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A B S T R A C T

Cu–Cr-based alloys are promising for thermoelectrical applications owing to their combined electrical, thermal, 
and mechanical performance. While their electrical properties have been widely explored, their mechanical 
properties have received much less attention. Herein, we investigate the tensile mechanical response of two Cu- 
35Cr (%wt) metal matrix composites. The first composite was fabricated by solid state sintering and the other 
one by vacuum arc remelting. These two processing routes result in significant differences in microstructures. 
The sintered composite shows equiaxed inclusions of Cr distributed in a Cu matrix with residual pores located 
within the Cu matrix and at the Cu/Cr interfaces. Its cast counterpart is fully dense (no porosity) and consists of 
Cr dendrites embedded in a Cu matrix. Monotonic and interrupted tensile tests coupled with EBSD analyses have 
been conducted. 2D crystal plasticity simulations have been run using the EBSD data collected in the undeformed 
microstructures as inputs. The model is first validated on the cast material based on the stress-strain tensile 
response and EBSD measurements performed after different strain increments. Then, we investigate numerically 
the effect of different microstructural features (initial dislocation density in the Cu matrix, matrix porosity, 
interfacial porosity, phase fraction, and Cr-phase morphology) on the mechanical response of the sintered 
composite. The intention is to discriminate the contribution of the different microstructural features on the 
mechanical response of Cu-Cr composites. This numerical strategy is necessary, because it would be very diffi
cult, if not impossible, to isolate the role of different microstructural features using experiments. We show that 
the two main contributors to the mechanical response of the sintered composite are the initial dislocation density 
present in the Cu matrix, and the interfacial pores. On the contrary matrix pores have a minor effect on the 
mechanical response.

1. Introduction

Cu-Cr composites with a chromium (Cr) content typically exceeding 
10 wt% are ideal for use as electrical contacts in vacuum interrupters for 
medium-voltage applications (Slade, 2020). The electrical contacts must 
have a combination of high electrical and thermal conductivity, result
ing from the highly conductive copper matrix, and good resistance to 
percussion welding, resulting from chromium reinforcement (Han et al., 
2023; Klinski-Wetzel et al., 2015; Von Klinski-Wetzel et al., 2012; Ding 
et al., 1996; Zhang et al., 2004). These composites play a key role in the 
power distribution chain, breaking the current in the event of 

overvoltage or a short circuit (Slade, 2020). They work in the same way 
as circuit breakers, which are found in every home and are designed to 
protect electrical devices in the event of a fault in the current flow. 
Under normal conditions, the electrical contacts are closed, allowing the 
current to flow. However, if a short circuit occurs, the contacts separate 
and the current is cut off immediately. Cu-Cr materials are essential for 
the electrification of modern societies and for reducing reliance on fossil 
fuels.

Two processing routes have been developed for producing copper- 
chromium (Cu-Cr) composites on an industrial scale: casting tech
niques, such as vacuum arc remelting (VAR) (Han et al., 2023; Zhang 
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et al., 2004), and powder metallurgy via solid-state sintering (SSS) 
(Klinski-Wetzel et al., 2015; Spaić et al., 1989). SSS is often considered 
as the most cost-effective among the two processes since it does not 
require as many fabrication steps: there is no need to produce ingots 
prior to vacuum arc remelting, and machining operations are limited 
(near-net shape). These two processes result in microstructures that 
differ drastically in their main characteristics, which are summarized 
below. The microstructure of Cu-Cr alloys fabricated by VAR with hy
pereutectic compositions consists of Cr dendrites dispersed in a eutectic 
matrix that is predominantly made of Cu (Han et al., 2023; Zhang et al., 
2004; Varoto et al., 2024). This microstructure does not contain solidi
fication defects, such as shrinkage porosity. In contrast, the micro
structure resulting from powder metallurgy consists of Cr particles 
whose size and morphology depend directly on the powder batch used to 
produce the near-net-shape electrical contacts (Spaić et al., 1989; Varoto 
et al., 2023). Densification of the composite occurs upon sintering, but is 
incomplete. Typically, a relative density of 96–97% is achieved after 
optimization of the sintering process (Varoto et al., 2023, 2025; Papillon 
et al., 2017). Consequently, the final components contain residual 
porosity in the form of spherical pores within the Cu matrix and larger, 
interconnected pores surrounding the Cr particles (Varoto et al., 2023). 
These differences in microstructure lead to different mechanical re
sponses and thus properties (Varoto et al., 2024, 2025). In a recent work, 
we use a full-field modeling approach to investigate, discuss, and assess 
the effects of different microstructural features such as pores, compo
sition of the Cu matrix, and interfacial thermal resistance, on the 
effective thermal conductivity of sintered Cu-25Cr composites (Varoto 
et al., 2025). Interfacial pores, trace elements in solid-solution in Cu 
matrix, interfacial thermal resistance and the heterogeneous distribu
tion of Cr in the Cu matrix were identified as features governing the 
effective thermal conductivity of Cu-25Cr sintered composites (Varoto 
et al., 2025).

