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Abstract: The fracture behavior of an in situ TiB; particle reinforced 7075 aluminum matrix composite in various stress
states was investigated by mechanical tests, microscopic characterization, and numerical simulations. Four sets of
tensile specimens, one group of shear specimens, and one group of compression specimens were designed, and
mechanical experiments were conducted on these six groups of specimens. The strain distributions of the six groups of
specimens during deformation were investigated by in situ strain testing and finite element simulation. The fracture
morphology of the specimens was characterized to analyze the damage mechanism in different stress states. It was
found that the fracture mechanism of the material is mainly interfacial debonding and particle fracture, manifested as
tensile fracture under high stress triaxiality and shear fracture under low stress triaxiality. For the tensile fracture, the
nucleated voids grew with the maximum principal stress; for the shear fracture, they showed significant shape change
with the maximum shear stress but little volume change. Based on the fracture mechanisms uncovered by the
experiments, a modified ductile fracture criterion, considering the influence of both the maximum principal stress and
maximum shear stress, was developed for the composite. Comparison with the modified Mohr—Coulomb,
Lou—Yoon—Huh, Hu, and Mu models shows that the proposed model can predict the ductile fracture behavior of the
aluminum matrix composites more accurately.
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different stress states.

Due to the significant difference of mechanical
properties between particles and matrix, PR-AIMCs
exhibit a complex fracture behavior and generally

1 Introduction

The particle reinforced aluminum matrix

composites (PR-AIMCs) have wide application
prospects as structural materials because of their
excellent mechanical properties of high strength,
high stiffness, and good toughness [1,2]. In
particular, in situ PR-AIMCs have received
increasing attention as the in situ particles show
better cohesion with the matrix, which effectively
improves the strength and modulus of the
composite [3,4]. In practice, PR-AIMC components
are subjected to complex stress states during the
forming process or loading service thus, it requires
a full understanding on their fracture mechanism in

have three fracture mechanisms, i.e., particle
fracture, interface debonding between reinforced
particles and matrix, and void nucleation and
growth in the matrix [5]. LLOYD [6] studied the
tensile failure behavior of a SiC/6061Al composite,
and found that the main failure mechanism of the
composite with coarse particles (above 20 um) is
particle fracture, and that with fine particles (below
5 um) is void nucleation and growth in matrix.
Similar phenomena were reported in the SiC/
7075A1 composite [7] and Si/Al composite [8].
KARBALAEI AKBARI et al [9] investigated the
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tensile fracture mechanisms of a nano TiB,/A356Al1
composite with different particle contents, and
found that void evolution and interface debonding
are two main fracture mechanisms of the composite.
WU and ARSENAULT [10] investigated the crack
propagation in a SiC,/Al composite by in situ SEM
observation; the results show that cracks mainly
expand along the fractured particles. The interface
bonding strength also determines the fracture
mechanism of composites; cracks initiate more
easily at weak interfaces via interface debonding.
These previous studies shed important insight into
the failure mechanisms of composites. Nevertheless,
it should be noted that these studies mainly focused
on the fracture behavior of composites under
uniaxial loading. An in-depth understanding on the
influence of stress states on the fracture mechanism
of PR-AIMC:s is still lacking.

Regarding the quantitative description of the
fracture behavior, ductile fracture criteria (DFCs)
are efficient tools and commonly used. DFCs can
be classified into two categories, i.e., the coupled
and uncoupled DFCs. The coupled DFCs
incorporate the interaction of plastic deformation
and damage accumulation. The representative
coupled DFCs are the micromechanics-based
Gurson—Tvergaard—Needleman (GTN) model [11]
and the continuum damage mechanics model [12].
The uncoupled DFCs are primarily empirical
models based on experiments, micromechanical
analysis, and numerical simulation. These models
do not consider the influence of damage on the
constitutive responses of materials. Due to the
simple form and fewer parameters to be determined,
the uncoupled DFCs have recently received much
attention [13—15]. For example, BAO and
WIERZBICKI [16] investigated the fracture
behavior of Al 2024-T351 in a wide range of stress
triaxiality (from 0.3 to 1.0), and developed the
Bao-Wierzbicki DFC to establish the fracture
surface of the material. The early DFCs were
generally designed for deformation conditions with
high stress triaxiality (from 1/3 to 2/3), and the
applicability of the models in the circumstances of
low or negative stress triaxiality (from —1/3 to 1/3)
is not clear [17]. XUE [18] and XUE and
WIERZBICKI [19] found that the fracture strain of
Al 2024-T351 in shear deformation is smaller than
that in uniaxial tensile deformation. Shear stress
is represented by the Lode parameter, and two

