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Abstract—This work studies the formation and evolution of residual stresses in metal matrix composites
with different volume fractions and sizes of reinforcement particles. The investigation was performed on hot-
pressed samples of pure aluminum with boron and titanium carbide particles. The samples were subjected to
mechanical compression tests to study their fracture behavior. Residual stresses were measured after cooling,
as well as at different degrees of deformation of the composites. Some samples were subjected to electron
beam processing. The phase composition and size of boron carbide particles in their recast surface layers,
which were formed by recrystallization from the liquid phase during irradiation, were examined by X-ray dif-
fraction. The cooling process followed by mechanical loading of the composites was simulated by simultane-
ously taking into account the fracture of the matrix and particles. The formation of residual stresses in com-
posites with different particle volume fractions was numerically investigated.
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1. INTRODUCTION

Particle-reinforced metal matrix composites are
known for their high specific strength and are widely
used in mechanical engineering, energy industry, and
aerospace applications. Composite coatings improve
the wear resistance, corrosion resistance, and strength
of the surface layers of materials. Despite the wide-
spread use of composites, the issues concerning their
strength and durability remain controversial. This is
primarily due to the fact that composites have a com-
plex multiphase structure with interfaces of various
scales and with various properties. The prediction of
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fracture in such systems is difficult within macro-
scopic approaches. A solution to this problem can be
found in a multilevel approach of the physical me-
somechanics of materials [1, 2]. It is known that in-
terfaces in structurally heterogeneous materials cause
stress concentration, plastic strain localization, and
subsequent formation of microdefects and cracks [1—
6]. The local stress and strain magnitudes in the inter-
facial regions, among other things, depend on the
difference in the thermomechanical properties of ad-
jacent materials. The greater the difference, the
higher the stresses arising at interfaces.

In recent years, there have been numerous ex-
perimental studies on the microstructure and proper-
ties of composites and coatings fabricated by various
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methods, e.g., laser cladding [7-11], gas dynamic
spraying [12, 13], resistance seam welding [14], and
solid phase sintering [15, 16]. A still unresolved
question is the formation and evolution of residual
stresses during fabrication and performance of com-
posites and coatings [7, 8]. Additional studies are
needed to explore the effects associated with the vo-
lume fraction, shape, size, and spatial distribution of
reinforcement particles on the composite properties
[12-14, 16]. A specific role in the deformation re-
sponse of a coated material is played by the adhesive
bond and the shape of the interface between the
structural components of the composite and the coat-
ing, which are particularly determined by the deposi-
tion conditions [7, 9, 13, 10], the composition of the
ceramic powder mixture [7] and the matrix [10]. The
quality of the synthesized composites is also greatly
affected by the changes occurring in the metal—
ceramics transition zones [9]. Another fundamentally
important problem is to investigate the fracture
mechanisms of composite materials as well as stress
and strain evolution during crack propagation both
inside a ceramic particle and along the particle—
matrix interface [17].

The above problems cannot be solved without study-
ing the fundamental laws of strain and fracture loca-
lization in composites, including by numerical mo-
deling methods with explicit consideration of struc-
tural heterogeneity. Today, such studies mainly deal
with ceramic particles of a perfect round shape in a
two-dimensional formulation [18, 19] or with spheri-
cal particles [20-22] in a three-dimensional formula-
tion. Much fewer works take into account the com-
plex shape of inclusions. For example, in [23], the
deformation and fracture of SiCp/Al composite was
simulated taking into account a real three-dimen-
sional structure with several inclusions. There are
also analytical estimates of how the properties of the
matrix material affect the fracture behavior of rein-
forcement particles [24].

In our previous works, we numerically investi-
gated the deformation and fracture of composites and
coatings at different scale levels without considera-
tion of residual stresses [4, 6], as well as the evoluti-
on of residual stresses in an elastic-plastic formu-
lation of the problem [6, 25].

Here we study experimentally and numerically the
effect of the volume fraction of reinforcement parti-
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Fig. 1. Initial powders ACD-6 (a) and B4C (b—d).

