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Surface Cracking in Layers Under Biaxial, Residual Compressive Stress 

S. Ho,+ C. Hillman,' F. F. Lange,* and Z. Suo 

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

a! 
er Thin two-phase, Al203/i-Zr(3Y)02 layers bounded by much 

thicker Zr(3Y)02 layers were fabricated by co-sintering 
powders. After cooling, cracks were observed along the cen- 
ter of the two-phase, Al203/f-Zr(3Y)02 layers. Although the 
Al203/f-Zr(3Y)02 layers are under residual, biaxial com- 
pression far from the surface, tensile stresses, normal to 
the center line, exist at and near the surface. These highly 
localized tensile stresses can cause cracks to extend parallel 
to the layer, to a depth proportional to the layer thickness. 
A tunneling/edge cracking energy release rate function is 
developed for these cracks. It shows that for a given residual 
stress, crack extension will take place only when the layer 
thickness is greater than a critical value. A value of the 
critical thickness is computed and compared with an avail- 
able experimental datum point. In addition, the behavior of 
the energy release rate function due to elastic mismatch is 
calculated via the finite element method (FEM). It is also 
shown how this solution for crack extension can be applied 
to explain cracking associated with other phenomena, e.g., 
joining, reaction couples, etc. 

I.   Introduction 

ATTENTION has been drawn to cracking in layered materials 
caused by residual stresses, because the problem fre- 

quently appears in adhesive joining, electronic packaging, and 
other technologies. When fabricated at an elevated temperature, 
I,,, and cooled to T, the two materials that form the layered 
system studied here suffer a mismatch strain of 

eM = /7
7°(«2 - «,) dT (1) 

where a, and a2 are the thermal expansion coefficients of the 
two materials. 

Consider a laminate of a balanced stacking sequence of the 
two materials so the laminate does not bend. Denote r, and t2 
as the thicknesses of layers formed with materials 1 and 2, 
respectively. Far away from the free surface, the residual stress, 
(TR, in each layer is uniform and biaxial. The stress perpendicu- 
lar to the layers, far from the free surface, is zero (o\ = 0). In 
the layer with the lower thermal expansion coefficient (material 
1), the residual, biaxial compressive stress is given by 

=     -CM,,— (3) 

em£! 
CTR, = 

1   + 
(2) 

and in the layer with the greater thermal expansion coefficient 
(material 2), the biaxial, tensile stress is given by 
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Here E' = £/(l - v), where E and v are Young's modulus and 
Poisson's ratio. For the situation where tjt2 -> 0, the biaxial 
stress in material 1 reduces to 

(4) 
1 

and the stress in material 2 vanishes (crR2 -» 0). For the experi- 
mental case considered below, subscripts 1 and 2 distinguish 
the thinner Al203/f-Zr( Y)02 two-phase layers from the thicker 
r-Zr(Y)02 layers, respectively. As shown in Table I, a, < a,, 
and thus, biaxial, residual compressive stresses develop within 
the thinner Al203//-Zr( Y)0, two-phase layers far from the free 
surface, whereas the much thicker r-Zr(Y)0, layers are nearly 
stress free. 

It is well known that the stresses at the free surface of layered 
materials are different from those within the body of the mate- 
rial. Finite element calculations12 show that although biaxial 
stresses exist far from the surface, a stress perpendicular to the 
layer plane exists near the free surface that is highly localized, 
decreasing rapidly from the surface to become negligible at a 
distance approximately on the order of the layer thickness. This 
stress has a sign opposite to that of the biaxial stresses deep 
within the layer. Thus, when the biaxial stresses are compres- 
sive deep within the material (case reported below), there is a 
tensile stress perpendicular to the layer at and near the surface. 
This reversal of stresses was also observed by Cox3 during his 
analysis of inclusions located either within a body or at the 
surface. Thus, a tensile stress field, localized near the surface, 
will be present in layers when the stress far from the surface is 
biaxial compression. These tensile surface stresses can cause 
the extension of preexisting cracks. 

It has been shown that the condition for crack extension 
within a highly localized stress field depends on both the mag- 
nitude of the tensile stress and the size of the body that gives 
rise to the stress field. This is independent of whether the stress 
field is residual4 (e.g., differential thermal expansion) or an 
applied local stress5 (e.g., contact stress). Strain energy release 
rate functions (G) describing the condition for crack extension 
within thin films and layered materials have been recently 
reviewed.6 These functions can be expressed as 

G = 
Zo-t 

(5) 

where a isjhe tensile stress within the film or layer, t is the 
thickness, £ = £7(1 - v2), and Z is a dimensionless number 
that depends on the specific system. Although the topic of 
surface stresses in embedded layers was not reviewed in Ref. 6, 
Evans and co-workers78 have analyzed a layered system where 
a thin metal layer joined two thicker ceramic layers. The thin 
metal layer was under biaxial tension far from the free surface 
and its surface was in a state of compression normal to the 
metal/ceramic interface. Tensile stresses were localized at the 
surface of the ceramic layers, close to the metal layer, and a 
strain energy release rate function similar to Eq. (5) was derived 
to explain the surface cracks observed in the ceramic layers. 

2353 
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Table I.    Material Parameters 

Al,0,/f-Zr(Y)0, 
r-Zr(Y)0, 

aix 10 7Ki 

11.5--' 
12.5-" 

£lGPa> 

300:4.:5 

2052'1 
0.32:":7 

0.3227 

Vol. 78. Mo. 9 

r i J/rrr) 

58:-' 
95:4 

Ser 

In the present paper, thin alumina-zirconia composite layers 
were fabricated between two thicker layers of zirconia at high 
temperature bv co-sintering powders. After the laminate cooled 
to room temperature, a crack was observed along the center line 
of the alumina-zirconia layer. When the sample was diamond 
cut normal to the interfaces, similar cracks were observed on 
all fresh surfaces. Figure 1 shows a schematic diagram and a 
microaraph. Obviously, the biaxial compressive stress cannot 
cause "cracks in the alumina-zirconia layer. A more careful 
studv reveals that the phenomenon is a surface effect. Near the 

surface, the stress is nonuniform in each layer and differs from 
that given in Eq. (4). In particular, the alumina-zirconia layer is 
under tension in the direction perpendicular to the layer plane. 
As illustrated in Fig. 2, the thin alumina-zirconia layer strives 
to contract less than the two zirconia layers, bending its surface 
and thereby inducing the tensile stress. Consequently, if a con- 
dition for crack extension exists due to the tensile stresses near 
the free surface, the crack should extend only to a certain depth. 
The purpose of this paper is to use a simplified elastic analysis 
to determine surface stresses in a layer under residual biaxial 
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Fig. 2. Far away from the edge, the stress is biaxial in the plane of 
the laminate, compressive in A1.0,/Zr(Y)0:. and tensile in Zr(Y)0,. 
At [he edge, there is a tensile stress normal to the interfaces in Al.O,/ 
ZnY)0:." 

compression far from the free surface, and to show how these 
surface stresses can induce cracking. 

II.    Experiments 

Microlaminates consisting of thin layers of Al .0,/r-Zr( Y)Ch 
(-300 u.m) sandwiched between thick layers of r-Zr(Y)0, 
(=3000 |xm) were fabricated by sequential centrifugation. This 
method was previously used by Marshall et al." to fabricate a 
new. multilayer laminate with increased fracture toughness. 
The method utilizes a new colloidal processing technique10" 
where a short-range repulsive potential is produced by adding 
salt (e.g.. NH4Clf 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 filtration10" or centrifugation.i: and prevents 
mass segregation during centrifugation." 

A dispersed, aqueous slurry containing 0.10 volume fraction 
of r-Zr( Y)0: powder (TZ-3Y. Tosoh. Tokyo, Japan: ZrO: with 
a tetragonal structure containing 3 mol% Y,0,) was prepared at 
pH 2; I.0M NH4C1 was then added to create a weakly attractive 
network. This slurry was used to produce the r-Zr( Y)0: layers 
in the laminate. A second slurry, used to produce the layers with 
a lower thermal expansion coefficient, was prepared to contain 
0.005 volume fraction of two powders (0.50 volume fraction 
ALOj (AKP-50, Sumitomo Chemical Co., New York) plus 0.50 
volume fraction r-Zr( Y)0: at pH 2 with 1.0M NH4C1 to produce 
a weakly attractive particle network that prevents phase segre- 
gation. A volume V of the appropriate slurry containing the 
volume fraction of powder, cb, was poured into the centrifuge 
tube, of area A, to form a layer of thickness 

V'<t> 

Thus, by varying either the volume fraction of powder in the 
slurry or the volume poured into the tube, one could vary the 
desired layer thickness formed during centrifugation. For the 
current study, the predetermined volume of the f-Zr( Y)0: slurry 
was poured into a 50 mL polyethlyene centrifuge tube (Nal- 
gene) and centrifuged at 3200 rpm (centripetal acceleration 
~ 1900i?) for 2 h (optimum time for maximum particle packing 
density determined by Ref. 13. The tubes were accelerated 
slowly up to the highest speed to ensure a smooth surface, and 
a uniform layer thickness. After centrifugation of the r-Zr( Y )0; 

slurry, the clear supernatant was poured off, a predetermined 
volume of the Al,0,/Zr( Y)0: slurry was introduced into the 
tube for centrifugation. This process was repeated until the 
desired number of layers was achieved, i.e.. by sequential 
centrifugation. 

The laminates were air-dried and then heated at 2"C/min to 
1500°C for 1 h to produce dense laminates. The laminates were 
sectioned by diamond cutting, polished, and then examined 
with a scanning electron microscope (SEM) (840 SEM. JEOL. 
Tokyo, Japan). Cracks, parallel to the interface, were observed 
near the centerline of the Al,0,/Zr( Y)0, layers (Fig. lib)). 

To investigate the depth of the cracks, a tlexural bar specimen 
(3.6 mm X 8.5 mm X 20 mm) was prepared such that the thin 
ALO,/Zr( Y)0, layer containing the crack was at the center of 
the" bar. When the specimen was loaded in 3-point bending, it 
failed from the preexisting crack in the thin Al:0./Zr( Y)0, 
layer. When the fracture surface was observed in the scanning 
electron microscope, the position of the crack front prior to 
catastrophic extension by mechanical testing could be distin- 
guished by a slight change in the crack plane, which clearly 
marked the crack front. In addition, as shown in Fig. 1(c). 
several other crack front positions were observed, each appar- 
ently caused during cooling by sudden crack extension and 
arrest. The deepest crack, i.e., the crack front position produced 
by mechanical fracture, extended from the surface by 550 p.m. 
The thickness of the Al:0,/Zr( Y)0: layer containing the crack 
was 327 u.m, i.e., the normalized crack depth was alt = 1.68. 

III.    Mechanics 

(I)    Stress Distribution Prior to Cracking 
The stress given by Eq. (4) prevails inside the alumina- 

zirconia layer.well away from the surface. Near the surface. 
the stress distribution is much more complex. To appreciate 
significant features, we first analyzed a simplified problem. 
Consider a thin layer of material 1 (thickness t,) bonded by two 
much thicker layers of material 2 (thickness r:). assuming that 
the two materials have different thermal expansion coefficients 
but identical elastic constants and that tjtz -> 0. Both materials 
are fabricated, without bonding, at high temperatures so that 
their areas are identical before they are cooled. At a lower 
temperature, the area of the lower expanding material (1) will 
be larger than the area of material 2. The stress held can be 
obtained analytically as follows. 

>,/Zr(Y)0, 
x\ positions 

a2 

te3 ■ 
a2 

Residual Stress 
Problem 

Problem A Problem B 

Fig 3    The residual stress problem is a superposition of the following two problems: (problem A) a band of pressure of magnitude 
addition to the thermal mismatch: (problem B) a band of tensile traction of magnitude <rsl is applied, and there is no thermal mismatch 

irM is applied in 
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The stress induced by thermal mismatch is calculated by 
superimposing problems A and B in Fig. 3. In problem A. the 
three layers are detached from one another and a compressive 
traction of magnitude 

(6) 

is applied at the edge of the thin layer, so that the areas of the 
two materials are perfectly matched. The stress distribution in 
problem A is trivial: the two thick layers are stress-free, and the 
thin layer is under biaxial compression of magnitude o\,. in the 
plane of the layer. In problem B. the specimen consists of the 
three bonded layers, all of which are stress-free: a tensile trac- 
tion of magnitude o\, is applied to the thin layer. The super- 
position of A and B gives just what we want: the stress field 
induced by the thermal expansion mismatch strain alone, with 
no surface tractions. 

We are interested only in the stress field in the region scaled 
by the layer thickness: all other lengths—the size of the block 
and the diameter of the layer—are deemed too large to be 
relevant. This is a proper assumption for many materials with 
an embedded layer. Consequently, problem B can be further 
simplified to be a plane strain problem, i.e., a semi-infinite solid 
subjected to a band of surface tractions, which is simply a set of 
point forces along the thickness of the embedded layer (inset 
Fig. 4). This problem is readily solved by integrating the solu- 
tion for a point force on a free surface'4 over the band where the 
tractions are applied. Figure 4 shows the distribution of the 
stress component CT„. in problem B. This is also the distribution 
of the residual stress, since the stress component o\v vanishes in 
problem A. The centerline of the thin layer coincides with the 
.Y-axis. On the surface (.v = 0), cr,v is a step-function, equal to 
o\, in the thin layer, o\,/2 at the interface, and zero in the two 
thick layers. Along the centerline (v = 0). the stress is given by 

<M-v)l,=o = Z 0- ^sin2C (7) 

where tan 6 = f/2.v. For large depth x, i.e.. 6 -> 0, this stress 
decays as 

0\v 

o\, 
±#^±-(L 
3-rr 

0> 
6TT \ .v 

Equation (7) is labeled as y/t = 0 in Fig. 4. A similar solution 
was derived in Ref. 3. 

