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Abstract Over last few decades, Al-based metal matrix
composites (MMCs) have become a promising material of
choice for lightweight armors in vehicles. Recent development in ultra-fine-grain and nanostructured material
technology provides a new opportunity for the substantial
strength enhancement of MMCs unattainable with the
conventional microstructure of microscale, leading to significant weight reduction in armor packages. In this article,
we will present the latest development of a novel class of
nanostructured metal matrix composites (NMMCs) based
on submicron SiC particulates reinforced nanocrystalline Al
alloys. The successful fabrication of large-dimension
NMMCs plates with a cost-effective synthesis and consolidation process that can be scaled up for mass production
will be demonstrated. The microstructure, processing,
mechanical properties, and their correlations of this class of
NMMCs will also be reported. The ballistic performance of
the NMMCs is investigated through a real test of high-speed
machinegun bullets, and a numerical modeling as well.

Introduction
Al-based metal matrix composites (MMCs), particularly
ceramic particles reinforced Al alloys, are attractive candidates for lightweight armor materials on account of their
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advantages including higher specific strength and stiffness,
higher impact/damping properties, and better fatigue resistance as compared with conventional Al alloys [1–3]. Recent
development in ultra-fine-grain (UFG) and nanostructured
metal matrix composites (UFGMMCs/NMMCs) has
exhibited a new type of matrix microstructure with UFG and/
or nanometer-size grain for future development of Al-based
MMCs, as the greater majority of the composite strength can
be contributed by the inherent matrix strength [1–4]. The
development of a cost-effective processing method has been
one primary focus in the research of UFG/nanostructured
materials aimed for commercial applications. Cryomilling, a
mechanical attrition of a mixture of ceramics and Al powders
within a cryogenic medium (e.g., liquid nitrogen), has been
demonstrated as a feasible low-cost method to synthesize
UFGMMCs/NMMCs with the ceramic particles uniformly
distributed in the nanocrystalline matrix [5]. However,
presently most works on cryomilled UFGMMCs/NMMCs
have been limited to small-scale fabrications for scientific/
academic research, and the consistency/repeatability of the
large-scale processing and performance of UFGMMCs/
NMMCs has yet to be fully demonstrated.
On the other hand, to enable the potential applications
of such Al-based UFGMMCs/NMMCs for lightweight
armors, the evaluation of their high-speed impact behaviors and particularly their ballistic performance are
necessary. A numerical modeling that can be used to
accurately describe or predict these behaviors and performances are desirably needed, in order to save large
time and cost consumption generally required in real
ballistic tests. At present, although Johnson–Cook’s model
[6] has been used extensively in simulating the ballistic
behavior of metallic materials, the direct use of this
model for the ballistic behavior of MMCs has not yet
been successfully proved, on account of the more
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complicated microstructure generally consisting of
metallic matrix and particulate ceramic reinforcement. In
this research, a modified Johnson–Cook’s model that
takes the effects of ceramic particulate reinforcement into
consideration has been established, showing good agreement with the real ballistic test results.

Materials processing and characterization
Processing
A four-step process of cryomilling, degassing, hot isostatic
pressing, and secondary processing such as forging (Fig. 1)
has been used to produce bulk Al-based NMMC samples.
A reliable scalable processing procedure has been established through an extensive study of processing parameters
and the associated optimization.
In the development of the NMMCs, one main focus is
processing parameters optimization. AA2024Al ? 25
wt.% SiC, with SiC particles in the submicron size, has
been chosen as the material system for our optimization
study. Through extensive experiments, the optimal processing parameters have been identified. Table 1 lists some
processing parameters (ranges) related to cryomilling and
the subsequent consolidation of cryomilled powders.
Good repeatability/consistency in both microstructure
and properties has been achieved using these processing
parameters to produce large-dimension ingot samples of
8 in. in diameter.
Characterization
The microstructure evolution during processing has been
studied by both SEM and TEM. It is shown from Fig. 2

