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Abstract: The inherent relationship between the microstructure parameters and anti-impact strength is established by
micromechanical strength and dynamic destruction criterion of eutectic composite ceramic. Firstly, in line with the
microstructure characteristic of eutectic composite ceramic, the effective stress field of composite ceramic is computed by the
interaction direct derivative estimate and sufficiently simplified calculation method. Secondly, according to equivalent
inclusion method and Griffith micro-crack propagation theory, the micromechanical strength of eutectic ceramic composite is
predicted. Thirdly, the dynamic destruction criterion of the comminuted zone is built by the unified pressure shear criterion.
Finally, on account of the dynamic destruction criterion which is associative with microstructure, the calculated mode of
anti-impact strength is obtained. The influence of microstructure parameters on anti-impact strength is quantitatively analyzed.
Results show that decrease in interface defect size among eutectic grains and increase in eutectic grain stiffness will increase

anti-impact strength.
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The anti-impact strength of eutectic composite ceramic is a
subject of considerable importance. It is closely linked with its
microstructure, especially the stiffness of eutectic grains and
the size of interface defects among eutectic grains. It can be
determined by the micromechanical strength and dynamic de-
struction criterion that depend on the microstructure features
of eutectic composite ceramic.

There are some strength models for composite with differ-
ent fracture properties, such as the Griffith’s theory, the Mohr
strength theory, the stress intensity factor and strain energy
release rate criterion and statistical strength theory'™, in which
the statistical feature of defects is took into account. Consid-
ering defects as damages, Budiansky and O’Connell” studied
dispersed distributed defects with a self-consistent method,
and Chaboche” proposed anisotropic damage theory. Most
strength analyses are based on the presumption of non-defects

Received date: September 25, 2018
Foundation item: National Natural Science Foundation of China (11272355)

in anisotropic composite, or assuming isotropic matrix when
analyzing the influence of defects'*”!. Fu established a micro-
scopic strength model for eutectic composite ceramics with
platelet defects!®. However, eutectic grains around interface
defects represent local anisotropy for eutectic composite ce-
ramics. For interface defects in anisotropic material, the stress
field and failure mechanism is more complex. However, there
is some literature that can be used for reference. For example,
G. C. Sih and L. J. Willis™ obtained microcrack tip stress
field and stress intensity factor which provide the basic
method for studying fracture mechanism of anisotropic mate-
rial, and further analysis on the microcrack problem is dis-
cussed by V. S. Kirilyuk". The above method is applied in
studying the strength of uniform distribution fiber-reinforced
" elaborated the system-
atic theory of Eigen strain method to calculate the strength of

composite material''”. In 1987 Mura
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anisotropic materials. C. R. Chiang''>"*! based on Eigen strain
method and equivalent inclusion method, obtained the stress
concentration factor of microcracks in the anisotropic material,
and strength of anisotropic materials with microcracks. S. K.

Kanaun!'¥

established a numerical model to compute the
stress field in microcrack tips, and equation for the tensor of
effective elastic constants of an anisotropic matrix containing
a random set of elliptical micro cracks. The above study pro-
vides good references to research the micromechanical
strength of eutectic composite ceramic.

The relation between micromechanical strength and an-
ti-impact strength is built by dynamic destruction criterion.
When composite ceramic is used for impact resistant protec-
tive material, there will be cracks, comminuting and cavity.
The anti-impact model is the key of the problem. So far, many

[15,16]

models were promoted, such as Sanchez-Galvez model,

centerline momentum balance model!'”

and semi-analytical
model"®). Tate-Alekseevskii model and the cavity expansion
theory are the primal models in ceramic anti-impact effect de-
scription and have been widely used"**”.. The static penetra-
tion resistance of brittle materials and the penetration models
of ceramic composite target were developed using the unified
static cavity expansion theory™™"*?!. The unified pressure shear
criterion was used to analyze the stress field in the commin-
uted zone of ceramic material™. In these models, strength
parameters of materials are dependent on the experimental test,
but the experimental result is dispersed for the testing envi-
ronment. To obtain the influence of microstructure on the
anti-impact strength, a dynamic destruction criterion is needed
to connect the micromechanical strength with anti-impact ul-
timate stress of eutectic composite ceramic.