5 
o 

1 j—i—i—i—r   |   i    i T—i—|—i—i—r—i—r i r i —I— 

. y . 
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Fig. 4.    Distribution of the stress component a.^.v.v) near the edge. 
The elastic mismatch in this system is assumed to be zero. 

The results from Fig. 4 correspond well with the values 
determined via FEM by Kirchner et al.,~ considering the limita- 
tions of FEM for small embedded layers and that Fig. 4 assumes 
no elastic mismatch. 

(2)   Edge and Channel Cracking 
Interacting with preexisting flaws, the tensile stress in 

Eq. (7) may induce crack extension. Figure 5 illustrates that 
two situations must be considered: one, the extension of a pre- 
existing crack into the thin layer to a depth a (termed "edging'"), 
and second, the extension of a crack of depth a along the 
center line of the thin layer (termed "channeling"). Plane strain 
conditions apply if it is assumed that crack extension into the 
layer prevails as the crack extends along the center line. The 
strain energy release rate, GED. for extension into the layer 
(edging) is given by15 

GmE fl ■, 

o-:,t 
f- = JTS-\ 1.122 - (1 -.v)- 

[0.296 + 0.25s,;4(0.75 - .v)]|: (S) 

Here 

£ = £/(!- v:) 

s = —tan"   , . 
IT \2a 

Equation (8) is plotted in Fig. 6 to show that as the crack 
depth a increases, GED increases when a is small, reaching the 
maximum at a = 0.3?, and then drops when a is large. This 
trend is expected because the tensile stresses are localized near 
the surface. 

If the critical strain energy release rate of the thin layer 
material is T then for crack propagation to occur. 

cED = r (9) 

Graphically, this is analogous to drawing a horizontal line 
corresponding to T normalized by £/<T\,r in Fig. 6. When the 
residual stress becomes large enough during cooling, this line 
will intersect the GED curve at two points, corresponding to two 
crack depths. The larger depth is the crack's stable, equilibrium 
position; it will not grow deeper unless the residual stress 
increases because of a further decrease in temperature. 

The strain energy release rate for channeling, GCH, can be 
computed using16 

GCH = ~ J0"GED da (10) 

This result is also plotted in Fig. 6. The overall trends for the 
two strain energy release rate functions are similar. At a = 
0.55?, the GCH function reaches its maximum value 

Fig. 5. Two crack fronts: extension deeper into the layer (edging) and 
spreading around the layer (channeling). The tensile traction crM is 
applied on the surface of layer 1 (not shown in the figure). 
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Normalized Crack Depth, a/t 

Fig. 6.    The energy release rates of edging GfD and channeling Gr 
varv with the crack depth a. Elastic mismatch is assumed to be zero. 

(GCH)„, 
0.34o-;,f 

(11) 

No preexisting crack can channel along the layer when 

(GCH)m.<r (i2) 

Combining Eqs. (11) and (12). one finds that channeling is 
possible only when 

££ 
alt 

<0.34 (13) 

Consequently, for a given material pair cooled to a prescribed 
temperature, there exists a critical thickness, rc, below which 
channelina cannot occur, i.e., when 

t < t, = 
YE 

0.34er;, 

The following sequence of events is plausible as a laminate 
is cooled. The stresses increase from zero during cooling from 
the fabrication temperature. When the stress is low. favorably 
oriented, preexisting flaws will neither extend to a greater depth 
nor channel along the surface. As the stress increases during 
cooling and reaches the level determined by Eq. (13), a single 
flaw on the surface, of size around a = 0.551, will be activated 
to channel along the layer. If the preexisting flaw is much 
smaller, larger stresses need to develop before the crack sponta- 
neously both extends to a greater depth and channels. After 
channeling has occurred once, in a catastrophic manner, the 
crack can extend to greater depths (greater values of a) as the 
temperature drops further. Because GED diminishes for large 
depths, the crack will stabilize at a larger depth determined by 
Eqs. (8) and (9). 

(3)   Effect of Elastic Mismatch 
When the two materials have different elastic constants, we 

solve the problem by using the finite element method. As illus- 
trated in Fig. 5, a thin layer of Young's modulus £, is bonded 
between two infinite blocks of Young's modulus E2. Poison's 
ratios are taken to be 1/3 for both materials. The elastic mis- 
match is conveniently described by 

£, 

£, + £, 
(14) 

which lies between ± 1. and is positive when material 1 is stiffer 
than material 2. The thin laminate is loaded by a tensile traction 
o\, on the edge of layer 1. 
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Fig. 7.    Edging energy release rate as a function of crack depth and 
elastic mismatch. 

Finite element meshes were generated for various crack 
sizes, a/t. The accuracy of each mesh was checked by compar- 
ing finite element results for £, = £, with the solution pre- 
sented in the previous section. The calculated strain energy 
release rates for edging (GED) are plotted in Fig. 7. where 
Young's modulus of the thin layer £, was used to normalize the 
energy release rate. Everything else being fixed, as the two 
thicker layers become more compliant, the curves spread 
toward the upper right; i.e.. the crack will extend deeper into 
the thin layer. 

Once GED is obtained, one can use Eq. (10) to compute 
GCH. A more direct approach, more suitable for finite element 
analysis, is as follows. First the stress distribution cr,..(.v) on the 
line of the prospective crack is computed when there is no 
crack. Then the crack-opening profile, 8(.v). is computed for a 
traction-free crack. Both computations are done using the finite 
element method. The channeling energy release rate is calcu- 
lated by integrating17 

GCH = ^K(.v) 5(.v) d.t (15) 

The computed results are plotted in Fig. 8. Everything else 
being fixed, both the maximum, (GCH)max, and the depth where 
the maximum occurs increase as the two thicker layers become 
more compliant. 

Crack channeling cannot occur when Eq. (12) is satisfied. 
The maximum on each curve in Fig. 8 is plotted in Fig. 9 as a 
function of the elastic mismatch ratio. For a given elastic mis- 
match, channel cracking is not possible when the dimensionless 

0.5 1 1.5 

Crack depth, a/t 

Fig. 8.    Channeling energy release rate as a function of crack depth 
and elastic mismatch. 
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aroup, r£,/oV. lies above the curve: this region is labeled 
"no cracking." 

IV.    Discussion 

We have developed an analytical expression for the distribu- 
tion of tensile stresses at and near the surface of a layer that is 
under biaxial compression far from the surface. These stresses 
are consistent with the surface crack observed to bisect the 
laver We have also developed critical strain energy release rate 
functions that describe how far a surface crack will extend into 
the layer and when it will spontaneously extend along the 
laver As for other cases where the tensile stress is highly 
localized.1 ^s it is shown that spontaneous extension along the 
laver can occur only when the dimensionless group. r£,/o-;,f. 
exceeds a critical value. That is, for a given set of material 
properties and residual stress, crack extension along the layer 
will not occur when the layer thickness is less than a critical 

The strain eneray release rate function. Eq. (8), can be tested 
by comparins the experimental value of the crack depth 
obtained by ooservina the fracture surface of the materials used 
in the current work with the value predicted with Eq. (8). A 
value of the normalized strain energy release rate of 0.17 is 
obtained by substitutina the experimental crack depth/layer 
thickness ratio of 1.68 reported above into the right-hand side 
of Eq (8) and usina a value for the elastic mismatch parameter 
(Eq (14)) of 0 "> for the current materials. Using the material 
properties in Table I. a value of 0.156 was obtained for the left- 
hand side of Eq. (8). The two values obtained from each side of 
Eq (8) 0.17 vs. 0.156. appear to be in sufficient agreement to 
surest that Eq. (8) can produce a good estimate for the con- 
dition for crack extension, given that the elastic mismatch is 

small. 
The phenomenon described here can be important in many 

technical situations including the processing and use of 
multilayer materials, such as capacitors, electronic packaging, 
piezoelectric actuators, and laminar composites. In these appli- 
cations residual stresses arise during the codensifkation of 
powder lavers due to differential shrinkage, and during cooling 
from the Verification temperature due to differential thermal 
contraction. For example, in electronic packaging, layers or 
ceramics and metals are bonded together; the ceramic layers are 
typically under residual compression far away from the free 
surface, but under tensile stress at the free surface. 

Other important applications include reaction layers formed 
between two materials at elevated temperatures and bonded 
joints Reaction layers can develop between two materials at 
elevated temperatures. When the reaction product has a larger 
molar volume, the reaction layer is under biaxial compression 
far from the free surface but under tension at the surface. An 
example of this is cited in Ref. 18. where the reaction between 
nickel and AUO, produces a spinel layer that results in an 
extremely weak joint. Since reactions often produce large molar 
volume changes, and thus, linear strains much larger than those 
associated with differential thermal expansion, the critical 
thickness of the reaction layer for spontaneous crack extension 
can be onlv a few nanometers; the depth of the crack is expected 
to increase as reaction proceeds to produce a thicker reaction 

Residual stresses can also arise when materials are bonded 
together with a third material (adhesives, brazes, etc.). In prac- 
tice it is well known that the strength of the join depends not 
only on the maanitude of the residual stress (due to the proper- 
ties of the third material), but also on the thickness of the 
joinina layer. For example, Kirchner et air have shown that the 
strength of joints produced between ceramics bonded together 
with "a alass increases with decreasing glass bond thickness, 
although the maximum tensile stress at the surface was found, 
by finite element analysis, to be independent of the bond layer 
thickness. For cases such as these, where a tensile stress is 
superimposed on the residual tensile stress, the critical bond 
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Fig. 9.    Condition for the channel cracking to be suppressed. 

layer thickness for spontaneous crack extension (i.e.. fracture) 
will depend on the applied to residual stress ratio. Although the 
critical stress intensity function for this superimposed stress 
problem is bevond the scope of the present work, its solution is 
expected to show that the strength of the bonded joint will 
approach the statistical strength of the ceramic with decreasing 
bond layer thickness. 

Other problems of a similar nature, involving fibers and 
inclusions under an apparent compressive stress, have been 
cited in the literature. Cracks have also been observed in hber- 
reinforced composites. If fibers have a smaller thermal expan- 
sion coefficient than the matrix, the fibers within the matrix are 
placed under compressive stresses in all three directions during 
coolina from the processing temperature. However, at the tree 
surface of the composite, tensile stresses develop in the direc- 
tion normal to the fiber axis. A crack can channel along the 
fiber if the dimensionless group. YEI<s\xR. exceeds a critical 
number." Here T. £, and R are the critical strain energy release 
rate. Young's modulus, and the radius of the fiber, and o\, is the 
mismatch stress. 

For inclusions. Lange and MetcalF have shown that crack- 
ing due to tensile stresses occurs when an inclusion, nominally 
under compression when fully embedded in a matrix, is trun- 
cated by the surface. For this case, the residual stress in a 
surface inclusion has been analyzed by Cox3 as a function of 
the inclusion shape. Analogous to the surface inclusion, when 
the surface of a brittle material is suddenly heated in a small 
reaion e.g., when the surface is impinged with a melt droplet 
ora laser beam, the small region expands. The situation com- 
monly gives a false impression that a compressive stress, paral- 
lel to the surface, develops at the heated spot. However, a recent 
analysis'' has shown that crack extension can occur due to 
tensile stress parallel to the surface, under the heated spot. 

Finally, it should be pointed out that the stress distribution 
reported above for free surface of an embedded layer is similar 
to those imposed by the "bridge" loading method, developed by 
Nose and Fujii.22 to introduce a crack of finite depth into a 
bar specimen. With an appropriate testing method and stress 
intensity function, the cracked bar is used to determine the 
critical stress intensity factor of the material. The "bridge is a 
slotted block. The bar specimen is compressed between the 
bridae and a flat surface; except for the region between the slot 
in the bridae. the opposine surfaces of the bar are compressed. 
At a critical load, a crack suddenly "pops" into the bar between 
the slot in the bridge. In this loading configuration, the unloaded 
region in the bar. defined by the slot in the bridge, is analogous 
to"the layer in the problem analyzed above. That is. localized 
tensile stresses arise within the bar defined by the slot in the 
bridae Similar to the conditions for crack extension in the 
layer the crack produced by bridge loading only extends into 
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the bar to a depth that is proportional to the width of the slot. 
Thus, although the loading condition is compressive. localized 
tensile stresses within the unloaded slot region lead to the 

' Sudden extension of a crack that arrests at a depth proportional 
to the width of the slot. 

Acknowledgment: Finite element analyses are carried out with 
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\queous. alumina slurries dispersed at low pH form weakly 
attractive networks when excess counterions are added. 
These slurries can be consolidated to a high relative packing 
density via either pressure nitration or centrifugation with- 
out mass segregation or density gradients. These saturated, 
consolidated bodies can be reshaped by vibrating them into 
a complex-shaped die cavity, a process termed VibraForm- 
ing. The vield stress of these bodies can be increased by 
adding urea to the slurry before consolidation and then 
heating the VibraFormed body to change the pH of the 
water within the body to the isoelectric point for the alu- 
mina powder. The increased yield stress, characterized by 
stress relaxation experiments, allows the body to be 
removed from the die cavity without shape distortion. 