In this work, we propose to investigate and discriminate the effect of 
different microstructural characteristics on the mechanical response of 
Cu-35Cr composites fabricated by VAR and SSS. Designing and con
ducting a set of experiments dedicated to the investigation of the sole 
effect of each microstructural characteristics (e.g. pores, dislocation 
density and phase fraction) on the mechanical response of Cu-Cr com
posites would have been highly challenging. For example, it would be 
very difficult to produce fully dense samples using SSS. It would also be 
complicated to obtain a unique pore population, for example by 
removing only the matrix pores while preserving the interfacial pores, or 
vice versa. To circumvent these experimental difficulties, here we use a 
modelling-based approach to identify the microstructural characteristics 
that influence the mechanical response of VAR and SSS Cu-35Cr com
posites. To this end, we performed 2D crystal plasticity (CP) simulations 
using a full-field approach based on an elasto-viscoplastic (EVP) model 
employing fast Fourier transform (FFT) algorithm (EVP-FFT) (Moulinec 
and Suquet, 1998; Lebensohn et al., 2012; Lebensohn and Needleman, 
2016). CP-FFT frameworks have been applied to metal matrix compos
ites, like Cu-Ag systems (Jia et al., 2013; Roters et al., 2019), Cu-Nb 
nanolaminates (Zecevic et al., 2023), or ceramic particle reinforced 
ferrite (Genée et al., 2020). In this study, we first determine the tensile 
mechanical response of Cu-35Cr composites and investigate the evolu
tion of their microstructure during the first 6% of straining using 
interrupted tensile tests and EBSD analyses. EVP-FFT calculations are 
then employed to model the mechanical response of the Cu-35Cr com
posites and calibrated based on the experimental results. Once cali
brated, the model is used to investigate the role of various 
microstructural parameters on the mechanical response of Cu-35Cr 
composites.

2. Materials and methods

2.1. Materials

Solid state sintered Cu-35Cr composites were supplied by Schneider 
Electric, Grenoble, France. Cu-35Cr samples produced by VAR were 
supplied by Sirui Advanced Materials Co., Ltd, Xi'an, China. These two 
processing routes result in different microstructures which are described 
in the experimental results section.

2.2. Mechanical testing

Flat dog-bone tensile specimens (gauge length 15 mm, width 3 mm, 
thickness 1.5 mm) were obtained from the as-received Cu-35Cr SSS and 
VAR composites using wire-based electron discharge machining (EDM). 
The surface of the tensile specimens was then carefully grounded using 
4000 grit SiC abrasive paper to remove the EDM-affected surface. Both 
monotonic and interrupted tensile tests were performed using an MTS 
4M machine equipped with a 20 kN load cell at a constant strain rate of 
0.001 s− 1. Monotonic tensile tests were performed to failure. Comple
mentary interrupted tensile tests were performed to monitor the same 
region of interest after different strain increments (2, 4 and 6% tensile 
strain). The specimen was unloaded immediately after reaching the 
desired tensile strain increment to allow microstructural observation of 
the same region of interest and then reloaded to the next strain incre
ment. Strain measurements were performed using Digital Image Corre
lation (DIC) with the GOM Metrology Suite software.

2.3. Microstructure observations

Prior to the tensile tests, the specimens were grounded to 4000 grit 
and polished with diamond suspensions (9, 3 and 1 μm). Finally, the 
surface of the specimens was prepared by vibratory polishing with a 
solution of 0.03 μm SiO2 for at least 4 h. This surface preparation is 
suitable for SEM imaging and EBSD measurements.

Regions of interest located in the center of the gauge length of the 
tensile specimens were selected to acquire SEM images using back
scattered electron contrast and EBSD maps after different strain in
crements. SEM imaging and EBSD measurements were performed using 
a Zeiss Gemini SEM500 scanning electron microscope equipped with an 
EBSD camera from EDAX. BSE images were acquired using an acceler
ation voltage of 15 kV and the high current mode. EBSD maps were 
systematically collected at 20 kV with a step size of 0.5 μm. These maps 
were post-processed using MTEX. Kernel Average Misorientation (KAM) 
maps were calculated taking into account all points in the kernel and the 
first 5 nearest neighbours. The disorientation distributions calculated 
from the KAM maps were plotted after each strain increment to evaluate 
its evolution with the tensile strain.

3. Experimental results

3.1. Undeformed microstructures

The microstructures of the Cu-35Cr composites produced by VAR 
and SSS are shown in Fig. 1b and c respectively. The VAR microstructure 
is typical of a hypereutectic alloy with Cr-dendrites embedded in the Cu 
matrix. The characteristic size of the Cr dendrites, estimated by the 
intercept method, is approximately 10 μm. No pores can be detected. In 
the SSS Cu-35Cr composite, the Cr phase is drastically different both in 
size (50 μm, measured by the intercept method) and morphology 
(equiaxed). This is consistent with the processing route, as the SSS 
composites were prepared by mixing Cu powder (40 μm) and Cr powder 
(30-80 μm) in a 65:35% mass ratio. Another striking difference is the 
presence of residual pores resulting from sintering. The pores can be 
classified into two families: the fine rounded pores found in the Cu 
phase, referred to as 'matrix porosity' and pointed with a green arrow in 
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Fig. 1c, and the 'interfacial porosity' pointed with a pink arrow in Fig. 1c, 
located at the Cu/Cr interfaces, which are larger in size and have a more 
complex morphology. The final relative density of the SSS sample, 
measured by the Archimede method, was 96%. For a detailed 3D 
characterization of the pore population in the SSS microstructure, the 
reader is referred to our previous works (Varoto et al., 2023, 2024). It 
was found that the interfacial porosity represents nearly 90% of the total 
porosity and that 90% of the Cr particles have an interfacial pore in their 
vicinity (Varoto et al., 2023, 2025). In addition, interfacial pores often 
envelop Cr particles and are interconnected in 3D, thus forming a 
network of interfacial porosity (Varoto et al., 2023).

