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Cracking of Laminates Subjected to Biaxial Tensile Stresses

Craig Hillman,” Zhigang Suo, and Fred E Lange’

Materials Department, University of California, Santa Barbara, Santa Barbara, California 93106

During the processing of laminar ceramic, biaxial residual
stresses can arise due to differential thermal contraction
between unlike layers. A tensile stress can cause preexisting
flaws to extend across the layer and into the adjacent layers
and then tunnel until they meet either another crack or a
free surface. A previous analysis has shown that for a given
residual stress there is a critical layer thickness, below
which no tunnel cracks will exist, regardless of initial flaw
size. Here, the previous analysis was modified to take into
account the crack extension into adjacent layers. To deter-
mine the validity of the analysis, laminates composed of
alternating layers of zirconia and alumina/zirconia were
fabricated by a sequential centrifugation technique. The
composition of the alumina/zirconia layer was varied to
change the biaxial, tensile stresses in the zirconia layer.
Observations were then made to determine the critical layer
thickness for tunnel cracks and their extension into the
adjacent layers. These observations were compared to the
theoretical predictions.

I. Introduction

AYERED ceramics play important roles in modern life. They

have been used in the electronics industry as multilayer
substrates,! capacitors,” and fuel-air sensors.” Ceramic lami-
nates are being considered for structural applications™’ to
impart damage tolerance for conditions where cracks extend at
constant strains. The analysis and observations reported here
also apply to two materials that are bonded together by a layer
of a third material, as either an adhesive'®'" or a braze.'”

During processing, residual stresses arise due to differential
strains developed during drying, pyrolysis of binders, densifi-
cation, and contraction during cooling. If the residual tensile
stress in a layer is large enough, it will cause preexisting flaws
to “tunnel” in the layer, until it meets a free surface (either the
surface of the laminate or another tunnel crack). Under biaxial
tension, multiple tunnel cracks produce a mud crack pattern,
similar to those seen in thin films™ and brittle adhesive layers.'>"

Ho and Suo'* developed a strain energy release rate expres-
sion for the tunnel crack in layers subjected to biaxial tension.
For a given residual stress, a critical layer thickness exists
below which no tunnel cracks will exist, regardless of the initial
flaw size. Consequently, crack-free ceramic laminates can be
processed with a high reliability. Similar steady-state cracking
in thin films was previously reported by Hu and Evans."

The purpose of this paper is to experimentally verify Ho and
Suo’s theoretical predictions. In this experiment, a thin zirconia
layer was sandwiched between two thicker layers of an
alumina/zirconia composite. The laminate was densified at high
temperature. Zirconia has a larger coefficient of thermal expan-
sion (CTE) than alumina. As shown in Fig. 1, if the layers
were separated, the zirconia layer would contract more than the
alumina/zirconia layers during cooling. The difference in the
strains is given by
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where T, and T; are the initial and final temperatures during
cooling, and o, and «,,,,, are the CTE’s of the zirconia layer
and the alumina/zirconia layers, respectively. By varying the
composition of the bulk alumina/zirconia layer, and thus vary-
ing a4, the residual strain was changed in the thinner zirconia
layers. If the layers are bonded, the misfit strain (Eq. (1))

induces a residual tensile stress in the zirconia layer."
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Here ¢ and w are the thicknesses of the zirconia and the alumina/
zirconia layers, and E and v are Young’s modulus and Poisson’s
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Fig. 1. (a) An embedded layer of Zr(Y)O, sandwiched between two
bulk layers of Al,O;/Zr(Y)O,. (b) During cooling from processing
temperatures, the Zr(Y)O, layer would shrink more due to its higher
coefficient of thermal expansion, a. (c) Due to strong interfaces, the
Zr(Y )0, layer is constrained from shrinking, producing a biaxial, resid-
ual tensile stress in the embedded layer.
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Fig. 2. Plot of coefficient of thermal expansion (CTE) vs temperature
(0°C-1000°C) for Zr(Y)O, and various compositions of Al,O,/
Zr(Y)O,.

ratio of the two layers. If the zirconia layer is much thinner than
the alumina/zirconia composite, #/w << 1, the stress in the
zirconia layer becomes
e E
g, = T Zr 3)

1—-v,

and the stress in the alumina/zirconia layers is reduced to zero.