phenomenological DFCs considering both stress
triaxiality and the Lode parameter were established
by XUE [18] and XUE and WIERZBICKI [19].
BAI and WIERZBICKI [20] proposed a modified
Mohr—Coulomb criterion (MMC) to describe the
ductile fracture of metals, and the MMC criterion
fitted well with the experimental data of Al
2024-T351. Based on the micro-mechanism of
fracture, LOU et al [21] proposed a DFC which
considers the ductile fracture of metals induced
by void nucleation, growth, and coalescence.
Subsequently, LOU et al [22] extended the above
DFC by introducing a cutoff value for predicting
the fracture strain in the case of stress triaxiality
below —1/3. The above studies mainly focus on the
ductile fracture of traditional metals, while paying
less attention to materials with reinforced particles.
Although many investigations have been
conducted on the fracture mechanisms of
composites, a comprehensive understanding on the
fracture mechanism for the in-situ PR-AIMCs at
different stress states is still insufficient. Besides, an
efficient DFC for in situ PR-AIMCs is of urgent
need. In this work, the fracture mechanisms of an
in situ 6 wt.% TiB, particle reinforced aluminum
composite investigated through
experiments and fractograph characterization in
various stress states. An uncoupled DFC was
developed based on the fracture mechanisms
obtained above. DIC experiments and numerical
simulations were carried out to estimate the state
variables of fracture. To validate the accuracy and
feasibility of the proposed DFC, the results were
compared with the predictions of the published
criteria, such as the modified Mohr—Coulomb
(MMC), Lou—Yoon—Huh, Hu, and Mu criteria.

matrix were

2 Experimental

The studied in situ TiB»/7075Al composite
was synthesized by casting with a mixed salt route,
and the composition is shown in Table 1. More
details of the material preparation process can be
found in the work of CHEN et al [23]. In order to

Table 1 Chemical composition of in situ TiB,/7075Al
composite (wt.%)
TiB, Cu Mg Zn Zr Al
6 2.4 2.5 6.9 0.15 Bal.
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investigate the mechanical responses and failure of
the composite in different stress states, various
mechanical tests, including uniaxial tensile tests,
notch tensile tests, compressive tests, and shear
tests, were carried out at room temperature.
Figure 1 shows the geometries and dimensions of
the specimens. Before the mechanical tests, all the
specimens were finely polished to eliminate
machining defects, and the graphite was used
to lubricate the specimen/anvil
compressive tests.

The mechanical tests were performed on an
electronic testing machine (Instron Model 8080
with a load cell of 100 kN capacity) at a constant
cross-head speed of 1 mm/min. A DIC system
(Aramis) was employed to measure the deformation
and strain field of the tensile and shear tests; the
experimental setup is shown in Fig. 1. Prior to the
tests, the specimens were uniformly sprayed with
random speckle patterns. The three-dimensional
position change of the speckles was photographed
by two high-resolution cameras at a frequency of
5 Hz. The strain field of the deformed specimens
was computed by the commercial DIC software
GOM. At least three specimens were tested for each
stress state, and all the specimens were strained to
fracture. After the tests, the macroscopic and
microscopic fractographs were characterized by an
optical microscope (Leica M125) and a field-
emission SEM (VEGA 3), respectively.

interface for

(=1.5 mm)

Smooth specimen

Notched specimen
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3 Numerical simulations for estimating
state variables of fracture

Although the strain distribution of the in situ
TiB,/7075A1 composite in different stress states can
be captured by DIC experiments, it is difficult to
obtain the stress state in the stress concentration
areas. In this work, finite element (FE) simulations
via ABAQUS/Standard were jointly used to
characterize the deformation and stress distribution
of the specimens under each loading condition. The
fracture position was obtained from the DIC
experiment, and the maximum equivalent plastic
strain in the fracture path was taken as the fracture
initiation point in the simulation. The stress state
related to ductile fracture was extracted from this
point.

