutional liquation (Ref 18),
whereby melting can occur even when the peak temperature is less than the solidus temperature. This can be understood
by referring to a phase diagram for a simple binary system A and B (Fig. 12). Consider an aloy of composition C. Its
equilibrium structures at temperatures T;, T,, Tz and T, are a+ B, o, o, and L + a, respectively (Fig. 12a). On heating from
room temperature to Ts and holding at this temperature for a long time, the Bparticles will dissolve and give a
homogeneous o. of composition C. However, under conditions of rapid heating in the HAZ, the dissolution of  will give
rise to a solute concentration gradient around each particle, as shown in Fig. 12(b). In the region surrounding each
particle, the concentration of the solute B will correspond to that of liquid because, as the phase diagram shows, a liquid
phase must exist between o and B at Ts. This phenomenon of localized melting due to a nonequilibrium distribution of
phases during rapid heating is called constitutional liquation.
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The partially melted zone is the region where liquation cracks have been known to occur in maraging steels, austenitic
stainless steels, heat-treatable aluminum alloys, and nickel-base superalloys. It can also be a site where hydrogen-induced
cracking isinitiated (Ref 17), because it can act as a pipeline for the diffusion of hydrogen picked up by the molten weld
metal and also because of the higher hardenability at these segregated regions.

While the phenomenon of constitutional liquation is usually discussed in connection with liquation cracking of auminum-
and nickel-base alloys (Ref 14, 18, 19), a more dramatic example can actually be found in the case of cast iron welds (Ref
20). Figure 13 shows the micro structure of the HAZ in a cast iron weld deposited using a "quench welding" technique
(Ref 21). This procedure involves welding without any preheat by intermittently depositing a series of small stringer
beads and strictly maintaining the interpass temperature below about 80 °C (175 °F). The ideais to limit the size of the
hard and brittle white iron colonies forming by constitutional liquation around the graphite nodules and to see that they do
not interconnect. By contrast, a procedure involving a preheat of about 200 °C (390 °F) can prevent the formation of
martensite but not the formation of ledeburite (the structure of white iron). Because ledeburite forms at higher
temperatures than martensite (» 1100 °C, or 2010 °F), a much higher preheat temperature of about 600 °C (1110 °F) is
required to significantly reduce the cooling rate at the higher temperatures, thereby preventing the formation of white
iron. This high level of preheat isimpractical. While cast iron appears to have been successfully welded with preheats of
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about 200 °C (390 °F), it has sometimes been found that weld repair is most effective using the quench welding
technique, by which it is possible to limit both the amount of ledeburite formed and the width of the HAZ.

FI1G. 13 DISCONTINUOUS WHITE IRON COLONIES OBTAINED IN THE HAZ OF BLACKHEART MALLEABLE IRON
WELDED USING A "QUENCH WELDING" TECHNIQUE WITH A NICKEL-BASE ELECTRODE. 180x. SOURCE: REF
21
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Solid-State Transformations in Weldments

P. Ravi Vishnu, Luled University of Technology, Sweden

Fusion Zone of a Single-Pass Weld

Transformations in Single-Pass Weld Metal. It is usually not necessary to select a filler metal that has exactly the
same composition as the base metal; it is more important that the weld metal has the same strength and other properties
(such as toughness or corrosion resistance). Because these properties are governed by the microstructure, it is important to
understand the influence of different factors on phase transformations in the weld metal. But first, for a meaningful
communication of the different features in a microstructure, the various phases and microconstituents must be identified
using a system of nomenclature that is both widely accepted and well understood. In wrought steels, this need has been
satisfied to a large degree by the Dubé scheme (Ref 22) for classifying the different morphologies of ferrite, as shown in
Fig. 14. Similarly, confusion and controversy in the terminology for describing the microstructures in ferritic steel weld
metals have been largely resolved by the classification scheme shown in Fig. 15. This scheme (Ref 23) was the result of
several collaborative exercises undertaken under the auspices of the International Institute of Welding (I1W). Typica
micrographs illustrating some of the microstructural constituents are shown in Fig. 16.

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



Grain boundary
allotriomorphs

4l M

Widmanstatten
side plates

AAAL il

Widmanstatten
sawteeth

@ -

Idiomorphs

N

Intergranular
Widmanstatten plates

&

\

e
"-u."‘.-_'-_‘_.,
-—_-'5%

(li

Massed

FIG. 14 SCHEMATICS SHOWING THE DUBE CLASSIFICATION OF FERRITE MORPHOLOGIES. SOURCE: REF 22
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CATEGORY ABBREVIATION
PRIMARY FERRITE PF
GRAIN BOUNDARY FERRITE PF(G)

INTRAGRANULAR POLYGONAL FERRITE PE(I)

FERRITE WITH SECOND PHASE

FS

FERRITE WITH NONALIGNED SECOND PHASE | FS(NA)

FERRITE WITH ALIGNED SECOND PHASE FS(A)

FERRITE SIDE PLATES FS(SP)
BAINITE FS(B)
UPPER BAINITE FS(UB)
LOWER BAINITE FS(LB)
ACICULAR FERRITE AF
FERRITE-CARBIDE AGGREGATE FC
PEARLITE FC(P)
MARTENSITE M
LATH MARTENSITE M(L)
TWIN MARTENSITE M(T)

FIG. 15 INTERNATIONAL INSTITUTE OF WELDING SCHEME FOR CLASSIFYING MICROSTRUCTURAL
CONSTITUENTS IN FERRITIC STEEL WELD METALS WITH THE OPTICAL MICROSCOPE. SOURCE: REF 23
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FIG. 16 MICROGRAPHS SHOWING TYPICAL MICROSTRUCTURES IN LOW-CARBON STEEL WELD METAL (NITAL
ETCH). A, GRAIN BOUNDARY FERRITE [PF(G)]; B, POLYGONAL FERRITE [PF(1)]; C, WIDMANSTATTEN FERRITE
[FS(SP)]; D, ACICULAR FERRITE (AF); E, UPPER BAINITE [FS(UB)]; F, LOWER BAINITE [FS(LB)] AND/OR
MARTENSITE (M). SOURCE: REF 3

The transformation behavior in ferritic steel weld metas is best understood by first noting that ferrite is nucleated
heterogeneously and that for all practical purposes, it is necessary to consider the competitive nucleation behavior only at
grain boundaries and at inclusions. Figure 17 shows that inclusions have to be larger than a certain size (0.2 to 0.5 um, or
8 to 20 uin., the typica size range of most weld metal inclusions) for their potency as nucleation sites to reach a
maximum. It aso shows that nucleation of ferrite is always energetically more favorable at grain boundaries than at
inclusions. Based on additional considerations, like thermal contraction strains and lattice matching at inclusion-austenite-
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ferrite interfaces (not taken into account to get the results in Fig. 17), a discussion of why certain inclusions are more
potent nucleation sites than othersisfound in Ref 3, 24, and 25.

