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A B S T R A C T   

Strengthening in metal matrix composites (MMCs) is primarily due to the load transfer from the compliant matrix 
to the stiff reinforcement. While internal load transfer has been studied for conventionally manufactured MMCs, 
the extent to which it may be affected by the preexisting defects in additively manufactured MMCs remain 
elusive. In this study, we performed uniaxial compression loading on cold sprayed Ni–CrC particulate-reinforced 
MMC. We observe significantly enhanced strength and ductility compared to the brittle behavior previously 
reported in tension for the same MMC. In contrast to the absence of load transfer in tension, the presence of 
initial defects did not preclude the internal load transfer in the composites under compressive loading. In-situ 
high-energy X-ray diffraction analysis revealed a relatively constant load partitioning in the elastic regime, 
which aligned well with predictions by the Eshelby’s inclusion model. Furthermore, an internal load transfer was 
observed from the Ni matrix to the CrC reinforcement upon plastic deformation of the Ni matrix. Finite element 
modeling further confirmed this and demonstrated that localized tensile stress at the interface in the transverse 
direction resulted in the interfacial debonding and partial relaxation of the matrix. We also report reinforcing 
particle fracture upon further compression which in turn triggered the eventual failure of the MMC.   

1Introduction 

Metal matrix composites (MMCs), usually composed of a ductile base 
metal reinforced with a stiff ceramic phase, offer enhanced strength and 
stiffness compared to pure metals and higher ductility compared to pure 
ceramics [1]. Such a favorable combination of properties has inspired 
interest in using MMCs for various applications, such as biomedical, 
automotive and aerospace structures [1–5]. However, MMCs entail 
more complicated strengthening and failure mechanisms compared to 
monolithic materials, primarily due to the significant physical and me
chanical property disparities between the metal matrix and the ceramic 
reinforcements [1]. What is more, internal load transfer from the matrix 
to the reinforcement is a critical phenomenon affecting both strength
ening and failure of MMCs. The dominant MMC failure mechanisms 
include matrix ductile failure, interfacial debonding, and reinforcement 
fracture [6–10]. 

Particulate-reinforced MMCs with different matrices and reinforce
ment contents exhibit different threshold stresses for internal load 

transfer. Generally, MMCs with Body Centered Cubic (BCC) and Hex
agonal Close Packed (HCP) metal matrices such as steel-based and Ti- 
based MMCs display higher load transfer initiation stress and failure 
stresses when compared to MMCs with Face Centered Cubic (FCC) 
counterparts such as Al-based MMCs [11–20]. This distinction arises 
from the superior yield strength and stiffness of BCC and HCP metal 
matrices in comparison to the FCC counterparts. Consequently, the in
ternal load transfer, potential debonding of matrix/ceramic particles, 
and cracking of ceramic particles are delayed until higher stress levels. 

Beyond the influences stemming from the mechanical properties of 
the matrix and reinforcements, the impact of incipient defects in com
posites and defects generated during loading on internal load transfer 
and failure mechanisms remains uncertain. Some studies found that the 
incipient damage in the particles would cause early termination of the 
internal load transfer [21,22]. However, slight load transfer from the 
metallic matrix to ceramic reinforcements was also reported even after 
early relaxation of ceramic reinforcements [23]. When the ceramic 
damage evolves at higher stresses, load fraction borne by the ceramic 
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phases was reported to continuously decrease whereas the load fraction 
borne by the metal matrix increased. On the other hand, Roy et al. [24] 
reported saturation of the load fraction borne by ceramic reinforcements 
together with continuous decrease in the load fraction borne by the 
metal matrix at high stresses. These seemingly disparate findings call for 
a thorough understanding of how defects influence the internal load 
transfer and failure mechanisms of MMCs. This understanding is 
essential not just for the extensively studied Al-based, Ti-based, and 
steel-based metal matrix composites [18,25–31] but also for more 
recently developed nickel-based composites offering strengths compa
rable with steel-based metal matrix composites and pushing the prop
erty envelope for MMCs with pure FCC metallic matrices (See 
Supplementary Fig. S3). Ni-based MMCs also offer potential applications 
for cutting tools, wearing plates, pistons, and turbine blades [32–37]. 