that cryomilled powders have nano-scale microstructure
(20–50 nm) and consolidated bulk composites have nanoscale/UFG microstructure. Although the grain size of
consolidated NMMCs (Fig. 2c, d) is larger than that of
cryomilled powders (Fig. 2a, b) because of the grain
growth during degassing/HIPing, the grain size of consolidated samples are in the ranges of 50–200 nm that goes
into the regime of UFG. This observation indicates the
good thermal stability of the NMMCs, which has also been
reported by other researchers [5, 7].
The formation of nanometer grain size is also confirmed by XRD measurement of the full width at half
maximum (FWHM) values for the Al matrix, namely
a-Al peaks (Fig. 3). The grain size, more accurately,
volume-averaged crystallite size (d) of the cryomilled
sample, was determined by analyzing the broadening of
XRD peaks and the angular dependence [8]. Specifically,
the FWHM values for the a-Al peaks were used for the
average grain size calculation. An example is given in
Fig. 3a to illustrate the FWHM values for an a-Al peak of
the as-received sample (before milling) and the cryomilled sample (after milling), showing that the fcc Al
peaks broadened significantly after the milling. The a-Al
peaks of the milled mixture are much broader as compared to the sharp and narrow peaks of the starting (asreceived) powders, indicating a finer microstructure
formed in the sample.
The peak broadening was caused by the small size of the
diffracting grains and by the lattice strain (rms strain
1=2
e2
). Based on the measurement of FWHM, the average grain size was estimated by using the Scherror method.
Approximating the grain size broadening profiles by a
Cauchy function and strain broadening profiles by a
Gaussian function, one can find the relationship between d
1=2
and e2
according to the following equation [8]:

Fig. 1 Schematic of cryomilling and powder consolidation processes
Table 1 Some processing parameters (ranges) related to cryomilling and consolidation
Milling
temperature (°C)

Milling speed
(rpm)

Milling time
(h)

Ball-to-powder
ratio

Degassing temperature
(°C)

HIPing temperature
(°C)

HIPing time
(h)

-130 to -160

125–205

5–9

30:1

250–300

390–450

1
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Fig. 2 Microstructures in the
processing of NMMCs. (a)
SEM of cryomilled powder
showing ultra-fine particles
embedded in large particles; (b)
TEM of cryomilled powder
showing nanometer-sized grain
microstructure; (c) SEM of
consolidated bulk composite
showing that the matrix has
UFG structure; and (d) TEM of
consolidated bulk composite
showing 100–200 nm grain size
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-4
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-4
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-4

2.0x10

0.02

0.03

0.04

0.05

0.06
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where d2h is the measured integral breadth, h0 is the
position of the peak maximum. By performing a leastsquare-fit to (d2h)2/tan2 h0 plotted against (d2h)/tan h0
sin h0 for all of the measured peaks of a sample, d and
1=2
e2
can be determined. Standard linear regression
techniques were used to provide an estimate for the
uncertainty in the parameters from the error in the fit. The
example plots for two as-milled samples are shown in
Fig. 3b. Based on the FWHM measurement, the average
grain size is estimated in the regime of 20–30 nm for
cryomilled powders, and around 100–150 nm for bulk
composite samples, which shows good agreement of the
observation by TEM measurement.
Compression tests were conducted to obtain the
strength, modulus, and elongation of bulk 2024Al-SiC
NMMC prototypes, which are also necessary material
property inputs in the subsequent analysis of ballistic
behaviors. These tests were performed at room temperature
in compliance with ASTM standard E9, with specimen
dimensions of 4 9 4 9 8 mm. The average ultimate
strength is about 660 MPa, modulus is around 110 GPa,
and ultimate strain is around 9%.

(δ2θ )/tanθ 0 sinθ 0

Fig. 3 (a) X-ray diffraction patterns showing the grain size measurement based on the measurement of FWHM of a-Al peaks in the
SiC/Al samples and (b) plot used to calculate the grain size
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þ 25 e2

ð1Þ

Ballistic performance results and discussion
The ballistic performance of the Al-based NMMCs fabricated by the processing method introduced in previous
section has been evaluated both experimentally and
numerically.
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Experiments and results
In the experiments, forged NMMC samples are tested
against machine gun bullets, which is the kind of bullets
that NMMC materials are developed to withstand in the
real situation. In general, the ballistic performance of a
material is described in terms of the penetration depth by
certain penetrators or projectiles to characterize the protection capability of targeted armors. In this article, we
emphasize on the protection capacity of armors made by
NMMCs. The penetration process typically involves transient impact or rapid plastic deformation under high
loading rate conditions and therefore is a complicated
process. During penetration, a penetrator defeats armor by
tunneling a crater through the target, and the local strain
rate can exceed 106/s with associated strain energies and
superimposed stresses that can be significantly greater than
the yield strength of the armor material. As a result, the
armor material surrounding the crater is pushed aside by
the penetrator, while the penetrator itself is forced backwards or back extruded and eroded at the moving boundary
between the penetrator and the target. This process continues until the penetrator is either decelerated to a
complete stop or completely consumed.
The penetration depths of NMMCs under a high-speed
machine gun bullet are investigated. The samples (8 in. in
diameter and 2 in. in thickness) were fabricated at large
scale using the processing method introduced in last section. The ballistic tests were conducted at Aviation Applied
Technology Directorate facility at Ft. Eustis, Virginia,
subjected to the penetration of a 50 caliber bullet with the
velocity of 450–475 m/s. The resultant penetration depth is
24.3 mm on the average (Fig. 4 shows a typical tested