I.   Introduction 

LABORATORY
1
 and pilot-plant2 demonstrations have shown 

that the mean strength of a ceramic can be dramatically 
increased by removing strength-degrading heterogeneities 
(agglomerates, inclusions, etc.) from dispersed slurries prior 
to consolidating the powder into an engineering shape. The 
heterogeneities are removed by either sedimentation or filtra- 
tion. More importantly, because strength-degrading heteroge- 
neities greater than a given size are removed, the strengths 
of the fired bodies exhibit a truncated distribution as if the 
material was proof tested prior to strength measurements. This 
greatly lowers the probability that any test specimen (compo- 
nent) will fail below a given minimum stress level. 

Although long-range, repulsive interparticle potentials are 
required to produce dispersed slurries that can be filtered, it has 
been demonstrated34 that once filtered, short-range repulsive 
potentials are more desirable for further processing and shape 
forming.5 Short-range repulsive potentials, combined with the 
attractive van der Waals potential, produce a weakly attractive 
particle network (termed a coagulated slurry) that is resistant 
to mass segregation even during centrifugation. Short-range 
repulsive potentials also allow particle packing densities near 
the maximum during consolidation at modest pressures (a few 
megapascals),3-7 a packing density that is pressure insensitive, 
and they produce plastic (claylike) bodies with a modest yield 
stress (between approximately 0.01 and 0.1 MPa).s Short-range 
repulsive potentials can be produced either by strongly 
adsorbing short molecules that prevent attractive particles from 
touching9'0 or by adding an indifferent electrolyte to a slurry 
dispersed by the diffuse, electric double-layer method. 

The diffuse, electric double-layer method, described by the 
classical Denaguin-Landau-Verwey-Overbeek (DLVO) the- 
ory allows the slurry to first be dispersed, required for the 
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removal of heterogeneities via filtration, and then coagulated 
by simply adding salt. Although the cause of the short-range 
repulsive potential, first described as a hydration potential.' is 
still a subject of research, it has been shown that once the 
critical coagulation concentration has been exceeded, the net- 
work becomes stronger with increasing concentration of salt. 
For alumina powders at low pH, the network strength, charac- 
terized with viscosity,V4 elastic modulus." and yield stress mea- 
surements.4" appears to plateau at higher (>1.?.V/) 
concentrations of salt. For the same slurry, the strength ot 
the coagulated network is significantly lower than that tor the 
network produced at the isoelectric point where only the attrac- 
tive van der Waals potential persists. 

The discovery of weakly attractive particle networks and 
their attributes for ceramic processing has led to several innova- 
tive shape-forming technologies. It was first demonstrated that 
two-phase, coagulated slurries could be centrifuged without 
mass and phase segregation to produce a body with a uniform 
packing density, despite the large pressure gradients inherent to 
centrifugation.6  This  demonstration  showed  that  complex 
shapes could be formed by centrifugation and layered compos- 
ites could be formed by sequential centrifugation.1- Later it 
was demonstrated that saturated bodies, consolidated by either 
centrifugation or pressure filtration, could be fluidized by vibra- 
tion and made to flow into a complex die Cavity despite a 
particle packing density near (or at) the maximum value for the 
powder.5 Although the bodies formed by vibratory shaping 
would dramatically increase their apparent yield stress as soon 
as the vibration was turned off, the yield" stress was not high 
enough to allow the body to be pushed out of the die cavity 
without some shape distortion. As we demonstrate in this paper, 
the yield stress of the molded body can be dramatically 
increased by a chemical reaction that causes in situ flocculation. 
that is by changing the pH of the reformed saturated consoli- 
dated powder compact from a low value (pH 4) to the isoelectric 
point of alumina. 

The change in pH can be accomplished by the thermal 
decomposition of urea, added to the slurry before consolidation, 
according to 

heal „^   * 
CON2H4 (urea) + (excess) HX) -» CO, I 

+ NH4* + OH" + H:0 

With the appropriate pH change the particles will flocculate at 
the isoelectric point where the yield strength is significantly 
increased, as demonstrated by stress relaxation measurements 
described below. 

The authors discovered that similar work was ongoing simul- 
taneously,13 which used enzyme-catalyzed urea decomposition 
to change the pH of unconsolidated slurry to create a suit 
green body. 

II.    Experimental Procedure 

(/)    Slurry Preparation 
a-Alumina (Sumitomo Chemical Co.. New York. Grade 

APK50) powder with an average particle size of 0.2 u.m and a 
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9 9 nv;» surface area was prepared as an aqueous slurry con- 
taining 0.20 volume traction of solids at pH 4.0 as described 
elsewhere." The powder develops a positive surface charge at 
low pH. reaching a maximum zeta potential of about -o() mV 
at <pH VJ The zeta potential gradually decreases trom its 
maximum at pH 5 to zero at pH 9. After dispersing at pH 4. the 
slurry was then either coagulated by the addition of O.aM 
NH.C1 (Fisher Chemical, Fair Lawn. NJ. analytical grade) to 
create a weaklv attractive network or flocculated by changing 
the pH to 9. Urea was added to the coagulated slurry at a 
concentration of 4(Fr of the weight of the water present in the 
slurry This reduced the solids loading of the urea-containing 
slurry' to 0.16 volume fraction due to the increased volume of 
solution. The pH was adjusted to the desired pH (±0.1 pH 
units) with analytic grades of either HNO-, or NH4OH. 

(2)    Consolidation 
The slurries were consolidated by pressure nitration as 

described elsewhere." A predetermined volume of slurry was 
poured into a pressure filtration cavity (2.54 cm in diameter) to 
consolidate bodies «1.5 cm in height with a pressure of 8 MPa. 
Bodies consolidated from the slurry that did not contain urea 
only required =35 min to reach their equilibrium packing den- 
sity (recognized when the movement of the die plunger ceased). 
Bodies consolidated from slurries containing urea required -50 
min to reach their equilibrium packing density, due presumably 
to their lower initial fraction of solids. In all cases, the pressure 
was maintained for an additional 10 min after reaching their 
apparent equilibrium packing density. The consolidated bodies 
were stored in plastic bags containing a piece of paper towel 
saturated with water. Different bodies were consolidated for 
measuring relative density, VibraForming experiments, and 
stress relaxation experiments. 

The relative density of the consolidated bodies was deter- 
mined using the weight difference method. The weight of the 
consolidated body was determined immediately after pressure 
filtration, after drying at 60°C for > 16 h, and after pyrolyzing 
all additives (salt and urea) at 350°C for 3 h. The densities 
were calculated on the basis of the weight contributions of the 
constituents. It is assumed that only water is removed at 60°C 
and the NH4C1 and urea are removed at 350°C. In this method, 
the relative density of the powder within the saturated body 
is determined. 

(3)   VibraForming Experiments and In Situ Flocculation 

The formulation of slurry used in this work (pH 4 with 0.5M 
NH4C1) was chosen to produce a consolidated body that would 
readily liquefy based-« the work of Velamakanni et al.% A 
small die cavity was designed and fabricated out of aluminum 
to produce a pseudorotot that incorporated both varying cross 
section and vanelike protrusions to demonstrate the process 
capability. Figure 1(a) shows the size and shape of the die 
cavity. A second, simple cylindrical mold was fabricated so that 
samples could be reshaped into cylinders to be tested in stress 
relaxation experiments to determine if the properties of the 
consolidated body changed after VibraForming and in situ 
flocculation. Silicone grease was used as a mold release agent. 
The mold with its lid removed was placed on a vibrating table 
(Cleveland Vibrator Co., Cleveland. OH, Model CM-30). The 
mold was filled by placing the pressure-filtered, consolidated 
body containing urea in the die cavity with its cylindrical axis 
parallel to the horizontal surface of the die cavity. When the 
vibrating table was turned on, the consolidated body liquefied 
and flowed under the influence of gravity to fill the mold. Any 
excess material that overflowed the die cavity was removed 
before the lid to the die cavity was fastened. It was also found 
that the die cavity could similarly be filled by tapping the die 
cavity by hand on a horizontal surface. Once the die cavity was 
filled, the lid was securely fastened. The die cavity was 

designed to be airtight to prevent anv evaporation trom the 
consolidated bodv during subsequent processing. 

The die cavity.'tilled with the VibraFotmed bodv. was placed 
in a hot water bath, to initiate the urea decomposition. The hot 
water bath was chosen over a dry oven due to the better heat 
transfer characteristics of the liquid. VibraFormed specimens 
were heat-treated at temperatures between 80° and 95'C and 
times between 20 and 120 min. After heat treatment, the die 
cavity was cooled to room temperature (either by quenching in 
cool water or slowly cooling in air) before being opened. The 
mold was then opened and the sample removed. A qualitative 
judgment was made as to whether the sample had sufficient 
yield stress to be handled. In this way a temperature vs time 
map was constructed to distinguish between heat treatments 
that produced either ••brittle" or "plastic" bodies. Specimens 
that were to be mechanically tested were placed in a plastic bag 
with a piece of saturated paper towel to prevent the sample 
from drying out before testing. Specimens not designated tor 
mechanical testing were weighed immediately after demolding 
and then again after drying at 60°C and pyrolyzing at 3?0X to 
calculate relative densities as described above. 

No attempt was made to measure the pH of the water in the 
bodies after heat treatment, although it is assumed that the pH 

(a) 

1cm 

(b) 
Fie 1 (a) Aluminum mold used to form pseudorotors by VibraForm- 
ing The mold outside diameter is 6.35 cm (2.5 in.), (b) Fired alumina 
pseudorotor produced by VibraForming and in situ flocculation pro- 
cess. The outside diameter of the part (including vanes 1 is .v 
its height is 0.95 cm. 

1 cm and 
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increased because of the urea decomposition evident by the 
strona ammonia smell and evidence in a related research pro- 
gram? In the related research program. " slurries containing ()._? 
volume fraction of the same alumina powder were prepared 
with urea POft and 50^ bv weight of water in the slurry) and 
were heat-treated at 93°C for 20 min then cooled. The pH of 
these slurries was measured before and after heat treatment. All 
samples for both urea levels showed an increase in pH from 
4 1 to between 8.1 and 8.5 after the heat treatment. Control 
samples without urea were heat-treated with the same sched- 
ule that produced "brittle" compacts in the urea-containing 
samples. ... 

After the VibraFormed bodies were removed from the die 
cavity, dried at 60=C/16 h. and pyrolyzed at 350°C/3 h. they 
were densitied bv heating at 5°C/min to 1400T for 2 h. The 
Archimedes method was used to measure the '•fired' density. 

(4)   Stress Relaxation Experiments 
Stress relaxation measurements were performed using a 

servo-hvdraulic mechanical test machine previously descnbed 
bv Velämakanni et a/.8 The cylindrical specimens, contained 
within the plastic bag, were deformed in compression under 
the displacement control mode of machine operation. Either a 
4450 N (1000 lb) or an 890 N (200 lb) load cell was used 
depending on the peak stress of the sample being tested. Initial 
testing was done using the 4450 N load cell and samples that 
exhibited only low loads were reproduced and tested with the 
890 N load cell to take advantage of its better resolution at low 
loads. A small compressive load of 0.5 to 2.0 N was applied to 
ensure that the specimen was in good contact with the loading 
platens. Although no aging effects of the saturated bodies were 
observed in the previous study,8 any effects of aging were 
minimized by testing the specimens within a period of 30 to 
90 min after they were produced. 

Each stress relaxation experiment consisted of applying a IA 
compressive strain on the sample at a predetermined loading 
rate and then fixing the crosshead while the stress within the 
specimen relaxed. The load was measured and recorded during 
the loading as well as during the relaxation period. The test was 
terminated when the load either relaxed to zero or relaxed to a 
constant value. A constant displacement rate of 25 mm/min was 
used, corresponding to an initial strain rate of 0.030/s ± 0.005. 
(Slightly different specimen dimensions produced the strain 
rate variation.) Similar results were found for specimens tested 
at 5 mm/min. Stress was calculated by assuming no change in 
area of the specimen during the test. 

III.   Results and Discussion 

<7)   Demolding after VibraForming 
Figure 2 maps the time-temperature conditions that pro- 

duced bodies that were either "brittle" or "plastic." Bodies 
denoted "brittle" did not deform significantly before cracking. 
Those denoted "plastic" showed significant plastic deformation 
before cracking. The "brittle" bodies were rigid enough to be 
removed from the die cavity and handled without deformation. 
When the die cavity was quenched from 95°C to room tempera- 
ture in a cool water bath, the bodies were found to be cracked 
when the mold was opened; cooling in air avoided this problem. 
The "plastic" bodies tended to adhere to the mold walls and 
deform during demolding. This led to distortion (and eventually 
fracture) of thin "vane" sections. The "plastic" bodies did not 
crack even when quenched from 95°C. Figure 1(b) shows a 
VibraFormed component made with the condition within the 
"brittle" region of Fig. 2. Although silicone grease was used as 
a mold release, it was only partly successful. Many attempts at 
molding pseudorotors were unsuccessful because of the vane 
sections   sticking   to   the   mold   and  cracking   off  during 
demolding.. 

(2)   Relative Density 
The relative density results are summarized in Table I. Bodies 

consolidated from coagulated slurries either with or without 
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Fig 2 Body rheoloey map that shows the heat treatments that pro- 
duced either ■'brittle"™ "plastic" bodies. The hand-drawn line sepa- 
rates the region that produces "brittle" bodies from the region that 
produces "plastic" bodies. 

urea pack to a much higher relative density (=0.58) relative to 
bodies consolidated from flocculated slurries (=0.51). The 
in situ flocculation phenomenon, produced by a heat treatment, 
does not change the relative density. It was also shown that the 
stress relaxation experiments did not have a significant effect 
on the packing densities of the coagulated or flocculated 
specimens. 