Inclusion radius, win.
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(Heterogeneous ferrite nucleation barrier)/
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FIG. 17 EFFECT OF PARTICLE RADIUS ON ENERGY BARRIER TO FERRITE NUCLEATION AT INCLUSIONS, AG*
(HETEROGENEOUS), NORMALIZED RELATIVE TO THE HOMOGENEOUS NUCLEATION BARRIER, AG*,
(HOMOGENEOUS). CORRESPONDING ENERGY BARRIER TO NUCLEATION OF FERRITE AT AUSTENITE GRAIN
BOUNDARIES IS INDICATED BY HORIZONTAL BROKEN LINE. SOURCE: REF 6

Broadly, the mgjor factors affecting transformation behavior in ferritic steel weld metals are alloy composition, weld heat
input (by its effect on y grain size and Atgs), oxygen content (that is, the inclusion content), and the nature of segregation
in the weld metal. A typical weld CCT diagram is shown in Fig. 18. For the cooling curve shown in the figure, the first
phase that forms is allotriomorphic ferrite, or grain boundary ferrite in the [IW scheme. The term "allotriomorphic” means
a "particle of a phase that does not have a regular external shape" and in the present context means that ferrite grows on
the grain boundary surfaces and does not have a regular faceted shape reflecting the symmetry of its internal crystalline
structure. At lower temperatures, the mobility of the curved or random y/a-allotriomorph boundaries decreases, and
Widmanstétten side plates (ferrite side plates in the IIW scheme) form. Growth of these side plates is rapid because
carbon is efficiently redistributed to the sides of the growing tips, thus avoiding solute pile-up problems. In addition,
substitutional atoms do not diffuse during the growth of Widmanstétten ferrite.
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FIG. 18 SCHEMATIC OF WELD CCT DIAGRAM SHOWING SELECTED MICROSTRUCTURES

After al the grain boundary sites are saturated with allotriomorphic or Widmanstétten ferrite and their growth rate is not
sufficient to extend to the interior of the grains, the nucleation of ferrite at inclusions within the y grains becomes
competitive. Acicular ferrite forms, a structure resulting from ferrite laths growing in different directions from inclusions
and from laths already nucleated. Upon impingement, high-angle grain boundaries and a very fine dispersion of
microphases are obtained between ferrite laths. "Microphases' in this context means the transformation structures
resulting from the carbon-enriched regions between the ferrite laths and could be the martensite-austenite constituent,
bainite, or pearlite (see the section "HAZ in Multipass Weldments' in this article). An example of the microstructure of
acicular ferrite is shown in Fig. 19. Acicular ferrite does not figure in the Dubé scheme because it is rarely observed in
wrought steels. When the cooling rate is higher or when the inclusion content is very low, bainite can be nucleated
directly at the y grain boundaries. Bainite can form as upper or lower bainite; the difference between the two isillustrated
in Fig. 20. Examination with transmission electron microscopy (TEM) is usually required for a firm identification of the
type of bainite formed. In the case of the highest cooling rates, martensite is obtained.
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FI1G. 19 SCANNING ELECTRON MICROGRAPH SHOWING MORPHOLOGY OF ACICULAR FERRITE. SOURCE: REF
24
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FIG. 20 SCHEMATIC SHOWING THE DIFFERENCES IN THE TRANSFORMATION MECHANISM FOR UPPER AND
LOWER BAINITE AND THE EFFECT OF THESE MECHANISMS ON THE FINAL MORPHOLOGY. SOURCE: REF 24

Figure 21 shows the effect of alloying additions, Atgs, 0Xygen content, and the y grain size on the sequence and relative
amounts of alotriomorphic ferrite, Widmanstétten ferrite, and bainite in the weld metal. Broadly, the trends shown can be
understood in terms of the wellknown observation that an increase in y grain size, a decrease in inclusion content, and an
increase in aloying additions will shift the CCT curves to lower temperatures and to longer times. While Fig. 21 can
generally be interpreted by assuming that the individual factors act independently of each other, the transition from (b) to
(a) with an increase in the inclusion content must be understood in terms of its effect of the y grain size. It has been
observed that the y grain size decreases with an increase in the inclusion content, and this has been explained by the
higher magnitude of pinning forces at higher inclusion contents (Ref 25). The smaller grain size implies a greater grain
boundary surface area, and this increases the amount of grain boundary ferrite and sideplate structures formed at the
expense of acicular ferrite in Fig. 21(a). The role of the initial formation or non-formation of alotriomorphic ferrite at y
grain boundaries in bringing about the transition from Fig. 21(b) to Fig. 21(c) in Fig. 21 is discussed in the next section of
thisarticle.
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FIG. 21 SCHEMATIC SHOWING THE EFFECT OF ALLOY COMPOSITION, ATgs, OXYGEN CONTENT, AND y GRAIN
SIZE ON THE DEVELOPMENT OF MICROSTRUCTURE IN FERRITIC STEEL WELD METALS. THE HEXAGONS
REPRESENT CROSS SECTIONS OF COLUMNAR Yy GRAINS. (A) THE GRAIN BOUNDARIES BECOME DECORATED
FIRST WITH A UNIFORM, POLYCRYSTALLINE LAYER OF ALLOTRIOMORPHIC FERRITE, FOLLOWED BY
FORMATION OF WIDMANSTATTEN FERRITE, AND THEN BY FORMATION OF ACICULAR FERRITE. (B) THE
GROWTH RATE OF WIDMANSTATTEN FERRITE IS NOT SUFFICIENTLY HIGH TO EXTEND ENTIRELY ACROSS Yy
GRAINS. NUCLEATION OF FERRITE AT INCLUSIONS WITHIN THE vy GRAINS LEADS TO AN INCREASE IN THE
AMOUNT OF ACICULAR FERRITE WHEN COMPARED WITH CASE (A). (C) THE HIGHER ALLOY CONTENT OR THE
HIGHER COOLING RATE SUPPRESSES THE FORMATION OF ALLOTRIOMORPHIC FERRITE. THIS LEAVES THE vy
GRAIN BOUNDARIES FREE TO NUCLEATE UPPER BAINITE. SOURCE: REF 24

Although the IIW classification is the result of a consensus viewpoint, some researchers (Ref 24) still fed that it places an
exaggerated emphasis on morphological features observed with the light microscope. They believe that it is more
important that the terminology reflect the mechanism of transformation. For example, it can be difficult to differentiate
between Widmanstétten ferrite and upper bainite when using the light microscope, and both are identified as FS in the
IIW classification. For a more fundamental understanding and to clearly interpret the trends in microstructural
development, it is essential to make a distinction between the two. In addition, the subclassification of grain boundary
ferrite in the [IW classification is not unequivoca in its meaning--it could refer to ferrite that forms by diffusion,
Widmanstétten ferrite, or the ferrite in upper bainite. By contrast, the term "allotriomorphic ferrite" clearly identifies the
mechanism by which it is formed. On the other hand, the IIW classification is easy to use and alows a more detailed
identification, either by judgment or by further TEM examination, for example, to determine whether FS is FS(SP) or
FS(UB). At leadt, it decreases the tendency for a wrong identification of the transformation mechanism with insufficient
data. For a microstructure-toughness correlation, it is sufficient to characterize the morphological features.

