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Abstract This article develops a constitutive model for
the yield stress of SiC reinforced aluminum alloy com-
posites based on the modified shear lag model, Eshelby’s
equivalent inclusion approach, and Weibull statistics. The
SiC particle debonding and cracking during deformation
have been incorporated into the model. It has been shown
that the yield stress of the composites increases as the
volume fraction and aspect ratio of the SiC particles
increase, while it decreases as the size of the SiC particles
increases. Four types of aluminum alloys, including pure
aluminum, Al-Mg-Si alloy, AI-Cu—-Mg alloy, and Al-Zn—
Mg alloy, have been chosen as the matrix materials to
verify the model accuracy. The comparisons between the
model predictions and the experimental counterparts indi-
cate that the present model predictions agree much better
with the experimental data than the traditional modified
shear lag model predictions. The present model indicates
that particle failure has important effect on the yield stress
of the SiC reinforced aluminum alloy composites.

Introduction

The incorporation of SiC platelets or whiskers in an alu-
minum alloy matrix results in an increase in the elastic
modulus and yield stress. In general, the strengthening
effect has been primarily attributed to two factors in vari-
ous earlier investigations. One is the shear lag model and
the modified shear lag model [1-5] based on the Al matrix
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transferring the applied stress to the hard SiC reinforce-
ment, while the other is the quench strengthening model
[6-8] based on the increase in the dislocation density of the
aluminum alloy matrix due to the difference in the coef-
ficient of thermal expansion between the hard SiC rein-
forcement and the Al matrix. These two models, in some
way, have successfully been applied to predict the elastic
modulus and yield stress of the composites. However, both
the shear lag model and the quench strengthening model
did not include the effects of particle debonding or particle
cracking on the yield stress of the composites, a phenom-
enon being generally observed during deformation of the
SiC reinforced aluminum alloy composites. It is believed
that both the particle cracking and particle debonding have
important effects on the yield stress of the composites since
the applied stress cannot be transferred to the failed SiC
reinforcements.

Many previous studies [9-12] indicated that both the
particle cracking and particle debonding can be described
by Weibull statistics. However, applying the Weibull sta-
tistics to predict the particle debonding and particle
cracking requires the internal stress on the SiC reinforce-
ments be calculated. A previous study [13] indicated that
the internal stress on the short fiber metal matrix com-
posites can be determined using Eshelby’s equivalent
inclusion approach, which provides a way to calculate the
yield stress of the composites by considering the particle
cracking and particle debonding. In this article, we present
a new approach to study the yield stress of the SiC rein-
forced aluminum alloy composites. Both the particle
cracking and particle debonding have been incorporated
into the model based on the Weibull statistics and the
Eshelby’s equivalent inclusion approach, while the macro
yield stress of the composites has been calculated using the
modified shear lag model.
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Model description
The modified shear lag model

The modified shear lag model [3, 4] was developed to
predict discontinuous composite strength based on load
being transferred by shear. For SiC reinforced aluminum
alloy composites, the predicted yield stress (o.,) can be
expressed as [3, 4]

Tey = Omy[fp(A +2)/2 + fu], (1)

where A is the aspect ratio (defined as length/diameter), f,
is the volume fraction of the SiC reinforcements, f;, is the
volume fraction of the matrix, and oy, is the matrix yield
stress. It should be noted that the application of Eq. 1
requires the volume fraction of the reinforcements to be
less than that of the matrix (f, < f,). Since the volume
fraction of the reinforcements plus that of the matrix equals
one (fp + fm = 1), fp <fm indicates that f, is <50%. It
should also be noted that dislocations bypassing the
reinforcements can increase the yield stress. This strength-
ening mechanism is the Orowan strengthening effect.
Assuming that the SiC particles are equiaxed, the Orowan
strengthening Ao, can be expressed as [8]

Aco = 2Gb/L, )

where L = 0.6d(27r/fp)”2 is the inter-particle spacing
(assuming that particles are uniformly distributed), d is
the granularity of the SiC particles (note that the gran-
ularity is defined as the square root of the result of length
times diameter), b is the Burgers vector, and G is the matrix
shear modulus. Thus, by considering the Orowan
strengthening effect, the yield stress of the composites
can be expressed as

Ocy = O-my[fP(A + 2)/2 +fm} + Aoy (3)