(3)   Stress Relaxation 
Typical stress relaxation (stress vs time) plots are shown in 

Figs. 3(a-d). The two distinguishing features of these plots are 
the peak stress (o-0) and the saturation stress (o\). which is the 
yield stress of the body when the strain rate is zero. This 
saturation stress is the parameter which controls the fracture/ 
deformation behavior of the body during demolding. When o\ 
is larger than the strength of the saturated powder compact, the 
body fractures before it can be plastically deformed: viz.. the 
body is brittle. When CTS is less than the fracture strength, the 
body is plastic. When o% is too low, the body will not retain its 
shape after molding or deforms during demolding. 

The stress relaxation data are summarized in Table II for the 
different conditions examined; an average of four different 
specimens are reported for each condition. Other interesting 
aspects of these tests including elastic modulus and relaxation 
rate-stress relationships are the subject of ongoing research. 

As shown in Table II, specimens containing urea that were 
not flocculated via heating are quite similar to the coagulated 
samples (i.e., pH 4,0.5M NH4C1) without urea. In other words. 
they are essentially plastic (i.e.. low o-0 and tx,/o-0 -» 0). The 
samples with urea that were heat-treated exhibit the brittle 
behavior that is indicative of flocculated samples (i.e.. high CT„ 

and o- /<T0 > 0)- The '" situ flocculated specimens have a 
somewhat lower peak stress and lower saturation stress com- 
pared to samples made from a flocculated slurry. This might 
suggest that the heated specimens may not have been com- 
pletely flocculated. It is expected that the higher relative density 
of the in situ flocculated specimens would produce a much 
stronger network relative to the lower density bodies consoli- 
dated from the flocculated slurry." At the moment, we can only 
assume that the flocculation is not complete during the heat 
treatment. This in no way detracts from the usefulness of this 
technique in producing complex-shaped components. In tact, a 
little ductility may be beneficial in preventing cracking during 
demolding. 

(4)   Fired Densities 
The specimens heated to 1400°C for 2 h achieved a relative 

density >97%. For specimens containing urea that were not 
heat-treated, the average relative density of four specimens was 
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Table I.    Relative Packing Densities 
Slum preparation 

Coagulated. pH 4.0. 0.5 V/ NH;C1 
Before stress relaxation 
After stress relaxation 

Coagulated with urea. pH 4.0. 0.5/W NH4CI. no heat treatment 
Before stress relaxation 
After stress relaxation 

Coagulated with urea. pH 4.0. 0.5M NH.C1. in situ 
flocculated 

Before stress relaxation 
After stress relaxation 

Flocculated. pH 9.0 
Before stress relaxation 
After stress relaxation 

P !tknvj Jcn^itii> 

Numbers in parentheses show ihe number of specimens measured. 

0.578 r 0.007 (ST 
0.576 r 0.007(8) 

0.593 ±0.010(3) 
0.585 ±0.013(4) 

0.586 ± 0.007 (4) 
0.589 ±0.010(4) 

0.511 ±0.002(3) 
0.514 ±0.002 (8) 

0.025 0.025 

0.2 0.3 
time (min) 

(a) 

0.2 0.3 
time (min) 
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time (min) 
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0.4 0.5 

FiS"?*^ 7^iCKa,'„St^SS relaxation curves for b«1'65 consolidated from slurries as follows: (a) coagulated (pH 4.0. 0.5W NH4C1): (b) coagulated 
(pH 4.0. 0.3/V/ NH4C1) wlth urea, not heat-treated; (c) coagulated (pH 4.0, 0.5M NH4C1) with urea, after 95°C heat treatment; (d) flocculated (pH 9.0). 

Table II.    Stress Relaxation Behavior 
Slurry preparation <rn(MPa)' 

Coagulated. pH 4.0,0.5M NH4C1 
Coagulated with urea, pH 4.0, 0.5M NH4C1. no heat treatment 
Coagulated with urea. pH 4.0,0.5M NH4Cl, heated, in situ flocculated 
Flocculated. pH 9.0 

Peak stress. Saturation stress. "Average of four samples. 'Average of two samples 

o\ (MPa)' 

0.035s 0.002s 0.057' 
0.0741 0.002' 0.027' 
0.791 0.37' 0.468' 
1.36s 0.88s 0.64~' 



1.328 
Journal i>f the American Ceramic Society—Franks er ai Vol. "8. No. 5 

8X - i) 02 si/cnV. The average density of the tour specimens 
flocculated after VibraForming was 3.87 r that vvere //) w» 

0.02 u/cm'. 

IV.    Conclusions 

A colloidal processing technique that allows dispersed slur- 
ries to be first filtered to remove flaw-generating heterogenei- 
ties but takes advantage of short-range repulsion potentials has 
been shown to be a promising technology for forming complex- 
shaped ceramic bodies bv VibraForming. The plastic character 
of the coagulated svstem. produced by the short-range repulsive 
potential, was exploited to reshape bodies into more complex 
objects by simple vibration. An in situ flocculation technique 
via the chansze in pH due to the decompositton of urea was 
used to increase the yield stress to facilitate demolding after 
VibraFormina. Stress relaxation experiments confirm that the 
in situ floccufation phenomenon was successful in changing the 
body rheology from a plastic to a pseudo-elastic behavior. 
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ABSTRACT. The interparticle potentials developed in a ceramic system govern the rheological behavior 
of both the slurry and the consolidated body. Proper control over these potentials allows for the reduction 
of strength degrading flaws and new forming methods. Post-consolidation shaping of a saturated ceramic 
body requires a body rheology which is plastic. A plastic, clay-like rheology not only allows complex 
shaping without the concern of density gradients but also eliminates the problem of stress induced cracking 
due to the release of forming pressures. Short-range repulsive potentials that persist during packing result 
in consolidated bodies which are plastic. Three methods of producing short-range repulsive potentials in 
silicon nitride systems have been investigated. As demonstrated previously for AI2O3 systems, the 
addition of salt to dispersed S13N4 slurries is shown to produce a short-range repulsion not predicted by 
classic DLVO theory. Microencapsulation of S13N4 with AI2O3 has also been performed in order to 
mimic the behavior of the AI2O3 powder. Steric stabilization of Si3N4 by either chem- or phys-adsorbed 
hydrocarbon chains also results in a short-chain repulsive potential. The existence of the potential is 
demonstrated by viscosity and packing density measurements which show a difference between systems 
described above and systems in which only van der Waals attraction operates. Only in the case of chem- 
adsorbed hydrocarbon chains has the short-range repulsion been seen to persist during packing. As a 
result, only bodies consolidated from these slurries exhibit plastic behavior. 

1. Introduction 

The failure probability of a ceramic component can be determined with statistical 
parameters describing the flaw populations within the material (e.g., either two or three 
Wiebul parameters) if the tensile stress distribution within the component and the volume 
of the component at each stress level are known.[l] Strength-stress history effects (sub- 
critical crack growth) and proof testing can also be included in this analysis.[l] Although 
the statistical approach is a critical tool for designing components with brittle materials, it 
can only be used when the statistical parameters are invariant with manufacturing, i.e., the 
same statistical parameter must persist from the time they are determined through 
component manufacture. Physically, the statistical parameters that govern failure 
probability depend on the probability of finding different flaw populations, each with their 
different size distribution within the component, which must be assumed to be invariant 
from component to component. Most flaw populations are introduced during material 
processing and component fabrication. [2] Different flaw populations exist within the 
powder used to fabricate the materials; these persist through all stages of processing 
(different types of agglomerates, organic and inorganic inclusions, large particles, etc.). 
Others can be introduced when the powder is formed into an engineering shape (e.g., 
cracking due to strain recovery immediately after pressure consolidation). Other flaw 
populations can be introduced during densification (e.g., the growth of large grains) and 
still others can be introduced during component fabrication (e.g., surface flaws via 
diamond machining). Today, most ceramic manufacturers do not recognize the relation 
between their processing method and the flaws they introduce during processing. The 
introduction of large flaws in some standard industrial processing methods is unavoidable, 



e.g., the practice of spray drying to produce a flowable, agglomerated powder for dry 
pressing must be abandoned because each agglomerate can produce a large flaw also 
spray drying can introduce air-born flaws. Clean rooms can not remove flaw populations' 
contained withm the as-received powder. Variable manufacturing processes (eg new 
lots of powder, worker cleanliness, variable humidity during dry pressing, etc.) produce 
variable flaw populations and thus, variable statistical parameters. 
Although more than one flaw population is commonly observed at different fracture 
origins within a set of fractured specimens, one population generally dominates the 
extreme, lower strength values. A change in processing that 'removes' this dominate 
population, by truncating its size, not only increases the mean strength but also uncovers 
another flaw population that becomes dominate. Sequential 'removal* of dominate flaw 
populations by consecutive processing changes leads to a regular increase in the mean 
strength. Processing changes of this nature not only increase the mean strength and 
reliability of a ceramic, but, more importantly, cause the manufacturer to develop a new 
reHabüi     8y        enSUr6S processing reProduciWlity and thus, improved component 

As previously reviewed,[2] processing methods exist to minimize the size of common 
flaw populations. All methods must initiate with the powder itself. A powder can easily 
be cleansed of heterogeneities (agglomerates, organic and inorganic inclusions, particles 
greater than a given size, e.g., 5 |im) by dispersing it in a liquid and passing the resulting 
slurry though a filter. Powders for a multi-component system can be treated separately 
and mixed after cleansing'. Filtration of the slurry requires the development of long- 
range, repulsive mterparticle potentials to produce stable, dispersed powder slurries The 
extensive literature available on this subject has made it relatively simple to stabilize 
slurries of nearly any chemistry. Once cleansed, the powder can not be separated from the 
liquid by drying without introducing many of the same heterogeneities removed by 
Mtration; thus, engineering shapes must be formed from the slurry state by piping the 
slurry to a consolidation and shaping device. Here resides the problem that challenges the 
leading edge of both colloid and ceramic science. 
Because the volume fraction (f) of powder within a slurry that can be filtered is less (f < 
0.40) than the maximum packing density (f^ > 0.55), shape forming from the slurry 
state requires particle consolidation (f M f^). Shape forming can be either concurrent 
with consolidation, e.g., during either pressure filtration or centrifugation, or subsequent 
to consolidation, e.g., via plastic deformation by press forming, injection molding, etc 
Although a high relative density is desired, modest densities (f somewhat less than fmaT) 
are certainly acceptable provided density gradients are not present. Density gradients 
cause shrinkage gradients during drying and thermal densification that cause warping 
and/or cracking. Because pressure gradients exist within die cavities, powders that pack 
to the same density over a wide range of pressures are desired. In addition, some forming 
methods can not be used if the powder's relative density is pressure sensitive For 
example, centrifugation, which naturally produces large pressure gradients, can only be 
used to form shapes when the powder exhibits pressure insensitive packing Thus in 
ceramics processing, achieving pressure insensitivity of particle packing is a greater issue 
relative to obtaining the maximum relative density. 
Particles can be either attractive or repulsive. The van der Waals potential always causes 
particles with similar dielectric properties to be attractive when they are surrounded by a 
fluid with different dielectric properties. By itself, the van der Waals potential will 
produce a strong network of particles in elastic contact that is difficult to rearrange due to 
contact friction When only van der Waals potential exists, saturated consolidated bodies 
^nat^g A K
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strength). These bodies often crack due to strain recovery when the forming pressure is 



released after consolidation. A long-range repulsive potential can be produced by several 
methods; and, the net interparticle potential can be repulsive when the magnitude of the 
long-range repulsive potential is larger than the van der Waals potential. Repulsive 
particles are described as 'dispersed' within their surrounding fluid. Even when the 
volume fraction of particles is small, dispersed particles form an interactive network 
because their movement is hindered by neighbors, e.g., dispersed slurries containing high 
volume fractions of particles can not be passed through a filter. Surface chemistries can 
also be modified to produce a repulsive potential that is only 'felt' when the particles are 
close enough to be attracted by the van der Waals potential. These short-range repulsive 
potentials prevent the attractive particles from touching. As reviewed below, short-range 
repulsive potentials can produce a weakly attractive network relative to the touching 
network produced by the van der Waals potential alone. Provided they persist as particles 
are pushed together during packing, both long- and short-range repulsive potentials can 
ease particle rearrangement and yield pressure insensitive packing which allows particles 
to consolidate to their maximum relative density. 
Consolidated bodies with weakly attractive particle networks are desired in ceramic 
processing because they can be used to form complex shapes by methods that involve 
plastic deformation. Saturated, consolidated clay exemplifies this behavior because its 
yield stress is large enough to allow shape retention, but low enough to allow plastic 
forming, i.e., its yield stress < fracture strength. Strongly attractive networks form when 
only the van der Waals potential acts between particles; these networks can be brittle (yield 
stress > strength). A weakly attractive network forms when a short-range repulsive 
potential keeps particles from touching overwhelming the van der Waals potential at small 
separations, viz., the particles 'sit' apart, in a potential well. As detailed elsewhere, [3-5] 
the strength of attractive networks in the slurry state can be described by the relative 
magnitude of their elastic modulus, yield stress and/or viscosity at a given strain rate. 
High relative packing densities can be obtained by consolidating slurries with weakly 
attractive networks by either pressure filtration or centrifugation without the problems of 
particle segregation [6] or pressure sensitivity, [7] whereas the packing density of strongly 
attractive networks is lower and very pressure sensitive. [5] 
As demonstrated in the laboratory [2] and in at least one industrial pilot plant, [8] 
heterogeneities can be removed by the colloidal process to dramatically increase the mean 
strength of important structural ceramics. The most impressive demonstration was 
recently disclosed by Norton-St.-Gobain Industrial Ceramics, [8] where the 'Closed 
Loop' process for a silicon nitride ceramic was developed. Their 'Closed Loop' process 
not only involves slurry filtration to eliminate heterogeneities greater than 5 um, but also 
the characterization of the consolidated body by sophisticated non-destructive evaluation 
tools that could detect small density gradients prior to densification. Although their 
consolidation and shaping method is currently not commercially viable, they have 
fabricated, at different times and with different powder batches more than 300 tensile 
specimens via a colloidal method to achieve a mean strength slightly greater than 1000 
MPa. More important, they show that the statistical distribution of the more than 300 
tensile strengths exhibit a threshold strength of ~ 650 MPa. Threshold strengths are 
generally only achieved when the strength distribution is truncated by proof testing. In 
this case, the filtration process, which eliminated flaws within the powder greater than 5 
Um, was the effective 'proof test' responsible for the observed threshold strength. 
The commercial viability of the "Closed Loop" process will depend on the development of 
a method in which the particles in a filtered, dispersed slurry can be changed into a weakly 
attractive network prior to shape forming from the slurry state. This development requires 
changing the long-range repulsive potential to a short-range repulsive potential that 
persists during particle packing to impart pressure insensitive particle packing, a high 



particle packing an{J_a yield stress low enough to allow plastic behavior (yield stress < 
fracture strength), but high enough to achieve shape retention after forming (yield stress > 
maximum shear stress within the formed body). One key ingredient of this development 
is the understanding of how short-range repulsive potentials, and thus, weakly attractive 
particle networks, can be achieved for important ceramic powders. The objective of this 
review is to describe how short-range repulsive potentials can be developed and some 
approaches that have been taken for Si3N4 powders. 

