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tract A fracture-mechanics based simulation of a crack propagating through discontinuously-
oreed composites is presented. The calculation incorporates microcrack initiation and shielding
or anti-shielding effects caused by both microcracks and reinforcements. Energy-based mixed-
- crack propagation criteria are used to specify the conditions for the onset of crack propagation
crack propagation direction. Shielding effect due to the existence of a rigid reinforcement
“=nly vanishes with the cracking or debonding of the reinforcement. Thereby crack propagation
“tion abruptly changes due to the generation of an opposite anti-shielding effect caused by the
ence of a microcrack. Such phenomenon makes crack path morphology in the composite very
plicated. Optimum crack propagation mechanism to improve the fracture toughness of
‘num composites is clarified by considering the extension of a main crack interacting with a
-1z reinforcement.
words: composite material, crack propagation, microcracking, elastic interaction, deflection

NTRODUCTION

The fracture and toughening processes in the discontinuously-reinforced composites can be
suted to several possible mechanisms which involve both intrinsic and extrinsic mechanisms.
- of the often observed micromechanisms of crack initiation and propagation include
‘ocracking far ahead of a crack-tip due to reinforcement fracture and/or interfacial debonding,
-xtension of microcracks followed by incorporation with a main crack, and resultant crapk
-ction. Especially, it is dominant in aluminum composites with discontinuous ceramics
orcements due to large deformation incompatibility between the two phases. In such composite
-ms, the bridging of crack surfaces by unbroken fibers and crack pinning mechanism are rare
15 because almost no reinforcement may remain intact nor hold sizable shielding effect caused
‘lastic incompatibility. Because of complex interactions among a main crack and thousgnds of
vcracks and remaining reinforcements in practical composites, no general interpretation has

presented for the tortuous crack path in the failure of composites in spite of the numerous
~=rimental investigations.

In this paper, aforementioned fracture processes are modeled in terms of the fracture
ranics. The effects of reinforcement shielding, microcrack shielding and the easiness of
ocracking (i.e. the mechanical properties of both a reinforcement and an interface) on fracture
‘hness and crack propagation resistance are analyzed. Crack propagation processes through
Jus composites are compared and characterized by a series of calculations.

AETHOD
“rocedural details
The model chosen for this research is two dimensional because of computational necessity, in
7 an elastic reinforcement having high elastic modulus is embedded in a softer matrix. A main
< is placed 30 um apart from the reinforcement in the direction parallel to an initial crack plane.
-zternal load is assumed to be completely perpendicular to the initial direction of the main crack
, means the application of pure mode I far-field loading. Non-linear finite element analysis is
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utilized to compute internal
stresses within the reinforcement
which arise from deformation
incompatibility between  the
reinforcement and the matrix.
Experimental support is shown in
Ref. [2]for usage of HRR
singurality [1] in the calculation
of averaged stress and strain
distribution around the crack-tip
of a stationary and propagating
crack. Then local axial stresses
inside the reinforcement, ¢, and
normal or shear stresses acting
on the interface, o, , are
computed in order to model
microcracking by the normal
fracture of the reinforcement or
interfacial debonding when the
main crack comes closer to the
;:;l:fg;:::;r]l(em. gﬁg;ﬁgn e ;};: (a)Reinforcement shielding (b)Microcrack shielding
expressed as follows;

Fig.1 The variations of mode I and mode II stress

i i i i function of
intensity factors at the tip of a main cra_ck asa
o Z on (1) the azimuth from the crack-tip. (a)shielding d_ue to the
Oi = Oy (2) existence of a rigid reinforcement, (b)microcrack

shielding. An SiO2/Epoxy system is assumed.
where ¢ ., and G 4, are the

fracture strength of a reinforcement and interfacial bonding strength. respectlvely. "