II. Experimental Method

The laminates consisted of thin layers of either tetragonal-
Z1(3Y)O, or cubic-Zr(8Y)O," (thicknesses between 10 and 500
wm) sandwiched between thick layers of Al,O5/Zr(Y)O,-
(=~3000 pum). Several Al,0,/Zr(Y)O, compositions were used
to vary the residual stress in the zirconia layer. The laminates
were fabricated by a sequential centrifugation method described
elsewhere.5'® The method uses a new colloidal processing tech-
nique,'™'® where a short-range repulsive potential is produced
by adding salt (e.g., NH,Cl) to a dispersed, aqueous slurry. The
short-range repulsive potential produces a weakly attractive
particle network that allows particles to pack to a high relative
density by either pressure filtration'™" or centrifugation' and
prevents mass segregation during centrifugation.”

A dispersed, aqueous slurry containing 0.005 volume frac-
tion of Zr(Y)O, powder (Zr(Y)O, powder: TZ-3Y, TZ-8Y,
Tosoh, Tokyo, Japan) was prepared at pH 2; 1.0M of NH,Cl
was then added to create a weakly attractive network. This
slurry was used to produce thin Zr(Y)O, layers. In a similar
manner, a second slurry was prepared containing 0.10 volume
fraction of Zr(Y)O, and Al,O; (AL,O; powder: AKP-50, Sumi-
tomo Chemical, New York) powders (0.50 volume fraction
each) was used to produce thick Al,O,/Zr(Y)O, layers. A vol-
ume V of the appropriate slurry containing the volume fraction
of powder, b, was poured into the centrifuge tube, of area A, to
form a layer of thickness

*In the rest of the paper, +-Zr(3Y)O, and c-Zr(8Y)O, will both be referred to as
Z1(Y)O, whenever it is more convenient.
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Table I. Average Coefficient of Thermal Expansion
(20°-1000°C)(107/K)

Average CTE
Harrop Rockwell Theory”'
7:(Y)O, 11.30 114 N/A
0.33A1/0.66Zr 10.56 N/A 10.05
0.5A1/0.5Zr 9.51 9.5 9.66
0.66A1/0.33Zr 9.31 N/A 9.11
0.9A1/0.1Zr 8.64 N/A 8.62
AlLO, 8.397 N/A N/A

“The coefficient of thermal expansion for alumina was taken from Ref. 33.

Vé
T A

By changing either the volume fraction of powder in the slurry
or the volume poured into the tube, one could vary the layer
thickness formed during centrifugation. For the current study,
the predetermined volume of the Al,O5/Zr(Y)O, slurry was
poured into a 50 mL centrifuge tube (50 mL polyethylene
centrifuge tubes, Nalgene) and centrifuged at 3200 rpm (cen-
tripetal acceleration ~ 1900 g) for 2 h (optimum time for
maximum particle packing density determined in Ref. 20). The
tubes were accelerated slowly up to the highest speed in order
to ensure a smooth surface and a uniform layer thickness. After
forming one thick Al,0,/Zr(Y)O, layer, the clear supernatant
was poured off and a predetermined volume of the Zr(Y)O,
slurry was introduced into the tube to form a thin Zr(Y)O, layer
by centrifugation. This process was repeated until the desired
number of thin Zr(Y)O, layers were formed, each with a differ-
ent thickness, sandwiched between much thicker Al,O,/
Zr(Y)0O, layers.

The laminates were air-dried and then heated at 2°C/min to
1500°C for 1 h to produce dense, laminar specimens. The
laminates were sectioned by diamond cutting, polished, and
then examined with a scanning electron microscope for cracks
(SEM) (840 SEM, JEOL, Tokyo, Japan). The layer thickness
for which no cracks were observed was determined to be the
critical layer thickness.

Bodies of all the compositions used to form laminates were
also consolidated to make specimens to measure coefficients of
thermal expansion, which were used to determine the residual
stress in the Zr(Y)O, layer. CTE measurements were made
courtesy of both Harrop Industries (Columbus, OH) and Rock-
well International Science Center to temperatures of 1500°C.
Theoretical values of the CTE were also calculated®' for the
different alumina/zirconia compositions using the measured
CTE’s for the two end members and their elastic properties.

