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It is usually difficult to quantitatively determine the mass fraction of each type of
precipitates in steels using transmission electron microscopy and traditional X-ray powder
diffraction analysis methods. In this paper the Rietveld full-pattern fitting algorithm was
employed to calculate the relative mass fractions of the precipitates in 2.25Cr–1Mo–0.25V
steel. The results suggest that the fractions of MC, M7C3 and M23C6 carbides were evaluated
precisely and relatively quickly. In addition, it was found that the fine MC phase dissolved
into the matrix with prolonged tempering.
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1. Introduction

2.25Cr–1Mo–0.25V steel has being widely used for the hydro-
cracking and hydro-desulfurization reactors in energy indus-
try. The carbide precipitated during heat treatment generally
plays a key role on the resistance to creep and to hydrogen
damage [1–4]. Therefore, to quantify the precipitation evolu-
tion during heat treatment is critical to control the micro-
structure and to establish the theoretical relationship between
microstructure and mechanical properties.

As an alternative technique, X-ray powder diffraction (XRD) is
perhaps the most powerful method of obtaining quantitative
phase information frommulti-componentmixtures. However, X-
ray analysis is traditionally dependent on a number of para-
meters, including sample characteristics, purity and availability
of standards. In addition, line overlapmay reduce the number of
measurable lines, particularly with complex diffraction patterns.
Typically, few reflections from each phase are used which limit
the precision of the results and make analyses more susceptible
shan Iron & Steel Co., Ltd.,
Hanqian).

er Inc. All rights reserved
to the effects of primary extinction and preferred orientation [5–
10]. Since the Rietveld method [11,12] uses a full-pattern fitting
algorithm, all lines for each phase are explicitly considered and
overlapping lines are not problematic. The use of all lines in a
pattern minimizes the uncertainty in the derived mass fractions
and the effects of nonlinear detection systems. The effects of
primary extinction are also reduced, as all reflections from each
phase are used in the analysis rather than just the strongest one.
However, it has been scarcely used in such scientific area as
quantitative analysis of carbide precipitation in CrMoV steels,
although XRD technique is frequently utilized.
2. Experimental Procedures

2.1. Experimental Techniques

The hot-rolled steel plate with a thickness of 20 mm used in the
investigation came from a 150 kg vacuum-induction melt with
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Table 1 – Chemical composition of the experimental steel
as received (wt.%).

C Mn Si P S Cr Mo V Fe

0.13 0.55 0.05 0.012 0.003 2.23 0.98 0.24 Balance

Fig. 1 – Observed (curves), calculated (circles) and difference
(Iobs− Icalc, 1) Rietveld fitting patterns for the carbide powder
mixture, which was electrolytically extracted from the
2.25Cr–1Mo–0.25V steel as-tempered for (a) 2 h, (b) 5 h and
(c) 10 h, respectively. The vertical short bars (2) are the peak
positions respectively for the M7C3, MC and M23C6 phases. In
the following, ‘M’ stands for metallic elements, such as V,
Mo, Cr, Fe, etc.
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the chemical composition given in Table 1. The steel was heat-
treated as follows: 1 h at 940 °C, slow water quenching, followed
by 2, 5 and 10 h tempering respectively at 720 °C, slow water
quenching.

The precipitates were electrolytically extracted using the
5%KCl–1%Citric acid distilled water solution. The residue was
separated using a membrane filter with 0.05 µm pores.
Therefore, the carbide's mass fraction of the sample can be
expressed as:

f =
mc

m0 �mt
=

mc

Dm
� 100k ð1Þ

where mc is the mass of carbide extracted from the specimen,
m0 is the original mass of specimen before electrolyzing and
mt is the final mass of specimen after electrolyzing.

The extracted carbide powder was analyzed by Rigaku D/
max-2550 X-Ray diffractometer with CuKα radiation and
graphite monochromators. The diffraction data was collected
for each specimen from 30 to 90° 2θ with a step width of 0.02°
and a count time of 2.0 s per step.

2.2. Rietveld Refinement

A Rietveld refinement involves the fitting of the full experi-
mental diffraction pattern with calculated profiles and back-
ground. The model utilized to describe the intensity
corresponding to the ith step (Yi) can be written as:

Yi =Ybi +
X

b

Sb
X

K
LbkjFj2bKe�2MbPbKAKg 2hi � 2hbK

� � ð2Þ

where β and K are the phase label and the Brag reflection
index respectively, Sβ is the scale factor, LβK contains the
Lorentz, polarization and multiplicity factors, FβK is the
structure factor, Mβ=B ·Sin2 · (θβ)/λ2 is the global temperature
factor and B is the Debye–Waller factor, PβK is the preferred
orientation function, AK represents the absorption correction
function and η is the modified Thompson–Cox–Hastings
Table 2 – Refined unit-cell parameters and relative mass
fractions of the carbides for the final Rietveld refinement.