2.   Interparticle Potentials 

The reader is referred to Horn's [9] review of most phenomena, along with their 
functional forms, that contribute to the interactive potential between particles in liquid 
media appropriate to ceramics. Here, only the van der Waals attractive potential and 
several methods of achieving repulsive potentials will be briefly outlined to set the stage 
for understanding how short-range repulsive potentials might be developed. 
The van der Waals interparticle potential always describes an attractive force between like 
particles in a fluid with different dielectric properties. It arises from the correlated, 
attractive interaction of oscillating, electric dipoles associated with atoms and molecules. 
In the absence of any repulsive potential, the van der Waals potential produces very 
strong, attractive forces at small interparticle separations (usually < 5 nm for particles » 1 
Um in diameter). The magnitude of the van der Waals potential depends on the Hamaker 
constant, which depends on the high frequency dielectric properties of the particles and 
their surrounding fluid. For a given system, van der Waals potential also increases with 
particle size. 
When the volume fraction of particles is very small, initially separated particles moving 
about via Brownian motion, will form small, low density clusters with fractal dimensions. 
As the clusters become larger, they sediment and pile on one another to form a 
continuous, touching network. For particle-liquid systems (slurries) containing volume 
fractions of practical interest for ceramic processors (> 0.1), a connective network of 
touching particles quickly forms when a vigorously stirred slurry becomes quiescent. 
Since the particles are in elastic contact, the network is 'strong' i.e., it requires the greatest 
effort to break apart. It is called a flocced network, schematically illustrated in Fig. la. 
To avoid this strong network, one must produce a repulsive interparticle potential 
sufficient to counter the attractive van der Waals potential. 
A net repulsive potential is produced when a long-range repulsive potential is added to the 
van der Waals potential. As shown in Fig. lb & c, the dispersed particles form a non- 
touching, but interactive network. One method to generate a long-range, repulsive 
potential is to produce surfaces with a net charge density which is neutralized with ions of 
opposite charge that hover in solution near the surface. This potential is called an electrical 
double-layer. Charged oxide surfaces can be produced in water when the -M-OH surface 
sites react with either H30+ or OH" ions. By controlling the pH, the net surface charge 
can be either positive (acidic conditions), neutral, or negative (basic conditions). The pH 
that produces a neutral surface is called the iso-electric point (iep). The pH required to 
maximize the surface charge density (either positive or negative) depends on the surface 
chemistry and its equilibrium with HßO* and OH". The surface is neutral at an 
intermediate pH (iep), where the surface contains a large fraction of neutral -M-OH sites 
and equal proportions of hydrated, positive sites (-M-H20+) and negative (-M-0") sites. 
Ions in the solution (e.g., those used to change the pH, those produced by the slight 
solubility of the particles, and those purposely added as a salt) with an opposite charge 
relative to the surface, known as counterions, attempt to neutralize the surface by forming 
a diffuse 'cloud' layer around each particle. The 'cloud' layer contains both positive and 
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Figure 1 Schematic of different interparticle potentials and their particle networks. 

negative ions, but with a concentration gradient of counterions that decreases from the 
surface into the liquid. The thickness of this 'cloud' layer, generally called the Debye 
length, decreases with increasing concentration of counterions in solution. The charged 
surface and its diffuse cloud of oppositely charged counterions is the electrical double 
layer. Although an easy way to understand this repulsive potential is to simply state that 
the charged particles repel one another, the repulsive potential is really due to an osmotic 
pressure caused by the increase in ion concentration within the diffuse layer when the 
particles are brought closer together. The Debye length is large when few counterions are 
present and decreases with increasing counterion concentration. The largest electrostatic 
potential is achieved for a high surface charge density (or surface potential) and a large 
Debye length (few counterions). The magnitude of the repulsive electrostatic potential can 
be reduced to zero by either adding an excess of salt and/or by changing the pH to the iep 
to produce a neutral surface. 
The DLVO (Derjaguin, Landau, Verwey and Overbeek) theory adds the van der Waals 
attractive potential and the repulsive electrical double-layer potential together to produce a 
combined interparticle potential that can be either repulsive or attractive, depending on the 
magnitude of the repulsive potential. One form of a combined interactive potential (high 
surface charge and low salt content) is shown in Fig. lb. For this condition, as particles 
approach one another, they encounter a repulsive energy barrier. The particles remain 



separated if the energy barrier is many times their kinetic energy. When they crowd 
together at moderate volume fractions, they attempt to 'sit' at positions that minimize their 
interaction potential, viz., they form a non-touching, but interactive network with a 
separation distance usually > 10 nm shown schematically in Fig. lb. Since the particles in 
the network are not touching one another, the system is called a 'dispersed' slurry. 
Because the electrical double-layer potential is estimated with an exponential function and 
the van der Waals potentials with a power law function, the latter 'wins' at very small 
separations (< 0.5 nm). Thus, the particles will 'fall' into a deep potential well if they are 
strongly pushed together. 
If the repulsive part of the combined, DLVO potential is reduced (e.g., decreasing the 
surface charge by changing pH), a condition can be achieved where the repulsive barrier is 
no longer sufficient to prevent particles from slipping into the deep potential well caused 
by the van der Waals attractive potential; and, a strongly cohesive, touching network is 
produced as described above. Thus, the DLVO theory teaches that although the combined 
repulsive interaction (magnitude of the repulsive barrier and equilibrium separation 
distance) can be controlled and optimized (by controlling pH and salt content), particles 
should always fall into a deep potential well to form a cohesive, flocced network when 
conditions are much less than optimum. That is, DLVO theory offers no help in 
understanding how one might control the depth of the attractive well. 
A second method to produce a long-range repulsive potential is to either chem- or phys- 
adsorb macromolecules on the particle's surface as shown in Fig. 2a. These 
macromolecules would prefer to be in solution if the particle's surface was not present 
The molecules can either be adsorbed to the surface at one end (bi-functional molecules) or 
adsorbed at different places along its length with loops extending into the liquid. If the 
molecule is attached with extended loops, the surface of each particle must be fully 
saturated so that macromolecules from one particle can not link to another to cause 
flocculation. The repulsive potential due to the molecules becomes finite at approximately 
twice the molecule (or loop) length, and increases as the molecules (or loops) are pushed 
together as shown in Fig. 2a. This phenomena is called steric stabilization; it is 
commonly used to disperse particles in non-polar liquids where the electrical double-layer 
approach is not useful. If the molecules are weakly attached to the surface (phys- 
adsorbed), recent evidence [10] suggests that they can be pushed away during particle 
packing. Thus, strongly attached (chem-adsorbed) molecules are desired. 
A short-range repulsive potential can arise when small molecules within the liquid can 
lower their free energy by either weakly bonding or ordering themselves at the surface. 
Attempting to remove the adsorbed molecules by forcing two surfaces together requires 
work, and thus can give rise to a very short-range, highly repulsive potential, commonly 
called a solvation potential. [9] Since the molecules are very small and/or form a very thin 
layer of ordered molecules, die particles are attractive due to the reasons discussed above, 
but sit apart within a potential well Under certain conditions, the basal surface of mica is 
known to develop a special solvation potential called the hydration potential. Using the 
surface force apparatus, Israelachvüi, Pashley and co-workers [11,12] showed that when 
mica is placed in water, the potassium ion in its structural surface site can be strongly 
hydrated by water molecules to produce a layer of 'structured' water molecules. A 
sufficient concentration of K+ ions must exist in solution, to keep the hydrated K+ ions in 
the surface from dissolving into the water. In effect, when a sufficient amount of a 
potassium salt is dissolved in the water, water molecules become bound to the surface 
through the hydrated potassium ions which, in turn, are bound within their structural 
surface sites. They also showed that by adding other salts to the water, the hydrated 
potassium ion can be exchanged with another hydrated cation to change the 'strength' of 
the hydration potential. When no long-range repulsive potential is present, their surface 



force measurements show that the net surface potential has a functional form similar to that 
shown in Fig. Id, i.eT, attractive at separation distances > = 2 nm, and highly repulsive at 
smaller separations. Because of the structural similarities with mica and a host of other 
evidence, [13] it is believed that clay surfaces also develop a hydrated surface layer and, 
thus, a repulsive hydration potential. 
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Figure 2 Adsorbed molecules can produce a) long-range repulsive potentials and b) short-range repulsive 
potentials. 

Velamakanni et al.[3] has shown that a short range repulsive potential can also be 
developed on the surfaces of AI2O3 particles. This short range, repulsive potential was 
developed when salt was added to an aqueous AI2O3 slurry prepared at a pH known to 
produce a positive surface charge and, thus, a highly dispersed particle network. When 
sufficient salt was added to the slurry it was noted that the dispersed network was altered 
to what superficially appeared as a flocced network predicted by DLVO theory. After 
further experiments, primarily concerned with packing [3,7] and network strength 
determinations, [4] it was concluded that the salt did change the dispersed network to an 
attractive network, but this new attractive network was not strongly cohesive. That is, 
unlike a flocced network produced by changing the pH to the iso-electric point, the 
particles in this new network could easily be rearranged. Yield stress and viscosity vs. 
shear rate measurements [4,5] of slurries also showed that the strength of the attractive 
network could be increased to a maximum value that was still below the strength of the 
flocced network by adding salt 
All evidence now shows that when the salt is added, the counterions diminish the 
magnitude of the repulsive, long-range electrostatic potential as predicted by DLVO 
theory, but they also produce a short-range, repulsive potential not suggested by classical 
DLVO theory. The short-range repulsive potential due to added salt has been recently 
confirmed with sapphire plates in the surface force apparatus by Ducker et al. [14] The 
short-range interparticle potential is currently believed to be due to a hydrated layer of 
counterions similar to that found for mica surfaces, [11,12] and for clay surfaces.[13] 
Chang et al.[15] have recently modeled this behavior summing the functions for the 
electrical double-layer potential (VLR), the van der Waals potential (VA) and an 
exponential function used to describe the short-range potential (VSR) for AI2O3 particles 



with a radius of 0.125 \im, a surface potential of 40 mV, and a Hamaker constant of 4.9 x 
10-20 J: 
V    =    VLR + VA + VSR. (1) 

The short-range potential was described by 

VSR    =    Cexp(-|), (2) 

where H is the separation distance between surfaces of the particles, the pre-exponential 
factor C represents how strongly the molecules (hydrated counterions) are bonded to the 
surface, and B describes the range of the interaction. Based on experimental 
determinations of the lowest concentration of salt needed to first form an attractive 
network (known as the critical coagulation concentration = CCC, e.g., for NH4CI, CCC 
= 0.12 molar [15]) and the assumption that the network would be attractive when the 
potential well was < - 5 kT, values of C = 30 kT and B = 5 nm were calculated. Figure 3 
illustrates the total potential, V, for different ionic strengths (I), which only effect the 
magnitude of the electrical double-layer potential (VLR). AS shown in Fig. 3, when I < 
0.12 molar, the particles are repulsive, and when I > 0.12 molar, the particles are 
attractive and 'reside' in a potential well that increases in depth from =» - 5 kT (I = 0.12 
molar) to * - 30 kT (I = 1.0 molar); larger salt concentrations do not significantly deepen 
the potential well. The change in the depth of the well is consistent with the strength of 
the attractive network for increasing salt concentrations. [15] This modeling, combined 
with rheological properties shows that the salt additions have two effects. First, the added 
salt produces a short-range repulsive potential for reasons not clearly understood. 
Second, as predicted by DLVO theory, the salt decreases the long-range repulsive 
potential, which in turn, causes the potential well to deepen with salt content to a 
maximum depth of =» - 30 kT. 
Pressure filtration [3] and centrifugation [7] studies show that alumina bodies produced 
with slurries where particles are attractive, but non-touching exhibit high particle packing. 
It appears that the short-range repulsive forces can act as a 'lubricant' to aid in the 
rearrangement process required for particle packing.[3] Due to the attractive nature of the 
interparticle potentials, bodies can be formed by centrifugation without mass segregation 
[6] as recently demonstrated by the processing of unique multi-layered transformation 
toughened composites. [16] In addition, bodies formed from coagulated slurries exhibit 
plastic-like body rheology [17] and can be reshaped to fill complex die cavities by 
vibration. [18] In many respects, coagulated slurries and the bodies they form can have 
rheological characteristics similar to clay systems. 