In this research, the inherent relationship between the mi-
crostructure parameters and anti-impact strength is established
by micromechanical strength and dynamic destruction crite-
rion. Firstly, based on the microstructure feature of eutectic
composite ceramic, the effective stress field is analyzed by the
interaction direct derivative estimate®. Secondly, according
to the equivalent inclusion method and Griffith micro-crack

propagation theory, the micromechanical strength model of
eutectic composite ceramic is established. Thirdly, the dy-
namic destruction criterion is built by the unified pressure
shear criterion. Finally, the calculated mode of anti-impact
strength is obtained.

1 Effective Stress Field of Eutectic Composite Ce-
ramic

Eutectic composite ceramic is composed of rod-shaped
eutectic grains in the majority and platelet crystals in the mi-
nority, and fibers are arranged in the same direction in eutectic
grains, as shown in Fig.1. Eutectic grains are usually regularly
arranged in a local region. In a local region, the microme-
chanical properties are transversely isotropic due to the paral-
lelly arranged fibers™ "), A few interface defects are distrib-
uted among the eutectic grains, as seen in Fig.2.

The composite ceramic is simplified to a mesomechanical
model, in which the random meso-cell is embedded in an
equivalent medium. The mechanical property of the equivalent
medium is the same as eutectic composite ceramic. In the
meso-cell, equivalent matrix around an interface defect con-
sists of the uniformly distributed rod-shaped eutectics which is
transversely isotropic, and the interface defect is assumed as
ellipsoid, as shown in Fig.3. The meso-cell consists of an in-
terface defect and the eutectic grains. The equivalent medium
possesses the mechanical property of eutectic composite ce-
ramic. The rod-like eutectic grain is oriented along x axis and
the normal of interface defects along y axis in the local coor-
dinate system, as shown in Fig. 4.

The interface defect is considered to be an ellipsoid and de-
fined by mathematical formalization.

S,
a, a, a;

Where a,<<a,, a;. The incremental compliance tensor of the
meso-cell can be obtained by the interaction direct derivative

estimate®":

H,=[I-HC,(I-M)]"H, )

Fig.1 SEM Microstructures of the ceramic composites in different scales®: (a) eutectic composite ceramic and (b) rod-shaped eutectic grains

with fibers
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Fig.3 A meso-cell embedded in the equivalent medium

Fig.4 Relationship between local coordinates and global coordinates

Here, H, = f,[1 + C(I - M,)H,T'H, [ is unit tensor, C, is
the stiffness tensor of eutectic grains®”. M, is the Eshelby
tensor of interface defects in the meso-cell, f; is the volume
fraction of interface defects in the meso-cell, H, is the incre-
mental compliance tensor of interface defects. An interface
defect can be regarded as an inclusion with zero stiffness, then
H = fIC(I - M)T" and Eq.(2) transforms into
H,=(f'"-D"C,d-M)]" (3)

So the effective stiffness of meso-cell is
c,=(C.'+H)" (4)
Considering meso-cells are randomly distributed inclusions
in the equivalent medium, there is a complex integration for
the random distribution of the inclusions. Based on the suffi-

B9 it is supposed that all the

ciently simplified calculation
meso-cells have the same orientation firstly, and then the
stiffness is averaged according to the orientation probability
distribution function based on the Voigt approach. The effec-
tive stiffness tensor of composite with all the meso-cells lo-
cated with the same orientation can be computed as follows
C.=(C, +H,)" (5)
Here, H, = (I - KH')'H' , H, = f(H, +K)' |
K =C(I-M,), H, = C, -C,'. C,isthe stiffness tensor
of particles among meso-cells, M, is Eshelby tensor of me-
so-cells in particles. f; is the volume fraction of meso-cells in
composite. Assuming random orientation of the meso-cells,
the stiffness of the equivalent medium or composite has the

following form!:

G C, G,
Clz Cll CIZ 0
C12 C12 Cl]
Cll _CIZ (6)
CE = 2
0 Cll ;Cu
CII _CIZ
2
Where,

1 2 4
G :g(clel +G, +C;3)+E(qez +G +C§3)+E(C§4 +C55+C)

1 ey, 4 e 2 ¢ e
G, :E(Clel +G, +C33)+E(C12 +Gj +C§3)_E(C:4 +C5+C)

Suppose the composite is subject to the simple tension o,
as shown in Fig.3. Considering the spatial randomness of
meso-cell distribution, the spatial relationships between local
coordinate system and the global coordinate system are shown
in Fig.4. Thereby, the applied stress tensor in the local coordi-
nate system is

o, = go, @)
Where, g is the transformation matrix between the global co-
ordinate system and the local coordinate system in Fig.4. The
effective stress tensor in the meso-cell is

6, =Jo, 8

Where, J = (I + KH )'(I-KH)', H=C-C]

2 Micromechanical Strength of Eutectic Ceramic
Composite

The stress perpendicular to the interface defect in meso-cell
can be obtained from Eq. (8).
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m _ g g g
Oy =700 +J 05 + 7,505 ©)

The interface defect can be treated as a micro-crack in
eutectic grains of parallel distribution. According to equivalent
inclusion method, the boundary condition on the interface de-

fect is!'+31
o" +0° =0 (10)
vy *)y . . .
Where o, s the stress disturbance of the interface defect

along with y axis and can be computed by the equivalent in-
clusion method as follows:

o, = 4%h cn cn olr (1

vy 41_c 22kl pq227227 kplq

In the above equation

2n 1 1

r = j d I y  0G,(x, Z)dy
A (acos’d +asin’e)” | (1-y*)" >

22k1 >

C ;‘:]22 are stiffness components of the meso-cell determined

by Eq.(4). &,, is eigen strain of the interface defect. Using
Eq.(11), Eq. (10) transforms into

Where @is angular coordinate of the interface defect, C

O +a,Lyney, =0 (12)

Where, Lzzzz =
tained

a,a . . .
—fn}CmCmﬂHkp.q. The eigen strain is ob-

&y = 5;; Na,Lyy,,) (13)

Then, the interaction energy of the interface defect is com-
puted as follows

AW = —zTnalaza3cr;';,£;2 (14)

Supposing the interface defect maintains self-similar
propagation, Griffith micro-propagation theory can be ex-
pressed as

O(AW +2mnaia,y) Sa+ O(AW +2nayay) Sa
1 3

0Oa, Oa,

=0 (15)

In above equation, yis the surface energy. Interface defects
among the eutectic grains propagating along axis 1 and axis 3
are equivalent. If the interface defect propagates along axis 1,
there will be

2
") P,

_("wz—zm da, _ (16)
Loy, a,

2 2 m m
a; cos 0C22HCpqzz

i akazq(xJ,Z)dy
(a} cos’ 0+a;sin® )"

oy

_aa; pn
2222 T

[
4n H(1— 7"

Substituting Eq.(9) into Eq.(16), one has the micromechanical

strength of interface cracking among the eutectic grains

o, = Ly /4 (17)
8+ 80+ 8005 \ P

3 Dynamic Destruction Criterion of Eutectic Ce-
ramic Composite

Based on static cylindrical expansion, we knew that there
was a comminuted zone around impact cavity under the pene-
tration of projectile body™”. The stresses in the comminuted
zone satisfied the dynamic destruction criterion. Under the
impact load of the projectile, the stress field in the ceramic
plate is axially symmetric. Choosing the impact point as the
origin of the cylindrical coordinates system, equilibrium equa-
tion in cylindrical coordinate system is satisfied with the fol-
lowing expression:

do, L 9%
dr r

=0 (18)

where o, is radial stress, and oy is circumferential stress.