The areas highlighted with yellow dashed lines in Fig. 1b and c 
correspond to the regions of interest mapped by EBSD in the undeformed 
state and after different tensile strain increments. The copper grain size, 
measured by EBSD and defined as the equivalent diameter, is about 
25 ± 10 μm in the SSS composite and 15 ± 10 μm in the VAR composite. 
The KAM maps of the Cu and Cr phases in the undeformed microstruc
ture of the VAR and SSS composites are shown in Fig. 2a and b and 
Fig. 2c and d respectively. The average disorientation in the Cu phase 
calculated from the KAM maps is higher (1.3◦) in the VAR than in the 
SSS (0.8◦). In the Cr phase, the average KAM in the VAR (1.2◦) is twice of 
that in SSS (0.6◦). However, evaluating the average KAM alone does not 
allow one to assess the heterogeneity in local disorientation. Examina
tion of the KAM maps reveals that the KAM in the Cr phase of the VAR 
composite is more heterogeneously distributed than within the Cu phase 
(Fig. 2a–c). In the Cr phase, some regions show a disorientation <1◦ (in 
dark blue) while other exhibit disorientation approaching 5◦ (in red). 
Overall, higher disorientations are observed in the Cr phase of the VAR 
composite compared to that of the SSS. All these observations are further 
supported by looking at the local disorientation distributions in each 
phase, see Fig. 2e and f. For example, the regions with the largest 
disorientation are predominantly found in the Cr phase in the VAR 
composite, while they are preferentially located in the Cu phase in the 
SSS material. In the latter, the regions with the largest disorientation are 
always found in narrow Cu regions confined between Cr particles.

Assuming that the KAM distribution can be correlated to the local 
density of geometrically necessary dislocations, the EBSD analyses car
ried out on the undeformed microstructures show traces of plastic 
deformation in the two phases but with differences in intensity and 

homogeneity. The origin of plastic deformation in the undeformed 
microstructure of the VAR and SSS composites may differ. In the VAR, 
the presence of dislocations in the Cu matrix of the undeformed 
microstructure was attributed to the difference in thermal expansion 
coefficients between the Cu matrix and the Cr reinforcing phase (Varoto 
et al., 2024). Given that the Cr phase is homogeneously distributed in 
the Cu matrix, it is not surprising that the KAM is also rather homoge
neously distributed in this phase. In the SSS composite, the presence of 
interfacial pores significantly restricts the formation of GNDs at the 
interface due to thermal mismatch. Interestingly, the regions of the Cu 
matrix that are highly disoriented in the SSS composite correspond to 
confined areas between Cr particles. This may be due to residual local 
plastic deformation of the Cu matrix during compression of the green 
body that was not fully eliminated during sintering. In our previous 
work (Varoto et al., 2024), the large disorientation observed locally in 
the Cr phase of the VAR composite was attributed to the elastic anisot
ropy of the Cu and Cr crystals, which create heterogeneous strain fields 
that are locally accommodated by plastic deformation.

3.2. Mechanical response and deformed microstructures

The true stress - true strain tensile response of both SSS and VAR are 
given in Fig. 3a and b where the results of the monotonic and interrupted 
tensile tests are superimposed. The yield strength taken at 0.2% plastic 
strain of the SSS material (105 MPa) is half the one of its VAR coun
terpart (200 MPa). The ultimate tensile strength reaches nearly 400 MPa 
in the VAR and only 270 MPa in the SSS.

The ROIs selected in the VAR and SSS samples, i.e., the regions 
highlighted with dashed yellow lines in Fig. 1b and c, were then sys
tematically characterized by EBSD after different increments of tensile 
strain. Fig. 4 shows the evolutions of the KAM in the Cu matrix and Cr 
reinforcement upon straining in both composites. These maps show that 
the KAM increases with tensile straining in the Cu matrix of both com
posites. In the VAR composite, deformation appears self-similar: the 
regions with the highest KAM do not evolve, but rather, the intensity of 
KAM in these regions increases. In the SSS composite, an increase in 
KAM is observed near the pores located in the Cu matrix. Conversely, 
there is almost no evolution of the KAM in the Cr reinforcing phase. The 
KAM evolution upon straining can be analyzed more quantitatively by 

Fig. 1. (a) Geometry of the tensile specimen showing the position of the region of interest along the gauge length selected for the combined EBSD-CPFFT in
vestigations. SEM BSE images of the Cu-35Cr composite fabricated by (b) vacuum arc remelting (VAR) and (c) solid state sintering (SSS) in their undeformed 
condition. The areas highlighted using dashed yellow lines correspond to the region of interest mapped using EBSD before and after tensile straining. The tensile 
direction is also indicated.
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plotting the KAM distributions in both phases after different tensile 
strain increments (see Fig. 5a for the VAR and Fig. 5b for the SSS 
composite). Upon straining, the KAM distributions are shifted towards 
larger disorientations in the Cu phase and this trend is observed in the 
two composites. The increase in plastic strain in the Cu phase is reflected 
by the evolution of the average KAM in the Cu phase as a function of 
tensile strain, see Fig. 5c. On the opposite, the average KAM in the Cr 
phase (Fig. 5d) remains nearly unchanged up to 4% tensile strain but 
increased slightly at 6% tensile strain, suggesting that during the first 
stages of deformation, the Cr phase is mostly elastically loaded.

4. Effect of various microstructural features on the tensile 
response using crystal plasticity simulations

In this section, we first describe the simulation framework and then 
validate the model based on the Cu-35Cr VAR composite. The idea is to 
keep the model as simple as possible by reducing the number of 
adjustable parameters in the crystal plasticity model. The model is then 
used to study the influence of different microstructural features on the 
mechanical response of the Cu-35Cr SSS composite.