Relating Weld Metal Toughness to the Microstructure. A good insight into the subject of toughness in ferrite steel
weld metal is obtained by examining the data shown in Fig. 22. It is seen from Fig. 22(a) that the upper-shelf Charpy V-
notch (CVN) energy monotonically decreases with an increase in oxygen content. In the upper-shelf temperature region,
ductile fracture occurs by a process of microvoid coalescence, and because microvoids are initiated at the inclusion-
matrix interface, the upper-shelf impact energy decreases with an increase in the inclusion content. By contrast, from Fig.
22(b) it is seen that an optimum inclusion content is required to obtain the lowest CVN transition temperature. The
transition temperature is mainly governed by cleavage fracture, and this in turn depends on how effectively a propagating
cleavage crack isforced to change direction as it traverses the microstructure. At low inclusion contents, an upper bainitic
structure is obtained, and this consists of parallel platelets of ferrite (in a single packet) growing from the grain boundary
surfaces. With an optimum inclusion content, a predominantly acicular ferrite structure is obtained, and here the adjacent
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ferrite platelets tend to radiate in many different directions from inclusion nucleation site. At higher inclusion contents,
the amount of ferrite sideplate structures increases, again having nearly parallel ferrite platelets. The highest toughness
(that is, the lowest transition temperature) is obtained only in the "chaotic" microstructure of acicular ferrite because it has
the smallest effective ferrite grain size.
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FI1G. 22 TYPICAL VARIATION OF SELECTED WELD METAL PROPERTIES WITH OXYGEN CONTENT IN FERRITIC
STEEL WELD METALS. (A) PLOT OF CHARPY V-NOTCH (CVN) IMPACT TEST UPPER-SHELF ENERGY VERSUS
OXYGEN CONTENT. (B) PLOT OF CVN TRANSITION TEMPERATURE VERSUS OXYGEN CONTENT. SOURCE: REF
26
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In recognition of the latter fact, most of the work in consumables development in the recent past has concentrated on
increasing the amount of acicular ferrite in the microstructure. In line with the trends shown in Fig. 21(a) and 21(b), it has
been found that decreasing the amount of grain boundary ferrite and ferrite sideplate structures increases the acicular
ferrite content. Thisis shown more clearly in Fig. 23.
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FIG. 23 EFFECT OF MANGANESE CONTENT OF WELD METAL ON THE RELATIVE AMOUNTS OF THE
MICROSTRUCTURAL CONSTITUENTS PRESENT. CARBON CONTENT MAINTAINED AT 0.03%. SOURCE: REF 27

Recent work (Ref 24, 25, 27), however, has shown that a 100% acicular ferritic structure is neither desirable nor, in most
cases, achievable. Figure 24 shows that the impact toughness peaks at about 70% acicular ferrite and then falls. This was
attributed to the formation of segregated bands of brittle microphases in the alloy compositions giving the highest acicular
ferrite contents. Moreover, when the alloying additions are increased still further, the transformation behavior becomes
such that alotriomorphic ferrite formation is totally suppressed, leaving the y grain boundaries free to nucleate upper
bainite at lower temperatures (see Fig. 21c). It appears that a small layer of alotriomorphic ferrite is essential to obtain
high acicular ferrite contents. When it forms, it saturates the y grain boundary sites, and bainite nucleation at the y/a-
alotriomorphic interface is inhibited by the high carbon content there as a result of its rejection from the ferrite (Ref 24).
Conditions are then favorable for intragranular nucleation at inclusion sites and thus the formation of acicular ferrite.
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FIG. 24 PLOT OF IMPACT ENERGY VERSUS ACICULAR FERRITE CONTENT FOR SELECTED CARBON CONTENTS
AT -60 °C (-78 °F). SOURCE: REF 27

For the welding of steels with yield strengths less than 600 MPa (85 ksi), it has been possible to devel op weld metals with
matching strength and toughness by having high acicular ferrite contents in them. A yield strength of about 600 MPa (85
ksi) seems to be the ceiling for weld metals based on acicular ferrite. Attempting to obtain additional strength by
additional aloying to increase the amount of solid solution hardening and precipitation hardening in fact only resultsin
increasing amounts of martensite and bainite. These structures are associated with a lower toughness. This has been
observed in the case of HSLA-100 steels, for example, where attempts to get a matching strength in the weld metal have
resulted in a drop in toughness (Ref 25, 28). Work on consumables development for high-strength steels is still in
progress to match the base metal in strength and toughness (Ref 25, 28). However, current thinking appears to favor
resorting to a dightly undermatching weld metal (in terms of strength) so that the aready available lower-strength, high-
toughness, consumables having high acicular ferrite contents (Ref 29) can be used. These weld metal compositions have
the additional benefit of requiring less stringent measures for avoiding hydrogen-induced cracking.

Titanium Oxide Steels. In the discussion of the role of pinning by precipitate particles (for example, TiN) in limiting
grain growth in the HAZ (in the section "Precipitate Stability and Grain Boundary Pinning" in this article), it was pointed
out that at high heat inputs the particles dissolve and are not able to prevent coarse y grains from forming. The low
toughness in these coarse-grained regions is of some concern. The fact that a coarse y grain size will lead to a higher
acicular ferrite content (see Fig. 21b) with improved toughness has been used to advantage in the development of
titanium-oxide-containing steels (Ref 30, 31). Ti,O3 is more stable than titanium nitride and does not dissolve, even at the
highest heat inputs. The undissolved, Ti,O3; particles do not stop grain growth, but their survival after the heating cycle
means that they can be effective in nucleating acicular ferrite within the coarse y grains. The precise reasons why they are
more effective than other undissolved inclusions, such as Al,O; in nucleating acicular ferrite are not well understood (Ref
24). The improved HAZ microstructure and toughness obtained with titanium oxide steels over titanium nitride steels at
high heat inputs are shown in Fig. 25 and 26, respectively.
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FIG. 25 SCHEMATIC SHOWING HAZ MICROSTRUCTURE IN SELECTED HIGH HEAT INPUT WELDS. (A)
TITANIUM OXIDE STEEL. (B) TITANIUM NITRIDE STEEL. AF, ACICULAR FERRITE; UB, UPPER BAINITE.
SOURCE: REF 30
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FIG. 26 HAZ TOUGHNESS OF TITANIUM NITRIDE AND TITANIUM OXIDE STEELS WITH 420 MPA (60 KSI)
YIELD STRENGTH. SOURCE: REF 31