PHYSICAL MESOMECHANICS Vol.24 No.5 2021



EVOLUTION OF RESIDUAL STRESSES AND FRACTURE IN THERMOMECHANICALLY LOADED 505

(©)

Fig. 2. TiC powder (a), dies (b), and composite samples (c).

cles on residual stress evolution and fracture beha-
vior of thermomechanically loaded composites.

2. EXPERIMENTAL AND THEORETICAL
FORMULATION OF THE PROBLEM

The investigation was performed on hot-pressed
composite samples with an aluminum matrix contain-
ing boron and titanium carbide particles of different
sizes and volume fractions. The size of ACD-6 alu-
minum powder particles ranged from 3 to 10 pm
(Fig. 1a). Boron carbide inclusions B4C were of three
sizes: 10, 50-80, and 200-250 um (Figs. 1b—1d). Tita-
nium carbide particles were 50-80 um in size (Fig. 2a).
Graphite dies for the sintering of samples with a di-
ameter and maximum filling depth of 15 mm are
shown in Fig. 2b. Compaction was carried out in
vacuum with induction heating to a temperature of
650°C under a load of 3 kN and holding for 20 min.
At least 3 samples were fabricated for each particle
size and volume fraction, which measured 10—12 mm
in height and 15 mm in diameter (Fig.2c). The
weight of the compacted samples ranged from 3 to
6 g. Their surfaces were polished with an abrasive of
up to 1 um. Images of the composite surfaces were
obtained by SEM backscattered electron imaging.

The magnitude of actual residual stresses in the
aluminum matrix of the sintered composite was de-
termined by XRD analysis. Microscopic stresses are
equilibrated within individual crystals or blocks and
can be either nonoriented or oriented, e.g., in the ap-
plied load direction. Microdistortions lead to X-ray
line broadening that can be characterized by the
quantity Ad/d, where d is the average interplanar
spacing over six experiments (measured on both
sides of each of the three samples) and Ad is the
maximum deviation from d. X-ray diffraction pat-
terns were obtained on a DRON-3 diffractometer
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using filtered copper radiation. Scanning was per-
formed in the angular range 110°-120° with a step of
0.05° and such exposure per point as to ensure a sta-
tistical accuracy of at least 3%. This interval includes
the (331) and (420) aluminum lines from which the
broadening was determined using a computer pro-
gram with Lorentzian line profiles of the form
1/(1+x%). The instrumental broadening was taken
into account by the lines of coarse-crystalline quartz
in the corresponding angular range. The lattice mi-
crodistortions were determined by the formula

&2y - FWHM

where FWHM is the full width at half maximum of
the peak in radians, and 0 is the angular width of the
central maximum in the diffraction pattern of the X-ray
profile analyzed. The microstresses were calculated
from the tabular values of the elastic modulus and
Poisson’s ratio for aluminum.

Mechanical tests included compression of Al-
B,C, Al-TiC samples and Brazilian tests on Al-B,C
samples. Before and after testing, the polished sur-
face of the samples was examined by SE and BSE
imaging on a Vega 3 scanning microscope. The ten-
sile stresses in the Brazilian test were calculated by
the formula o = F/(nR¢), where F is the breaking load,
and R, ¢ are the radius and thickness of the sample.

The effect of the volume fraction of ceramic in-
clusions on the residual stress magnitude was studied
with aluminum and boron carbide particles of size
50 pum. The B4C volume fraction was 1, 3, 6, 10, 12,
and 20%. The residual stresses were investigated in
samples with a B,C content of 1, 10, and 20%. The
mechanical testing of composite samples, metallo-
graphic analysis, and residual stress measurements
were performed at successive loading, unloading, and
reloading to 3, 7, 15, 25, and 50% strains. Residual
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Fig. 3. Model structure of a composite with a large volume fraction of particles (a) and a lower-scale structure with a single in-

clusion (b).
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Fig. 4. Al-B,C composites with different volume fractions of particles: 1 (a), 10 (b) and 20% (c). Scanning electron microscopy.

stresses were measured on the lateral surface of the
sample, without additional surface processing after
compression.

The structure and residual stresses were also in-
vestigated in the AI-B4C metal matrix composite
manufactured by solid phase sintering with subse-
quent electron beam surface processing.

The structure of the recast composite layer in nu-
merical simulations corresponded to the experimen-
tally observed one (Fig. 3). The volume fraction of
particles was varied in the calculations.