Sample Phase a (Å) b (Å) c (Å) Space
group

Relative
mass

fraction (%)

QT2 MC 4.1870 4.1870 4.1870 Fm-3m 28.72
M7C3 7.0058 12.1445 4.5011 Pmcn 64.46
M23C6 10.5775 10.5775 10.5775 Fm-3m 6.82

QT5 MC 4.1884 4.1884 4.1884 Fm-3m 31.01
M7C3 7.0128 12.1477 4.5038 Pmcn 66.10
M23C6 10.5940 10.5940 10.5940 Fm-3m 2.89

QT10 MC 4.1932 4.1932 4.1932 Fm-3m 6.87
M7C3 7.0159 12.1529 4.5054 Pmcn 90.45
M23C6 10.6014 10.6014 10.6014 Fm-3m 2.68
Pseudo-Voigt reflection profile function [13] which approx-
imates the effects of both the instrumental and specimen
features. Finally, Ybi represents the background intensity at
the ith step. All these parameters are modified in a recurrent
process in order to minimize the weighted squared difference
Table 3 – Evolution of the carbide amount during
tempering.

Sample Mass fraction of carbide
(%)

Mass fraction of MC
(%)

QT2 1.10 0.32
QT5 1.23 0.38
QT10 1.48 0.10

Note: Themass fractionof carbide in steel can be calculatedbyEq. (1).



Fig. 2 – Transmission electron micrographs of the extraction
replica from the 2.25Cr–1Mo–0.25V steel as-tempered for
(a) 2 h (50,000×), (b) 5 h (50,000×) and (c) 10 h (50,000×),
respectively.
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between the experimental data Yi and the theoretically
predicted value Yicalc at each angular position:
X

wi Yi � Yicalcð Þ2 =Minimum ð3Þ

where i varies from1 to the number of observation, andwi=1/Yi is
the reciprocal of the variance associated to the ith observation.

The relative amount of each type of carbide in the residue is
proportional to the product of the scale factor, as derived in
the multi-component Rietveld analysis of the powder diffrac-
tion pattern, with the mass and volume of the unit cell. If all
phases are identified and crystalline, the relative mass
fraction χα of phase α is given by [14]:

va =
SaZaMaVaP
b SbZbMbVb

ð4Þ
where Sα, Zα, Mα and Vα are, respectively, the Rietveld scale
factor, the number of formula units per unit cell, the mass of
the formula unit and the unit-cell volume of each phase α.
3. Results and Discussion

Pattern fitting was done by means of the software, TOPAS,
which is basedon theRietveldmethod. Rietveld refinementwas
appliedover a relatively short angular range (30–90° 2θ) to obtain
the resultmore reliably. The initial unit-cell parameters for each
phase are given in Table 2. These values were optimized in the
refinement. The common overall parameters, background
coefficients, zeroshift, scale factorandphaseprofileparameters
(U, V, W and X, Y, Z) were the only parameters refined during
the first stage,until anapparent convergencewas reached.After
this, the atomic occupancy ratio was optimized.

The Rietveld refinement pattern is illustrated in Fig. 1. Rexp,
Rwp, Rp are the quality-of-fit parameters: R-expected, R-weighted,
R-pattern. From these figures and R factors, it can be seen that
the Rietveldmethod calculated pattern can successfully fit the
severely overlapped peaks in the observed diffraction pattern.

The power of the Rietveld method in carrying out a
quantitative phase analysis of multiphase samples with
strong overlapping is evidenced in this study. The relative mass
fractions of the carbides are shown in Table 2 and suggest the
occurrence of dissolution of fine MC phase after 10 h tempering
(Table 3 and Fig. 2). Tamura et al. also found the similar
phenomenon in the 7Cr, 8Cr and 9Cr heat-resistant steels [15–18].
4. Conclusions

The relative mass fraction of each type of precipitates in
2.25Cr–1Mo–0.25V steel after heat treatment was accurately
and reliably determined by the X-ray powder diffraction full-
pattern fitting Rietveld method. Dissolution of MC particles
was found to occur during tempering. The results suggest that
this method could be a powerful technique to study the
precipitation kinetics of carbides.
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