Effect of Transformations on Transient Weld Stresses. The effect of transformations on weld stresses (and vice
versa) is best illustrated by introducing an apparently little-known proposal (Ref 32) about the use of a duplex austenite-
martensite weld metal for welding high-strength steels. First, to prepare the background, the way in which transient
stresses develop in aweld and the effect of transformations on weld stresses will be discussed.
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Four uniaxial specimens using an HAZ simulation technique, the manner in which residual stress is accumulated during a
weld thermal cycle was investigated (Ref 33), and the results are shown in Fig. 27. Initially, when a material is austenite
at high temperature, its yield strength is low and only a small tensile stress can develop. On cooling, the tensile stress
increases. When a phase transformation occurs, the resulting volume expansion opposes the contraction due to cooling
and decreases the stress. Once the transformation is complete, the tensile stress increases again. As seen in Fig. 27, if the
transformation occurs at a lower temperature (for example, in the case of 9CrlMo or 12CrMo steels), the magnitude of
the final residual stress is less. The dotted line in the plot shows the expected variation for a material with an austenite-
martensite structure. The greater the amount of martensite, the lower the final residual stress.
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< 300 44 2
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100 15
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Temperature, °C

FI1G. 27 STRESS ACCUMULATED DURING COOLING UNDER RESTRAINT FOR SELECTED STEELS. THE DOTTED
LINE SHOWS THE EXPECTED VARIATION IN STRESS FOR A DUPLEX AUSTENITE-MARTENSITE WELD METAL
WHERE TRANSFORMATION BELOW ABOUT 100 °C (212 °F) GREATLY REDUCES THE FINAL STRESS. (MMA 1320
INDICATES THE PEAK TEMPERATURE OF THE SIMULATED WELD THERMAL CYCLE AND CORRESPONDS TO THE
TEMPERATURE AT THE START OF THE COOLING CYCLE.) SOURCE: REF 33

As discussed in the section "Weld Metal Toughness Relative to the Microstructure” in this article, the main problems in
the welding of high-strength steels (with yield strengths of 600 to 1000 MPa, or 85 to 145 ksi) are hydrogen-induced
cracking (HIC) and low toughness in the weld metal. Both problems can be addressed (in principle at least) by the use of
a duplex austenite-martensite weld metal. Austenite can contribute by increasing the toughness and by minimizing the
risk for HIC (Ref 14). The role of martensite will be to increase the strength and to decrease the final residua tensile
stress, which also makes conditions less favorable for HIC. An additional benefit will be that the higher tensile residual
stress in the weld metal before martensite forms will induce the transformations in the HAZ to occur at a slightly higher
temperature, by Le Chatelier's principle (Ref 34), and thereby cause a microstructure less susceptible to HIC to form in
the HAZ. The results of this effect are shown in Fig. 28, where it is seen that a tensile stress in the 500 to 300 °C (930 to
570 °F) temperature range on aferrite-pearlite weld increased the stresses for failure (Ref 35).
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FI1G. 28 DELAYED FRACTURE CURVES FOR TENSILE TESTS ON WELDED JOINTS IN 35KH3N3M (A RUSSIAN
SPECIFICATION) STEEL. A, FERRITIC-PEARLITIC WELD; B, BAINITIC-MARTENSITIC WELD; C, AUSTENITIC
WELD; D, FERRITIC-PEARLITIC WELD PLUS DEFORMATION AT 500 TO 300 °C (930 TO 570 °F). THE
SCHEMATIC SHOWS THE SPECIMEN DIMENSIONS FOR THE DELAYED FRACTURE TENSILE TESTS ON WELDED
JOINTS. SOURCE: REF 35

It must be mentioned that the idea of using an austenite-martensite weld metal represents a considerable departure from
conventional thinking. For example, for certain overlaying applications of stainless steel deposits on low-alloy steel, an
overaloyed electrode like E310 or E312 is preferred to E309. Even though the weld metal composition with any of the
three electrodes would be acceptable, the use of overalloyed electrodes will minimize the width of the martensitic layer in
the unmixed zone at the weld-HAZ interface (Ref 36). By contrast, an austenite-martensite weld metal implies that the
choice of consumable will have to be such that the width of the martensitic layer will increase. However, because the
proposal is meant for the recently developed high-strength steels that have a low carbon content, only a low-carbon
martensite will form, which will not be that harmful. The benefits already discussed could override conventional concerns
about having martensite in the weld metal in this case.

To sum up, even though the idea of using an austenite-martensite weld metal for high-strength steels does not seem to
have been taken up for serious investigation so far, it has been included here because it is a nice way of illustrating the
principles discussed. In addition, it shows that a fundamental knowledge of different effects on phase transformations can
lead to unconventional solutionsto practical problems.
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Solid-State Transformations in Weldments
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HAZ in Multipass Weldments
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In the HAZ of a single-pass weld, the grain-coarsened zone (GC HAZ) is normally the region having the lowest
toughness. Turning to a multipass weld, Fig. 29 (compare with Fig. 3) shows how the GC HAZ can be modified by
subsequent passes and can be categorized into four regions, depending on the reheating temperature (Ref 37):

SUBCRITICALLY REHEATED GRAIN-COARSENED (SCGC) ZONE, THE ZONE REHEATED

BELOW AC,

INTERCRITICALLY REHEATED GRAIN-COARSENED (ICGC) ZONE, THE ZONE REHEATED

BETWEEN AC; AND AGC;

SUPERCRITICALLY REHEATED GRAIN-REFINED (SCGR) ZONE, THE ZONE REHEATED
ABOVE AC3; AND BELOW ABOUT 1200 °C (2190 °F)
UNALTERED GRAIN-COARSENED (UAGC) ZONE, THE ZONE THAT IS NOT REHEATED
ABOVE ABOUT 200 °C (390 °F) OR THE ZONE THAT IS AGAIN REHEATED ABOVE ABOUT

1200 °C (2190 °F)

Figure 30 shows how the crack tip opening displacement (CTOD) value of simulated specimens varies with the peak
temperature of the second thermal cycle, Ty, (T = 1400 °C, or 2550 °F). It is seen that the ICGC, UAGC, and SCGC
regions have CTOD values less than about 0.1 mm (0.004 in.). Similar low values have been obtained by locating the
crack tip in the CTOD tests at corresponding locations in the HAZ of actual multipass weldments. These low toughness
regions are commonly known as local brittle zones (LBZS).