The matrix yield stress, Omy. Can be calculated by
combining the effect of the matrix intrinsic yield stress
(oin), the quenching strengthening (o), the grain refine-
ment strengthening (o), and the geometrically necessary
dislocation strengthening (0gngs). Thus, the yield stress of
the composites can be expressed as

o-cy - (O-in + O-qs + Ggrs + ognds)[fp(A + 2)/2 +fm] + AO-or
(4)

The quench strengthening results from the generation of
the dislocations due to the large difference in thermal
expansion between the matrix and the reinforcements. The
generation of the dislocations is generally caused by
quenching from recrystallization or solution treatment
temperature. The increment of the yield stress can be
expressed as [7]
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where AT is the temperature change; AC is the thermal
mismatch; 71, t,, and t3 are the three-dimensional coeffi-
cients of the particles (the maximum size of the particles
along three perpendicular directions); p is the dislocation
density; and «; is the dislocation strengthening coefficient.
A previous study [14] indicated that for pure metals,
oy = 0.5-0.8; for solution alloy, o; = 0.9-1.3; for mate-
rials containing precipitates and dispersoids, o = 1.4-1.8.
In this study, we assume that the SiC reinforced aluminum
alloy composites have a similar quenching strengthening
mechanism as the materials with dispersoids. As the size of
the SiC particles is large compared to the size of the dis-
persoids, we assume oy = 1.4.

Recrystallization may occur by particle-stimulated
nucleation during thermomechanical treatment for SiC
reinforced aluminum alloy composites. Assuming that each
SiC particle nucleates one grain, and then the grain size (D)
and the increment of the yield stress (o) can be expressed
as [8]

D=d[(1 -£)/f,]"" (7)
Gas = Ky /D', (8)

where K, = 0.1 M N m~*? is a constant [15].

Geometrically necessary dislocations are generated in
the matrix during deformation. When SiC reinforced alu-
minum alloy composites are loaded, the particles deform
less than the matrix. To avoid the initiation of the voids,
dislocations are stored in the matrix to accommodate the
deformed gradients and to allow compatible deformation of
the particles and matrix. If the geometric-necessary dislo-
cation array is a prismatic array, the increment of the yield
stress can be expressed as [16]

Ganas = 2G(1 — v)fye/ (1 - 20), (9)

where v is Poisson’s ratio of the matrix and ¢ is the tensile
strain. In this study, ¢ is taken as the matrix yield strain,
0.002.

The modified shear lag model combining
with the particle cracking and particle debonding

The modified shear lag model deals with an ideal condi-
tion, in which no particle cracking and particle debonding
occur. In reality, both the particle cracking and particle
debonding are generally observed in the SiC reinforced
aluminum alloy composites during deformation [9-12, 17].
The particle cracking and particle debonding will inevita-
bly decrease the yield stress of the composites since the
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applied stress cannot be transferred from the matrix to the
failed particles. Thus, the volume fraction of the SiC par-
ticles being used in the modified shear lag model is larger
than the effective volume fraction of the SiC particles
that can transfer the stress from the matrix to the hard
reinforcements.

Particle debonding

Tohgo and Weng [18] showed that the probability of
particle debonding in composites during deformation can
be described by Weibull statistics, and that the debonding
fraction (fz.) of the SiC reinforcements can be expressed
as

fio = 1=exn|=(3)"]: (10

where g, is the stress on the reinforcements, P is the critical
debonding normal stress function, and m is the Weibull
constant with the value of 1-6. According to a previous
study [19], the critical debonding stress function (P) can be
expressed by the critical debonding stress (g4) and the
critical debonding shear stress (74) as follows:

P =0.704 (11)

04 = 2t4/ncoth(nA) (12)
E. 1/2

n= , (13)

E,(1+v)In(1/f,)

where A is the aspect ratio (defined as length/diameter), E,,
and E, are the matrix elastic modulus and reinforcement
elastic modulus. Based on Nardin—Schultz model [20], the
critical debonding shear stress can be expressed as

T = Wa(En/Ep)' /07", (14)