The composite is supposed to follow an
isotropic linear elastic-plastic material law; its
macroscopic plastic behavior was modeled with the
classic J> constitutive model. The elastic modulus
E. and Poisson ratio u. of the composite were
obtained by the Taylor homogenization method as
follows [24]:

E~(1—)Ent+¢E, (1)
ue=(1=@)umtoup 2

where En and E, are the elastic moduli of the
matrix and the particle, respectively, um and u, are the
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Fig. 1 Experiment setup with DIC system and geometrical dimensions of specimens for mechanical tests, including

uniaxial tensile, notched tensile (with the notched radius of R=10, 20, and 40 mm, respectively), shear and compression

tests (All these tests were carried out at room temperature to model the influence of stress states in a wide range, and ¢ is

the thickness of specimens)
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corresponding Poisson ratios, and ¢ is the volume
fraction of particles. For the composite studied,
@ is about 4%, and the room temperature elastic
constants of the 7075Al matrix are En=71 GPa and
1m=0.33, and those of TiB, are F;=560 GPa and
1,=0.11 [25]. As a result, the elastic constants of the
composite were calculated to be E~91 GPa and
1#=0.32.

The work hardening law of the composite was
derived from the uniaxial tensile results. To obtain
the flow stress curve of the composite under large
strain, a double Voce model (Eq. (3)) was used to
fit the stress—strain data of the uniaxial tensile
tests [26]. The double Voce model reads as

o=0, B [1-exp(=k&”)|+B,[1-exp(=k,&")] (3)

where o is the stress, gy, Bi, B2, ki and k, are
material parameters, and &P is the equivalent plastic
strain. The flow stress of the composite after
necking was then extrapolated by the model, and
the entire true stress—strain curve is shown in Fig. 2.

1000
750 +
<
(W)
2
§ 500
3 6=15.01+657.80[ 1-exp(~39.41cP)]+
300.07[1-exp(=2.01¢P)]
250
Double Voce model
o Experiment
0 1 1

0 0.15 0.I30 0.45
Strain
Fig. 2 Uniaxial true stress—strain curve of in situ TiBy/
7075A1 composite under large deformation (The stress
after necking was extrapolated by the double Voce
model)
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As shown in Fig. 3, FE geometrical models for
a quarter of the smooth specimen and three notched
specimens were established according to the
symmetry in length and width directions. For the
shear specimen and the compression specimen,
complete models were established. In the
compression test, the platen was treated as a rigid
body, and the friction coefficient between the platen
and the specimen was set to be 0.08. All the FE
models were meshed with the general linear brick
element with reduced integration (C3D8R), and the
default hourglass control was employed. To achieve
a compromise between computational efficiency
and accuracy, fine meshing is used in the potential
high stress regions. The boundary conditions
employed in the simulation are also shown in Fig. 3.
In the tensile tests of the smooth specimen, three
notched specimens, and shear specimen, reference
nodes were coupled with the loading surface. In the
compression specimen, the reference node was
coupled with the platen. In simulations, displacement
boundary conditions were imposed.

4 Experimental and FEM results

4.1 Strain fields of specimens in different stress

states

The DIC results of the strain fields for tests in
different stress states are shown in Fig. 4. The
smooth specimen exhibits a quite uniform strain
distribution, and the strain localization appears with
the startup of fracture. By contrast, all the notched
specimens show significant strain localization
during the loading process. The largest strain
appears at the narrowest cross-section. For the shear
specimen, deformation is fairly localized in the
shear section.

Shear specimen
Compression specimen

Fig. 3 FE models for tests in different stress states, including uniaxial tensile, notched tensile (with R=10, 20, and

40 mm, respectively), shear and compressive tests (For the smooth and three notched specimens, quarter models were

established due to the symmetry. Complete models were used for the shear and compression specimens)
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Fig. 4 DIC results for strain fields (von Mises equivalent strain) of five tests

4.2 Stress states and strain evolution before
ductile fracture at fracture initiation point

As stated, FE simulations were carried out to
predict the strain and stress distributions of all the
experimental specimens. The simulation results are
shown in Figs.5 and 6. For each specimen, the
load—displacement curves of the FE simulations
agree well with the experimental ones. In addition,
the strain distribution maps obtained by the DIC
measurements are consistent with the simulation
results. For the tensile tests, as shown in Figs. 5 and
6(a), the stress ftriaxiality increases with the
decrease of the notched radius, while the Lode
parameter almost has no change; for the shear test,
as shown in Fig. 6(b), the stress state in the main
deformation zone shows little change; for the
compression test, as shown in Fig. 6(c), the stress
triaxiality increases while the Lode parameter
decreases with deformation.