3.    Silicon Nitride: Development of Short-Range Repulsive Potentials 

Three methods [10,19,20] are reviewed to develop short-range repulsive potentials for a 
commercial silicon nitride powder (Übe, SN-E3). In one method, salt is added to a 
dispersed slurry as described above for AI2O3. For the second, the chemistry of the 
Si3N4 surface is changed to resemble AI2O3 by two different methods, such that the 
behavior mimics AI2O3 in the slurry state. In the third method, short hydrocarbon chains 
are either chem-adsorbed (attached by a chemical reaction) or phys-adsorbed on the 
surface. Of all of these methods, only the short-range repulsive potential produced by the 
chem-adsorbed, hydrocarbon chains persists during particle packing. 
The surface chemistry of different Si3N4 powders was determined by Bergstrom et al [21] 
to consist of -Si-OH and -Si2-NH surface groups. The ratio of these two groups was 
dependent on the powder, which was presumed to depend on how the powder was 
synthesized and treated after synthesis. The iso-electric point (iep: pH were the most sites 



are uncharged and the number density of positive and negative sites are equal) can range 
between pH » 2, the case for Si02, to pH > 8, the case were the 'surface SiC^' is 
dissolved in basic solutions. Contrary to common belief, the iep of many Si3N4 powders 
lies between pH 4 and 6, suggesting that the surface chemistry ranges between Si2N20 
and S1O2; the Übe SN-E3 powder used here had an iep at pH = 5.5 and a mean particle 
diameter of = 0.7 |im. 

Figure 3 Sum of van der Waals (HC = 4.9 x 10"20 J, 0.25 um dia. particles), electrical double-layer (Vz = 
40 mV), and exponential short-range repulsive potentials for different ionic (I, molar, NH4CI) strengths. 

[15] 

As recently reported by Luther et al.,[19] the properties of aqueous, dispersed, silicon 
nitride slurries can be changed with additions of NH4CI. Because the iep of the Si3N4 
used was pH = 5.5, dispersed slurries could be produced at low pH and high pH, where 
the surface is positive and negative, respectively. At pH 10 the effect of adding NH4CI is 
similar to that suggested by DLVO theory, namely, for concentrations > 0.5 M, the 
viscosity vs. shear rate behavior, yield stress, elastic modulus and the relative packing 
density is identical to slurries prepared at the iso-electric point. On the other hand, the 
effect of salt on dispersed slurries prepared at pH 2 differ from the behavior implied by 
classical DLVO theory, i.e., measurement of the same properties showed that the attractive 
interparticle potential was much weaker relative to that produced at the iso-electric point. 
For example, when 0.7 moles of NH4CI was added, the elastic modulus of a pH 2 slurry 
containing 0.30 volume fraction of the powder was more than an order of magnitude 
lower than that of the same slurry either at the iep or dispersed at pH 10 with the same salt 
content. Similar to alumina slurries, these results suggest that a short-range, repulsive 
interparticle potential is developed in salt added slurries prepared at pH 2 which prevents 
the attractive particles from touching. The same short-range potential apparently is not 



developed with salt additions at pH 10. Thus, a coagulated aqueous slurry (weakly 
attractive particle network) could be developed for both Übe SN-E3 Si3N4 and AI2O3 
powder when salt was added to dispersed slurries at low pH. 
Although the coagulated silicon nitride and alumina slurries were similar at low pH, two 
differences were observed after particle packing. First, as shown in Fig. 4, the relative 
density of saturated bodies produced from coagulated Si3N4 slurries (pH 2, 0.5 M 
NH4CI) were intermediate between those produced from either dispersed (pH 2) or 
flocced (pH 7) bodies. In contrast, the packing density for a coagulated AI2O3 slurry is 
only slightly lower than a dispersed slurries. Second, bodies consolidated from any 
silicon nitride slurry (dispersed, coagulated or flocced) are brittle (i.e., fracture before they 
flow) unlike the plastic bodies produced from coagulated, alumina slurries. Both results 
show that although either long- or short-range repulsive potentials can be developed in the 
slurry state, both are removed when the Si3N4 particles are pushed together during 
packing. 

65  1 1 1—)   1 1 ||| 1 1 1—1   1   lll| 1 1 1—ri  1  II | 1 1—T"TMTTTT 

centhfuged   "^— • 

*-* en 
2 w 

60 - 
•      ~ 

• 

" —m-m   P
H1

°     : 
_ 0 

Q • „                   Q-  — - -0" 

U 
2 55 - 

pH2   Q_   -o~ 
- 

* ■ " 

< 
50 

a 
P_ 
W 

oiMNH4a a A.m   05 M NH4C1   . 

> ^m-r-' 
H . - -. 0 
< 45 - ■- -. - —^   pressirre filtered              " 
W o>- • 
PA • ,   • 

■ pH7    O 

" •       1     ■    1   1   I  1 1                    1           1 __!_   1    1   1 1  1 1 1 1 1     1    1   1   II 1 1 1  1 

10* 10° 10° 10" 
PRESSURE (Pa) 

10° 

Figure 4 Relative density of saturated Si;jN4 bodies consolidated by either centrifugation or pressure 
filtration form the different slurries shown. [19] 

In a second approach to produce short-range repulsive potentials in aqueous Si3N4 
slurries, Luther et al. [20] used two methods to coat the surface of the Si3N4 particles to 
make them behave as AI2O3 particles. In one method, used by Garg and De Jonghe [22] 
to micro-encapsulate silicon nitride with either yttria and yttria-alumina sintering aids, a 
slurry containing silicon nitride particles, A1(N03)3 and urea was heated to force the 
precipitation of aluminum hydroxide. As the solution is heated, the urea decomposes and 
the slurry becomes basic. Under appropriate conditions, precipitation nucleates on the 
particle surface. In the second method, modified from that reported by Liden et al.,[23] a 
small quantity of aluminum sec-butoxide was introduced at room temperature to a slurry 



of previously dried silicon nitride powder and anhydrous hexane held under dry nitrogen. 
After the initial alköxide-Si3N4 surface reaction was completea, the slurry was subjected 
to nitrogen gas bubbled through water to hydrolyze the alkoxide molecules attached to the 
Si3N4 surface. After hydrolysis was complete a, Al-alkoxide was introduced again under 
dry nitrogen to first react with the surface and then later with water from saturated 
nitrogen. This cyclic reaction was continued until the washed and dried powder behaved 
like AI2O3 when dispersed in water. 
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Figure 5 Zeta potential vs pH for as-received Si3N4, Si^ coated with 'M2O3 by two different 
methods, and a AI2O3 powder. [20] 

After the appropriate reaction conditions,[20] Fig. 5 shows that aqueous slurries of both 
'A1203' coated Si3N4 powders exhibited an electrokinetic behavior nearly identical to 
AI2O3 powder. That is, the iep was increased from pH ~ 5.5, for unreacted Si3N4 
powder, to pH = 9 for the coated powder. Transmission electron microscopy confirmed 
the existence of these thin (= 5 nm) coatings. Figure 6 illustrates the viscosity vs. shear 
rate data for the alkoxide coated Si3N4 powder (0.20 volume fraction) showing 
Newtonian behavior of the slurry dispersed at pH 4 (without added salt), shear thinning 

a The apparent reaction of the Al-alkoxide molecules with the -Si-OH surface sites was 
observed to dramatically lowered the visocity of the slurry, yet, the particles within the 
slurry were still attractive, i.e., they agglomerated when stirring was stoped. This 
observation strongly suggests that the chem-adsorbed, but not fully hydrolized Al-alkoxide 
molecles produced a short-range repulsive potential. When water was added, via saturated 
flowing nitrogen, to hydrolize the chem-adsorbed alkoxide molecules, the viscosity 
dramatically increased. 



behavior of dispersed slurries (pH 4) when NH4CI was added at concentrations > 0.1 
molar, increased viscosity with increasing salt concentration to a maximum value at» 1 to 
2 molar, and the much larger viscosity of the slurry flocced at the iep (pH 9). Elastic 
modulus measurements on slurries containing attractive networks (pH 9 and salted slurries 
at pH 4), showed that these values for the salt added slurries were more than an order of 
magnitude lower relative to the flocced slurry. These Theological measurements exhibited 
nearly identical behavior to that previously reported for Al2C>3,[3,4] and show that a short- 
range repulsive potential exists for the case where salt is added to the dispersed (pH 4) 
slurries. 
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Figure 6 Viscosity vs shear rate for aqueous slurries of Si3N4 powder (0.20 volume fraction) coated 

' A12Ü3', dispersed (pH 4), coagulated (pH 4 with added salt), and flocced (pH 9). [20] 

Despite the apparent development of a short-range repulsive potential for 'A^Cty coated 
Si3N4 powder, the upper portion of Table 1 shows that when the coagulated (dispersed, 
salt added) slurries were consolidated via pressure filtration (at 2 MPa) the relative density 
was identical to that achieved for both un-coated (as-received) and coated powder at their 
iso-electric points (flocced slurries), pH 5.5 and pH 9, respectively. In addition, bodies 
consolidated with either coagulated or flocced slurries were brittle, i.e., they cracked when 
subjected to forming pressures. Thus, it was concluded that the apparent short-range 
repulsive potential that was developed for the 'AhCty coated powder did not persist 
during particle consolidation. 
The third method [10] of producing a short-range repulsive potential is simply to attach 
short molecules to the surface as schematically shown in Fig. 2b. When the molecule is < 
5nm (depending on the magnitude of the van der Waals potential via the Hamaker 
constant), the repulsive steric potential only begins when the particles are already attractive 
due to the van der Waals potential. Although the long- and short-range repulsive steric 
potential can be estimated with a complex function, [24] it is convenient to estimate the 



interaction length by truncating the van der Waals potential at twice the length of the 
adsorbed molecule*Teach surface has adsorbed molecules) when it is known that the 
molecule is attached at one end. Thus, adsorbed molecules that are short enough to allow 
particles to be attractive due to their van der Waals potential, but sufficiently long enough 
to keep particles from touching and thus falling into a deep potential well, are expect to 
produce a weakly attractive particle network. Kramer and Lange [10] chose to 
demonstrate this concept for the same Si3N4 powder used above by using the reaction of 
different alcohols with -M-OH surface groups, a method patented by Her [25] for grafting 
carbon chains to the surface of silica particles for lubrication applications. 

Table  1    Packing Density of Übe E-3 Silicon Nitride 

snrfur«  Modification Condition Relative Density 

As-received  Si3N4  Powder 
Dispersed (pH 2, no salt added) 0.57 
Dispersed (pH 10, no salt added) 0.61 
Flocculated (pH 6, no salt added) 0.47 
Salt Added (pH 2,0.5 M NH4CI) 0.50 
Salt Added (pH 10,0.5 M NH4CI) 0.47 

Si3N4 Powder Coated with 'A^Os',  Precipitation Method 
Dispersed (pH 4, no salt added) 0.58 
Flocculated (pH 9,0 M NH4CI) 0.48 
Salt Added (pH 4,0.5 M NH4CD 0.51 

Si3N4 Powder Coated with 'A^Oa',  Alkoxide Method 
Dispersed (pH 4, no salt added) 0.59 
Flocculated (pH 9, no salt added) 0.48 
Salt Added (pH 4,0.5 M NH4CI) 0.52 

S13N4 Powder Reacted with Different Alochols (Chem-Adsorbed) 
Octadecanol        (MW = 270.5 gm/m, length = 2.3 nm) 0.60 
Dodecanol (MW = 186.3 gm/m, length = 1.5 nm) 0.59 
Octanol (MW = 130.2 gm/m, length - 1.0 nm) 0.51 
none, in dodecane 0.48 

Three alcohols (octanol, dodecanol, and octadecanol) with extended carbon chain lengths 
between = 1 and 2 nm were chem-adsorbed on the Si3N4 powder by reacting with 
hydroxyl surface groups with the alcohol at temperatures < 200 °C (-Si-OH + ROH JE 
-Si-OR + H2O). After washing and drying, a slurry was formed of the reacted powder 
in dodecane. Slurry rheology, particle packing density and body rheology were 
determined for dodecane slurries formed with these chem-adsorbed powders. These same 
properties where determined for slurries where the alcohol was simply added, but not 
reacted with the powder (phys-adsorbed powders). 
The viscosity of chem-adsorbed slurries was shear-thinning with longer chains producing 
lower viscosities at a given shear rate as shown in Fig. 7. As shown in Table 1, the 
relative density of the saturated powder compacts produced by pressure filtration (10 
MPa) was high (~ 0.60) for octadecanol and dodecanol reacted powders, and lower (~ 
0.50) for the octanol reacted powder. When a sufficient amount (> 10 times that required 
for chem-adsorption) of the same alcohol was simply added to the unreacted Si3N4 slurry 
system, the phys-adsorbed slurries exhibited similar rheological behavior as the chem- 
adsorbed slurries, but unlike chem-adsorbed slurries, their packing density was lower and 
their slurries were de-stabilized by water vapor. Stress relaxation experiments showed 
that bodies formed with the octadecanol chem-adsorbed powders were plastic after 
consolidation, whereas phys-adsorbed bodies were brittle (fractured before flow). 
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Figure 8 Van der Waals potential for silicon nitride particles (0.5 um dia.) truncated with three different 
chem-adsorbed alcohol molecules. [10] 

All evidence suggests that the short chained alkyl groups are steric 'stabilizers' at small 
interparticle distances, and thus prevent the particles from making surface-surface contact 
in common organic liquids, i.e., they produce a short-range interparticle, repulsive 
potential.  Figure 8 schematically illustrates the van der Waals potential for 0.5 jim 
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diameter Si3N4 particles in toluene (Hamaker Constant = 2 x 10"20 J), and illustrates how 
3 different chem-adsorbed, carbon chains would truncate this potential to produce 3 
different potential wells.[4] Comparing the viscosity vs. shear rate data, it can be seen that 
the strength of the 3 attractive Si3N4 powders networks produced with each of the 3 
chem-adsorbed molecules is inversely proportional to the depth of the potential well, viz., 
the deeper the well, the stronger the network. Molecules with extended lengths within the 
range of approximately 1 nm to 2 nm produce a network that is attractive, but much 
weaker than that produced by the attractive van der Waals potential alone. Shorter 
molecules (< 1 nm) appear to produce networks that are as strong as networks formed 
with only the van der Waals potential. 