Table 1 Summary of input data in the simulation

Parameters Data Comments

E,, (GPa) 67 Matrix elastic modulus

E, (GPa) 460 SiC elastic modulus

G (GPa) 25.2 Matrix shear modulus

U 0.33 Matrix Poisson’s ratio

vp 0.17 SiC Poisson’s ratio

Vo (m?) 1.78 x 107'*  Reference volume of SiC
particles

oo (MPa) 1,550 Reference fracture strength
of SiC particles

Ca (°C71) 23.6 x 107° Thermal expansion coefficient
of Al

Csic (°C_l) 43 x 107° Thermal expansion coefficient
of SiC

b (m) 2.86 x 107! Magnitude of the Burgers vector

Wa (mIm™2) 750 Interface bonding working

where 6~ '=0.5 nm is a constant and W, is the work of
adhesion, as shown in reference [20].
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Fig. 1 Predicted a debonding, b cracking, and c total failure fractions
of the SiC particles as a function of the volume fraction of SiC
particles. All the calculated debonding fraction, cracking fraction, and
total failure fraction of the SiC particles are at yield strain of 0.002.
Note that m stands for the Weibull constant, and the size and the
aspect ratio of the SiC particles are 20 um and 1, respectively
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Farticle cracking

Lewis and Withers [10] indicated that the cracking fraction
of the SiC particles in composites during deformation also
follows the Weibull distribution and that the cracking
fraction of the SiC particles can be expressed as

V. /(o.\"
ﬁrzl—exp[—vg(a—;) ]

where oy is the fracture strength of the SiC particles, V,, is
the volume of the SiC particles, and Vj, is the volume of
SiC particles for which the probability of survival is 37% at
go.

(15)

Determination of the internal stress on the SiC
reinforcements

The determination of both particle cracking and particle
debonding requires the internal stress on the SiC rein-
forcements be calculated. According to Withers et al. [13],
the stress on the reinforcements, g, can be calculated by
externally applied stress through the Eshelby equivalent
inclusion approach as follows:
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Oc = 01+ 0A +0mM = CM(SC — ST) + CMSA + CMSM,
(16)

where o7 is the stress due to the free shape change when the
SiC particles are replaced by the matrix material, o5 is the
stress applied externally to the elastically homogeneous
system, and oy is the image stress in order to satisfy the
boundary conditions at the external surfaces of a finite
composite (for detailed descriptions of the above stresses
readers are encouraged to refer to Withers et al. [13]), e
is the plastic strain of the matrix without reinforce-
ments under a stress of g4; &, eM, and &' are the con-
strained strain, the mean matrix strain and the equivalent
homogeneous transformation strain, respectively, and Cy,
is the elastic constant (stiffness constant) of the matrix. For
most materials the symmetry of the fourth rank stiffness
tensor (elastic constant) enables its reduction to a 6 x 6
matrix (it is no longer strictly a tensor) and the stress and
strain tensors to six element row or column vectors.
According to Withers et al. [13], the constrained strain
(), the mean matrix strain (SM), and the equivalent
homogeneous transformation strain (ST) can be calculated
as follows:

(b) 400—— .
Traditional modified shear lag model
©
The present model
g!?‘ 350F m=1 —+—
m=2 -—=- o
é m=3 o ,f-( r
w m=4 - o
8 3000 =5 o
® m=6 -+
- /:
e - S
= 250 —
o i
- ~
k%
®
5 200
1? L A ' L i ' i i
05 01 015 02 025 03 035 04 045 05
Volume fraction of SiC particles
Deo—
Traditional modified shear lag model
el
,_.\?50' The present model
T m=1
S700r  me2
g m=3 vig
m=4 -
£6500  m=5
E m=6 ==+
2600
°
g
EESO- //:’ L
a_ | & TR A
SDG‘-_/-" e
05 01 015 02 025 03 035 04 045 05

Volume fraction of SiC particles

Fig. 2 Predicted yield stress as a function of the volume fraction of the SiC particles with the matrix intrinsic yield stresses of a 50, b 150, ¢ 350,
and d 450 MPa. Note that the size and the aspect ratio of the SiC particles are 20 pm and 1, respectively

@ Springer



J Mater Sci (2010) 45:4097-4110

4101

&l = —[(Cv — Co)IS —fo(S — 1)) — Cm] ™"

x [Cpe™ — (Cp — Cp)a™/Cy] (17)
e = Sel (18)
M= —f,(S— 1", (19)

where [ is the identity tensor, S is the Eshelby tensor, and
' is the free transformation strain of the inhomogeneous
inclusion. It should be noted that the Eshelby tensor
depends solely on the inclusion geometry and Poisson’s
ratio for the medium (for detailed information on the
Eshelby tensor, readers are encouraged to refer to Brown
and Clarke [21]). One should also note that for the loading
of a previously unstressed composite ¢'~ = 0, but &' # 0
in the above equations.