The deformation incompatibility is also attributed to both shielding eﬁ‘e_ct and the gellerﬂllxﬁt‘
of mixed-mode stress states at the tip of a main crack in spite of the assumptlon of dee I remmf
loading. This mechanism arises primarily from load transfer from the rr{atrlx to the 'remforccmcna;
Another shielding mechanism also arises from the relaxation of matrix deformation dug to the
existence of a microcrack. The interaction effect of a microcrack on the loca.l crack-tip st‘re?
intensity factors is estimated using the Gong and Horii’s solution [3]. Thf: comparison of the LfrkL »
of the reinforcement shielding and the microcrack shielding is shO\_vn in Flg.l.‘ The effect of the
microcrack shielding is quite contrary to that of the reinforcement shle‘ldm'g‘ A microcrack ahead of
a main crack increases the local stress intensity factor in the mode I direction at the tip of the mau
crack significantly (i.e. so-called anti-shielding or amplification eff:ect), while an undamagcf
reinforcement ahead of the main crack slightly decreases it (i.e. shielding effe'ct). Both e.ffecxs are
accompanied by the generation of local mode II crack driving force, k;, which gives rise to the
deflection of the main crack. But the signs of generated k; are opposite, thereby both phenomen:
makes the main crack deflected in the reverse direction. _ ‘

To simulate the onset of crack propagation and subsequent stable.crack propagation ““d”_”,‘ﬁ
mixed-mode loading condition, maximum energy release rate crite_r10n[4] and minimum st a 1\
energy density factor criterion[5] are adopted. The minimum strain energy densnt)f factor, *
criterion whose validity has been confirmed for the ductile fracture Qf 5000 series aluminum gllo_\ S
[5], is utilized for aluminum matrix composites, while the maximum energy 1je1ease rgtf, kz :
criterion is utilized for brittle solid matrix composites. The criteria for crack. initiation are given in
eq. (3), and the equations which give the crack propagation direction, 3, are given in eq. (4).
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S=2S or G=G, for6=p 3)

0S/06=0 or 0G/060=0 atwhich®=J 4

In eq. (3), S, and G, are |Spm |
material constants ® -
representing crack =

initiation toughness which
corresponds to K or Ji
under the pure mode I
stress state.

Recently, Rubinstein
analyzed  the  material
toughening mechanism
based on the crack-path
deflection[6]. According to
him, the effect basically
depends on the last curved
segment, so the analysis of
only the last curved
segment is sufficient to
describe  the  shielding
effect. Variation of k; due
the  existence of
intermediate deflected
segments is at most 0.96%

to

!

Gravity center of a reinforcement

ca=60MPa

Microcrack initiation point

J (Gab=60MPa)

Microcrack initiation point
(Cdv=300MPa)
$No microcrack initiation in the case of ca=600MPa

ca=300MPa

Fig.2 Crack path predictions for SiO2p/Epoxy composites with various
interfacial bonding strength.

in his calculation. Therefore, in this analysis, only the effect of the last deflected segment is
calculated using Bilby’s solution[7].

(6))
(6)

ki= all(e)Klo+ a,z(O)K”O
k,= 321(9)K10 T+ azz(e)KuO

where K, and K,” are the far field stress intensity factors and 6 is a deflection angle. The other
details of calculation method are available in the previous paper of the series of this research [1].
The essential sequence of the calculations is presented as a flow chart in Fig.6 of Ref. [1].

Table 1 Material properties.

SiCp/Al SiO2p/Epoxy
Matrix Fracture toughness 29.4MPa/m 1.12MPa/m
Proof stress 249.7MPa —
Work hardening rate 4.2 —_—
Young's Modulus 70.8GPa 3.1GPa
Poisson ratio 0.33 0.31
Reinforcement ~ Diameter S5pm S5pm
Strength 3~21GPa 3GPa
Young's Modulus 580GPa 70GPa
Poisson ratio 0.19 0.26
Interface Bonding strength 1690MPa 60~600MPa
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2.2 Model composites
Fracture
characteristics of an
SiC particle reinforced
A6061 aluminum alloy
are analyzed in
comparison to an SiO,
particle reinforced

Proceedings of ICAA-6 (1998)

Microcrack initiation point

l (2)SiCp/Al(Gav=1690MPa)

'y

" (b)SiO2p/Epoxy

/i

(oav=300MPa)
-......._,_x_.-‘

e 4

Tum

epoxy composite in
which the deformation
incompatibility of the
two phases is more
remarkable than in the
aluminum composite. Mechanical properties
of the composites are listed in Table 1. The
initial location of the tip of a main crack is at
a x coordinate of —30pm and a y coordinate
of —5um with the center of a square
reinforcement as its origin. The other details
of the properties are described elsewhere [4].