In our previous work on cold-sprayed Ni–CrC MMCs [21], we used 
high energy synchrotron X-ray diffraction to study the load transfer and 
damage mechanisms under uniaxial tension. Our results showed linear 
elastic responses for both phases all the way to the final fracture. Neither 
plasticity within the Ni matrix nor load transfer between the two phases 
occurred during tensile loading. We concluded that the lack of plasticity 
and load transfer in our composites leading to a premature brittle frac
ture is the result of the preexisting defects in the material produced 
during the spraying process. 

In this paper we turn to the behavior of the cold sprayed Ni–CrC 
MMCs under compression. The study was motivated by the fact that the 
metal matrix composite is less sensitive to the presence of the pre- 
existing defects during compression. More extensive deformation 
together with micro- and macro-plasticity are achievable under 
compression enabling studies of the damage processes. From an applied 
point of view, understanding the compressive behavior of Ni–CrC is 
critical, particularly for the conditions under which these composites are 
used in the form of protective structural coatings [33,34,36]. Here we 
conducted in-situ uniaxial compression tests on Ni–CrC composite with 
synchrotron X-ray diffraction to study the internal load transfer and 
failure mechanisms in an extended range of plastic deformation. We also 
used the Eshelby’s equivalent inclusion model to predict the stress 
partitioning between the matrix and reinforcements in the composite. 
What is more, we have developed a finite element model to justify and 
support our experimental observations. 

2. Materials and experiments 

2.1. Cold spray 

Feedstock containing a blend of gas atomized pure Ni and agglom
erated CrC–NiCr composite powder particles was purchased from Solvus 

Global (Worcester, MA, USA). The blend ratio was 25 % Ni and 75 % 
CrC–NiCr by mass. Since the CrC–NiCr particles are rich in CrC (~90 % 
volume fraction), we refer to them as ‘CrC’ particles in the reminder of 
the text. The morphology of the powder particles used in this study is 
shown in Fig. 1a (Ni powder) and Fig. 1b (CrC powder). The Ni and CrC 
powder particles have mean sizes of 34 μm and 37 μm, respectively. The 
composite was deposited onto a steel substrate using a VRC Gen III Max 
cold spray system. Helium carrier gas was used with a VRC powder 
feeder and a VRC NZZL0058 nozzle. The cold spray parameters are re
ported in Table 1. The process produced composites with uniform dis
tribution of reinforcing particles, shown in Fig. 1c. The volume fractions 
of the reinforcement in the deposit were measured to be 35 %. However, 
it is also evident from Fig. 1c that defects are present, highlighted with 
the red arrows. The defects are mainly in the form of imperfectly bonded 
areas and cracks withing the reinforcement. More details on the 
microstructure, phase, chemical composition, and defect distribution 
are available in our previous publication [21]. 

2.2. Microstructural characterizations 

We used a wire electric discharge machine (EDM) to extract samples 
from the cold spray deposits for microstructural characterizations. 
Following standard metallographic sample preparation steps, the de
posit’s surfaces and cross-sections were ground and polished to a 
nominally 0.04 μm mirror finish. We conducted microstructural char
acterizations using a Tescan Mira3 Field Emission Scanning Electron 
Microscope (SEM) (Brno, Czech Republic). After the uniaxial compres
sion experiments described below were completed, the failed specimens 
were also cross sectioned in the longitudinal (loading) direction, ground, 
and polished to mirror finish for further failure characterizations with 
SEM. 

2.3. In-situ high energy X-ray diffraction (HEXRD) 

We conducted in-situ High Energy X-Ray Diffraction (HEXRD) mea
surements during uniaxial compression at beamline ID3A of the Cornell 
High Energy Synchrotron Source (CHESS). Fig. 2 shows the experi
mental setup for the HEXRD measurements and the dimensions of the 
specimens. Two uniaxial loading specimens were prepared with a 

Fig. 1. Ni (a) and CrC (b) powder feedstock used in the cold spray process. Both powders show a generally spherical morphology. In (c), where the cross-sectional 
microstructure of the deposit is shown, a uniform distribution of CrC reinforcement (dark-colored particles) is achieved during the spraying process. Defects including 
pores and cracked particles are shown with red arrows in (c). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 1 
Spraying conditions of the cold spray process.  