4.   Concluding Remarks 

In this last method used to develop short-range repulsive potentials for Si3N4 
slurries,[10] it was shown that chem-adsorbed molecules, but not phys-adsorbed 
molecules, persist during particle packing (and in moist environments). It is reasonable to 
hypothesize that the chem-adsorbed molecules are strongly attached to the surface and can 
not be 'pushed' away during particle packing. In contrast, it appears that the phys- 
adsorbed molecules, which also produce a weakly-attractive network in the slurry state, 
could be displaced from the surface during particle packing to allow particles to be 
'pushed' into their deep potential well governed only by the van der Waals potential. The 
reason why the short-range repulsive potentials produced with the other two approaches 
did not persist during particle packing is not as clearly evident. For the method where the 
particles are coated with 'AI2O3', it could be argued that the coating was not sufficiently 
adherent and did not persist during particle packing. 
Although the short-range steric method, where hydrocarbon chains are attached to the 
surface by a reaction, appears attractive, it is not consistent with the overall goal for 
improved processing reliability. That is, although the short-range steric method does 
produce a plastic consolidated body, it does not allow for the long-range repulsive 
potentials, which are initially needed to remove the heterogeneities by filtration. Thus, the 
quest continues, where each new approach leads to a greater understanding. 
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Abstract 

The shear modulus and yield stress of attractive alumina particle networks in aqueous 

slurries was determined as a function of volume fraction (0.1 to 0.5), pH (2,4,5,6, and 

9), and salt (NH4CI) concentration using both vane and couette rheological tools. 

Consistent with previous observations concerning the relative strength of attractive 

particle networks, the shear modulus increased to a plateau value with salt 

concentration. In this work we have shown that the salt concentration at which this 

plateau value is achieved is a function of the pH, and thus, the surface charge density. 

The values of the shear modulus [C], yield stress [xy], and yield strain [yy] of the 

attractive networks can be described with power law functions for particle volume 

fraction [<H:G" a<0475, xy a*3-6,and Yy a«"11, and salt concentration [c]: G a[c]20, 

Ty a[c]115,and Yy ate]-'85- 



1. Introduction 

The use of colloid science in the processing of advance ceramic powders has 

emphasized the removal of heterogeneities from powders that lead to strength limiting 

flaws in the final body [1-2] and the development of new shape forming technologies [3- 

4].   The colloidal processing method includes: 1)   the development of a long-range 

repulsive potential to disperse the powder in a suitable liquid, 2) the removable of 

heterogeneities by filtering the dispersed slurry, 3) changing the interparticle potentials 

to produce a weakly attractive particle network, and 4) the consolidation of the particles 

within the slurry to form an engineering shape. Removing heterogeneities via filtration 

requires a low viscosity slurry containing a high volume fraction of solids which can 

only be achieved with long range repulsive potentials. [5-7]    Once detrimental 

heterogeneities are removed, the long-range repulsive potential should be replaced with 

a short-range repulsive potential in order to develop a weakly attractive particle 

network. With the weakly attractive network, mass segregation due to sedimentation is 

avoided in the slurry state [8], particles can be packed to high relative density during 

consolidation [9-10] and the consolidated body can be plastic. The plastic behavior is 

desired to avoid damage during strain recovery after consolidation [11] and it allows 

new shape forming technologies to be used for advanced ceramic powders [3], which 

are classical for traditional, clay technologies. Thus to fully implement colloidal powder 

processing, a processor must first disperse a specific powder to remove heterogeneities 

via filtration, then make it weakly attractive for further processing. 

One common method for dispersing ceramic particles is taught by the DLVO 

theory. [12-14] The surface of a particle containing neutral hydroxide sites can be 

charged by reacting the neutral sites with either H+ or OH- to produce either positive or 

negative sites, respectively. DLVO theory teaches that an atmospheric layer of 

counterions (ions with an opposite charge relative to the dominate surface sites) 



surrounds and neutralizes each particle. An osmotic pressure (i.e., repulsive potential) 

arises when the layer of counterions around one particle penetrates another to increase 

the concentration of counterions between them. DLVO teaches that the thickness of the 

counter ion layer, and thus the separation distance when particles strongly repel one 

another, is inversely proportional to the concentration of counterions in solution. When 

the counterion concentration is small, the repulsive potential initiates at a large 

separation and overwhelms the pervasive, attractive van der waal's potential. Under 

these conditions the particles strongly repel one another and thus, they are dispersed 

within the slurry. DLVO teaches that the particles become attractive either at high 

concentrations of counterions, where the layer of counterions is very thin, or near the 

iso-electric point were the number density of charged surface sites is small. 

Velamakanni et al. [10] discovered that a weakly attractive network is produced 

when excess counterions are added to a dispersed AI2O3 slurry, and that these networks 

are much weaker than the strongly attractive network produced at the pH were the 

surface is neutral (viz., at the iso-electric point). They postulated that the salt produced 

a short-range repulsive potential, not predicted by DLVO theory. This short-range 

repulsive potential was subsequently confirmed with experiments using the Surface 

Force Apparatus. [15] Thus, Velamakanni et al. [10] discovered a method to change a 

dispersed, AI2O3 particle network to a weakly attractive network. 

As discussed below, two rheological properties, i.e., the shear modulus and yield 

stress, can be used to characterize the strength of an attractive network at a given 

volume fraction of particles. The rheological properties of the weakly attractive 

network discovered by Velamakanni et al [10] has only been studied for a limited 

number of conditions [16, 8-11]. One of these studies [16] showed that most of the 

weakly attractive networks were too viscous to be studied with conventional 

rheological tools at volume fractions > 0.20. 



Two methods are commonly used to determine the shear modulus and yield 

stress of attractive particle networks using conventional rheological instruments.  [17- 

25] In one method, the torque is measured as the tool is rotated in one direction at a 

fixed strain rate; in the second, a sinusoidal oscillation, at a fixed amplitude and 

frequency, is applied to the tool.    With the  increasing strain method, an apparent 

elastic response is observed first (linear stress-strain response), followed by a non-linear 

'yielding phenomena' prior to flow (increasing strain at constant stress).   With this 

method, the slope of the initial linear region (shear modulus, G') is independent of the 

applied shear rate, but the stress where the deviation from linear behavior is observed 

('yield stress'), increases with shear rate. With the oscillatory method, a given attractive 

network will exhibit a fixed value of the shear modulus (C) for conditions where the 

strain amplitude is small and the frequency is high. [21] A decrease in G' will occur at a 

'yield strain'. Based on these two methods, it is generally concluded that although an 

attractive network can have a fixed shear modulus, its yield stress is not a singular 

property, but is strain rate dependent. [26,27] * 

When the attractive network is too 'stiff, a problem exists in determining its 

properties with conventional rheological tools, viz., the smooth surfaces of the 

rheological tool slips at the tool-slurry interface. Dzuy and Boger [18,19] have avoided 

this problem with the adaptation of the vane tool geometry commonly used in soil 

mechanics. Here, four flat vanes, spaced 90°, are attached to a central shaft. In essence, 

the vane replaces the central cylinder in the couette tool, i.e., it is assumed to be a 

cylinder of the same radius; torque, strain and strain rate are calculated as if it were a 

cylinder of the same radius. There is no possibility for süp in this geometry. Another 

* The yield stress (TV) is also estimated from shear stress vs. strain rate data, by assuming either a 
7 1/2 

Bingham plastic model (T = 7] y+ Ty)or a Casson model (T^2 = f] 7    + t/2 )to estimate the yield 

stress by extrapolation of high shear rate data to zero strain rate ( y -» 0 ). Although this method is 
common, it neglects all data prior to flow, and the fact that data are rarely Newtonian at higher shear 
rates. 



advantage is that the particle network is not strongly disturbed when the vane is 

inserted (conventional tools cause extensive flow when they are inserted). Griffiths et. 

al. [28] and Keentok et. al. [29] have analytically studied the vane tool. Dzuy and 

Boger[18] define the yield stress, with constant strain rate experiments, as the stress 

where the torque (stress) reaches a maximum value. Mewis and Meire [21], suggest that 

this measurement does not determine the yield stress of the network, but represents the 

stress where the rate in which the network is being broken is equal to the rate in which 

the network reforms. Since the yield strain is very large in these experiments, all 

evidence suggests that the network yields well before the torque reaches a maximum 

value. Although Dzuy's and Boger's 'yield stress' method is certainly useful for 

comparing the 'strength' of one network to another, it strongly over estimates the yield 

stress. 

Alderman et. al. [20] have used the vane tool to measure the shear modulus of 

bentonite gels. In their experiments, they use the vane tool as if it were the central 

cylinder of in a couette geometry to determining the slope of the Hookian part of the 

stress vs strain curve in constant strain rate experiments. They show that the modulus 

measured with the vane tool is identical to that measured with the conventional couette 

geometry. Adderman et al. [20] also used the vane tool to determine the yield stress of 

the bentonite network at different strain rates. 

The purpose of the present study was to obtain extensive shear moduli and yield 

stress data for attractive A1203 networks produced by both adding salt to a dispersed 

slurry and formulating the slurry at the iso-electric point. In the present paper, we will 

discuss how these two properties are conceptually related to the particle pair potential 

and volume fraction of particles within the slurry. 



3 Experimental Procedure 

3.1 Materials and Sample Preparation 

An a-aluminum oxide power, (AKP-50, Sumitomo Co, Japan), was used for the 

current study. Its average particle diameter is 0.2 microns (Leeds-Northrup Ultrafine 

Particle Analyzer). Figure 1 illustrates the zeta potential of this powder as a function of 

pH to show its iso-electric point is at pH 9.1. 

Distilled water (14 mohm), nitric acid (Reagent grade, Fisher), ammonia 

hydroxide (Reagent grade, Fisher), and ammonia chloride (Reagent grade, Fisher) were 

used to prepare aqueous slurries. Slurry preparation initiated by adjusting the pH of 

the water to 2, then adding the powder while stirring. After all of the powder for the 

selected volume fraction was added to the distilled water, the slurry was ultrasonicated 

(Model W-380, Heat Systems-Ultrasonics) for 5-10 minutes. After ulrrasonication, the 

desired amount of ammonia chloride (salt) was stirred into the slurry to produce the 

weakly attractive network discovered by Velamakanni et al. [10]. The pH of the system 

was then adjusted to the desired final pH and ultrasonicated again for 10 minutes. The 

slurry was then placed on a roller for at least two days prior to rheological experiments. 

A large number of slurries were formulated of the powder with the averaged 

diameter of 0.2 um: pH 2 ($ = 0.15 to 0.40), pH 4 ($ = 0.20 to 0.50), pH 5 (0 = 0.10 to 0.40), 

pH 6 (<)> = 0.10 to 0.30) and pH 9 ((<)> = 0.10 to 0.30), all containing salt concentrations up 

to at least 2.5 mole NH4CI. 

3.2 Rheological Measurements 

Measurements were taken with one of two commercial rheometers (Rheometrics 

Dynamic Stress Rheometer (DSR) and Rheometrics Mechanical Spectrometer (RMS- 

800)). Although the vane tool was used for most measurements, the couette cell was 

used to obtain data at lower volume fractions were the torque was insufficient to use the 

vane tool with either rheometer. Data was also obtained with the couette cell to 

compare with data obtained with the vane tool. For the DSR, the diameters of the vane 



and cup that held the slurry were 16mm and 32mm, respectively. For the RMS, they 

were 52.2mm and 25.4mm, respectively" . These dimensions are well within the 

boundary conditions explored and defined by Boger [18] for the vane tool. For data 

analysis, the vane was assumed to be identical to a cylinder of the same diameter. 

Experiments were carried out by loading the slurry into the cup, positioning the cup in 

the rheometer, then inserting the vane into the slurry. Experience showed that the 

slurries did not need to sit in a quiescent state after insertion of the vane prior to the 

beginning of an experiment. However, it was discovered that once the measurement 

was initiated, successive experiments would not reproduce the initial measurement 

unless the vane was removed and reinserted into the slurry. For this reason, the slurry 

was never pre-sheared before any measurement. In addition, prior to each new 

measurement with the same slurry, the tool was remove and reinserted. Using this 

procedure, one could reproduce a previous measurement and use the same slurry for 

sequentially new experimental conditions. 