Taking the first order approximation of the strains, the ra-
dial strain ¢, and the circumferential strain gy is calculated as
follows

&=, =— (19)

In the above equation, s is the radial displacement. Wang et
al® considered the material in the comminuted zone obeyed
the unified pressure shear criterion:

(1+0)(0,~0,) +b(0, ~,)] = (1~ O, +, +b(o, +0,)] (20)
Where 01, 0, and o5 are principal stresses and the compressive
principal stress is positive, b is principle shear stress coefti-
cient, and & =0,/0.. o, is determined by Eq.(20). For most
of ceramic materials, the relation between tensile strength and
compression strength can be expressed as 6,=(0.2~0.4)o¢. In
different constraints, o, and o3 have different effects on the
anti-impact strength. Defining a stress coefficient ratio 7 to
relate three principal stresses

o, =10, +(1-1n)o, 21

In the above relation, 0<<7<:1. Substituting Eq.(21) into
Eq.(20), and it is simplified as
— (1 B é)(l + b) o, (22)

b(l-n)+1

Under the impact load of the projectile, we have o,=c, and

1 3

03=0y. The dynamic destruction condition of the comminuted
zone is
o, —0,={0, (23)
Here {= (1- &(1+b)/[2b(1-n)+1].

4 Anti-impact Strength of Eutectic Ceramic Com-
posite

The XRD pattern of TaSi,/SiC coated C/C composites
indicates that the coating surface contains SiC, Si, TaSi,,
SiO, and Ta,0s after oxidation in air at 1773 K. At high
temperature, a few of reactions have happened as follows:
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Substituting the dynamic destruction criterion (23) of com-
minuted zone into Eq.(18), we get

9o, L%y (24)

dr r

Integrating the equation, one obtains

o, =Ar (25)
Where, A is the integration constant. On basis of the cavity
expansion theory”, there are five zone around the impact
point, i.e. cavity zone (0<<r <a,), comminuted zone (ay<r<
a,), crack zone (a,<r <a,), elastic zone and undisturbed zone
(a3<r<a,). At the cavity (r=ay), the radial stress born by
eutectic ceramic composite is defined as the anti-impact
strength R,

R = Aa; (26)

Then, A= Rlaéw . So the stress field in comminuted zone
can be expressed as
¢
or:&(@J 27
r

In crack zone, the tensile stress vanish, equilibrium equa-

tion (18) transforms into
do o
L+ L =0 (28)
dr r

Integrating Eq.(28), one has

o =Br (29)

r

The integration constant B can be determined by stress con-
tinuous condition at 7=a;. Contrasting Eqs.(29) and (27), we
have

»

B:R@(ﬂy (30)
a 1

Therefore, the stress field in crack zone can be expressed as
follows

p

o - R fan) 31)
’ r a,
Considering the boundary condition o = o. = O a
4
r=a,, we obtain the anti-impact strength from Eq.(31)
R - L[a_.j”’ (32)
¢ \a,

In order to determine a,/a,, we consider the mass conserva-
tion in the comminuted zone, ie. p,mr’ = pu(r—s)’ .
Where p, and p are initial density and the comminuted density,
respectively. The differential form is

i(r—s)z 2o (33)
dr p

The density is invariant for ceramic material, i.e. py=p. In-
tegrating of Eq.(33) from q, to a;, and ignoring the higher or-

der term in the polynomial expansion of s(a;), Eq.(33) trans-
forms to
(a,/ a1)2
2

On basis of Egs. (18) and (19) and the displacement con-
tinuous condition, we have

=s(a,)/ a, (34)

o (a , a, (-v)a; al 35
s(al):F(?lng—?+ﬁ[(l—20)az+g] ( )
So

2 2
Lty 0 a, 0020 1 55, 5y (36)

2 q EE g

Considering as>> a,> a;> ay, the above expression is trans-

E(d +a})a, a,

formed as follows

2
a | 20 (1 a4 4., (37)
a, E ¢ aqa
Substituted Eq.(37) into Eq.(32), the anti-impact strength of
ceramic composite can be computed as following form

—¢2
R, :ﬂ{£[1+v_ﬁﬂ (38)
SLE ¢

The anti-impact strength R, of eutectic composite ceramic is
determined by micromechanical strength and elastic constants.
The two components of R, are related to the microstructural
feature of the composite ceramic, and mostly to the size of in-
terface defect and stiffness of eutectic grains.