During the simulation, when the imposed
displacement reaches the experimental fracture
displacement of the specimen, the fracture is
considered to occur. Fracture strain is the equivalent
plastic strain at the fracture initiation point in the

simulation. The averaged stress triaxiality (#ave) and
the Lode parameter (&we) are selected as the
representative parameters of stress state.

1 zf
e =7 [, nde (4)

1 zf
Swe == [, £de (5)

The determined #ave, Cawve and the equivalent
plastic strain to fracture &', & and &
corresponding to the tensile, shear and compressive
tests are listed in Table 2. As shown in Table 2,
the influences of shear stress are similar in four
groups of tensile specimens (z,, /o around 0.5).
The fracture strain of the tensile specimens is
mainly affected by the tensile stress, which
decreases with the increase of ¢,/ . Compared
with the tensile specimens, the shear specimen has a
smaller ¢,/ , but an obviously larger 7, /5 .
This indicates that the ductile fracture of the shear
specimen is more obviously affected by shear stress.
In summary, the ductile fracture of the composite is
affected by both the tensile stress and shear stress.
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Fig. S FE simulation results for notched specimens with radii of 10 mm (a), 20 mm (b) and 40 mm (c) (The left plots
show the comparison of load—displacement curves obtained from the experiments and FE simulations, and the evolution

of stress triaxiality #, Lode parameter &, and equivalent plastic strain £P at the fracture initiation points with

displacement. The right plots show the strain distribution maps predicted by the FE simulations, and the fracture

initiation points are marked by the arrows)

4.3 Fracture mechanisms of composite

Figure 7 shows the macroscopic morphologies
of the fracture specimens measured by an optical
microscope (Leica M125). All the tensile specimens
exhibit the failure mode of ductile fracture; the
smooth specimen and notched specimens with
different notch radii show similar macroscopic
fractographs, which are slant and rough. The shear
test specimen, nevertheless, exhibits quite different

macroscopic fractograph; it is straight and smooth,
manifesting the typical shear fracture characteristics.
The change of fracture characteristics is related to
the variation of stress state.

To explore the fracture mechanisms of the
composite in different stress states, the microscopic
fractographs of the tested specimens were further
observed by SEM, as shown in Fig. 8. For each
specimen, two images with a magnification of 2000
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Fig. 6 FE simulation results for smooth specimen (a), shear specimen (b) and compression specimen (c) (The left plots
show the comparison of load—displacement curves obtained from the experiments and FE simulations, and the evolution
of stress triaxiality #, Lode parameter &, and equivalent plastic strain £P at the fracture initiation points with
displacement. The right plots show the strain distribution maps predicted by the FE simulations, and the fracture
initiation points are marked by the arrows)

Table 2 Stress triaxiality #7ave, Lode parameter uve, normalized maximum principal stress o,/& , normalized maximum

= f

shear stress 7, /&, and fracture strains 7', z, and z of specimens tested in different stress states

Specimen Tave ave o/c Tnax /O z z g
Smooth 0.336 —0.992 1.003 0.501 0.125 0.140 0.145
(R=40 mm) 0.366 —0.955 1.032 0.506 0.112 0.128 0.138
Notched (R=20 mm) 0.402 -0.950 1.068 0.506 0.109 0.119 0.132
(R=10 mm) 0.501 —0.960 1.167 0.505 0.096 0.103 0.110
Shear 0.012 —0.012 0.591 0.577 0.096 0.110 0.116
Compression -0.291 0.795 0.095 0.525 0.416 0.440 0.450

Tmax 18 the maximum shear stress, o1 is the maximum principal stress, and & is the von Mises equivalent stress
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Fig. 7 Macroscopic fractographs of uniaxial tensile and shear specimens in different stress states
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Fig. 8 SEM fractographs of tensile and shear specimens in different stress states

were photographed in the center and the edge
regions. The microscopic fractographs of the tensile
specimens are relatively rough, with many deep
dimples in the central regions. By contrast, the
microscopic fractograph of the shear specimen is
smooth, with limited shallow and elongated dimples
distributed in the shear direction. For the tensile
specimens, with the decrease of the notch radius,
the increased stress triaxiality facilitates the growth
of voids. It thereby results in deep dimples and
rough fractographs. More dimples exist in the
central region than in the edges, demonstrating
more pronounced nucleation and growth of voids in
the center. For the shear specimen, due to the
near-zero stress triaxiality, the nucleation and
growth of voids are significantly suppressed; the
fractographs thus show very shallow dimples or
even no dimples.