4.1. Simulation framework

The EBSD maps collected at the center of the gauge length of the 
undeformed tensile specimens were used as input for the 2D crystal 
plasticity calculations (areas highlighted with yellow dashed lines in 
Fig. 1b and c). In the ROI of the VAR sample, the relative area fraction of 
the Cu and Cr phase was respectively found equal to 56 and 44% 
respectively. In the ROI of the SSS sample, Cu represents also 56% but 
the area fraction of the Cr phase is 41%, the remaining 3% corresponds 
to the porosity (matrix and interfacial pores). The FFT grid size in the 
simulations is 1024×1024 pixels. Each pixel is being assigned a set of 
initial Euler angles from the EBSD maps, meaning that initial local dis
orientations within grains are included in the simulations. Each voxel is 
then assigned a phase number, which can be 1 (Cu), 2 (Cr), 3 (matrix 
pores), or 4 (interfacial pores). When modeling the sintered micro
structure, we open the possibility to virtually fill matrix pores and/or 
interfacial pores with Cu or Cr, to quantify the effect of pores on the 
mechanical response. EVP-FFT simulations are performed to simulate 
uniaxial tension by imposing a macroscopic strain-rate of 0.001s− 1 

along the same direction as in the experiments. In the transverse 

Fig. 2. KAM maps in the Cu (a,b) and Cr (c,d) phase in the undeformed microstructures of the Cu-35Cr composite produced by VAR and SSS respectively. Normalized 
distributions of the KAM in the entire ROI and in each phase in the VAR (e), and SSS (f) microstructure. The distributions have been normalized by the respective 
volume fraction of each phase.
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directions to the tensile axis (TD and ND), the macroscopic normal 
stresses are imposed to be zero. All macroscopic shear distortions are 
imposed to be zero. In simulations, the total macroscopic tensile strain 
was limited to 6%, and we use a small-strain formulation (still ac
counting for lattice rotations (Lebensohn et al., 2012)) because the 
experimental microstructure does not show significant morphological 
changes in this range of strains. We establish comparisons between 
simulation results and experimental data at tensile strains of 2, 4, and 
6%. Comparisons include macroscopic stress-strain curves and KAM 
maps and distributions. In the simulations, the stress-strain curves 
correspond to the evolution of the normal stress in the tensile direction 
as a function of the mean normal strain in the same direction. We note 
that our FFT simulations assume periodic boundary conditions. In the 
present simulations, we did not apply any particular treatment at edges. 
Because of the large size of the ROIs that contain a large number of 
phases and grains (strongly spatially heterogeneous microstructure), 
and because of the large number of voxels (and thus of Fourier fre
quencies) in each direction, we do not observe any significant effect of 
periodic boundary conditions at the edges (which can be checked by 
looking at different mechanical fields shown in the figures in the sup
plementary materials). Furthermore, the central part of the simulated 
volumes (excluding the edges) contains sufficient microstructural het
erogeneities to be statistically representative of the materials studied.

For modeling plastic strain evolution and strain hardening in the Cu 
phase, we use a crystal plasticity model, considering the 12 FCC {111}<
110> slip systems (Lebensohn and Needleman, 2016; Tome et al., 1984; 
Patil et al., 2021). For a given resolved shear stress on the slip system s, 
τs, the flow rule relating the associated plastic shear rate follows the 
power law (Hutchinson, 1977): 

γ̇s = γ̇0

⃒
⃒
⃒
⃒
τs

τs
c

⃒
⃒
⃒
⃒

1
m
sign(τs), (1) 

where γ̇0 is a reference plastic shear rate and m is the rate sensitivity of 
slip. For this alloy, a complex hardening law (e.g., a power or expo
nential law) requiring the calibration of multiple parameters proved 
unnecessary. Instead, a simple isotropic linear hardening law was 
adopted, as it allows for an accurate fit of the mechanical response of the 
VAR and SSS composites without introducing an excessive number of 
parameters. Therefore, the evolution of the critical resolved shear stress 
(CRSS) τs

c on slip system s is expressed as: 

τs
c = τs

0 + θs
0Γ. (2) 

In the above equation, τs
0 and θs

0 denote the initial CRSS and hardening 
rate, respectively. They are taken the same for all slip systems. Γ denotes 
the plastic slip accumulated over all the slip systems. Firstly, θs

0 in the Cu 
phase was calibrated and kept constant in all the simulations regardless 
of the material considered, VAR or SSS. Because the yield stress of 
chromium is assumed to be large (see below), the value of τs

0 in the Cu 
phase needs to be calibrated in order to fit the macroscopic yield stress in 
the experimental stress-strain curves. The only difference between the 
VAR and SSS is a larger τs

0 in the VAR (52 vs. 35 MPa). The difference in 
τs

0 in the Cu matrix between the VAR and the SSS composites can have 
two origins: (i) a difference in dislocation density; and (ii) a difference in 
grain size. However, with a grain size of 15 μm in the VAR and 25 μm in 
the SSS, it is reasonable to neglect the impact of grain size on τs

0. Indeed, 
grain boundary strengthening through a Hall-Petch effect is limited in 
this range of grain size, see (Hansen, 2004; Miura et al., 2009). Thus, we 
consider that the difference in τs

0 between the VAR and SSS composites 
results mainly from a difference in dislocation density. This is in line 
with the KAM measurements carried out in the as-received material 
(Fig. 2) which show that the average disorientation in the Cu matrix of 
the VAR is twice as large than in the matrix of the SSS. The model pa
rameters used for copper are summarized in Table 1. Elastic stiffness 
coefficients are taken from (Chang et al., 2010).