Modified shear lag model incorporating the particle
cracking and particle debonding

As we discussed above, the applied stress cannot be
transferred to the failed particles. Thus, the particle deb-
onding and particle cracking will decrease the effective
volume fraction of the SiC reinforcements. Then, the
modified shear lag model incorporating the particle crack-
ing and particle debonding can be expressed as

Ocy = (O'in + Ogs + Oers + Ugnds){fp[l _fde - (1 _fde) cr}
X (A+2)/2+fn} + Ador (20)

It should be noted that in Eq. 20, the contributing stress
terms have different effects on the calculated yield stress of
the composites. Orowan strengthening Acg,, can generally
be ignored because SiC particles normally have relatively
large size and Orowan strengthening can only have obvious
effect when the particle size is in the range or less than a few
microns. The other contributing terms, including the matrix
intrinsic yield stress (oj,), the quenching strengthening
(04s), the grain refinement strengthening (o4), and the
geometrically necessary dislocation strengthening (o gngs),
have important effects on the calculated yield stress of
the composites. However, it should be noted that the
magnitudes of these effects depend on the volume fraction
and granularity of SiC particles, as shown in a previous
study [22].

Results

The model developed in the previous section was
employed to carry out a parametrical study of the influence
of the particle debonding and particle cracking on the
yield stress of the composites. Both the aspect ratio, size
and volume fraction of the SiC reinforcements have been

considered in this work. The results from the traditional
modified shear lag model, which does not consider the
particle cracking and particle debonding, have also been
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Fig. 3 Predicted a debonding, b cracking, and c total failure fractions of
the SiC particles as a function of size of SiC particles. All the calculated
debonding fraction, cracking fraction, and total failure fraction of the SiC
particles are at yield strain of 0.002. Note that the volume fraction and
aspect ratio of the SiC particles are 10% and 1, respectively

@ Springer



4102

J Mater Sci (2010) 45:4097-4110

included to compare the present model. To calculate the
yield stress of the SiC particle reinforced aluminum alloy
composites, a series of the material parameters must be
known, as shown in Table 1.

Influence of the volume fraction of SiC particles
on the yield stress of the composites

Figure 1 shows the model predicted debonding fraction,
cracking fraction, and total failure fraction of the SiC
particles as a function of the volume fraction of the SiC
particles. It should be noted that all the calculated deb-
onding fraction, cracking fraction, and total failure fraction
of the SiC particles are at the yield strain of 0.002. The SiC
particles are assumed to be in round shape (aspect ratio of
1) and with the granularity of 20 pm. It can be seen from
Fig. 1 that the debonding fraction and total failure fraction
of the SiC particles increase slightly (almost constant) with
the volume fraction of the SiC particles, while the cracking
fraction of the SiC particles remains constant with the
volume fraction of the SiC particles. It should be noted that
the debonding fraction, cracking fraction, and total failure
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fraction of the SiC particles decrease as the Weibull con-
stant (m) increases.

Figure 2 shows the model predicted yield stress of the
composites with different matrix intrinsic yield stresses of
50, 150, 350, and 450 MPa as a function of the volume
fraction of SiC particles. Here, the different matrix intrinsic
yield stresses represent the typical values of pure alumi-
num, Al-Mg-Si, Al-Cu-Mg, and Al-Zn—-Mg alloys. It can
be seen from Fig. 2 that the yield stress of the composites
increases with the volume fraction of the SiC particles, a
phenomenon being generally observed for the SiC rein-
forced aluminum alloy composites [23]. In principle, the
simulated yield stress of the composites by considering the
particle debonding and particle cracking is lower than that
of the composites without considering the particle deb-
onding, no matter what value is the Weibull constant. This
result is not surprising. As we discussed before, because the
applied stress cannot be transferred to the failed SiC par-
ticles, there is a decrease in the effective volume fraction of
the SiC particles and the yield stress of the composite. It
should also be noted from Fig. 2 that the simulated yield
stress of the composites decreases with the decrease in the
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Fig. 4 Predicted yield stress as a function of size of the SiC particles with the matrix intrinsic yield stress of a 50, b 150, ¢ 350, and d 450 MPa.
Note that the volume fraction and aspect ratio of the SiC particles are 10% and 1, respectively
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Weibull constant value. According to Fig. 1, lower Weibull
constant value results in a larger failure fraction of the SiC
particles, thus a lower yield stress of the composites.