The SEM backscattered electron (BSE) and
the EDS images in the central regions of the tensile
and the shear specimens are shown in Fig. 9. All the
images were photographed with a magnification of
5000. The EDS characterization corresponds to the

micro-chemical analysis of the element Ti, which
is the dominant element of the particles. The
fractographs of all five specimens exhibit obvious
clustering of the element Ti (the yellow spots). It
indicates the exposure of the TiB, particles and
thereby the interface debonding during the fracture
process. According to the BSE images, the broken
particles appear in the fractographs of the tensile
specimens; these phenomena indicate that particle
fracture occurs in the condition of high stress
triaxiality.

To further demonstrate the particle fracture in
different stress states, the fractographs of the
notched specimen (R=10 mm) and shear specimen
were examined under high resolution, and the
results are shown in Fig. 10. Obvious particle
cracks are observed in the notched tensile test with
high stress triaxiality and the shear test with low
stress triaxiality.

Figure 11 shows the SEM fractographs of the
compression specimen. As shown in Figs. 11(a) and
(b), the compression specimens primarily exhibit
similar fractographs as the shear specimen; the
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Fig. 9 SEM backscattered electron (BSE) and EDS images of tensile and shear specimens (The red circles highlight the
particle crack on the fractographs; the yellow spots in the EDS images denote element Ti)

. =
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Fig. 10 SEM BSE images showing fractographs of notched specimen (R=10 mm) (a) and shear specimen (b) (The red

circles highlight the particle crack on the fractographs)

4/ Void
P y

Fig. 11 SEM (a—c) and SEM SBE (d) images showing fractographs of compression specimen

surfaces are quite smooth and have limited shallow
and elongated dimples distributed in the fracture
direction. The magnified image shown in Fig. 11(c)
evidences the formation of voids on the smooth
fractograph. Consequently, the composite shows the

Before deformation

After fracture

»

same fracture mechanism in the shear and
compression deformation modes. Specifically, its
damage is manifested with shear fracture and
limited dimples and voids. The BSE image, as
shown in Fig. 11(d), demonstrates the exposure and
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fracture of TiB; particles. Thus, both the interface
debonding and particle fracture facilitate the
formation of voids and promote the propagation of
cracks.

Since the compression deformation results in a
negative stress triaxiality, which will suppress the
growth of voids, the voids are elongated in the
shear direction, with a direction of 45° with respect
to the compression direction. The results show that
the composite has the same evolution mechanism of
voids under the shear and compression deformation
conditions.

The results of the fractographs for the six tests
in different stress states are summarized in Table 3.

Table 3 Results of fractographs for six tests with
different stress states

Void evolution

Experiment Fractograph

direction

Smooth specimen, Deep Tensile
tension dimples direction

Notched specimen Deep Tensile
(R=40, 20, 10 mm), tension  dimples direction

Shear specimen Shallow .Shegr
dimples direction

Compression specimen Shallow 'Shea'lr
dimples direction

In conclusion, all the tensile specimens show
rough fractographs with many deep dimples. Both
the shear and compression specimens show smooth
fractographs, with limit shallow and elongated
dimples distributed in the shear direction. Interface
debonding and particle fracture exist in all the stress
states, and they are the main void nucleation
mechanisms of the composite. After the nucleation
of voids, the composite shows two kinds of void
evolution mechanisms with the increase of
deformation: the tensile fracture mechanism under
high stress triaxiality and the shear fracture
mechanism under low stress triaxiality. The former
is accompanied with an obvious volume expansion
of voids, while the latter with the shape change of
voids. These two evolution mechanisms were also
reported by WECK and WILKINSON [27] and JIA
and POVIRK [28] for traditional metal materials.

5 New ductile fracture criterion for PR-
AIMCs

During the plastic deformation of metals and

alloys, inhomogeneous deformation occurs between
the matrix and the inclusions or the second-phase
particles for their different mechanical properties; it
facilitates the interface debonding that serves as the
nucleation sites of voids. In addition, in the case of
high strength matrix, the second-phase particles are
prone to brittle fracture, also promoting the void
nucleation in the matrix. As mentioned above, our
experimental results verify that the main void
nucleation mechanisms of the composite are
interface debonding and particle fracture.