For composite ceramics mainly composed of Al,0;/ZrO,
eutectic grains, the surface energy yis 1.06 J/m”. Based on the
anti-impact strength R, obtained by Eq. (38), Fig.5 illustrates
typical relation curve between R, and interface defect radius a;.
It reveals that anti-impact strength decreases with defect ra-
dius increasing. For small size defect, R, is a strong function of
defect radius, i.e. it decreases rapidly with increasing defect
radius.

The stiffness of eutectic grains is related to the shape and
size of inclusions in eutectic grains. The main parameters of
the material properties are E, , =402 GPa, E,, =233GPa,
Uy, =0233, and Uzo, =0.31. Eutectic grains are transversely
isotropic, and their maximum stiffness can be expressed as
follows[29]:

4.07 164 141 0 0

1.32 457 132 0 0

1.41 1.64  4.08 0 0 39
C, = x100 GPa
£ |0 0 0 139 0 0

0 0 0 0 138 0

0 0 0 0 0 1.39

The matrix of meso-cell is composed of parallel eutectic
grains. The matrix stiffness (i.e. average stiffness of eutectic
grains in the meso-cell) is determined C,,=mC,, where m is the
stiffness ratio. The role that matrix stiffness plays on an-
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anti-impact strength is illustrated schematically in Fig.6.
Clearly, the anti-impact strength increases with stiffness ratio
increasing, and can increase threefold when stiffness ratio is
maximal value.

The value of anti-impact strength R, depends on the micro-
structure of composite ceramic, mainly on the size of interface
defect and stiffness of eutectic grains. Decreases in defect size
and increases in grains average stiffness will increase
anti-impact strength.

We conducted anti-impact experiments into the eutectic
composite ceramic plate with ogival nose kinetic energy
projectiles. These plates were designed to be nearly a half
space providing a relatively large depth and width. The plates
were constructed in a steel culvert. All the experiments were
conducted under “near” normal impact conditions, that is, an-
gle-of-obliquity and angle-of-attack were less than 1 degree.
The four experimental data of anti-impact strength were
1.01x104, 1.09x104, 0.85x104 and 1.71x104 MPa. The re-
sults of the calculation based on Eq.(38) are 1.038x104,
1.050x104, 0.878x104 and 1.768x104 MPa. The errors are
2.55%, 3.22%, 3.54% and 3.15%, respectively. The theoretical
results correspond to experimental data essentially.

30

t

R /GPa

20

15 1 1 1
0

Defect Radius, a,/um

Fig.5 Anti-impact strength R, of composite ceramic as a function of

interface defect radius a;

25

0.5 0.6 0.7 0.8 0.9 1.0

0 L L

Stiffness Ratio, m

Fig.6 Relationship between anti-impact strength and stiffness ratio

5 Conclusions

1) Based on interaction direct derivative estimate, Griffith
micro-crack propagation theory, unified pressure shear crite-
rion and cavity expansion theory, the inherent relationship
between the microstructure parameters and anti-impact
strength is established. The anti-impact strength of eutectic
composite ceramic is closely linked with the stiffness of
eutectic grains and the size of interface defects among eutectic
grains.

2) Anti-impact strength increases with average stiffness of
eutectic grains, and can increase threefold when average stiff-
ness is maximal value. To obtain higher anti-impact strength,
the average stiffness of eutectic grains should be increased as
far as possible. In the material preparation process, the size of
fibers in eutectic grains should be decreased as far as possible
and avoid plate-shaped defects.

3) Defect size significantly reduces the anti- impact strength
especially under a small defect size because this variable
sharply decreases the micromechanical strength of composite
ceramics. When plate-shaped defects are inevitable, the
smaller defect size should be required to enhance the safety of
composite.
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