Spray 
Gas 

Pressure 
(bar) 

Temperature 
(◦C) 

Main Gas Flow 
Rate (L/min) 

Carrier Gas Flow 
Rate (L/min) 

Helium 29–31 620–630 1100–1300 140–160  
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diameter of 1 mm and a length of 3 mm. The samples were extracted so 
that the loading direction (z) was along the cold spray build direction. 
The uniaxial loading was conducted on the Cornell Compact Load Frame 
(CCLF) in a displacement-controlled fashion, with a quasistatic defor
mation rate and a 1 μm displacement (0.033 % engineering strain) 
increment of the platens. Macroscopic strains were measured after each 
displacement increment using digital image correlation (DIC). The 
loading was interrupted at stress increments of 100 MPa for HEXRD 
measurements with a monochromatic X-ray beam with an energy of 
61.332 keV, a height of 1 mm, and a width of 2.2 mm, covering the 
entire width of the specimens. Two Dexela 2923 detectors with 3888 ×
3072 pixels each and 74.8 μm pixel sizes were used for the data acqui
sition. The sample-to-detector distance was calibrated to 880 mm using 
CeO2 standard reference powder. The top detector is placed to cover 
azimuthal angles, η, from 0 to 180◦, while the bottom detector is placed 
lower to cover η values from 181 to 360◦. Arrangement of the detectors 
allows the collection of diffraction angles (2θ) of up to 12 degre(es in the 
z-direction and 9.5◦ in the y-direction. For each load increment, 
diffraction data were acquired at 0.25-degree intervals with an exposure 
time of 0.35 s when the sample covered a rotation angle, ω, of 360◦

about the z-axis. 
Details of diffraction data analysis are reported in our earlier work 

[21]. Diffracted peak positions (2θ), widths, and intensities were 
determined for each peak. Average elastic lattice strain corresponding to 
a particular peak (hkl), at a given load step was then calculated using Eq. 
(1): 

ε =
d
d0

− 1 =
sin θ0

sin θ
− 1 (1)  

where d and d0 are the lattice spacing of a given crystallographic plane 
in the unstrained and strained state, and θ0 and θ are the Bragg angles of 
an individual peak in the unloaded and loaded states, respectively. This 
process was repeated for all peaks of interest at all angles of rotation and 
load steps. Since the results for the two specimens were similar within 
the experimental error (~10 %), only one set of HEXRD results is 
presented. 

2.4. Theory 

The phase specific stresses in metal matrix composites under an 
applied stress can be calculated by the Eshelby’s equivalent inclusion 
model [16,38–42]. In this model, the total MMC stress, σ, determined 
from a measured strain, ε, for each phase in the composite is composed 
of three components. The first component, σA, represents the applied 
stress and remains the same for both the metal and ceramic phases. The 
second component is the elastic stiffness misfit stress, σmisfit , which 
quantifies the extent of load transfer from the metal matrix to the 
reinforcement due to the applied stress. The third component is the 
shape misfit stress, σsh

misfit, which accounts for the thermal and plastic 
misfits. When calculating the stress partitioning during the elastic 
deformation stage under external loading, this last component can often 
be neglected [42]. 

At equilibrium, the sum of the volume averaged total stresses for 
each phase should be equal to the applied stress: 

(1 − f)σM + fσR = σA (2)  

Where f is the volume fraction of reinforcements, and σM and σR are the 
volume averaged stresses for the metal matrix and the reinforcement, 
respectively. σM and σR can be expressed by a superposition of the 
applied stress, σA, and the elastic stiffness misfit stress, σmisfit, as follows: 

σM = σA + σM,misfit (3)  

σR = σA + σR,misfit (4)  

Where σM,misfit and σR,misfit are the elastic stiffness mismatch stresses for 
the metal matrix and reinforcement, respectively. 