For the chromium phase, we use the same constitutive equations. We 
consider the 12 BCC {110}<111> slip systems. Cr is assumed to be 
elastic – perfectly plastic (θs

0 = 0), with a large and constant lattice 
friction τs

0 = 200 MPa. This single parameter enables to reproduce the 
tensile response of the VAR and SSS composites and is in relatively good 
agreement with literature data on Cr from (Marcinkowski and Lipsitt, 
1962). Indeed, compression tests of polycrystalline Cr revealed that it 
follows the Hall-Petch law and lies in the range 200-370 MPa (at 273K) 
for grain sizes in the range 0.030-1 mm (Marcinkowski and Lipsitt, 
1962). Material parameters used for Cr in the simulations are also 
given in Table 1. Elastic stiffness coefficients are taken from (Bolef and 
De Klerk, 1963). Note that including non-Schmid behavior would be 
more appropriate than the simple power law used here, see e.g. 
(Bienvenu et al., 2022; Bienvenu and Clouet, 2022). In the present study, 
however, the two Cu-35Cr composite materials investigated (VAR and 
SSS) show negligible plastic deformation in the Cr phase, as revealed by 
the experimental KAMs measured between 0 and 6% tensile strain. As 
such, for the materials and the strain range considered, we are convinced 
that a simple power law with a large friction stress is a reasonable 
choice. We also would like to remind that the objective was to use as few 
material parameters as possible in our CPFFT model to probe micro
structural effects on the mechanical response.

The pores in the sintered microstructure are modeled as a gas phase 

Fig. 3. True stress-strain curves of the Cu-35Cr processed by VAR and SSS: (a) 
overview of the tensile responses and (b) enlarged view between 0 and 8% 
tensile strain. Note that both monotonic and interrupted tensile tests 
are displayed.
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(i.e. elastic phase with a negligible elastic stiffness), which allows having 
null stresses inside pores and satisfying zero-tension at the pore surfaces. 
As aforementioned, the simulation predictions will be compared to ex
periments in terms of macroscopic tensile response and local KAM dis
tributions. As such, within the course of plastic deformation, the local 
initial Euler angles are updated with the local values of the elastic 
rotation. The simulation code then generates post-processing data files 
that can be analyzed with the MTEX toolkit to plot KAM maps, which 
can then be compared with the experimental ones.

While the present model used here is phenomenological, compari
sons can be made with dislocation density-based models, such as the 
Kocks-Mecking model (Chang et al., 2010; Kocks and Mecking, 2003; 
Tabourot et al., 1997). Based on a recent work (Patil et al., 2021), the 
value of the initial CRSS τs

0 can be converted into an equivalent dislo
cation density. The total dislocation density (sum over the N slip sys
tems) in copper is (Patil et al., 2021): 

ρtot =

⎛

⎜
⎜
⎝

∑N

s=1
τs

0

Nαμb

⎞

⎟
⎟
⎠

2

=

(
τs

0
αμb

)2

, (4) 

where N = 12, α = 0.5, μ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.5C44(C11-C12)

√
= 42 GPa, and 

b = 0.256 nm. The initial CRSS of copper adjusted to fit the experimental 
stress-strain curves for VAR (τs

0 = 52 MPa) and SSS (τs
0 = 35 MPa) 

materials is equivalent to total dislocation densities of 9.3 × 1013 m− 2 

(7.8 × 1012 m− 2 per slip system) for the VAR composite and 
4.2 × 1013 m− 2 (3.5 × 1012 m− 2 per slip system) for the SSS material. 
Although these magnitudes cannot be quantitatively compared with 
experimental measures in this work, we predict a ratio of nearly 2 be
tween the initial dislocation densities in the Cu phase in the VAR and 
SSS, which is on the order of that between initial average disorientations 
in Cu in VAR and SSS materials measured by EBSD.

4.2. Validation on the VAR

The crystal plasticity simulations were first validated based on the 
Cu-35Cr VAR microstructure because it is fully dense and thus it allows 
neglecting the effect of matrix and interfacial pores on the mechanical 
response. Only three parameters were adjusted to reproduce the 
experimental stress-strain curve: the initial CRSS τs

0 in both Cu and Cr, 
and θs

0 in the Cu phase. The values that best fit the experimental data of 
the VAR composite are shown in Table 1. The tensile response of the Cu- 
35Cr VAR composite (pink circle symbols) shows a very good agreement 
with the experimental stress-strain response (black dashed curve), see 
Fig. 6.

The evolution of the local disorientation distribution extracted from 
the simulations has been also compared with the experimental data. We 
note that because initial Euler angles from EBSD orientation maps are 
used as input for every voxel in the CPFFT simulations, the initial 

Fig. 4. Evolutions of the KAM maps upon straining (undeformed, 2%, 4% and 6% of tensile strain) in the Cu and Cr phase in (a) the VAR and (b) in the SSS.