The fracture toughness of the embedded zirconia layers was
determined using the single-edge-precracked-beam (SEPB)
method.”? Rectangular beam specimens (3 mm X 4 mm X
30 mm) were used. Three indents were used to introduce small
cracks in the center of the tensile face (30 kg loads for
+Zr(3Y)0,; 10 kg loads for ¢-Zr(8Y)0,). A precrack was
“popped-in” using the bridge-indentation apparatus described
in Ref. 22. Once the precrack met the conditions of ASTM
E399 8.2 (parallel to the thickness direction, equilength on both
sides of the beam), its length was measured, and the beam was
loaded to failure in four-point bend. K;. was calculated using
the K function reported by Srawley.”

Table II. Material Properties

o (10-9K) K,

25°-1500°C E(GPa) v (MPa-m'?)
71(Y)O, 975 X 10-° + (4.00 X 107)T — (1.44 X 107*)T? 205 (Ref. 30) 0.32 (Ref. 36) 6.21,2.1%
033A10.66Zr  8.97 X 1076 + (3.38 X 107)T — (3.90 X 107)T? 260 0.32
0.5A1/0.5Zr 7.06 X 1076 + (7.80 X 107)T — (5.83 X 10~')T? 300 (Refs. 30,34)  0.32 (Ref. 36)
0.66A1/0.33Zr  7.29 X 107° + (4.28 X 10™)T — (1.28 X 107)T? 320 0.32
0.9A1/0.1Zr 6.42 X 107° + (5.64 X 10T — (1.92 X 10~)T? 360° 0.32
ALO, 6.6 X 107 + (4.1 X 107°)T — (8.9 X 107*)T> (Ref. 31) 380 (Ref. 35) 0.32 (Ref. 37)

*Value for +-Zr(3Y)0,. #Value for c-Zr(8Y)O,. *These values of elastic modulus were calculated by rule of mixtures.



August 1996
III. Results

(1) Thermal Expansion and K, Values

The CTE’s, measured courtesy of Harrop Inc., are shown in
Fig. 2; data measured courtesy of Rockwell Science Center are
reported in Table I along with calculated CTE values. The two
sets of experimental data agree with one another and with the
theoretical values. The CTE for the various compositions and
the K, values for +-Zr(3Y)O, and ¢-Zr(8Y)O, are listed in
Table II along with other relevant material properties.

(2) Tunnel Crack Observations

Two types of cracks were observed in the Zr(Y)O, layers,
i.e., cracks with a large opening displacement (=30 pwm) shown
in Fig. 3(a) and cracks with a small opening displacement
(=2 pm) shown in Fig. 4(a). Three observations suggested that
the cracks with a large opening displacement were caused by
differential shrinkage before densification. First, the large crack
opening could be caused only by the differential shrinkage
strain associated with the differential particle packing of the
materials that formed the two different layers. The relative
density of the alumina/zirconia compositions, which varied
from 0.56 (high Al,O; content) to 0.47, was much higher than
that of pure zirconia (==0.40). Thus, the zirconia layers would

ALOJZr(BY)O,

(a)
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shrink more than the adjacent alumina/zirconia layers during
densification. Second, the surface of the crack with the large
opening displacement showed smooth, round grains, identical
to that of a free surface of the densified body as shown in
Fig. 3(b). Third, Fig. 3(c) shows that the ends of the crack
partially resintered where it penetrated into the adjacent Al,0,/
Z1(Y)O, layer. Based on this evidence, it was concluded that
the cracks with the large opening displacement were more
likely formed during drying and that their large opening
displacement was produced by differential shrinkage during
densification. (Most of the cracks with the large opening dis-
placement were observed during initial experiments, before a
systematic method was developed to dry the specimens for
densification.)