The elastic misfit stresses for the matrix and reinforcement are pro
portional to the applied stress [18,20]: 

σM,misfit = BMσA (5)  

σR,misfit = BRσA (6)  

Where BM and BR depend on the elastic constants of both phases as well 

Fig. 2. A schematic of the in-situ synchrotron X-ray diffraction experiments as well as the geometry of the specimens used in this work.  
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as aspect ratio and volume fraction of the reinforcements [18,42]: 

BM = fCM(S − I){(CM − CR)[S − f(S − I)] − CM}
− 1

(CM − CR)CM
− 1 (7)  

BR =

− (1 − f)CM(S − I){(CM − CR)[S − f(S − I)] − CM}
− 1

(CM − CR)CM
− 1

(8)  

Where CM and CR are the matrix and the reinforcement stiffness tensors, 
respectively; I is the identity matrix, and S is the Eshelby’s tensor which 
is related to the Poisson’s ratio of the matrix, and the shape and aspect 
ratio of the reinforcement [18,43,44]. We used an aspect ratio of unity 
for the spherical reinforcement in this work [18,42]. 

Finally, the load fraction borne by the metal matrix, lM, and the 
reinforcement, lR, can be calculated with Eqs. (9) and (10) respectively: 

lM =
(1 − f)σM

σA (9)  

lR =
fσR

σA (10)  

2.5. Finite element simulation 

To further understand internal load transfer behavior and driving 
force for matrix/reinforcement interfacial debonding, we developed a 
2D finite element model of uniaxial compression of a particulate rein
forced metal matrix composite. A representative volume element (RVE), 
shown in Fig. 3, was created with the finite element package in ABAQUS 
[45] to simulate the uniaxial loading response of the composite deposit. 
The diameter of the embedded particle was set to 37 μm to represent the 
average particle size used in cold spray deposition. The dimensions of 
the RVE were accordingly set to 57.25 × 57.25 μm2 square to represent 
the experimentally measured volume fraction of the reinforcing parti
cles. Perfect bonding between the reinforcement and the matrix was 
assumed ensuring a continuous deformation at the interface. 

A 12 % compressive strain was applied quasi-statically on the top 
boundary (see Fig. 3) and the displacement was constrained in the y 

direction for the bottom boundary. Periodic boundary conditions were 
applied to the elements on all edges of matrix by linking the deformation 
of respective nodes. The Ni matrix was modeled as an elastoplastic 
material with a linear strain hardening. The elastic modulus and the 
Poisson’s ratio were set to 200 GPa and 0.31, respectively. Informed by 
the diffraction data (see next section), we applied a yield strength of 600 
MPa for the Ni matrix. To reproduce the macroscopic stress-strain curve 
of the composites a hardening rate of 25.4 GPa and a saturation flow 
stress of 1082 MPa were used for the behavior of the matrix after 
yielding. The CrC reinforcing particle was modeled as a linear elastic 
material with an elastic modulus of 357.5 GPa and a Poisson’s ratio of 
0.3. 

3. Results 

3.1. Macroscopic behavior 

Fig. 4 shows the MMC’s macroscopic compressive true stress-strain 
curves. The tensile behavior from our previous study is also super
imposed on the plot [21]. We measured the ultimate compressive 
strength of the MMC to be 1163 ± 7 MPa, almost two times higher than 
that under tension. Using a 0.2 % strain offset, we determined the yield 
strength of the composites under compression to be 809 ± 11 MPa. The 
composite failed at 12.1 ± 0.5 % strain, which is significantly higher 
than ~0.5 % failure strain reported for tension. The composite has also 
shown a significant level of strain hardening after yielding. 

3.2. Microstructural observations 

Fig. 5 shows the overall cross-sectional microstructures of the failed 
composites together with exemplar defects close to and far away from 
the fracture plane. It can be observed that eventual failure is shear 
driven at 45◦ relative to the loading direction. Relatively large interfa
cial gaps between the matrix and the reinforcing particles in the trans
verse direction can be observed for the particles located close to the 
fracture plane (Fig. 5a and c). Some particles in that region experience 
cracking parallel to the loading direction (Fig. 5b). Similar defects have 
been also reported for cold sprayed Al–Al2O3 particulate MMCs [46]. 
Smaller interfacial gaps or cracks can be observed in the areas far away 
from the fracture plane. However, no preferred orientation for the de
fects can be identified in regions far from the fracture plane (See Sup
plementary Fig. S1 for additional micrographs). This contrast in defect 

Fig. 3. Finite element model and discretization used in this study. H and W 
signify the height and width of the representative volume element which are 
both equal to 57.25 μm. 