FIG. 29 SCHEMATIC SHOWING THE DIFFERENT SUBZONES THAT CAN FORM
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REGION OF THE HAZ IN A MULTIPASS WELD. (A) POSITION OF SUBZONES RELATIVE TO BASE METAL (BM)
AND WELD METAL (WM). (B) PLOT OF THERMAL CYCLES RELATIVE TO AC; AND AC,;. (C) MICROSTRUCTURES
AT THE DIFFERENT ZONES. FL REFERS TO THE FUSION LINE. SEE TEXT FOR DETAILS. SOURCE: REF 37
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FIG. 30 PLOT OF CRACK TIP OPENING DISPLACEMENT VERSUS PEAK TEMPERATURE OF THE SECOND
THERMAL CYCLE FOR SIMULATED SPECIMENS SUBJECTED TO A DOUBLE THERMAL CYCLE. (Tp; = 1400 °C =
2550 °F; ATgs = 20 S). THE HAZ ZONES (FIG. 29) CORRESPONDING TO THE SIMULATION TRIALS ARE ALSO
SHOWN IN THE FIGURE. SOURCE: REF 37

The low CTOD values have been obtained only in tests on modern structural steels, whereas no actual structural failure
attributable to the LBZs has been reported so far (Ref 38). Because the structural significance of the low toughness test
resultsis still largely unresolved, the present conservative strategies are to choose a steel whose tendency to form LBZsis
less or to choose awelding procedure by which the size of the LBZs can be reduced.

The ICGC HAZ usually has alower toughness than the SCGC or UAGC regions, even though all of them have nearly the
same y grain size. This is due to the higher amount of highcarbon martensite-austenite (M-A) constituent in the ICGC
HAZ. When the GC HAZ is reheated to a temperature between Ac; and Acs, austenite is nucleated at the high carbon
areas. Upon cooling, these lacal high-carbon areas can transform to give twinned martensite with every thin regions of
retained austenite in between. (See Ref 39 for detailed metallographic procedures for identifying the M-A constituent.)
The carbon content in the M-A islands can range from about 0.3 to 0.5% C. The significance of this is that, for a given
nominal carbon content in the steel, the volume fraction of the M-A constituent will be much higher than if most of the
carbon formed carbides (by the lever rule). This will increase the number of crack nucleation sites and thereby contribute
to the inferior toughness of ICGC HAZ. Asisto be expected, the volume fraction of the M-A constituent also depends on
the hardenability of the steel, which in turn depends on the alloying content. It has been shown that if the development of
pearlitic microphases could be promoted instead of the development of M-A, by decreasing the alloy content, the
toughness of the ICGC HAZ could be improved (Ref 40). However, this would have penalties in terms of achievement of
parent plate strength. A more feasible solution would be to inhibit grain growth in the HAZ.

The multipass welding procedure can aternatively be controlled to limit the size of the LBZs. Figure 31 shows how this
can be done with atandem three-wire high current gas-metal arc welding procedure by adjusting the distance between the
three arcs. Specia "temper-bead" procedures (Ref 42) have been developed for controlling the microstructure in the HAZ,
and a need for these procedures arises in the following way. Low-alloy steel weldments for critical applications (for
example, pressure vessels) require a postweld heat treatment (PWHT) in a furnace. This is done to temper the hard
regions in the HAZ and to relieve residual stresses. If repairs become necessary on site after the component has been in
service, PWHT is usually not feasible. The heat of the arc can then be used to achieve the tempering function of PWHT
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by suitable spatial positioning and sequencing of the individual passes. Grain refinement in he HAZ is also sought to
increase the toughness and thereby offset the harmful effects of residual stresses that would remain in the absence of
PWHT.

Firstbead i
< | 1
| CGR
/ \ |
Second bead

>

Third bead

FI1G. 31 SCHEMATIC SHOWING THAT THE HAZ ISOTHERMS AND THE SIZE AND LOCATION OF THE COARSE-
GRAINED REGION (CGR) CAN BE CONTROLLED IN A TANDEM THREE-WIRE HIGH CURRENT GAS-METAL ARC
WELDING PROCEDURE. GRAIN REFINEMENT OF COARSE-GRAINED REGIONS INITIALLY FORMED IS OBTAINED
BY OPTIMIZING THE DISTANCES BETWEEN THE THREE ARCS. SOURCE: REF 41

An example of atwo-layer temper bead procedure is shown in Fig. 32. The heat inputs of the first and second layer are
carefully controlled, so that the heat from the second layer is used to refine the coarse-grained region in the HAZ of the
base metal due to the first layer. This ideas can be extended one step further by using a pulsed gas-tungsten arc welding
procedure whereby a given pulse in a pulsed weldment can be used to successively refine and temper the preceding pulse
pitch regions (Ref 11). The degree of microstructura refinement depends primarily on the welding speed and pulsing
frequency, and these parameters can be controlled with great precision. By contrast, an important variable to be controlled
in the temper-bead procedure is the weld deposit height, and it is difficult to exercise the same degree of control on this.
For this reason, it is argued that the maximum possible control on the microstructural changes in the repair weldment is
possible with the pulsing procedure.
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FIG. 32 SCHEMATIC SHOWING A TWO-LAYER REPAIR PROCEDURE. (A) HEAT-AFFECTED AREAS OF A SINGLE
WELD BEAD. (B) FIRST LAYER CAUSES COARSE-GRAINED REGIONS TO FORM IN THE HAZ OF THE BASE METAL
(RIGHT PORTION OF THE FIGURE). DEPOSITION OF THE SECOND LAYER REFINES THESE INITIAL COARSE-
GRAINED REGIONS (LEFT PORTION OF FIGURE). SOURCE: REF 42
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Solid-State Transformations in Weldments

P. Ravi Vishnu, Luled University of Technology, Sweden

Fusion Zone in Multipass Weldments

In the weld metal of a multipass weld, reheating effects will lead to a gradient in microstructure similar to the case of the
HAZ. However, instead of a detailed classification, the multipass weld metal is usually considered to consist of just two
regions (Fig. 33):

ASDEPOSTED OR PRIMARY REGION, WHERE THE MICROSTRUCTURE DEVELOPS AS THE
WELD COOLS FROM THE LIQUID PHASE TO AMBIENT TEMPERATURE

REHEATED OR SECONDARY REGION, WHERE REGIONS WITH THE ORIGINAL PRIMARY
MICROSTRUCTURE ARE REHEATED TO TEMPERATURES ABOVE THE AC;
TEMPERATURE. THE TEMPERED REGIONS WHICH ARE REHEATED TO SLIGHTLY LOWER
TEMPERATURES ARE ALSO GENERALLY CONSIDERED TO BELONG TO THIS CATEGORY

The properties of the weld metal depend on the relative area or volume fractions of the two regions, which in turn depend
on the welding procedure, so the properties are procedure-specific. Hence arises the need for welding procedure
gualification as per codes and standards in addition to the qualification of consumables (for which is standard procedureis
specified).