In general, tensile and shear stresses compete
with each other to influence the ductile fracture of
materials. ACHOURI et al [29] performed in situ
experiments to observe these deformation patterns.
In the tensile test, with the increase of plastic
deformation, the initial spherical void gradually
expanded into an ellipsoid along the direction of
maximum principal stress. In contrast, in the shear
test, the smooth fractograph kept parallel to the
plane with maximum shear stress. Voids were
elongated in the direction of maximum shear stress.
As discussed above, the composite shows two
mechanisms of ductile fracture. In the case of
tensile fracture, the nucleated voids expand under
the action of the maximum principal stress. In the
case of shear fracture, the nucleated voids show
significant shape change with the maximum shear
stress, but no significant volume change.

5.1 New criterion for PR-AIMCs

As stated, the nucleation and evolution of voids
of the composite are controlled by both the tensile
stress and shear stress. Thus, a new phenomenological
ductile fracture criterion can be proposed as

G

2Tmax “ 0-1 —f
7 +<?> & =C3 (6)

where C; (i=1, 2, 3) are material parameters and
x)=1/2(x+|x|). Here, we supposed an equal
influence of the tensile stress and shear stress on
damage evolution.

In the case of non-proportional loading or
non-linear plastic deformation, Eq. (6) is modified
into an integral form as follows:

G

G
g 2’z—max O-l —
/ [ 5 j HF)| 4T =6 (7
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where o1 and mmax can be represented by the stress
triaxiality #, Lode parameter &, and equivalent
stress o as follows:

3-¢ -

+—— (3)
3JEX+3

0'1=

1
L ©)
JE2+3
Substituting the three principal stresses into
Eq. (6) yields

g = - G z (10)
2 ) 3
—— +<n+7§>
JE+3 3EX+3

5.2 Sensitive analysis of parameters

To classify the influences of the material
parameters C;—Cs on the fracture initiation in the
space (7, & and £'). The predicted 3D fracture
surfaces with different values of C; are shown in
Fig. 12. C, is introduced to the term of normalized
maximum shear stress to modulate the influence of
tensile stress and shear stress on ductile fracture,
and its effect on the fracture surface is illustrated in
Fig. 12(a). A larger C; indicates an increased role of
the maximum shear stress Tmax and a decreased
fracture strain. The fracture surface at &==+1
decreases with increasing Ci, and the gap between
the surfaces of fracture strain at different C
increases with the decrease of stress triaxiality #.
However, the fracture strain at ¢==+1 s
independent of Ci. C; modulates the effects of the
tensile stress and shear stress on the fracture strain,
and its effect on the fracture surface is illustrated in
Fig. 12(b). The fracture surface essentially shrinks
with increasing C, except in two regions with low
stress triaxiality. In the condition of high stress
triaxiality, void growth is promoted. Hence
increasing C, accelerates the ductile fracture of the
material. In the condition of low stress triaxiality,
void growth by tensile stress is inhibited, and the
effect of shear stress will decrease if the absolute
value of the Lode parameter becomes larger, hence
increasing C, inhibits void evolution in the two
regions with low stress triaxiality and high absolute
value of Lode parameter. C; modulates the
magnitude of fracture strain, and its effect is

illustrated in Fig. 12(c). The influence of Cs is much
more distinct than C; or C;, which modulates the
3D fracture surface by a linear multiplication
operation.

G

C=4 C=2 =2.55, C;=0.91

Fracture strain

Fig. 12 Influences of parameters C; (a), C> (b), and Cs (¢)
on predicted fracture surface of composite (Different
colors represent fracture surfaces established with
different values of the parameters)

6 Calibration and verification of proposed
DFC

6.1 Calibration of DFC for in situ TiB2/7075Al

composite

Based on the data (#ave, &ave, and £") listed in
Table 2 of the studied 18 tests, the parameters Ci,
C,, and C; were fitted using the least square
method. The calibrated values are C,=3.25, C,=2.55
and (C3=0.80. The absolute relative error (d.) and
average error (FEor) between the predicted and
experimental fracture strains are defined as
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where N is the number of overall experiment.

The average error of the proposed DFC is
5.78%.