Fig. 4. CS Ni–CrC MMC’s Macroscopic stress-strain curve in compression and 
tension. The data for tension was reproduced from Ref. [21]. Significantly higher 
strength and ductility is obtained in compression. 
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orientations suggests that the defects close to the fracture plane are not 
pre-existing in the sprayed composite but rather produced during the 
loading. However, there is a possibility that the larger cracks after 
compression were sourced from the small preexisting cracks in the 
reinforcing particles which further propagated during compression. 

3.3. In-situ X-ray diffraction 

In our previous study, HEXRD results showed linear elastic behavior 
up to the final fracture for both Ni and CrC phases under uniaxial tension 
[21]. Here we observed significantly different behavior at the phase 

level when the composite is compressed. Fig. 6 shows the longitudinal 
and transverse lattice strains for Ni and CrC phases as a function of the 
applied stress. We choose to show only one representative plane from 
each phase, namely Ni (200) for nickel and CrC (420) for the carbide, as 
we observe similar trends for different crystallographic directions in the 
same phase (see Fig. S2 in Supplementary Information for an additional 
CrC orientation). 

The evolution of the longitudinal lattice strain in Ni (200) and CrC 
(420) reveals distinct behavioral regimes. Initially a linear elastic 
response is observed from 0 to ~600 MPa in both phases (stage I). 
Beyond 600 MPa, the rate of longitudinal lattice strain increment for Ni 

Fig. 5. Particles (a), (b), and (c), close to the failure surface, show detachment around and cracks inside particles parallel to the loading direction. Particles (d), (e), 
and (f) show more random defects mainly generated during the cold spray process. White arrows indicate the direction of loading. 

Fig. 6. Longitudinal and transverse lattice strains for nickel and chromium carbide phases vs. applied stress. Only one representative plane from each phase is shown 
due to similar behaviors observed in different planes of the same phase. 
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starts decreasing. This results in a plateau as the applied stress further 
increases (stage II). This suggests that yielding occurs in the Ni matrix at 
approximately 600 MPa. At the same time, we observe a change in the 
slope for CrC lattice strains indicating an internal load transfer from the 
metallic matrix to the ceramic reinforcement. The reinforcement re
mains elastic in stage II. As the applied stress exceeds 1150 MPa, the 
lattice strain in both phases begins to slightly decrease (stage III) close to 
the final fracture. 

The longitudinal contraction is accompanied by a transverse 
expansion as expected; we measure positive lattice strains in both Ni and 
CrC phases. We observe the same three stages in the transverse lattice 
strain evolution in Fig. 6. What is, however, different is that after 
yielding there is no plateau in the Ni lattice strain. The matrix fully re
laxes in the transverse direction after yielding. We attribute this trans
verse full relaxation to the matrix/reinforcement debonding and the 
creation of free surfaces as a result. This is also supported by the SEM 
micrographs (see Fig. 4), where we observe matrix/reinforcement 
interfacial debonding and free surface creation in the transverse direc
tion. The matrix to reinforcement load transfer also occurs in the 
transverse direction as evident by the change in slope for the CrC 
transverse lattice strains. 

Fig. 7 shows the full width at half maximum (FWHM) of the Ni peaks, 
normalized with the FWHM in the unloaded condition as a function of 
the applied macroscopic stress. We observe a significant increase in the 
FWHM at stress levels exceeding 600 MPa. This increase is in contrast to 
our previous work where the MMC showed no significant change in the 
FWHM before failure in tension [21]. The observed significant increase 
in FWHM beyond the applied stress of 600 MPa under compression 
confirms that plastic deformation occurred in the Ni matrix [47,48]. The 
coincidence of the increase in the Ni peaks’ FWHM with the change in 
slope for the CrC lattice strain confirms that matrix yielding is respon
sible for the internal load transfer to the reinforcement. 