Fusion boundary

FI1G. 33 PRIMARY (P) AND REAUSTENITIZED REGIONS IN THE WELD METAL REGION OF A MULTIPASS WELD.
THE REAUSTENITIZED REGION IS WHERE THE COLUMNAR STRUCTURE IS NOT CLEARLY DETECTED. SOURCE:
REF 23
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Solid-State Transformations in Weldments

P. Ravi Vishnu, Luled University of Technology, Sweden

Stainless Steels

It has long been known that solidification cracking can be avoided in austenitic stainless steel welds by having a small
concentration of ferrite in them. Recent work has shown, however, that residual ferrite content at room temperature is no
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more than a symptom and that it is really the solidification mode (whether the weld metal solidifies as primary austenite
or ferrite) that is the deciding criterion (Ref 43). It has been found that susceptibility to solidification cracking is least for
a primary ferrite solidification mode (more specifically, when the solidification mode corresponds to the types shown in
Fig. 34c and 344d). It is believed that low-melting-point liquid phases (formed by the segregation of impurities like sulfur
and phosphorus, for example) solidifying in the intercellular regions do not wet the 8-y interphase boundaries as easily as
they would 6-3 or y-y boundaries. In the ferritic-austenitic solidification mode (Fig. 34c and 34d), the -y interphase
boundary area is greater at temperatures just below the nominal solidus temperature, and this is the reason for a greater
resistance to solidification cracking.
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FI1G. 34 SCHEMATIC SHOWING SOLIDIFICATION AND TRANSFORMATION BEHAVIOR RESULTING IN A RANGE
OF FERRITE MORPHOLOGIES IN AUSTENITIC STAINLESS STEEL WELDS. SOURCE: REF 43

Information about the solidification mode can be obtained from the chemical composition of the weld metal by referring
to the WRC-1992 diagram (Fig. 35). It has been found that this diagram is more accurate than the Schaeffler (for duplex
stainless steel welds) and Delong (for 300 series austenitic steel welds) diagrams developed earlier. All of these diagrams
are strictly applicable only for the cooling rates obtained in manual metal arc (MMA) welding because the data for
establishing the statistical correlations have been taken from MMA welds. The dotted linesin Fig. 35 are the demarcation
lines between the different solidification modes shown (that is, A, AF, FA, and F) corresponding to the types in Fig.
34(a), 34(b), 34(c), 34(d), and 34(e), respectively. The AF-FA boundary in Fig. 35 (which, as discussed earlier,
corresponds to the onset of cracking) intersects the iso-ferrite number lines at an angle. This is consistent with the
findings of several investigators that the minimum ferrite content necessary to avoid hot cracking is different for different
weld metal compositions (that is, for weld metals deposited with E 316, E 308L, E 309, and so on).
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FI1G. 35 WRC-1992 DIAGRAM PREDICTING FERRITE CONTENT IN STAINLESS STEELS. FERRITE CONTENT IS
GIVEN BY THE FERRITE NUMBER (FN), WHERE 100 FN IS APPROXIMATELY EQUAL TO 65 VOL% FERRITE.
BOUNDARIES DENOTING A CHANGE IN SOLIDIFICATION MODE (A, AF, FA AND F PER FIG. 34) ARE ALSO
SHOWN (INDICATED BY DOTTED LINES). SOURCE: REF 45

It is a fortunate coincidence that the coefficients in the Cre and Nig expressions (see Fig. 35), which have been obtained
by statistical fitting methods, result in satisfactory correlations with both the solidification mode and the ferrite number (a
precisely measurable quantity that is roughly proportional to the actual volume percentage of ferrite at room temperature)
(Ref 44). Indeed, it has been found that the same Crg and Nig expressions (that is, with the same elements and
coefficients) are not able to satisfactorily fix the locations of the martensite and martensite-austenite phase fields seen in
the lower left region of the Schaeffler diagram. For this reason, such regions of Cre, and Nig are excluded in the WRC-
1992 diagram.

A discussion of weld decay due to sensitization and knife line attack in the HAZ of austenitic stainless steels can be found
in Ref 14 and 46.
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Solid-State Transformations in Weldments

P. Ravi Vishnu, Luled University of Technology, Sweden

Aluminum Alloys

The main problems in the welding of heat-treatable aluminum alloys are liquation cracking in the partially melted zone
(see the section "Unmixed and Partially Melted Zones in a Weldment" in this article) and softening in the HAZ (Ref 14,
47). The latter means that the weld joint strength can be reduced. Reasons for the softening can be understood by referring
to Fig. 36. The parent materia is assumed to be a 2000- or 6000-series aluminum aloy, artificially aged to contain the
metastable phase of 0' (in auminum-copper aloys), S (in auminum-copper-magnesium alloys), or ' (in auminum-
magnesium-silicon alloys). A very fine dispersion of precipitate particles is obtained in the parent material by a solution
heat treatment followed by aging, and this is the reason for the high strength in the materials. Figure 36(b) shows that a
gradient in hardness is obtained in the HAZ immediately after welding. At location 1, the high peak temperature causes
the precipitate particles to go into solution, and the cooling rate is too high for reprecipitation. At locations 2 and 3, the
precipitate particles partially dissolve and coarsen. After postweld artificial aging, fine precipitate particles are again
formed at location 1, causing the hardness to increase to the parent material level. However, at locations 2 and 3, only a
lower hardness can be obtained because of the formation of coarse precipitate particles. For increasing weld heat inputs,
the width of the softened zone increases. A good discussion of how the above phenomenon can be modeled is found in
Ref 48.

Haz. Weld 1 2 PWaAA 4
1 T
]_ = ||
3 Reversion of O 5
[ or [ starts c
T - Py =] 3
=4 1 2
E T
[t
1
Immediately after welding

0 TiM e — 0 Distance from fusion ling ——=

{a) (b)

FI1G. 36 SCHEMATIC SHOWING THE EFFECT OF WELD THERMAL CYCLES ON THE SOFTENING IN THE HAZ IN
AGE-HARDENABLE ALUMINUM ALLOYS. (A) THERMAL CYCLES IN THE HAZ (FOR CORRESPONDING LOCATIONS
IN WELD, SEE INSET. (B) HAZ HARDNESS PROFILES BEFORE AND AFTER AGING. PWAA, POSTWELD
ARTIFICIAL AGING. SOURCE: REF 14
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Nickel-Base Superalloys

Nickel-base superalloys have a very high creep resistance, making them attractive for critical high-temperature
applications such as gas turbines. Yet it is this very characteristic that gives rise to the problem of strain age cracking in
the weld HAZ (Ref 14, 19, 49). The high-temperature creep strength in the parent materials is obtained by forming fine
precipitates of y' (Nis(Al, Ti)) or y" (NisNb) in them. In the region of the weld HAZ subjected to high peak temperatures,
these precipitates dissolve, similar to the case of aluminum alloys. After welding, the weldments are again solution heat-
treated and aged (note the difference between aluminum alloys and the nickel-base superalloys in this respect). The
purposes of thistreatment are to obtain the same uniform and fine precipitation in the weld asin the parent material and to
relieve the weld residual stresses.