Influence of the size of the SiC particles on the yield
stress of the composites

To study the effect of the particle size on the yield stress of
the composites, we assume that the SiC particles are in
round shape (aspect ratio of 1) and the volume fraction of
the SiC particles is 10%. Figure 3 shows the model pre-
dicted debonding fraction, cracking fraction, and total
failure fraction of the SiC particles as a function of the size
of the SiC particles. All the calculated debonding fraction,
cracking fraction, and total failure fraction of the SiC
particles are at the yield strain of 0.002. It can be seen from
Fig. 3 that the debonding fraction of the SiC particles
remains constant with the size of the SiC particles, while
the cracking fraction and total failure fraction of the SiC
particles increase with the size of the SiC particles. This
result indicates that the larger the size of the SiC particles,
the higher the volume fraction of the failed SiC particles. In
general, the particle debonding dominates the total failure
fraction of the SiC particles when the particle size is small,
while the particle cracking dominates the total failure
fraction of the SiC particles when the particle size is large.

One should also note that the cracking fraction of the
SiC particles with m = 1 is smaller than that of the SiC
particles with m = 2 when the size of the particles is larger
than about 60 pm. In general, interfacial debonding hap-
pens along weak interface at a relative low stress. Thus, the
debonding fraction of the SiC particles are not included in
the calculation of the cracking fraction of the SiC particles,
resulting in the cracking fraction of the SiC particles when
m = 1 being lower than that of the SiC particles when
m = 2, on the condition that the particle size is larger than
60 um. The larger debonding fraction of the SiC particles
at m = 1, compared to m = 2, results in a lower unfailed
volume fraction of the SiC particles before the particle
cracking happens. However, no matter what is the particle
size, the total failure fraction (sum of the debonding and
cracking fractions) of the SiC particles increases as the
Weibull constant value decreases.

Figure 4 shows the simulated yield stress of the com-
posites with different matrix intrinsic yield stresses of 50,
150, 350, and 450 MPa as a function of the size of the SiC
particles. It can be seen from Fig. 4 that the yield stress of
the composites decreases as the size of SiC particles
increases. In principle, the simulated yield stress of the
composites by considering the particle debonding and
particle cracking is lower than that of the composites
without considering the particle debonding, no matter what
is the Weibull constant value. As we discussed before, the
applied stress cannot be transferred to the failed SiC par-
ticles, which results in a decrease in the effective volume
fraction of the SiC particles and the yield stress of the
composites. It should also be noted from Fig. 4 that the
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d 450 MPa. Note that the volume fraction and size of the SiC particles are 20% and 20 pm, respectively

Table 2 Size and volume fraction of the SiC Particles used in the
present study

Matrix types Size of SiC (pum) Volume fraction

of SiC (%)
Pure aluminum 5, 10, 20, 30, 50 10, 15, 25, 35
Al-Mg-Si 5, 10, 20, 30, 45 7, 12, 20, 30, 45
Al-Cu-Mg 7, 15, 20, 30, 40 5, 15, 20, 35
Al-Zn-Mg 7, 15, 20, 30, 40 10, 15, 25, 35

simulated yield stress of the composites decreases with the
decrease in the Weibull constant value. According to
Fig. 3, lower Weibull constant value results in a larger total
failure fraction of the SiC particles, thus also a lower yield
stress of the composites.