The load fraction borne by each phase, lp, can be determined 
experimentally using Eq. (11): 

lp =
fpσp

fRσR + fMσM
=

fpσp

fRσR +
(
1 − fR

)
σM

(11)  

Where fp (p = R or M) is the phase volume fraction which we measured 
via SEM micrographs, and σp is the phase specific stress which can be 
calculated as a function of the experimentally measured lattice strains 

and the elastic constants: 

σp =
Ep<hkl>

1 + ν • εzz +
νEp<hkl>

(1 + ν)(1 − 2ν)
•

(
εzz + εxx + εyy

)
(12)  

Where εii (i = x, y, z) is the measured principal lattice strains, ν is the 
Poisson’s ratio, and Ep<hkl> is the directional elastic modulus which is 
determined using the compliance constants (Sii) of respective phases: 

1
Ep<hkl>

= S11 − (2S11 − 2S12 − S44)

(
h2k2 + k2l2 + l2h2

)

h2 + k2 + l2
(13) 

The load fractions borne by the matrix are also determined theo
retically and numerically using the Eshelby’s inclusion models (Eqs. (9) 
and (10)) and finite element simulations respectively. Fig. 8 compares 
the experimentally calculated results and the predictions from the 
Eshelby model and FE simulations. During the elastic stage, both Ni and 
CrC phases exhibit relatively constant load fractions, consistent with the 
predictions from the Eshelby’s inclusion model and the FE simulation. 
The relatively high level of engagement from the CrC particles indicates 
that a reasonably good interfacial bonding between the matrix and the 
reinforcement was achieved via cold spray. We observe deviations from 
a constant load fraction once plastic deformation initiates in the Ni 
phase at an applied stress of around 600 MPa. At this point, the load 
fraction borne by the matrix decreases. The reduction in the load bearing 
capacity of the matrix is compensated for by a greater engagement in 
load bearing from the reinforcement. The trend is also predicted by the 
FE results as we observe a gradual decrease and increase in the load 
fraction of the matrix and reinforcement respectively. The experimental 
measurements show that the load fraction borne by the reinforcement 
increases up to ~50 % specifically at ~1.1 GPa. This close-to-fracture 
rise in the ceramic load fraction, which we attribute to matrix and/or 
interfacial damage evolution, is not captured by the FE simulations as no 
criterion was included to capture damage processes in the two phases 
nor at the interface. 

4. Discussion 

Finite element simulation results in Fig. 9a show how the equivalent 
plastic strain in the matrix evolves during the deformation of the MMC. 
Localized plasticity, also known as micro-yielding, initiates in the matrix 

Fig. 7. Relative full width half maximum (FWHM) of Ni peaks. There is a clear 
increase in FWHM once the macroscopic stress exceeds 600 MPa suggesting 
plastic deformation in the matrix. 

Fig. 8. Comparison of load fraction of Ni and CrC calculated from experimental 
results with those predicted by Eshelby’s inclusion model and FE modeling 
results. Note that the Eshelby inclusion models only predicted the load fractions 
in the elastic regime. 
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at a global strain of ~0.3 % corresponding to 611 MPa applied stress. For 
better visualization, here we show the cases when the equivalent plastic 
strain is at and beyond 2 %. At 2 % strain, we can still observe clear 
signatures of micro-yielding which is mainly concentrated at matrix/ 
reinforcement interfacial regions to accommodate localized strain 
gradient. We observe evident global yielding at 4 % strain indicated by 
the formation of continuous deformation bands around the reinforcing 
particles shown in Fig. 9a. The thickness of the deformation bands in
creases upon further straining as does the overall strain within the 
bands. Global yielding requires a microscopic stress high enough for 
repeated long-range glide of dislocations throughout the matrix. From a 
macroscopic perspective, macroscopic flow necessitates interconnected 
regions of plastic flow such as the band like patterns in Fig. 9a. 