The dynamic boundary value problem of structu-
ral deformation during cooling followed by compres-
sion was solved numerically using ABAQUS finite
element package for plane stress conditions. It in-
cludes the momentum and mass conservation laws,
equations for strain rates (1), and constitutive equa-
tions (2):

Gy = Pii;, p/p=—¢x, Sy = (ai,j +aj,i)/2a ()

&; =—P8; +S; = K(&y —3aT)3,
+2u(gy —ékkSij/S—ég.), 2)
where u; is the displacement vector, 6, €; and 85- are

the stress, total strain and plastic strain tensors, S;; is
the deviatoric stress tensor, P is the pressure, 9, is the

Kronecker delta, K and p are the bulk compression
and shear moduli, p is the density, a is the thermal
expansion coefficient, the dot and comma denote the
time and coordinate derivatives, respectively.

The inelastic behavior of the aluminum matrix is
described using the plastic flow rule 85 = XSij asso-
ciated with the yield condition of the form o ., —
oo(e5q) =0, where oo and e, are the equivalent
stress and accumulated equivalent plastic strain, and
0y is the isotropic hardening function.

Table 1. Experimental residual stress values of the
aluminum matrix at different volume fractions and
sizes of ceramic particles

Volume fraction of | Particle size, Residual
B,C particles, % pm stresses, MPa
0 - 26
3 200 27.4
6 200 28.7
12 200 32.0
20 200 35
20 50 38
20 10 30

PHYSICAL MESOMECHANICS Vol.24 No.5 2021
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Fig. 5. Dependence of interplanar spacing on boron carbide content after cooling (*) and at 7% compression of the composite (m)
(a), and lattice microstrains at various degrees of compression (b) (color online).

The cracking of ceramic particles is analyzed us-
ing a Huber—Mises criterion that takes into account
crack initiation in bulk tensile regions:

Geq = Cren at €5 >0, 3)

where Ci, is the tensile strength.

Local areas of the metal matrix are assumed to be
fractured if the accumulated equivalent plastic strain
exceeded a critical value.

The boundary conditions on the surfaces I'; and
I'; simulate the uniaxial tension/compression of a
mesovolume in direction 1, and those on I'; and I'4
correspond to the free surface conditions (Fig. 3).
Cooling of the sintered sample is simulated by a uni-
form linear decrease in temperature (the same at all
points of the sample) from 350°C to a room tempera-
ture of 23°C.

3. RESIDUAL STRESS GENERATION AND
FRACTURE OF PARTICLES UNDER
THERMOMECHANICAL LOADING

OF THE COMPOSITE

The sintered aluminum structures with different
volume fractions of boron carbide particles are
shown in Fig. 4. Results of residual stress measure-
ments after sintering of the composites are sum-
marized in Table 1. As one can see, the average stres-
ses in the matrix increase with increasing volume
fraction of particles and decreasing particle size. For
fine particles, the average residual stresses decrease.

Residual stress measurements after cooling and
cyclic compression of sintered composites with dif-
ferent particle volume fractions to different strains
showed the following. First of all, we notice a very
good agreement of the aluminum interplanar spacing

Fig. 6. Al-B,C composites with a volume fraction of boron carbide particles: 1 (a), 10 (b) and 20% (c), strained to 7%. Scanning
electron microscopy.

PHYSICAL MESOMECHANICS Vol.24 No.5 2021
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Fig. 7. Al-B,C composites with a 20% volume fraction of boron carbide particles, strained to 2 (a), 15 (b) and 50% (c). Scanning

electron microscopy.

parameter with the tabular value (ASTM 4-787). The
difference is +0.000005 nm, which indicates the re-
liability of the measurements. The addition of boron
carbide leads to a slight increase in the parameter to
about 0.00002 nm (Fig. 5). Since the Bragg—Bren-
tano focusing scheme was used, the increase means
that the addition of boron carbide causes the genera-
tion of macroscopic (compressive) stresses. Figure Sa
(square symbols) shows the change in this parameter
after macrodeformation of the hot-pressed sample to
7% strain. The parameter d(420) slightly decreases

by about 0.00001 nm, indicating macrostress growth
under macroscopic loading. The macrodeformation
of the sample causes a noticeable broadening of the
X-ray diffraction line. This broadening is equivalent
to the generation of microscopic residual stresses of
the order of 30 MPa (Fig. 5b). With further sample
deformation to 50%, the dislocation density in-
creases, and the increase in the microscopic residual
stresses slows down. In this case, the residual stress
magnitude at large strains weakly depends on the
boron carbide content.