The surface of tunnel cracks with small opening displace-
ments was exposed by fracturing diamond cut beams that
included the tunnel crack. These surfaces (Fig. 4(b)) were iden-
tical to surfaces that were known to be produced by fracture.
Figure 4(c) shows the fracture surface of a tunnel crack that
extended into the adjacent Al,0,/Zr(Y)O, layer. In general, at
least two crack front positions could be observed associated
with the tunnel crack as shown in Fig. 4(c). This observation
showed that the tunnel crack extended at least twice during
cooling. The first position was likely produced when a critical

100 um

Fig. 3. (2) SEM micrograph of an open tunnel crack in an embedded layer of Zr(Y)O,. (b) The crack surface of the open tunnel crack, composed of
smooth, round grains. (c) Crack healing of the crack extension into the bulk material of Al,O;/Zr(Y)O,.
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Fig. 4. (a2) SEM micrograph of a closed tunnel crack in an embedded layer of Zr(Y)O,. (b) The crack surface of the closed tunnel crack, composed
of heavily faceted grains. (c) The fracture surface of a closed tunnel crack, showing two distinct crack front positions during crack extension into the

adjacent Al,0,/Zr(Y)O, layer.

flaw in the tensile layer extended into the adjacent layers and
then rapidly grew to a tunnel. Upon additional cooling, the
tunnel extended farther in the adjacent layers. The second posi-
tion in Fig. 4(c) was produced when the beam was fractured to
reveal the surface of the tunnel crack. Only cracks with the
small opening displacement, produced during cooling, will be
of continued concern here.

Figure 5 shows the thickness of the Zr(Y)O, layer above
which tunnel cracks were observed, for both the tetragonal and
cubic layers, as a function of the composition of the adjacent
AL,0,/Zr(Y)0, layers. The extension of the tunnel crack into
the adjacent Al,0,/Zr(Y)O, layers, for laminates containing

the 0.5A1,0,/0.5Z1(Y)0, layers, is shown in Fig. 6 as ajtvst,
where a is the full length of the crack, including the portion that
extends into the adjacent Al,0,/Zr(Y)O, layers, and ¢ is the
thickness of the Zr(Y)O, layer.

IV. Discussion

(1) Crack Penetration and Tunneling Analysis

The previous fracture mechanics analysis of tunnel crack-
ing' did not consider crack extension into the adjacent layers,
which is observed here and is obvious in hindsight. The analysis
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(a) Plot of the critical layer thickness (z,) observed in #-Zr(3Y)O, versus predicted critical layer thickness for varying percentage of Al,O, in

the adjacent layer (the greater the percentage of Al,O, in the adjacent layer, the greater the residual stress in the embedded t-Zr(3Y)O, layer). (b) Plot
of the critical layer thickness (z.) observed in ¢-Zr(8Y)O, versus predicted critical layer thickness for varying percentage of AL, in the

adjacent layer.

that combines this extension into the adjacent layers with the
tunneling phenomena will be described in the following
paragraphs.

Consider a crack of length a in a layer of thickness ¢ con-
strained by much thicker layers. For the moment, we will con-
sider that both materials have identical elastic properties and
identical fracture energy, G.. We assume that the crack can
extend across the interface into the adjacent, thicker layers and
continue its extension as a tunnel crack, i.e., a crack that extends
in the layer. The wake of the tunnel can be described as a slit
crack. The strain energy release rate function for a slit crack
within a layer subjected to tension and bounded by adjacent
layers that contain no stress is given in Tada ef al.** by

w\ 6% /a
o~ (3 )
A HA A
G, = (;)E_Tk (;) sin (;) t a>t 5b)

where E¥ = E,/(1 — v}), E, and v, being the Young’s modulus
and Poisson’s ratio of the tensile layer. A similar analysis was
recently done by Watkins and Green,” in which they deter-
mined the condition for crack extension from a thin film into a
thick substrate, when placing the whole system under applied
tension (the effect of residual stresses was also taken into con-
sideration). Figure 7 plots G, normalized by o*/E* as a func-
tion of the normalized crack length, a/t. As the slit length a
increases, the energy release rate increases when the slit is
within the tensile layer, a/t < 1, and sharply decays when the
slit extends into the adjacent layers, a/t > 1. Note that this
energy release rate drives the slit to extend under the plane
strain conditions. The trends of the curve, however, apply to an
initial flaw of an arbitrary shape.