Spm *‘

Microcrack initiation point

Fig.3 Comparison of the predicted crack path morphologies between
the SiCp/Al and SiO2p/Epoxy composites.

----- Gr =6000MPa
— Or =12000MPa

kK,

1.05

anti-shielding

7

1.00

3. RESULTS AND DISCUSSION
shielding
The comparison of predicted crack el
paths when a main crack passes by a single
reinforcement with the different levels of
interfacial bonding strength is shown in F ig.2.
Microcracks were initiated at
reinforcement/matrix interfaces due to
interfacial debonding in two of the three 0.85 | 1 | ‘
cases, while no microcracking is predicted in -30 -20 -10 0 10 2

0.90

I

Normalized local stress intensity factor,

the remaining case. In Fig2 (a), low
interfacial strength, ie. 5,, = 60MPa, is
assumed  which has been reported

Distance from the center of a reinforcement, x/1um

Fig.4 Variations of k, with the extension of a mai:
crack.

experimentally in the literature [8]. Since the
value is as low as the overall applied stress, a microcrack is initiated easily far ahead of the crack
tip. Then the main crack is strongly attracted toward the microcrack, thereby the main cract
considerably deflected. For the case of G4, = 300MPa, a microcrack is initiated when a main crac:
is passing alongside of the reinforcement as shown in F ig.2 (b). Before the microcrack initiatio
the main crack slightly deflects from the reinforcement. However, after microcrack initiation. the
crack seems to be attracted into the reinforcement. The crack path morphologies after th.
microcrack initiation are quite similar, and it is self-evident because the local k; and k;; at the tip o
main crack are merely affected by the microcrack shielding in this calculation, which is depende:
only on the location and length of a microcrack . When the interfacial bonding strength is as high
600MPa, no microcracking occurs and the main crack deflects monotonously as if it escaped fro
the reinforcement due to the reinforcement shielding effect. Note that the crack never approache
the reinforcement.

Figure 3 shows the same crack path prediction for the SiCp/A6061 aluminum alloy compos .
together with the result for the polymer matrix composite shown in Fig.2 (b). The amount of crac-
deflection in the aluminum composite is small in comparison to the SiO,/Epoxy system. Since 1!
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compatibility of the AI/SiC interfaces is
superior which is reflected in the reported
high interfacial bonding strength value,
microcracking is almost always caused by
the breakage of a reinforcement in the
A1/SiC systems. In the case of the polymer
matrix composite, the interfacial debonding
occurs at the nearest interface to the tip of a
main crack, so the distance between the
microcrack initiation point and the crack-tip
is different in both of the systems even when
the locations of microcrack initiation are
similar. It results in conspicuous difference
in the predicted crack paths.

Figure 4 shows variations of local crack
driving forces, k;, with the extension of the
main crack for two different levels of
reinforcement  strength.  Microcracking
sceurs at an approximate x coordinates of —
10.4pm with the reinforcement center as its
origin for the case of o . = 6000MPa, while

1.05
i .
= Tan‘u-shleldmg )
21.00 [ =
9 ) ¢shleldmg
%ﬂ o< )\O\(
(2]
>
< ) )\ 4

| |

| |
095 ™% 10 15 20 25

Fracture strength,Gr /GPa

Fig.5 Effect of the fracture strength of a
reinforcement on the local driving force of a main
crack, representing the existence of an optimum
strength value for the crack propagation
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it is =52 pum for o, = 12000MPa. k, resistance.