Fig. 9b shows the distribution of the axial stress and its evolution 
with loading. We observe a more uniform state of stress in the rein
forcement than the matrix in the elastic regime. The state of stress in the 
matrix remains nearly constant throughout the deformation once plastic 
deformation occurs in the matrix. The continued external loading in the 
plastic regime is accommodated by the reinforcement as evident from 
the continuous increase in the reinforcement axial stress. These findings 
align well with the trend of the measured plateau in the Ni axial lattice 
strain together with the continuous increase in the CrC axial lattice 
strain shown in Fig. 6. Furthermore, Fig. 9b shows how a reinforcement 
redistributes stress in its neighborhood. The regions in the matrix be
tween the reinforcements in the transverse direction experience lower 
levels of axial stress compared to other regions of the matrix. This stress 
redistribution highlights the role of the load transfer and its impact on 
the MMC stress states. 

The average axial stress in the particle at 12 % strain was predicted to 
be − 1514 MPa in Fig. 9b. To confirm whether this level of axial stress 
can actually fracture the ceramic particles, we use Eq. (14) proposed by 
Hiramatsu [49]. This equation correlates the load at which a brittle 
particle fractures upon compression, to the particle’s fractures strength, 
Sf : 

F =
πd2Sf

2.8
(14)  

with d being the particle diameter. Taking the fracture strength of CrC 
particles to be ~1 GPa [50], we expect a fracture load of ~1.54 N for an 

average particle size of 37 μm. We can determine the experimental 
fracture loads for the reinforcing particles in the composites using Eq. 
(15): 

Fexp =
lRσA

f
πd2

4
(15)  

Where lR and f are the experimentally determined load fraction and 
volume fraction of the CrC particles, respectively. σA is the applied stress 
upon failure of the CrC particles. Consequently, the expected average 
fracture load for the particles is ~1.6 N which agrees well with that 
estimated using Hiramatsu’s equation and FE results. This confirms that 
fracture indeed occurs in the CrC particles under stress levels predicted 
in Fig. 9a and b. 

Fig. 9c shows the distribution of the transverse stress and its evolu
tion with loading. We observe a substantial level of tensile stress local
ized at the matrix/reinforcements interface which can be attributed to 
the heterogeneous deformation during plastic deformation of Ni. In the 
elastic regime, the deformation mismatch at the interface is relatively 
small as Ni and CrC have similar Poisson’s ratios (0.31 for the former 
and 0.3 for the latter). The plastic flow in Ni, however, requires the 
Poisson’s ratio to suddenly increase to 0.5 which in turn causes a sig
nificant deformation mismatch at the interface. As a result a high level of 
transverse stress will be required to accommodate the heterogeneous 
deformation at the interface. This makes the interface at the beginning 
of plasticity in the matrix particularly prone to decohesion. The large 
driving force for interface decohesion suggested by the simulation is in 
line with the relaxation of transverse lattice strain in Ni (Fig. 6) and large 
transverse interfacial gaps (Fig. 5) observed experimentally. 

In Fig. 10, we schematically summarize the internal load transfer and 
failure mechanisms in the Ni–CrC MMCs by showing the defect evolu
tion and load fraction variations at different deformation stages. In the 
elastic regime the fraction of load borne by the matrix and reinforcement 
remains constant. The existing defects do not have a significant effect on 
the load partitioning in the elastic regime as our experimental mea
surements of the load fraction in in the elastic regime are very close to 
the Eshelby’s prediction. The internal load transfers from the matrix to 
the reinforcement begins with the plastic deformation of the matrix. Our 
measurements show that the transverse relaxation of the matrix also 