Influence of the aspect ratio of the SiC particles
on the yield stress of the composites

The effect of the aspect ratio of the SiC particle on the
yield stress has also been calculated. In the simulation, the
size and volume fraction of the SiC particles is assumed to
be 20 pum and 20%, respectively. Figure 5 shows the deb-
onding fraction, cracking fraction, and total failure fraction
of the SiC particles as a function of the aspect ratio of the
SiC particles. All the calculated debonding fraction,
cracking fraction, and total failure fraction of the SiC
particles are at the yield strain of 0.002. It should be noted
that the SiC particles are assumed to be in round shape
when the aspect ratio is 1, while they are assumed to be in
cylindrical shape when the aspect ratio is larger than 1. The

Table 3 Parameters of the matrix alloys of the tested composites in the present work

Parameters Elastic modulus Shear modulus

Thermal expansion Poisson’s ratio Yield stress

(GPa) (GPa) coefficient (°C™1) (MPa)
Pure aluminum 67 25.2 21.8 x 107° 0.33 53
Al-Mg-Si 69 25.6 225 x 107° 0.33 179
Al-Cu-Mg 70 259 22.1 x 107° 0.33 341
Al-Zn-Mg 72 26.7 235 x 107° 0.33 448
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change of the aspect ratio from 1 to 10 results in a change
in the Eshelby tensor, since the Eshelby tensor is different
for spherical inclusions and cylindrical inclusions (the
detailed value of the Eshelby tensor for spherical and
cylindrical inclusions can be found from Brown and Clarke
[21]). It can be seen from Fig. 5 that the debonding fraction
of the SiC particles decreases with the aspect ratio of the
SiC particles, while the cracking fraction of the SiC par-
ticles increases with the aspect ratio of the SiC particles. As
a result of both particle debonding and particle cracking,
the total failure fraction of the SiC particles decreases with
the aspect ratio of the SiC particles, especially for the low
value of the aspect ratio. This result indicates that the
higher the aspect ratio of the SiC particles, the lower the
volume fraction of the failure SiC particles. It should be
noted that the debonding fraction, cracking fraction, and
total failure fraction of the SiC particles decrease as the
Weibull constant (m) increases, which indicated that
smaller Weibull constant value results in a larger failure
fraction of the SiC particles. Figure 6 shows the simulated
yield stress of the composites with different matrix intrinsic
yield stresses of 50, 150, 350, and 450 MPa as a function of
the aspect ratio of the SiC particles. It can be seen from
Fig. 6 that the yield stresses of the composites increase as
the aspect ratio of SiC particles increases.

Experimental validation of the model

The accuracy of the model requires experimental valida-
tion. In the present work, four types of the typical alumi-
num alloy composites have been chosen to verify the
model accuracy by varying the size and volume fraction of
the SiC particles.

Experimental

Four types of the aluminum alloys, including 99.7% pure
aluminum, Al-4.7%Mg-0.3%Si, Al-4.5%Cu-0.6%Mg,
and Al-6.4%7Zn-2.3%Mg (weight percentage) alloys, were
selected as the matrix materials to study the yield stress of
the SiC reinforced aluminum alloy composites and to
verify the model accuracy. The matrix composite billets
reinforced with various sized and volume fractioned SiC
particles were produced by the powder metallurgy (P/M)
process. The sizes and volume fractions of the SiC particles
used in the present study are shown in Table 2. The P/M
billets were converted into rods by hot extrusion with an
extrusion ratio of 9:1. The extruded rods of the composites
were solution heat treated for 10 h at 420 °C in a salt bath
furnace followed by cold water quenching to the room
temperature. No aging treatment has been applied to the
composites to avoid the effect of the precipitates on

the yield stress of the composites. The yield stresses of the
composites were measured by tensile testing, which was
performed on all solution treated samples. At room

Fig. 7 Distribution of SiC particles in Al-Mg-Si alloy matrix,
a 10 pm in size and 7% in volume fraction, b 5 pm in size and 7% in
volume fraction, and ¢ 10 pm in size and 45% in volume fraction
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temperature, dog-bone-shaped tensile specimens from all
solution treated alloys, having a gage size of 6 mm in
diameter and 40 mm in length, were served in the tensile
test at a constant strain rate of 5 x 10™* s~ on an Instron
8802 testing machine. The yield stress was determined as
the 0.2 pct offset. All the yield stresses of the specimens
are the average value of three to five testing results. For the
model simulations, we used the parameters shown in
Table 3. The SiC particles used in the present work have
the same parameters as shown in Table 1.

The microstructures of the composites have been inves-
tigated using optical microscopy. Figure 7 shows a typical
distribution of different volume fractioned and sized SiC
particles (aspect ratio of 1) in the AI-Mg-Si alloy. It can be
seen that the SiC particles are uniformly distributed in the
matrix without particle aggregation. In reality, the distribu-
tions of SiC particles in all four types of the matrix alloys are
nearly uniform, without much aggregation.