Normally (for example, in the case of low-alloy or carbon steel welds), PWHT in a furnace relieves the residual stresses
because the yield stress at the PWHT temperature is very low. A residual stress greater than the yield stress cannot be
supported, and stress relief is brought about by a process of creep and plastic deformation. This process is difficult in
nickel-base superalloy weldments, however, because of their high creep strength and low creep ductility. Reprecipitation
in the solutionized regions of the HAZ (during the heating-up to the PWHT temperature) strengthens the matrix and does
not allow any creep or plastic deformation (necessary for the relief of residual stress) to take place. Cracking can occur in
this condition at the grain boundaries in the grain-coarsened region of the HAZ. Cracks initiated here have been known to
run far into the base material. This problem is very difficult to solve, and the best solution has been found to be to switch
over to materials such as Inconel 718 alloy that are inherently less susceptible to cracking, even though their creep
strength is somewhat lower. Inconel 718 alloy contains y" precipitate, and the slow kinetics of precipitation in this aloy
alow substantial stress relief to be achieved before precipitation increases the creep strength in the HAZ.
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Titanium Alloys

Titanium aloys find use in aerospace applications, pressure vessels, and so on because of their high strength-to-weight
ratio, high corrosion resistance, and high fracture toughness. Pure titanium has two alotropic forms: low-temperature
hexagonal close-packed (hcp) a-phase and elevated-temperature body-centered cubic (bcc) B-phase. Various aloying
elements tend to preferentially stabilize one or the other of these phases. As a result, titanium alloys are generally
classified as a, o+ B, metastable B, and p aloys (Fig. 37).
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FIG. 37 HYPOTHETICAL B ISOMORPHOUS PHASE DIAGRAM THAT SHOWS RELATION BETWEEN (8 -STABILIZER
SOLUTE CONTENT AND TITANIUM ALLOY FAMILY DESCRIPTION. SELECTED COMMON ALLOYS ARE LISTED
ALONG THE X-AXIS OF THE DIAGRAM BASED ON THEIR COMPOSITIONS. SOURCE: REF 50

The a-alloys are not heat-treatable (that is, a significant increase in strength and toughness cannot be obtained by heat
treatment), and they have the lowest strength of the four titanium alloy families. Interestingly enough, these aloys are
thus considered to have excellent weldability. What this means in practice is that there is no significant degradation in the
properties of the weld and HAZ with regard to the parent materia due to the weld thermal cycles. Also, the B « «
transformation in the weld and near HAZ means that the extent of grain coarsening will not be so high asin other single-
phase materials in which no phase transformation occurs upon heating or cooling, such as stabilized ferritic stainless
stedls (Ref 51), pure auminum, and so on.

In the a+ B alloys, a higher strength is obtained with a higher volume fraction of the B phase, which in turn is obtained
with a higher B -stabilizing alloy content (Fig. 37). The effect of cooling rate on the phase transformations in two a+ 3
alloysis shown schematically in Fig. 38. Asin the case of steels, it is seen that the B « atransformation can occur either
by nucleation and growth at slower cooling rates or martensitically at higher cooling rates. The martensitic product in the
lean o+ B aloys has an hcp crystal structure (designated as o) or an orthorhombic one (designated as o) in the B-
stabilized o+ B aloys. It is seen that the C-curve for the B « intergranular o transformation is shifted to the right for
alloys with increasing p-stabilizing aloy content, while that for the allotriomorphic a (more commonly referred to as GB
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a) isrelatively insensitive to alloy concentration (Ref 52). As aresult, alloys that are fairly rich in B-stabilizing additions
exhibit a stronger tendency to form a continuous network of GB o than do leaner o + § aloys.
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FIG. 38 SCHEMATIC CCT DIAGRAMS FOR TWO O + B TITANIUM ALLOYS WITH DIFFERENT B -STABILIZER
SOLUTE CONTENTS. (A) LEAN O + B ALLOY (FOR EXAMPLE, TI-6AL-4V). (B) O + [_)) ALLOY (FOR EXAMPLE,
CORONA 5 [TI1-4.5AL-5M0-1.5CR]) RICHER IN B -STABILIZING SOLUTE CONTENT

The morphology of the a and B phasesin the a + B base materialsis strongly dependent on thermomechanical processing
(TMP) and heat treatment, which are performed either in the p-phase field or in the two-phase o +  phase field. When
TMPisdoneinthe o+ B phase field, the a that forms on cooling is continuously deformed. After recrystallization, a near-
equiaxed o structure is obtained after this a + B processing. Very little GB o is formed because deformation introduces
sufficient alternate heterogeneous nucleation sites in the form of dislocations. On the other hand, if TMP is done above
the B-transus temperature (B-processing) and cooled, o forms at grain boundaries (giving GB a) and in the interior of
grains as a Widmanstétten structure (also referred to as an acicular, lenticular, or basketweave structure). The
microstructure in the weld and the near HAZ is closer to that obtained after -processing.

Figure 39 shows the effect of o + B processing and B-processing on the strength and toughness of a +  aloys with
increasing B-stabilizing alloy content. At the lower strength levels obtained with a lower B-stabilizing alloy content
(because of a lower volume fraction of B-phase present), the finer Widmanstétten structure obtained after B-processing
has a higher toughness than the coarser structure obtained by o + B processing. At higher strength levels, the trend
reverses with the o +  processed structure having a higher toughness. This result can be understood in terms of the
strength differences between GB o and the interior of the prior B grains (Fig. 40). At lower strengths, when the grain
interiors are relatively weak, the crack tip plastic zone is distributed between the GB o and the grain interiors. However,
as the a-phase precipitates are refined by lower aging temperatures, as in the case of the metastable § alloys, the grain
interiors are strengthened considerably. Under such circumstances, the cracks are essentially constrained to follow the GB
a layer. This results in a contraction of the plastic zone, a reduction in the crack tip opening displacement for crack
extension, and an attendant drop in the toughness.

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



p-processed structures
(GB o)

a + i-processed structures
(no GB a)

Toughness ~——=

Yield strength ——=

e 2 i
Lean Richer
a+fp a+p
alloys  alloys

FIG. 39 SCHEMATIC PLOT OF TOUGHNESS VERSUS YIELD STRENGTH FOR O + B AND B-PROCESSED
STRUCTURES. APPROXIMATE LOCATIONS OF LEAN (FOR EXAMPLE, TI-6AL-4V) AND RICHER B STABILIZED O +
B ALLOYS (FOR EXAMPLE, CORONA 5 [TI-4.5AL-5MO-1.5CR]) ARE SHOWN. SOURCE: REF 52
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FI1G. 40 SCHEMATIC SHOWING THE EFFECT OF THE RELATIVE STRENGTHS OF GB 0@ AND MATRIX ON THE
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PLASTIC ZONE SIZE. (A) GB 0. LOCATION RELATIVE TO MATRIX. (B) EFFECT OF PLASTIC ZONE SIZE ON YIELD
STRENGTHS OF MATRIX AND GB O.. SOURCE: REF 52

The microstructures in the weld metal and the near HAZ (the region where the peak temperature exceeds the B-transus
temperature) resemble those obtained after B-processing. This means that it is easier to get a matching toughness in the
weld metal at the lower strength levels referred to in Fig. 39. Even this is made somewhat difficult by the coarser B grain
size in the weld and HAZ. Grain coarsening in the HAZ induces coarse B grains to form in the weld also, because
solidification in the weld metal occurs by epitaxial growth from the HAZ. The extent of grain coarsening is such that it is
not uncommon to find a single columnar B grain traversing the entire thickness in gas-tungsten arc welds on thin sheet
(Ref 53). If high energy density welding processes are used (for example, electron-beam welding or laser-beam welding),
it is possible to limit the extent of B grain coarsening. However, the high cooling rates in the weld and HAZ will mean
that a martensitic structure will be obtained.