Fig. 9. The equivalent plastic strain (a) in a perfectly bonded Ni–CrC composite under compression until 12 % macroscopic strain. Axial (b) and transverse (c) stress 
distribution are also shown. Positive values indicate tension, while negative values indicate compression. Note that the strengthening effect of reinforcement is 
clearly shown by the high compressive stress present in the axial direction. However, tensile stress develops in the transverse direction for the matrix between 
reinforcing particles. 
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initiates at the same level of applied stress. In principle, matrix relaxa
tion may not necessarily begin with the plastic deformation of the ma
trix. For example, Bacon et al. [13] reported that matrix relaxation 
initiated at a stress level exceeding the matrix yield stress by ~300 MPa 
for stainless steel-TiB2 MMCs. Shi et al. [19] also reported that the onset 
stress for matrix relaxation was elevated by ~100 MPa compared to the 
matrix yield stress for Al–TiC particulate MMCs. A higher threshold 
stress for matrix relaxation compared to the matrix yield stress was also 
reported for Ti–TiC particulate MMCs [11]. What makes the present 
MMC distinct is the pre-existing defects due to the cold spray process 
especially at the matrix/reinforcement interfaces. The imperfectly 
bonded regions show no apparent resistance to tension once the trans
verse plastic flow begins in the matrix and therefore matrix/reinforce
ment decohesion coincides with matrix plastic deformation. Matrix 
transverse relaxation persists while Ni is plastically deformed to the 
level that the transverse strain in the Ni phase completely vanishes 
before the final fracture of the MMC. 

The mechanisms through which the cold spray-induced defects 
intervene with the deformation of MMCs and cause final fracture is 
different in compression (this work) and tension (our previous work 
[21]). Pre-existing defects caused a premature elastic fracture in tension 
before plastic flow begins in the matrix [21]. In compression, on the 
other hand, as soon as plastic deformation occurs in the matrix, the 
preexisting defects cause relatively easy lateral decohesion. The lateral 
decohesion facilitates internal load transfer to the reinforcement to the 
level that initiates reinforcement fracture followed by the macroscale 
fracture of MMC immediately afterwards. The use of post-spray thermal 
and/or mechanical modification techniques can enhance matrix/rein
forcement bonding. As a result, matrix/reinforcement decohesion and 
matrix transverse relaxation can be postponed to stress levels higher 
than matrix yield strength which we suggest for future studies. 

5. Conclusion 

Deformation of cold sprayed Ni–CrC metal matrix composites under 
compression was studied using synchrotron X-ray diffraction. A constant 
load partitioning between the Ni matrix and CrC reinforcement was 

measured in the elastic regime. The experimental measurements were in 
line with the Eshelby’s inclusion model suggesting a negligible effect of 
the cold spray-induced defects on the load partitioning in the elastic 
regime. Internal load transfer from the Ni matrix to the CrC reinforce
ment initiated with the plastic deformation of the Ni matrix at ~600 
MPa applied stress. Lattices strain measurements revealed a transverse 
relaxation in the matrix taking place at the same time. The matrix/ 
reinforcement interface showed no apparent strength in tension once 
plastic flow initiated in the Ni matrix. The co-occurrence of matrix 
plasticity and transverse relaxation can be viewed as the significant ef
fect of the pre-existing defects at the matrix/reinforcement interfaces. 
The load transfer from the matrix to the reinforcement persisted until 
the failure of the MMC at ~1.1 GPa. Our results suggest that the failure 
of the MMC was triggered by the fracture of the reinforcing particles. 
Resolving the phase-specific response of the Ni–CrC MMC, the internal 
load transfer and the precursors to final fracture with synchrotron X-ray 
diffraction should prove useful in the design of structurally reliable 
MMCs. 
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eventually leads to failure of the samples. The white dashed line signifies the fracture plane of the composite. 

J. Li et al.                                                                                                                                                                                                                                         



Materials Science & Engineering A 911 (2024) 146907

9

Data availability 

Data will be made available on request. 

Acknowledgment 

J.L. and M.H. gratefully acknowledge funding received from the 
National Science Foundation (CMMI-2330319). In addition, this work is 
based upon research conducted at the Center for High Energy X-ray 
Sciences (CHEXS), which is supported by the National Science Foun
dation (BIO, ENG and MPS Directorates) under award DMR-1829070. 
This work also made use of the Cornell Center for Materials Research 
Shared Facilities which are supported through the NSF MRSEC program 
(DMR-1719875). The authors would like to thank Qi Tang, Yuan Yao 
and Lewei He for their help in finite element simulations and the anal
ysis of the XRD results. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.msea.2024.146907. 

References 

[1] N. Chawla, K.K. Chawla, Metal Matrix Composites, Springer New York, New York, 
NY, 2013, https://doi.org/10.1007/978-1-4614-9548-2. 
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