As previously detailed, the energy release rate that drives the
crack to extend along the layer (tunneling) is given by'#2¢

a

a<t Ba)

1
G = EJGS(a)da ©)
0
A dimensional analysis shows that
Zo*t
Gl - ET (7)

where Z = /4 when the elastic properties of the two materials
are identical and a = ¢. In general, Z is a dimensionless driving
force dependent upon elastic mismatch, crack geometry, and
loading conditions.”® The integral (6) is evaluated numerically
and the result is plotted in Fig. 7. The tunneling energy release

rate, G,, is small for tunnels of both a very small and a very
large width, @, and reaches the maximum value for a tunnel
slightly extended into the adjacent layers. This maximum point
coincides with the intersection point of the G, and G, curves.
Note that the maximum value for Z is slightly above /4.

Knowing the fracture energy G., the elastic modulus E*, the
tensile stress in the layer o, and the layer thickness ¢, we can
use Fig. 7 as a “map” to determine the conditions for crack
extension and crack tunneling. The value of the normalized
fracture energy, (G E*)/(a?t), is represented by a horizontal
line in Fig. 7, moving down during cooling due to an increase
in the residual stress. As G, moves into the hatched areas, either
crack extension (below G,) or crack tunneling (below G,) can
proceed. The hatched area under G, in Fig. 7 contains two
different regions, marked by the point at which the driving
force for tunneling, G,, is equal to the driving force for crack
extension, G,. The horizontal line contacting the G, curve at its
maximum intersects the G, curve at another point, (a/t),. If the
initial flaw in the tensile layer is larger than (a/f),, the crack
will extend into the adjacent layers when G, = G,. At this point,
G, > G, so that a finite amount of further cooling (a lower G,
line) is necessary for the crack to tunnel. If the initial flaw is
smaller than (a/t),, the crack propagates into the adjacent layers
and tunnels at the same temperature.

We can also use Fig. 7 to interpret crack extension for the
case where the laminar material contains tensile layers of differ-
ent thicknesses that has been cooled to room temperature, thus
fixing the tensile stress. The flaw cannot tunnel, regardless of
its initial size and shape, if the horizontal line of the normalized
fracture energy, (G, E¥)/(c??), is above the maximum point on
the G, curve. Rearranging Eq. (7), we obtain a critical thickness

_ (4\G.E%
rc—(w) = ®)

(the approximate value Z = /4 is used), below which no crack
tunneling will occur, regardless of initial flaw size, a. Note,
this is a conservative solution. When ¢ = ¢, the probability of
tunneling will still depend on the size of the flaw that preexists
within the tensile layer.

The above analysis assumes identical elastic properties and
identical fracture energy for both materials. If the fracture ener-
gies differ for the two materials, denoted as G, and G.,, the
crack extension in the adjacent layers is resisted by G.,, and the
tunneling is resisted by a combination of G,, and G_,. An
analysis for thin film cracking is given in Ref. 27, which shows
a moderate effect on the tunneling condition.

When the adjacent layers are more compliant than the tensile
layer (smaller elastic modulus), the normalized energy release
rate increases and the slit crack will extend a greater distance
into the adjacent layers. The opposite conditions occur when
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Fig. 6. Plot of crack length a versus embedded layer thickness 7. This
plot is arranged based upon Eq. (6). The slope of the plot is linear and
is equal to K /o,.

the tensile layer is more compliant than the adjacent material.
This is similar to the behavior seen in thin film cracking,”
where a compliant substrate will “attract” a crack more than a
stiff substrate. An interesting anomaly develops when the adja-
cent layer is much stiffer than the embedded layer. As seen in
Fig. 8, the G function for the slit crack approaches zero on both
sides of the interface. That is, the very stiff material blocks
extension of the slit crack beyond the embedded layer. The
effect is real, but if either the residual stress or the layer thick-
ness is large enough, this “energy barrier” can be overcome,
and the slit crack will extend into the bulk material.