Figure 13 shows the 3D fracture surface
predicted by the proposed DFC versus the
experimental results. The predicted fracture surface
well envelops all experimental points. Therefore,
the criterion can predict the fracture strain of the
composite in different stress states. For a constant
Lode parameter, the proposed DFC predicts a
monotonically decreasing fracture strain with
increasing the stress triaxiality. As indicated by
Eq. (8), the void evolution by tension mechanism,
i.e, o,/0, demonstrates a positive correlation
with # for a given ¢ Thus, a higher of # facilitates
the growth of voids by tension mechanism, thereby
reducing the ductility of the composite. Besides, for
a constant stress triaxiality, the fracture strain
decreases with the Lode parameter to zero. It is due
to the increasing effect of the maximum shear
stress.

Fracture strain
1.0

1.0 Mo2

0 xes
St’ess . ngD be o _2;366 ?a(w\e
laljl_‘y

Fig. 13 3D fracture surface of in situ TiB»/7075Al
composite constructed by proposed criterion (The color
spectrum indicates the fracture strain level from low
(blue) to high (red); the black circles represent the
experimental results in different stress states; the fracture
surface well envelops all the experimental points)

6.2 Comparison with other criteria

The proposed criterion was further compared
with DFCs reported in literature, i.e., the modified
Mohr—Coulomb (MMC) [20], Lou—Yoon—Huh [22],
Hu [30], and Mu [31] models. These models show
good prospects for their simple structure and high

prediction accuracy [32—34]. Details about these
DFCs can be found in Appendix. Parameters of
these criteria were calibrated by the same procedure
described above; the average errors of the MMC,
Lou—Yoon—Huh, Hu, and Mu criteria are 11.97%,
7.5%, 8.17%, and 6.54%, respectively. The 2D
fracture curves predicted by these DFCs are shown
in Fig. 14.

0.6 | Proposed model

' —— MMC model [20]
= —— Lou-Yoon-Huh model [22]
‘s q — — Hu model [30]
z 04t — — Mu model [31]
2
g
= 02f

0

-0.4 —6.2 0 0‘.2 O‘,4 0..6

Stress triaxiality
Fig. 14 2D fracture curves of in situ TiB2/7075Al
composite constructed by five DFCs (The black circles
represent experimental results in different stress states)

The MMC model is an extension of the Mohr—
Coulomb model, which was originally developed
for brittle materials; the Lou—Yoon—Huh and Mu
criteria, as well as the proposed criterion, are
formulated in terms of the normalized maximum
principal stress o,/c and the maximum shear
stress 7., /0 ; the Hu criterion uses the term
(7-1/3) to describe the influence of tensile stress
on the growth of voids. As confirmed by our
experiments, for all the studied stress states, the
composite exhibits both the particle—matrix
interface debonding and particle fracture, which are
very different from those of single-phase materials.
Since the proposed criterion considers the influence
of both tms and o), it agrees better with the
experimental results. In addition, it was reported
that the ductile fracture behavior of metals under
tension-dominated states is different from that
under compression-dominated states [35-37];
therefore, the proposed criterion, as an asymmetric
one, could have a better application prospect. In the
end, the MMC model assumes a power-type
hardening behavior for materials. It is challenging
to apply the MMC to the materials beyond the
power hardening law characterization [38—40].
Other four DFCs, including the proposed one, by
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contrast, are based on the micro-mechanisms of
damage evolution without considering the strain
hardening behavior of materials, thus have greater
flexibility in applications [41].

7 Conclusions

(1) Under all the studied loading conditions,
including smooth tension, notched tension,
shear, and compression, the in situ TiB,/7075Al
composite shows two main fracture mechanisms of
interface debonding and particle fracture, which
facilitate the formation of voids and the propagation
of cracks.

(2) The interface debonding and particle
fracture of the composite are affected by both
tensile stress and shear stress. For the tensile
deformation, the nucleated voids expand obviously
under the action of the maximum principal stress,
which leads to rough fractographs filled with deep
dimples. For the shear deformation, the nucleated
voids exhibit significant shape change but little
volume change under the action of the maximum
shear stress, which leads to smooth fractographs
with limited shallow and elongated dimples
distributed in the shear direction.

(3) Based on the fracture mechanisms
uncovered by the experiments, a modified ductile
fracture criterion considering the influence of both
maximum principal stress and maximum shear
stress is developed specifically for the composite.
The proposed DFC successfully predicts the
fracture behavior of the composite in a wide range
of stress states.
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Appendix
Modified Mohr—Coulomb criterion (MMC) [20]:

A
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Lou—Yoon—Huh criterion [22]:
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