Fig. 8. Sintered Al-10% B,4C composite sample with electron-beam recast surface (a), its cross-sectional view (b), and SEM-BSE

images of unpolished (c) and polished (d) lateral face.

PHYSICAL MESOMECHANICS Vol.24 No.5 2021
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Fig. 9. Calculated equivalent stress and plastic strain distributions in cooled aluminum samples with different volume fractions of

boron carbide particles: 8 (a), 16 (b) and 27% (c) (color online).

Samples with different volume fractions of boron
carbide particles were successively compressed to 2—
50% strains. After each stage of compression, the
surface was examined by electron microscopy (Figs. 6
and 7). The examination revealed that cracking be-
gins in the sample already at 7% strain, primarily at
the particle-matrix interfaces and inside particles,
and progresses mainly in the compression axis direc-
tion. With increasing volume fraction of boron car-
bide, the particle fracture is more pronounced.

Localized plastic flow in the matrix can be ob-
served already from 15% strain of the composite.
New cracks are formed in the particles and existing
cracks open. With further deformation, visible frac-
ture regions appear in the matrix at an angle of 45° to
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or along the compression axis. Some cracks stop at
the particles and do not propagate further.

Figure 8 shows an electron beam irradiated hot-
pressed sample of Al-10% B4C composite. As a re-
sult of irradiation, the upper layer of the composite
melts and aluminum is squeezed out along the
“streamlines” in the bulk of the sample. The material
in these regions has the lowest porosity and there are
no large boron carbide particles, while the surround-
ing material depleted in the aluminum binder has the
highest porosity. Such a redistribution of aluminum
is due to the low wettability (high contact angle) of
boron carbide with aluminum, which is squeezed
onto the surface in the form of a drop as a result of
electron beam irradiation. This factor is not decisive
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Fig. 10. Evolution of average equivalent stresses in the matrix during cooling of composites with different volume fractions of
boron carbide particles (a), and residual stresses in the matrix after cooling in comparison with experiment (b) (color online).
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Fig. 11. Numerical flow curves of aluminum-titanium carbide composite (a) and fracture patterns at 6.3% compression from the

initial state and after cooling (b) (color online).

in the case of hot pressing because the process takes
place in the solid state, and when the liquid phase
appears it is displaced from the bulk of the material.
Residual microstrain measurements in the molten
aluminum layer without large boron carbide particles
and in the middle part of the sample yielded values of
6.6x 10" and 6.4 x 10, which are 10% higher than
microstrains in the unirradiated sintered composite
(Fig. 5b). X-ray studies of the phase composition of
the molten drop showed that its central part is sig-
nificantly depleted in boron carbide (almost by a fac-
tor of 2), and the particles have a much smaller size
compared to the volume of the hot-pressed compos-
ite. The detected X-ray line broadening of boroncar-
bide indicates recrystallization from the liquid phase
during electron beam processing, and the recrystalli-
zation took place under nonisothermal conditions.
Numerical simulations were performed to solve
two types of problems: cooling of model composite
structures to room temperature with subsequent com-

(®)

pression, and compression of structures from the ini-
tial undeformed state (Figs. 9-12).

As a result of the composite cooling, stresses con-
centrate at the matrix—particle interfaces due to the
difference in the thermal expansion coefficients be-
tween aluminum and boron carbide, both in elastic
ceramic particles and in the plastic matrix. The final
residual stress and strain distributions after cooling of
the aluminum—boron carbide composite are shown in
Fig. 9 for different volume fractions of ceramic
particles. It was found that the stresses in the parti-
cles are more than 2 times higher than in the matrix.
Residual stress zones in the matrix appear as concen-
tric circular areas around each particle. The stresses
are maximum near the particle and decrease with
distance from the interface. The size of these zones is
on the order of the particle diameter. The boundaries
of the zones are clearly defined. Stress concentrations
cause plastic flow in the matrix around the particles.
As can be seen from Fig. 9, particles interact with

Fig. 12. Calculated equivalent stresses at different degrees of compression of aluminum—titanium carbide composite from the ini-
tial state (a) and after cooling (b). Corresponding states on the flow curve are shown in Fig. 11a (color online).