Comparison of the experimental data with the model
predictions

It should be noted that the values of the parameter m used
in the calculation of the yield stress of different matrix
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Fig. 8 Simulated and experimental determined failure fractions of
the SiC particles as a function of the volume fraction of SiC particles,
with the matrix of a pure aluminum, b Al-Mg-Si, ¢ Al-Cu-Mg, and
d Al-Zn-Mg alloys. All the calculated debonding fraction and
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composites are based on the results of the microstructural
observations, as shown in Figs. 8 and 9. It can be seen from
Figs. 8 and 9 that the model predicted fractions of the
particle debonding and cracking agree well with the
experimental counterparts if the proper m values are cho-
sen. Figures 10 and 11 show the model predicted yield
stresses of the composites and the experimental counter-
parts as a function of the volume fraction and size of the
SiC particles, respectively. The yield stresses predicted by
the traditional modified shear lag model have also been
included for comparison. Figures 10 and 11 show that the
present model predicted yield stresses agree well with the
experimental counterparts, while the traditional modified
shear lag model predicted yield stresses are obviously
higher than the experimental counterparts, especially when
the volume fraction and size of the SiC particles are large.
This result indicates that the present model fits the exper-
iments better than the traditional modified shear lag model.
Figure 10 shows that the yield stress of the SiC reinforced
aluminum alloy composites increases as the volume frac-
tion of the SiC particles increases, no matter what is the
matrix material. Figure 11 shows that the yield stress of
the SiC reinforced aluminum alloy composites decreases as
the size of the SiC particles increases. For the traditional
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cracking fraction of the SiC particles are at yield strain of 0.002. Note
that the size and the aspect ratio of the SiC particles are 20 pm and 1,
respectively (lines: predicted values, dots: experimental data)
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Fig. 9 Simulated and experimental determined failure fractions of
the SiC particles as a function of the size of SiC particles, with the
matrix of a pure aluminum, b AI-Mg-Si, ¢ Al-Cu-Mg, and d Al-Zn—
Mg alloys. All the calculated debonding fraction and cracking fraction

modified shear lag model, the predicted yield stress is
independent of the SiC particle size, while for the present
model, the predicted yield stress of the composites
decreases as the size of the SiC particles increases, which
agrees well with the experiments.

Discussion

In general, the yield stress of the composites increases as
the volume fraction and aspect ratio of the SiC particles
increase, but it decreases as the size of the SiC particles
increases. The increase of the yield stress of the composites
with the aspect ratio has been verified by the previous
studies, in which the SiC whisker reinforced aluminum
alloy composites show a higher yield stress, compared to
the SiC platelet reinforced aluminum alloy composites
under the same other conditions (same volume fraction, hot
working, and heat treatment procedure). It should be noted
that the yield stress of the SiC whisker reinforced com-
posites is anisotropic (under the condition that the SiC
whiskers are oriented preferentially), while the yield stress
of the SiC platelet reinforced composites is isotropic. For
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of the SiC particles are at yield strain of 0.002. Note that the volume
fraction and the aspect ratio of the SiC particles are 10% and 1,
respectively (lines: predicted values, dots: experimental data)

equivalent SiC volume fraction, the yield stress of the SiC
whisker reinforced composites in the longitudinal direction
is greater than that of the SiC platelet reinforced compos-
ites [3]. Previous studies [11, 12, 24] also indicated that the
yield stress of the composites increases as the size of the
SiC particles decreases. For a given volume fraction of
the SiC particles, smaller particles result in a larger inter-
facial surface between the matrix and the particles, and
thus increase the load being transferred to the SiC particles
and also fewer SiC particles fracture, which inevitably
increases the yield stress of the composites. The traditional
modified shear lag model predictions show a similar trend
of the relationship between yield stress with the size, vol-
ume fraction, and aspect ratio of the SiC particles, as the
present model predictions, but always with higher values,
especially for the composites with larger volume fraction,
size, and aspect ratio. The main difference between the
traditional modified shear lag model and the present model
is that the present model incorporates the particle deb-
onding and particle cracking in the simulation, and thus
results in a lower effective volume fraction of the SiC
particles and the simulated yield stress. As the size and
volume fraction of the SiC particles increase, the volume
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Fig. 10 Simulated and experimental determined yield stresses as a
function of the volume fraction of the SiC particles, with the matrix of
a pure aluminum, b Al-Mg-Si, ¢ Al-Cu-Mg, and d Al-Zn-Mg

fraction of the failed SiC particles increases, and thus the
difference between the traditional modified shear lag model
and the present model simulated yield stresses increases.
Since the particle failure is an intrinsic phenomenon in the
composites during deformation, the present model simu-
lations agree much better with the experimental counter-
parts than the traditional modified shear lag model
simulations.