L. Varoto et al.                                                                                                                                                                                                                                  Mechanics of Materials 224 (2027) 105885 

6 



experimental KAM maps (see Fig. 4) and the simulated ones are the 
same, and they only differ with deformation. The experimental and 
simulated KAM maps in the Cu matrix after 6% strain are compared in 
Fig. 7a and b, respectively. In the Cu phase, there is a larger fraction of 
highly disoriented regions in the FFT simulation suggesting that we are 
more sensitive to strain amplification in the 2D FFT calculations. Com
parisons between the experimental KAM distributions in the Cu and the 
simulated ones after 2%, 4% and 6% tensile strain are shown in Fig. 8a. 
The KAM distributions in the Cu phase from the simulations are all 
shifted towards slightly larger disorientations in comparison with the 
experimental KAM distributions regardless of the tensile strain applied. 
The peak value is shifted by approximately 1◦, and the standard devia
tion is also slightly larger, characteristic of a more heterogeneous KAM 
field. These discrepancies might originate from the 2D nature of our 
simulations, which does not take into account the out-of-plane plastic 
activity and can predict more heterogeneous deformation fields than 3D 

simulations (Roters et al., 2019; Mirhosseini et al., 2023; Diehl et al., 
2017; Xia et al., 2025). This 2D artefact might be reinforced because 
in the condition of 2D plane strain, the Cr phase (almost purely elastic), 
and the pores in the case of the SSS material, are infinitely extruded in 
the thickness direction. The discrepancies in KAM maps might also be 
due to the absence of kinematic hardening in the model, which should 
partially recover plastic strains during the unloading stages and thus 
reduce the local intensity in the KAM maps. 3D simulations based on 
X-ray tomography data (Varoto et al., 2023), and accounting for kine
matic hardening (Lebensohn and Needleman, 2016), will be performed 
in a forthcoming study to tackle these points more specifically but are 
beyond the scope of the present work.

In the Cr phase, the simulated KAM distribution shows a very good 
agreement with the experimental data (Fig. 8b). The Cr phase remains 
mostly elastically loaded after 4% tensile strain and first signs of plastic 
deformation are only detected after 6% strain as illustrated by the slight 

Fig. 5. Evolution of the local disorientation distributions upon straining in the Cu and Cr phase: (a) in the VAR and (b) in the SSS. Evolution of the average KAM in 
the Cu and Cr phase as a function of the macroscopic tensile strain: (c) in the VAR and (d) in the SSS.

Table 1 
Parameters used in the simulations for the Cu and Cr phase.

C11 (GPa) C12 (GPa) C44 (GPa) γ̇0 (s
− 1) m τs

0 (MPa) θs
0 (MPa)

Cu phase 168.4 121.4 75.4 0.001 0.05 52 (VAR) 
35 (SSS)

100

Cr phase 392 91 103 0.001 0.05 200 (VAR) 
200 (SSS)

0

L. Varoto et al.                                                                                                                                                                                                                                  Mechanics of Materials 224 (2027) 105885 

7 



shift of the KAM distribution towards larger disorientation at 6% tensile 
strain.

To further validate the full-field approach employed in this study, we 
evaluate the ability of the model to capture the spatial distribution of 
local disorientation heterogeneities revealed in the KAM maps. To 
circumvent the higher strain amplification observed in the simulations, 
the KAM maps determined experimentally and the ones derived from the 
crystal plasticity simulations have been normalized as follows. We first 
computed the average KAM in each phase (<KAM>Cu and <KAM>Cr) 
over the entire ROI. Then, the local KAM at every pixel i in the map was 
normalized by dividing it by the average <KAM>Cu,Cr per phase 
(normalized KAM = KAMi/<KAM>Cu,Cr). This artificial normalization 

is solely introduced to check whether or not the KAM maps predicted by 
the simulations agree qualitatively well, spatially, with the experimental 
ones. In addition to retrieving the macroscopic stress-strain curves, we 
also impose that the validated model should predict spatial field distri
butions that agree qualitatively well (despite it is 2D) with experimental 
fields. The normalized experimental and simulated KAM maps in the Cu 
phase were then generated and compared, see Fig. 7c and d, respec
tively. The normalized KAM maps from the experiments and simulations 
show a very good agreement. For example, the regions with low KAM 
are spatially distributed in the same areas. Interestingly, by normalizing 
the KAM, the difference between the experiments and the simulations in 
the Cu matrix has been significantly decreased, see Fig. 8c. This suggests 
that the larger strain amplification observed in the raw KAM distribution 
in the Cu phase results mainly from the limitations of the model. A 
similar comparison was established for the Cr phase, the results can be 
found in Figure S 1 and Fig. 8b and d. For the Cr phase, we found 
consistent results regardless of looking at the raw data or the normalized 
data. This shows that the Cr phase is not subjected to strain amplification 
as the softer Cu phase, most likely because the plastic deformation in the 
Cr phase is limited until 4% tensile strain.

4.3. Validation on the SSS: effect of the initial dislocation density

We ran a first simulation to model the tensile response of the SSS 
composite taking into account the presence of pores and using the pa
rameters of the Cu phase that allows us to reproduce the tensile response 
of the VAR composite. The result is shown in Fig. 6, see the curve with 
unfilled pentagonal symbols. In this simulation, the SSS composite yields 
at a larger stress than in the experiment. This is not surprising as we used 
for the Cu phase the parameters that were calibrated for the VAR com
posite (τs

0 = 52 MPa, θs
0 = 100 MPa). Experimentally, we did observe 

from the KAM maps collected in the undeformed microstructures that 
the average disorientation in the Cu phase was twice lower in the SSS 
than in the VAR material (see Fig. 5). This suggests that the initial GND 

Fig. 6. Comparison of the experimental tensile response of the VAR and SSS 
composites with the results from the different simulations conducted.

Fig. 7. Comparison of the KAM maps in the Cu phase after 6% tensile strain in the VAR composite: (a) experiment (raw data) and (b) crystal plasticity simulation 
(raw data). Comparison of the normalized KAM (KAMCu/<KAM>Cu) distributions after 6% tensile strain in the VAR composite: (c) experiment and (d) crystal 
plasticity simulations.
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Fig. 8. (a) KAM distributions (a) in the Cu phase and (b) in the Cr phase of the VAR composite. (c) Normalized KAM distributions (c) in the Cu phase and (d) in the Cr 
phase of the VAR composite.