PHYSICAL MESOMECHANICS Vol.24 No.5 2021
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each other already at a particle volume fraction of
8%. The circular residual stress zones induced by
individual particles overlap and form intersecting
stress and strain localization bands. The higher the
fraction of particles, the greater their influence on
each other and, accordingly, the larger the number of
zones of concentrated residual stresses and localized
plastic strains in the matrix (Figs. 6, 9, and 10).

Figure 10 illustrates changes in the equivalent
stresses averaged over the matrix volume during
cooling of sintered composites with different volume
fractions of boron carbide particles. The nonuniform
accumulation of residual stresses at the initial stages
of cooling in the temperature range of 350-250°C is
associated with the sequential onset and development
of localized plastic flow around individual irregularly
shaped boron carbide particles. The less the particles
interact with each other, the more active this process
is (Fig. 10a, volume fraction 8%). Further when the
entire matrix around the particles is involved in the
plastic flow, the averaged stresses increase mono-
tonically. The final states at the temperature 23°C
were obtained by averaging the stress fields in the
matrix illustrated in Fig. 9 and are shown in Fig. 10b
in comparison with experiment (Table 1). The nu-
merical and experimental curves agree qualitatively.
The lower level of residual stresses in the calcula-
tions in comparison with the experiment is due to the
fact that the defect structure of the aluminum matrix
is not taken into account in the simulation. We con-
sider only the contribution associated with the effect
of carbide particles.

The deformation and fracture of aluminum-—titani-
um carbide composite were simulated on a sample
containing a single particle. It was shown that for the
given structure and properties of the materials resid-
ual stresses have little effect on the strength of the
composite (Fig. 11). In the case when residual
stresses are taken into account, cracks in both the
particle and then in the matrix are initiated earlier
than in the case when the composite is compressed
from the initial state (Fig. 12). Cracks in the particle
propagate along the compression direction. With in-
creasing degree of compression, fracture originates in
the aluminum matrix in the same place where the
crack was first initiated in the particle, and propa-
gates along the particle—matrix interface. However,
fracture propagation has little effect on the integral
flow curves of the materials. Moreover, preliminary
plastic deformation of the matrix during cooling
strengthens aluminum, and the current deformation
resistance during subsequent compression turns out

PHYSICAL MESOMECHANICS Vol.24 No.5 2021

to be slightly higher than when residual stresses are
not taken into account (Fig. 11a).

4. CONCLUSIONS

The study was carried out on hot-pressed metal
matrix composite samples with reinforcement boron
and titanium carbide particles of different sizes and
volume fractions. The samples were subjected to me-
chanical compression tests and deformed to various
strains with residual stress measurements. X-ray dif-
fraction analysis was used to examine the phase
composition and size of boron carbide particles in the
molten surface layers of the composite samples,
which were formed by recrystallization from the li-
quid phase during electron beam processing. The
generation of residual stresses in composites with
different particle volume fractions and the effect of
residual stresses on crack initiation and growth, both
in ceramic particles and in the metal matrix, were
investigated numerically. The simulation results ag-
ree with experiment and suggest the following.

Cracks in ceramic particles propagate along the
compression direction and perpendicular to the ten-
sile axis. As the volume fraction of boron carbide
increases, the fracture process is enhanced.

An increase in the volume fraction of particles
and their size reduction lead to an increase in residual
stresses in the matrix of the fabricated composites. At
large strains the residual stress magnitude weakly
depends on the boron carbide content. The regions of
the composite recrystallized during electron beam
processing are depleted in boron carbide, and the par-
ticles are smaller in size as compared to the volume
of the hot-pressed composite. Residual stresses have
little effect on the strength of pure aluminum-ti-
tanium carbide composite during compression, only
slightly increasing the current deformation resistance.
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