(2) Comparison of Experiments with Analysis

Using the material parameters given in Table II, a predicted
residual strain was calculated from Eq. (1). The initial tempera-
ture, T;, used to determine the residual strain, was assumed to
be 1200°C instead of the sintering temperature of 1500°C. This
assumption was made because previous studies**” have shown
that zirconia exhibits significant plasticity above 1200°C.
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Therefore, we postulate that the Zr(Y)O, layers were suffi-
ciently plastic to maintain a zero stress state above 1200°C. The
temperature where the preexisting flaws start to extend during
cooling is unknown; the room temperature was selected as the
final temperature, 7,. While tunnel cracking may occur at higher
temperatures, the analysis suggests that crack will continue to
penetrate the adjacent layer during cooling. Predicted values of
residual stress were determined by substituting the results from
Eq. (1) into Eq. (3). The results from Eq. (3) for various compo-
sitions of Al,0,/Zr(Y)O, were then inserted into Eq. (8) to
determine the critical layer thicknesses. The effect of the elastic
mismatch between the embedded layers of Zr(Y)O, and the
bulk material was considered. However, based on finite element
analysis by Ho and Suo," the value of Z, the driving force
for crack propagation, does not change appreciably over the
experimental range of the Dundurs Parameter, ap (-03 <
ap < —0.1). The effect of residual stress in the bulk materials
was also considered. However, the maximum bulk residual
stress in the laminates, which was ~50 MPa, was considered
negligible. The values of the predicted critical thickness for
various compositions are compared to the observed critical
thicknesses for embedded layers of +-Zr(3Y)O, and c-Zr(8Y)O,
in Figs. 5(a) and (b), respectively.

In Figure 5(a), the predicted values of the critical thickness
arc in teasonable agreement with the observed critical thick-
nesses, i.., agreement within a factor of 2 to 3. The predicted
critical thickness is not a conservative solution: the predicted
values are larger than the experimental results. This is because
the tunnel cracks apparently propagate at higher temperatures
than assumed in the analysis. The fracture toughness of
t-Zr(3Y)0, decreases with increasing temperature.”® * There-
fore, the fracture toughness of the -Zr(3Y)O, layer during
tunneling is lower than the value measured at room tempera-
ture. Using the room-temperature value for fracture toughness
for +-Zr(3Y)0, overestimates the critical thickness for crack
extension.

Figure 5(b) shows the results of ¢-Zr(8Y)O,, which is not
transformation-toughened and therefore its fracture toughness
is not expected to be as temperature-dependent as the tetragonal

#This is due to a lower driving force for transformation.
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Fig. 7. Plot of the normalized strain energy release rate for crack extension (G,) and crack tunneling (C,) versus normalized crack length (a/t).
When (a/f) is greater than (a/t),, crack extension occurs without tunneling. A finite amount of cooling is required to initiate crack tunneling. When

(a/t) is less than (a/t),, crack extension occurs with tunneling.
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Fig. 8. (a) The change in the normalized energy release rate of a flaw,
G, in an embedded layer with increasing crack length, a, when
E,/E, =1and when E,/E, > 1. As the crack approaches the interface
(aft = 1), the normalized G, reduces to 0, creating an “energy barrier,”
which can be overcome when the residual stress or the embedded layer
thickness is large.

phase. As shown, the observed critical layer thickness is in
good agreement with predicted values, because the predicted
values maintain a conservative solution (no tunnel cracks were
observed below the predicted critical layer thickness) and the
experimental observations are within a factor of 2 of the theo-
retical predictions.

Experimental observations of crack extension into 0.50/
0.50-A1,0,/t-Zr(3Y)0, layer is shown in Fig. 6 and compared
to theoretical predictions. On the basis of Eq. (6) and the rela-
tion G = K* E* (K being the stress intensity factor), the slope
of the plot should be constant and equal to K, /o. Figure 6
shows that the slope is linear. Substituting the value of ¢ in the
tensile layer of 567 MPa, the fracture toughness, K., of the
0.50/0.50-A1,0,/t-Zr(3Y)0O, layer was calculated to be 4.20
MPa-m'?, which is smaller by =~25% than previously reported
values.”?° This discrepancy is most likely due to crack exten-
sion occurring at temperatures higher than room temperature.
Therefore, as stated for crack tunneling, the K, measured for
Al,0,/t-Zr(3Y)0, overestimates the toughness resisting crack
extension.

V. Conclusion

An existing analysis for the extension of cracks in a layer
under biaxial, residual tension is reported to take into account
of crack penetration into the adjacent layers. Theoretical predic-
tions of the critical layer thickness for tunnel cracks were then
compared to experimental observations and were found to be in
reasonable agreement and useful as a conservative solution in
fabricating crack-free laminates. Experimental measurements
of crack extension into the adjacent layers were found to be in
good agreement with the analysis of a slit-crack.
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