To obtain adequate ductility and toughness, PWHT will have to be done at temperatures close to the B-transus
temperature. This can be a problem because the low strength at these temperatures can cause sagging in large welded
structures, and complex fixturing will be necessary to maintain dimensional tolerances. It can also be expensive, because
inert gas shielding is required for almost the entire time of PWHT (it is assumed in the present discussion that adequate
care is taken to maintain proper shielding during welding). Moreover, it can be difficult to increase the ductility in the
weld metal and HAZ to alevel equal to that in an a+ [ processed base material (Fig. 41). The trends seen in Fig. 39 and
41 can be understood by noting that crack nucleation is more difficult in an equaixed structure (because the strain
concentration effects are less) and that the plastic zone sizes are bigger (Table 1). Thisresultsin a higher tensile ductility.
However, because crack propagation follows a less tortuous path, the toughness is lower. The reverse is true for a
Widmanstétten structure (referred to as a lenticular structure in Table 1). Table 1 explains the apparently strange
observation in titanium alloys that a structure having a high strength and toughness is not necessarily the one having a
high tensile ductility. The implication of this for weldments is that for many applications it may be more important to
optimize the welding and PWHT procedure with respect to the toughness than with respect to the ductility.

TABLE 1 EFFECT OF MORPHOLOGICAL FEATURES OF THE MICROSTRUCTURE ON CRACK
NUCLEATION AND PROPAGATION IN a + 3 TITANIUM ALLOYS

Note: Voidsinitiated at the a -p interfaces are shown as black regions. Source: Ref 54
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FIG. 41 SCHEMATIC PLOT OF DUCTILITY VERSUS STRENGTH FOR O + B AND B -PROCESSED STRUCTURES.
SOURCE: REF 52

A more detailed discussion of the welding metallurgy of titanium alloys can be found in Ref 53, 55, and 56.
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Solid-State Transformations in Weldments

P. Ravi Vishnu, Luled University of Technology, Sweden

Titanium Alloys

Titanium aloys find use in aerospace applications, pressure vessels, and so on because of their high strength-to-weight
ratio, high corrosion resistance, and high fracture toughness. Pure titanium has two alotropic forms: low-temperature
hexagonal close-packed (hcp) a-phase and elevated-temperature body-centered cubic (bcc) B-phase. Various alloying
elements tend to preferentially stabilize one or the other of these phases. As a result, titanium alloys are generally
classified as a, a+ B, metastable B, and palloys (Fig. 37).
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F1G. 37 HYPOTHETICAL B ISOMORPHOUS PHASE DIAGRAM THAT SHOWS RELATION BETWEEN B -STABILIZER
SOLUTE CONTENT AND TITANIUM ALLOY FAMILY DESCRIPTION. SELECTED COMMON ALLOYS ARE LISTED
ALONG THE X-AXIS OF THE DIAGRAM BASED ON THEIR COMPOSITIONS. SOURCE: REF 50

The a-alloys are not heat-treatable (that is, a significant increase in strength and toughness cannot be obtained by heat
treatment), and they have the lowest strength of the four titanium alloy families. Interestingly enough, these aloys are
thus considered to have excellent weldability. What this means in practice is that there is no significant degradation in the
properties of the weld and HAZ with regard to the parent materia due to the weld thermal cycles. Also, the B « «
transformation in the weld and near HAZ means that the extent of grain coarsening will not be so high asin other single-
phase materials in which no phase transformation occurs upon heating or cooling, such as stabilized ferritic stainless
stedls (Ref 51), pure auminum, and so on.

In the a+ B alloys, a higher strength is obtained with a higher volume fraction of the B phase, which in turn is obtained
with a higher B-stabilizing alloy content (Fig. 37). The effect of cooling rate on the phase transformations in two o + 3
alloysis shown schematically in Fig. 38. Asin the case of steels, itisseenthat the p « o transformation can occur either
by nucleation and growth at slower cooling rates or martensitically at higher cooling rates. The martensitic product in the
lean o + P aloys has an hcp crystal structure (designated as o) or an orthorhombic one (designated as o ") in the B-
stabilized o + B alloys. It is seen that the C-curve for the B « intergranular o transformation is shifted to the right for
alloys with increasing B-stabilizing alloy content, while that for the allotriomorphic a(more commonly referred to as GB
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a) isrelatively insensitive to alloy concentration (Ref 52). As aresult, alloys that are fairly rich in B-stabilizing additions
exhibit a stronger tendency to form a continuous network of GB o than do leaner o + § aloys.
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FIG. 38 SCHEMATIC CCT DIAGRAMS FOR TWO o + B TITANIUM ALLOYS WITH DIFFERENT B -STABILIZER

SOLUTE CONTENTS. (A) LEAN o + B ALLOY (FOR EXAMPLE, TI-6AL-4V). (B) o + B ALLOY (FOR EXAMPLE,
CORONA 5 [TI1-4.5AL-5MO-1.5CR]) RICHER IN B -STABILIZING SOLUTE CONTENT

The morphology of the a and B phasesin the a + 3 base materialsis strongly dependent on thermomechanical processing
(TMP) and heat treatment, which are performed either in the p-phase field or in the two-phase o+ 3 phase field. When
TMPisdoneinthe o+ B phase field, the o that forms on cooling is continuously deformed. After recrystallization, a near-
equiaxed a structure is obtained after this a + 3 processing. Very little GB a is formed because deformation introduces
sufficient alternate heterogeneous nucleation sites in the form of dislocations. On the other hand, if TMP is done above
the B-transus temperature (B-processing) and cooled, o forms at grain boundaries (giving GB «) and in the interior of
grains as a Widmanstétten structure (also referred to as an acicular, lenticular, or basketweave structure). The
microstructure in the weld and the near HAZ is closer to that obtained after 3-processing.

Figure 39 shows the effect of o + [ processing and B-processing on the strength and toughness of a + 3 aloys with
increasing PB-stabilizing alloy content. At the lower strength levels obtained with a lower B-stabilizing alloy content
(because of a lower volume fraction of B-phase present), the finer Widmanstétten structure obtained 