The effects of the matrix materials on the yield stress of
the composites depend not only on the intrinsic yield stress,
but also on the Weibull constant. Figures 10 and 11 show
that as the intrinsic yield stress of the matrix alloy
increases, the Weibull constant used in the model simula-
tion decreases, which indicated that higher matrix intrinsic
yield stress results in a larger failure fraction of the SiC
particles during deformation. In reality, lower Weibull
constant means higher failure fraction of the SiC particles.
According to the shear lag theory, the load is transferred
from the matrix to the hard SiC particles during deforma-
tion. Higher matrix intrinsic yield stress results in a larger
load being transferred to the SiC particles, thus, a higher
volume fractioned debonding and cracking fraction of the
SiC particles.
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It should be noted that the experiments in the present
work did not apply aging treatment on the composites after
solution and quenching treatments. In most aluminum alloy
composites, yield stress will change during aging because
of the second phase precipitates nucleation and growth.
Compared to the aluminum alloys, the SiC reinforced
aluminum alloy composites exhibit aging acceleration
phenomenon [25-28]. The aging acceleration behavior of
the composites is caused by the heterogeneous nucleation
and growth of the precipitates along the dislocations, which
are generated during solution and quenching treatments
because of the large difference in thermal expansion
between the aluminum alloy matrix and the SiC rein-
forcements. In the present model, for simplicity, we did not
consider aging hardening behavior of the composites dur-
ing annealing. However, aging hardening behavior and
aging acceleration phenomenon have been quantified in a
previous study [22].

It should be noted that during the calculation of the grain
refinement strengthening (o) the assumption of one SiC
particle nucleating one grain is very simple. The recrystal-
lization and grain size changing by the addition of the SiC
particles are very complicated topics, which are beyond the
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Fig. 11 Simulated and experimental determined yield stresses as a
function of the size of the SiC particles, with the matrix of a pure
aluminum, b AlI-Mg-Si, ¢ AI-Cu-Mg, and d Al-Zn-Mg alloys. Note

topic of this article. Here, we used this previously published
assumption [8] to calculate the grain size in this work for
simplicity, as shown in Eqs. 7 and 8. It should also be noted
that the incremental contributions to yield stress of the
composites are assumed to be additive in this work, as
described in Eq. 4. However, this is a simple assumption and
it is not so clear whether the incremental contributions to
yield stress should be additive or not at this stage. Here, we
assumed that they should be additive for simplicity. One
more thing should be noted is that the Weibull constants in
Egs. 10 and 15 do not required to be the same, but only
depend on the experimental observations. In this study, we
found that two constant are similar based on the micro-
structural observations, as shown in Figs. 8 and 9.

Conclusion

In this article, a constitutive model including the particle
debonding and cracking for the yield stress of the SiC rein-
forced aluminum alloy composites has been developed based
on the modified shear lag model, the Eshelby’s equivalent
inclusion approach and the Weibull statistics. The model
simulation indicates that the yield stress of the composites
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that the volume fraction and aspect ratio of the SiC particles are 10%
and 1, respectively (/ines: predicted values, dots: experimental data)

increases with the volume fraction and aspect ratio of the SiC
particles increase, but it decreases as the size of the SiC
particles increases. Four types of the aluminum alloy,
including pure aluminum, Al-Mg-Si alloy, Al-Cu-Mg
alloy, and Al-Zn-Mg alloy, have been chosen as the matrix
materials to verify the model accuracy. It has been shown
that the model predictions agree well with the experimental
counterparts, which indicates that the model can be used to
predict the yield stress of the composites. The model, which
considers the particle debonding and particle cracking during
deformation, fits the experimental data much better than the
traditional modified shear lag model.
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