decreases slightly before the microcrack

initiation as the crack-tip approaches the reinforcement due to the constraint of crack-tip
Jeformation by the reinforcement. k, increases drastically at the same time the microcracking occurs,
which is attributed that the shielding effect due to the reinforcement is replaced by the anti-
‘hielding effect due to the existence of a microcrack. As shown in Fig.1, the effects of both
mechanisms are completely opposite both for k; and ky;, and the effect of the microcrack shielding is
much effective than another. Subsequently, the anti-shielding effect from the microcrack is reversed
o shielding effect when the microcrack is located behind the crack-tip. Therefore, the crack
-xtension is effectively retarded in this vicinity. When the reinforcement strength is as high as
12000MPa, antishielding occurs only in a tiny segment of the crack path directly under the
rinforcement center. Therefore, even the microcrack predominantly exerts shielding effect in this
~ase. We would, therefore, infer that such retardation of microcracking when the main crack
approaches the reinforcement can improve overall crack propagation resistance of the
discontinuously-reinforced composites.

In order to evaluate the effect of the reinforcement strength on the toughening behavior of the
2lurmninum matrix composite, local mode I stress intensity factor at the tip of the main crack is
sveraged between the x coordinates of —~10 and 10 pm with the reinforcement as a center. It is
slotted as a function of the reinforcement strength as shown in Fig. 5. When the reinforcement
sirength is higher than 18600MPa, no microcracking occurs with the extension of a main crack.
tigher reinforcement strength delays microcracking gradually until it reaches 18600MPa, and
simultaneously suppresses the baneful effect of the microcrack anti-shielding. When the
reinforcement strength is higher than 18600MPa, only the reinforcement shielding affects the crack
ropagation through the composite. Since the antishielding effect when the reinforcement is located
Lehind the crack-tip is greater than the shielding effect when it is ahead of the crack-tip, averaged k,
Lecomes larger than K, which means antishielding effect on the average. 18600MPa is concluded as
. optimum value to obtain high toughness and it brings 3% overall increase in the toughness of the
2luminum composite by estimating the effect of only a single reinforcement.

In these calculations, microcracking phenomenon is taken to mean substantially that the
~inforcement is removed from the model with the cracking. However, actually, broken
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reinforcement or a reinforcement with a debonded interface should hold some mechanical effects
especially in the direction perpendicular to the microcrack. Therefore, the calculation in Fig.5
involves some overestimation that the microcrack shielding is not compensated by the
reinforcement shielding to some extent when the reinforcement strength is below 18600MPx.
Nevertheless, the trends obtained in a series of the calculations suggest helpful information for the
control of engineered microstructures. The major limitations of the model include the tw«
dimensional nature of the solution. However, the solution can be extended to models considering
plural reinforcements like ordinary practical materials in future.

4. CONCLUSIONS

(1) Microcracks initiated ahead of a main crack exert anti-shielding effect which corresponds o
overall toughness degradation. While rigid reinforcements without any damage bring shielding
effect which enhances the toughness of composites. Subsequently, when the tip of a main crack
passes by the reinforcement or the microcrack, the effects just reverse suddenly. The degree of
reinforcement shielding in aluminum matrix composites is much smaller than that in polyme:
matrix composites.

(2) The most preferable sequence of crack propagation for toughening is 1) the generation of stronc
shielding effect due to the reinforcement with high elastic modulus, 2) microcracking when
distance between the reinforcement and the main crack is the closest. Thereby anti-shielding
effect due to the microcracks which exist ahead of the main crack is effectively suppressed and
only the preferable effects of the microcrack shielding and the reinforcement shielding can b
utilized for toughening,.

(3) Since the interfacial bonding strength is sufficiently high in the case of an Al /SiC system, the
predominant factor for toughening is the fracture strength of reinforcements. The existence of an
extremum in the fracture strength of reinforcements is predicted, which maximizes crack
propagation resistance. It is estimated as 18600MPa for the model composite.
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