Fig. 9. Comparison of the KAM maps in the Cu phase after 6% tensile strain in the SSS composite: (a) experiment (raw data) and (b) crystal plasticity simulation (raw 
data). Comparison of the normalized KAM (KAMCu/<KAM>Cu) distributions after 6% tensile strain in the SSS composite: (c) experiment and (d) crystal plasticity 
simulations.
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density in the Cu phase is lower in the SSS composite than in its VAR 
counterpart. Consequently, we run an additional simulation of the ten
sile response of the SSS composite by only decreasing τs

0 (taken equal to 
35 MPa instead of 52 MPa) while θs

0 was kept constant. Decreasing τs
0 is 

equivalent to decrease the initial dislocation density in the Cu phase as 
highlighted earlier in this manuscript, see equation (4). The simulated 
tensile response of the SSS composite taking now for the Cu phase τs

0 =

35 MPa corresponds to the curve with blue circles in Fig. 6. Now, the 
simulated tensile response matches very well the one determined 
experimentally for the SSS composite (Fig. 6) while all the other pa
rameters were kept unchanged.

As in the VAR composite, the comparison of the evolution of the KAM 
maps determined experimentally (Fig. 9a) with the ones calculated from 
the crystal plasticity simulations (Fig. 9b) shows that the model results 
in a larger strain amplification in the Cu phase. After normalization of 
the KAM, a very good agreement is found between the experiments and 
the model, see comparison between Fig. 9c and d. More quantitative 
comparisons between the experiments and the simulations have also 
been established by looking at the KAM distributions. The simulations 
tend to overestimate the disorientation in the Cu phase regardless of the 
tensile strain (Fig. 10a). In the Cr phase, a good agreement is again 
found: the KAM distributions in the Cr phase are nearly superimposed, 
see Fig. 10b and the KAM maps in the Cr phase are similar (Figure S 2). 
Normalizing the KAM allows to verify that the model captures well the 
spatial heterogeneity in disorientation in the Cu phase (Fig. 10c).

4.4. Effect of porosity

Once the full-field model was calibrated and validated on the VAR 
and SSS composites, the effect of porosity on the tensile response of the 
Cu-Cr composite can now be investigated by artificially filling the pores 
to make the SSS composite fully dense. If only one pore population is 

filled in, it becomes possible to discriminate the effect of matrix pores 
from the effect of interfacial pores.

First, the matrix pores of the SSS composite were filled with Cu (no 
change in area fraction of Cr, fCr = 40%). This simulation corresponds to 
the curve with the half-filled circle symbols in Fig. 6. The curve nearly 
overlaps that of the SSS composite taking into account all pores (matrix 
and interfacial pores). This shows that the matrix pores have a negligible 
effect on the tensile response of the SSS composite. All pores, i.e., both 
matrix and interfacial, were then filled with Cu making the material 
fully dense (no change in area fraction of Cr, fCr = 40%). The associated 
tensile response is plotted using gray diamond symbols in Fig. 6. The 
tensile response of such a composite is now well above that of the SSS 
composite (curve with blue circles in Fig. 6). This shows that the 
interfacial pores play a significant role in the tensile response of the SSS 
composite.

Finally, all the pores were filled with Cu but we took the same τs
0 =

52 MPa as the one allowing to reproduce the VAR tensile response. This 
allows us to evaluate the combined effect of the suppression of pores and 
the increase of the initial dislocation density in the Cu matrix. We recall 
here that the area fraction of Cr is unchanged (fCr = 40%) since pores 
were filled with Cu. The simulated tensile response is given in Fig. 6
using the inversed gray triangles. Now the tensile response of such a 
fully dense SSS composite gets closer but still remains below the tensile 
response of the VAR composite. At this stage, the discrepancy between 
the tensile response of the VAR composite with the simulated one of the 
SSS with pores filled with Cu and the same dislocation density as in the 
VAR are still unclear. Two factors can be invoked to explain these dis
crepancies: (i) the fraction of Cr, fCr = 44% in the VAR and fCr = 40% in 
the SSS when pores are filled with Cu, and (ii) the change in morphology 
of the Cr phase (equiaxed in the SSS and dendritic in the VAR).

Fig. 10. (a) KAM distributions (a) in the Cu phase and (b) in the Cr phase of the SSS composite. (c) Normalized KAM distributions (c) in the Cu phase and (d) in the Cr 
phase of the SSS composite.
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4.5. Impact of the Cr volume fraction and morphology

Another simulation was conducted with the pores filled with Cr 
instead of Cu while taking τs

0 = 52 MPa to maintain the same initial 
dislocation density as in the VAR. Interestingly, filling the pores of the 
SSS composite with Cr gives a Cr fraction of 44%, which is similar to that 
of the VAR. The simulated tensile response of the SSS composite with Cr- 
filled pores corresponds to the curve with filled black triangles in Fig. 6. 
Increasing the Cr area fraction from 40% to 44% (a relative increase of 
about 10%) shifts the tensile response of the SSS composite towards 
larger stresses, bringing it now very close to that of the VAR. This 
simulation highlights the key role played by the volume fraction of Cr in 
these Cu-Cr composites. Conversely, since the main difference between 
the SSS composite with pores filled with Cr and its VAR counterpart is in 
the morphology of the Cr phase, and since the tensile responses are very 
similar, this suggests that the Cr phase morphology does not signifi
cantly affect the tensile response of such composites.