Fig. 4 A representative picture of a tested specimen
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sample), which can be translated into an areal density of
13.4 lbs/ft2 (areal density is a unit used to compare the
ballistic performance of an armor material). The areal
density of the NMMCs is around 45% of that of conventional steel armor materials under similar ballistic testing
conditions, suggesting this NMMCs armor only needs
around 45% of the weight of a steel armor to provide
similar ballistic protection.
Analysis and modeling
A modified material strength model is developed to predict
and analyze the ballistic performance of this composite,
which combines Johnson–Cook’s model [6] with the analytic model proposed by Li and Ramesh [9]. The major
feature of this model is the incorporation of the reinforcement effects of ceramic particles into the conventional
John–Cook’s model. In this modified model, the equivalent
von Mises stress req is given by
req ¼ gðf Þ½A þ Ben ½1 þ C ln e_  ½1  T m 

ð2Þ

Fig. 5 Ballistic performance modeling using a 50 caliber bullet: (a)
illustrations of model geometries; (b) the bullet reaches the armor
surface at a speed of 472 m/s; and (c) maximum penetration depth is
reached at t & 131 ls
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Table 2 Summary of real test and modeling of NMMCs armor plates penetrated by a machine gun bullet
Specimen no.
52

Real test

53

Real test

Model
Model
54

Real test
Model

E (GPa)

Yield
stress (MPa)

Failure
stress (MPa)

Armor
geometry (mm)

Projectile
velocity (m/s)

Penetration
depth (mm)

*110

*580

*690

92 R 9 41 T

472

*26.8

95 R 9 43 T

452

*24.0

98 R 9 52 T

456

*22.8

110

580

690

*110

*580

*690

110

580

690

*110

*580

*690

110

580

690

where g(f) is a factor that reflect the ceramic particle
influence on the strength of ceramic particle reinforced
UFGMMCs/NMMCs via volume fraction f, particle shape,
etc. A represents yield stress, B and n are strain hardening
parameters, C represents viscous effect, e is the equivalent
plastic strain, e_  ¼ e_ =_e0 is a dimensionless strain rate, and
e_ 0 is a reference strain rate, T  ¼ ðT  T0 Þ=ðTm  T0 Þ is
the homologous temperature, where T is the absolute
temperature, T0 is the room temperature, and Tm is the
melting temperature of the target material, respectively.
The corresponding damage model is adopted from that of
Johnson–Cook [6].
The modified model described by Eq. 1 has been successfully implemented in LS-DYNA, a non-linear finite
element code for analysis of large deformation dynamic
response of structures based on explicit time integration.
The density of the NMMCs is estimated to be around
2800 kg/m3 based on the weight percentage of SiC particles. A yield stress of 580 MPa and failure stress around
690 MPa are used according to mechanical test results of
the NMMCs, and cylindrical particle shape is assumed for
SiC reinforcement.
The modeling of ballistic performance penetrated by a
50 caliber bullet is illustrated in Fig. 5. A representative
geometry of a machine gun bullet (half section) and an
armor plate (half section) in the simulation is shown in
Fig. 5a, where the armor plate has a dimension of 184 mm
in diameter and 41 mm in thickness from a real test sample. Considering the symmetric boundary conditions (B.
C.) of both the bullet and the armor along the centerline,
only an half section of the bullet and the armor plate are
shown. Figure 5b shows the machine gun bullet reaches the
armor surface at a speed of 472 m/s in the simulation, and
the maximum penetration depth of 28.7 mm is reached at
t & 131 ls (Fig. 5c). In the real ballistic test, the penetration depth is about 26.8 mm.
Comparisons between the real tests and the simulation
results are summarized in Table 2. As can be seen, the
penetration depth of simulation obtained from the modified
ballistic model agrees very well with those from real tests,
with a deviation less than 10%.
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28.7
26.0
22.3

Error (%)

7.3
8.6
2.4

Conclusion
A novel class of MMCs based on submicron SiC particulates reinforced UFG and nanostructured material Al alloys,
which is referred to as NMMCs, has been investigated with
focus on the establishment of large-quantity processing and
evaluation of ballistic performances of this class of material. The fabrication of large-dimension NMMC plates by
using a cost-effective synthesis and consolidation process
that can be scaled up for mass production is demonstrated.
Good repeatability/consistency in both microstructure and
properties has been achieved. A modified Johnson–Cook’s
model has been established and successfully used to evaluate the ballistic behaviors of the NMMCs under highspeed bullets, which shows a considerably good agreement
between modeling and real test results.
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