4.6. Stress partitioning in Cu-35Cr composites

The outputs from the full-field crystal plasticity simulations can be 
exploited to investigate stress partitioning in the Cu-35Cr composites. 
The tensile stress fields of both VAR and SSS composites after different 
increments of strain can be found in supplementary materials, see 
Figure S 3 and Figure S 4, respectively. Microstructural changes that 
have the strongest influence on stress partitioning between the soft Cu 
matrix and the harder Cr-reinforcements can be identified. The tensile 
stress distribution within the Cu and Cr phase in different Cu-35Cr 
composites after 6% tensile strain are given in Fig. 11a and b, respec
tively. The increase of the initial dislocation density through the in
crease from τs

0 = 35 MPa to 52 MPa slightly shifts the tensile stress 
distribution in the Cu and Cr phases towards large stresses. However, the 
most pronounced effect on the tensile stress distribution in both phases 
is observed when interfacial pores are filled, significantly shifting the 
distribution toward higher stress levels.

These tensile stress distributions were further analyzed by calcu
lating (i) the standard deviation that gives hints regarding the tensile 
stress heterogeneity in each phase (Fig. 12a and b), and (ii) the mean 
tensile stress in each phase (Fig. 12c and d). Interestingly, the different 
microstructural changes do not seem to significantly affect the hetero
geneity in tensile stress within the Cu matrix. An increase of the initial 
dislocation density in the Cu phase (increase in τs

0 in the Cu matrix) 
slightly increases the stress heterogeneities in the Cu phase while filling 
pores with Cu results in a more homogeneous stress field (Fig. 12a). The 
effect of filling matrix and interfacial pores with Cu on the heterogeneity 
in tensile stress in the Cr phase is remarkable as it significantly decreases 
the standard deviation (Fig. 12b). In other words, filling pores with Cu 
makes the stress more homogeneous. The analysis of the evolution of the 
mean tensile stress in the Cu phase after 6% tensile strain reveals that the 
two microstructural features having the greatest impact are the increase 
of the initial dislocation density in the Cu phase and the filling of all 
pores with Cu, see Fig. 12c. The effect of the initial dislocation density in 
the Cu phase on the mean tensile stress after 6% tensile strain appears 
limited in the Cr phase. However, it is worth highlighting that filling 
pores (especially interfacial pores with Cu) results in a significant in
crease in mean tensile stress in the Cr phase. This shows that the load 
transfer from the Cu matrix to the Cr particles becomes more efficient 
upon straining when interfacial pores are filled.

We shall finally remind that our 2D simulations assume plane strain 
conditions. This can result in significant out-of-plane shear stresses. 
Also, the Cr phase (almost purely elastic), and the pores in the case of the 
SSS material, are assumed to be infinitely extruded in the thickness di
rection. As such, the prediction of stresses inside phases are necessarily 
affected by the 2D nature of our simulations. As aforementioned, 3D 
simulations based on X-ray tomography data (Varoto et al., 2023), will 

be performed in a forthcoming study, which will allow comparing 2D 
versus 3D effects on the distribution of stresses in phases.

5. Summary and conclusion

The microstructural features affecting the tensile response of Cu- 
35Cr composites were investigated using full-field crystal-plasticity 
simulations and a simple linear hardening law in each phase. The aim 
was to distinguish the impact of various parameters, including the initial 
dislocation density in the Cu matrix, pores (in the matrix or at the 
interface), morphology of the Cr phase, and minor variations in the 
volume fraction of the two phases. It is worth noting that it would not 
have been possible to discriminate the effect of these features experi
mentally. This motivated the use of a modelling approach. The full-field 
crystal-plasticity model was first calibrated and validated based on ex
periments. Two Cu-35Cr composites, fabricated using two different 
processes (casting for the VAR and sintering for the SSS), were investi
gated. The latter contains matrix and interface porosity. Their tensile 
response was determined using monotonic and interrupted tensile tests, 
the latter coupled with EBSD measurements conducted at different 
strain increments. We note that the use of a full field model is fully 
justified in the present study. Not only does the model capture the 
experimental tensile responses of the VAR and SSS materials, but it is 
further validated by providing a good representation of the spatial dis
tribution of local disorientation heterogeneities. The validated model 
can then be used to monitor the local elastoplastic deformation and 

Fig. 11. Tensile stress distributions extracted from the crystal plasticity simu
lations after 6% tensile strain in different Cu-35Cr composites: (a) in the Cu and 
(b) in the Cr phase.
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hardening in both Cu and Cr phases, quantify the load transfer from Cu 
to Cr, and the resulting macroscopic strain hardening. The model finally 
allows differentiating the effect of interfacial pores from that of matrix 
pores. The conclusions from this work can be summarized as follows: 

• Pores in the Cu matrix with a nearly spherical morphology, repre
senting only 10% of the overall porosity, have a negligible effect on 
the tensile response of Cu-35Cr composites.

• The morphology of the Cr phase does not appear to significantly 
influence the tensile response of Cu-35Cr composites. The tensile 
response of SSS materials containing equiaxed Cr particles and Cr- 
filled pores (with the same Cr fraction as in the VAR) is super
imposed to that of the VAR, which exhibits dendritic Cr.

• Small variations in the Cr fraction can slightly alter the tensile 
response of Cu-35Cr composites when all pores are filled.

• The initial dislocation density in the Cu matrix and the interfacial 
pores (which account for 90% of the overall porosity) play a signif
icant role in the tensile response of Cu-35Cr composites. Dislocation 
density in the Cu matrix governs the yield point in the Cu phase, 
while interfacial pores limit load transfer to the reinforcing Cr phase.

• Filling the matrix and interfacial pores with copper mitigates stress 
heterogeneity at the microscale, particularly within the Cr phase.
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