The oscillatory method was used to obtain the data reported here. Strain sweep 

experiments, i.e. increasing strain amplitude at fixed frequency, were used to determine 

the 'yield strain' of the network at a frequency of 1 rad/sec. Experience showed that 

the frequency of 1 rad/sec was sufticiently large to obtain an elastic response from all 

the slurries investigated. A frequency sweep, i.e. increasing the frequency at fixed 

amplitude, was used to determine the shear modulus of the slurry. The plateau value of 

the shear modulus (G) was taken to be the shear modulus of the slurry. Figure 2 

illustrates the results of a typical strain sweep experiment, showing that the behavior of 

the slurry changes from an elastic response (G remains constant) to a flow response (G 

decreases ) with increasing strain amplitude.  This figure also shows that the strain 

** It should be noted that initial measurements were carried out with a much more compliant vane. The 
realization that the vane was too compliant was obtained when all data at higher volume fractions of 
powder produced nearly the same value of the shear modulus, regardless of the apparent network 
strength. 



amplitude were the slurry begins to flow is not unique, but occurs over a range of 

strain. Thus, for the present work, the yield strain was defined by extrapolating the 

linear line describing the region were the shear modulus is constant prior to flow (line 

d) to point were it intersects the line describing the non-linear behavior after flow (line 

e). The intersection of these two lines was assumed to be the yield strain of the network. 

With the assumption of a linear stress-strain relation up to the yield strain, the yield 

stress was determined from product of the yield strain and the shear modulus (xy = Jy 

G'.) Figure 3 illustrates a typical result of a dynamic frequency sweep, showing that the 

shear modulus remains relatively invariant with increasing frequency at high 

frequency. 

4 Results 

4.1 Comparison of Vane Tool and Conventional Tool 

Figure 4 shows results of a dynamic frequency sweep obtained for a 30vol% 

alumina slurry at pH 6.0 with 0.5M NH4CI, using both a vane tool and the couette cell. 

As shown, both tools gave the same result for the shear modulus (G). However, the 

vane geometry seems to produce a smaller value of the loss modulus (G") at higher 

frequencies. 

4.2 Shear Modulus 

Figure 5 is a plot of the shear modulus for slurries containing the AI2O3 powder 

prepared at pH 2.0 as a function of salt concentration. Each data point represents a 

different slurry and each curve represents a different volume fraction of alumina 

powder. The data shows that the shear modulus for slurries prepared with a specific 

volume fraction increases with salt concentration until the modulus appears to reach a 

constant value referred to as the 'saturation modulus'. In addition, the shear modulus 

increases with the volume fraction of powder. Similar data was obtained at pH 4, 5, 

and 6 i.e., G' increased to a saturation value with increasing salt concentration and 

increased with volume fraction. 



Data shown in Fig. 5 could be reduced to one common curve by dividing each 

data point by the volume fraction ($) to the powder 4.7 for this specific series. 

Likewise, as shown in Fig. 6, all data obtained for slurries formulated at a common pH 

could be reduced to a common curve by dividing through by the following volume 

fraction dependence: 

G' a   <t>475±a25. (!) 

The shear modulus data shown in Fig. 6 exhibit the following behavior: 1) G' 

increases as the pH moves closer to the iso-electric point (pH 9), 2) G increases with salt 

concentration, reaching a saturation value at each pH*** and 3) the saturation modulus 

for pH 5.0 and 6.0 are identical to the modulus for slurries prepared at the iso-electric 

point (pH 9) and much larger that those of pH 2.0, and 4.0, and 4) G' for slurries 

formulated at the iso-electric point (pH 9) were relatively unaffected by additions of 

salt. 

Prior to reaching the saturation modulus, the shear modulus vs salt concentration 

[c] data could be described with a power law function for slurries formulated at a 

common pH: 

G'a[c]2±25 (2) 

4.3 Apparent Yield Strain and Yield Stress 

The extrapolated yield strain (yy), determined with strain sweeps at a frequency 

of 1 rad/sec, was < 0.2 % for all slurries investigated. The yield strain was found to be 

related to the volume fraction of particles as: 

Yva<l> 
-1.1±.15 (3) 

and, at a specific pH, related to the concentration [c] of salt as 



Yva[cI 
.85±.10 (4) 

Figure 7 is a plot of the apparent yield stress (ty = yy G') vs salt concentration for the 

same slurries (pH 2.0) reported in Fig. 5.      Because the apparent yield stress was 

determined with ty = Yy G> were Ty and G' were SGParately found to be dePendent on 

the volume fraction of particles 0 and the salt concentration [c] at each specific pH, to 

fit on a common curve for each pH examined, 

Tycc(!>3-6, (5) 

as shown in Fig. 8. The relation between the apparent yield stress and salt concentration 

was 

xya[cf5, <6) 

As shown in Fig. 7, similar to shear modulus, the apparent yield stress increased with 

salt concentration to a saturation value*** for pH values indicative of a finite surface 

charge (pH values less then the iso-electric point). The saturation values for the yield 

stress at pH 5 and 6 are identical to the values for the slurries formulated at the 

isoelectric point (pH 9), which is relatively independent of salt concentration. "* 

5 Discussion 

The current data clearly show that the stiffness (shear modulus) and apparent 

strength (yield stress) of aqueous, alumina particle networks are a function of both the 

pH and salt content. Attractive networks formed by adding salt to a dispersed slurry 

(pH 2 and 4) are much weaker than the strongly attractive networks formulated at the 

— Increasing the NH4C1 concentration to 5.5M, close to the solubility limit, at pH 2.0 and pH 4.0 did not 

change the values of either G' or Ty. 



iso-electric point (pH 9). These results substantiate the previously reported behavior by 

Velamakanni, et al, [10] and Chang et al. [16] who obtained viscosity vs shear rate data 

and yield stress data for a limited number of slurries at pH 4 and 9. The current data 

further substantiates the initial hypothesis, i.e., the weakly attractive networks 

produced by adding salt to a dispersed slurry are a result of a pair potential 

characterized by a potential well. In addition, the current data show that for slurries 

formulated with a net surface charge ( pH < 9), both the shear modulus and yield stress 

systematically change with salt content, whereas slurries formulated at the iso-electric 

point (pH 9) are relatively independent of the salt content. 

The mechanical properties of a static, attractive network are expected to depend 

on both the particle pair potential and the network configuration.    Figure 9a 

schematically illustrates the potential between two particles as a function of their 

separation distance (h) for a network were the particles are attractive, but do not touch. 

The dashed line illustrates the persistent, attractive van der Waals potential. The pair 

potential (solid line) is obtained by summing the persistent van der Waals attractive 

potential with a repulsive potential of an unspecified, physical origin. When the well is 

sufficiently deep to trap the particles, their Brownian motion is confined to vibration 

amplitudes that are limited by the potential well to produce an average equilibrium 

separation distance, heq, defined by the position of the potential well.   Since heq > 0, 

particles in the network are attractive, but non-touching.  Because the van der Waals 

potential always persists, the depth of the potential well will depend on the magnitude 

and range of the repulsive potential. When heq is large, i.e., when the range of repulsive 

potential is large, the depth of the potential well will be insufficient, relative to the 

kinetic energy of the particles, to form an attractive particle network. Thus, the network 

will only be attractive when the range of the repulsive potential is small, i.e., the 

repulsive potential must be short-range (< 10 ran for particles considered here). 



dV 
Figure 9b schematically illustrates the force (F = - —) between the same two 

particles as a function of separation distance. When h = heq, F = 0; at this position, the 

second derivative, k = ^-       , is the effective 'spring constant' between each 
<*  h=heq 

particle pair, [30-31] which must be related to shear modulus (G) of the network. The 

maximum force needed to separate the particle, Fmax, occurs for a value of h ( > heq) 

where — = 0 i e. the position of the inflection point on the potential curve (Fig. 9a). 
dh2 

Since Fmax is related to the force needed to break the network and allow it to flow, it is 

related to the yield stress of the attractive network. 

Assuming that the van der Waals potential remains unchanged as the chemistry 

of the system is changed to vary the short-range repulsive potential, Fig. 9a 

schematically illustrates that the depth of the potential well is inversely related to the 

spring constant and the force (Fmax) needed to pull two particles apart. That is, for a 

given volume fraction of particles, the magnitude of both the shear modulus and yield 

stress is expected to increase as the chemistry of the system is changed to deepen the 

potential well. 

For the data reported above, the strongest networks (largest modulus and 

apparent yield stress) were observed for slurries formulated at the iso-electric point (pH 

9) were the pair potential is described with only the attractive, van der Waals potential. 

Weaker slurries are formulated at a lower pH, were the surface charge is finite and 

positive. 

For a given pair potential , the mechanical properties of an attractive particle 

network will depend on the volume fraction of particles and the network connectivity. 

Figure 10 schematically illustrates the dependence of the normalized shear modulus 

(G'/G'max) on the normalized volume fraction (c^max) for networks with two different 

connectivities. GW is the modulus for the most densely packed network, (j)max- 



One of the two networks is formed with identical, linear columns of particles, 

two particles per column.  The relation between volume fraction (<})) and the particle 

27tr2 

radius (r) is given by $ = =^-t where 1 is the length and width of the unit cell. For this 

linear column arrangement, the number of columns per unit area is 

N4=4 <7> 
l2     2rar2 

When a stress (x) is applied between the plates, each column will equally transmit a 

force given by 
i. = W  = (8) 
N 3<|> 

d2V 
where k = —j is the 'spring constant', and Ah is the displacement of the 

h=heq 
dh' 

particles from their equilibrium separation distance, Ah   = h - heg.   Strenge and 

Sonntag[32] use the following equation to relate Ah to the shear strain: 

Ah = ry (9) 

Rearrangement of the right hand side of eq (8) results in the relation between stress (x) 

and strain (y): 

_ ^k Ah _ 3*k    , G.T# do, 
27tr 2nr 

= 3^k_ _  3(1)   d2V 
27tr       2nt dh2 

(11) 

h=h. «i 

For the linear columnar network, Eq. (11) suggests that the modulus is linearly related 

to the volume fraction of particles as shown by the linear relation in Fig. 10. 

Although the connectivity of particles in real, attractive particle networks is not 

known, some investigators [33-34] suggest that it could be described with a fractal 

dimension at low volume fractions, while others  [35-36] have shown many 



interpenetrating, percolative paths exist to support applied pressures at high volume 

fractions. These conceptual models suggest that the particle connectivity is very 

tortuous at all volume fractions. Since portions of the tortuous network are subjected to 

bending moments, they must be much more compliant than the linear, columnar 

network. The shear modulus as a function of volume fraction of such a tortuous 

network was modeled by Sen et al. [37]. They assumed a general isotropic particle pair 

potential (potential only depends on particle separation, without an angular 

dependence). In modeling the effect of volume fraction on the shear modulus, they 

changed the volume fraction of particles by randomly removing particles from a 

periodic array (face center cubic) of identical, spherical particles. Their model produced 

a power law function, G' a $ n, with n = 4.4, as shown by the non-linear relation in Fig. 

10. The current work shows that the exponent for different series of slurries lies 

between 4.5 < n < 5.0 (n = 4.75 ± 0.25), suggesting a network similar to that modeled by 

Sen et al. 

The power-law dependence on shear modulus and yield stress on volume 

fraction of particles has been documented often in the literature. Ball and Brown [38] 

have derived a power of 3.6 for the modulus of individual fractal aggregates. Sonntag 

and Rüssel [39] have found n in the relation G a <J> n to be 2.5 and 4.4 for fresh and aged 

polystyrene networks, respectively. Shih et. al. [40] have experimentally determined 

that n = 4.1 for the modulus of agglomerated, platelike, boehmite alumina crystallites. 

Buscall et. al. [41] have found n = 4.3 for the compressive yield stress of polystyrene 

latex systems aggregated with barium chloride. It is clear that these large values of n are 

due to the percolative nature of particle networks. 

Although the shear modulus data shows that the configuration of the attractive 

network bears no resemblance to the linear column model, the yield strain is nearly 

inversely proportional to the volume fraction, i.e., yy a «(r11 or = «jr1, which is relation 

expected for the linear column model, where each column is expected to extend to the 



same failure strain. Although less data exists for the yield stress of attractive networks, 

it is obvious that unlike the network modeled with linear particle arrays, which would 

break and flow once the maximum force was exceeded between any particle pair, due to 

their tortuous connectivity, real networks can exhibit a much greater extension (strain) 

prior to flow. 

Our data shows that the non-DLVO force observed by Velamakanni et. al. [10] 

and Ducker et. al. [15] only exists in networks in which the particles have high surface 

charges, less than pH 4.0. When the pH was > 5 and when sufficient salt was added, 

both the shear modulus and yield stress increased to the same values as slurries 

formulated at the iso-electric point, as predicted by DLVO theory.    To insure that 

sufficient salt was added to the slurry formulated at pH 2 and 4, up to a 5.5 M NH4CI 

was added without any observed change in either the saturation modulus or the 

saturation yield stress. Conductivity measurements showed that all the electrolyte was 

completely dissolved at these concentrations.  NaCl, KC1, and (NH4)2S04 were also 

added, but produced the same effect as the NH4CI. Further discussion of the effect of 

pH and salt will be presented in a companion paper that focus on the measurement and 

relation of surface charge density to the interparticle potential. [42] 

6 Conclusions 

Shear modulus and yield strength data suggest that there are two different 

interparticle regimes. For conditions were the particles have a low surface charge, the 

interparticle potential suggested by DLVO theory appears to predict the experimental 

results when excess salt is added, i.e., the strength of the attractive network become 

identical to that produced at the isoelectic point. On the other hand, when the particles 

have a high surface charge, evidence suggests that a non-DLVO, short-range repulsive 

force, as suggested by Velamakanni et. al. [10] and confirmed by Ducker et al. [15], 

must be added to the two other potentials in the conventional DLVO theory. 
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Figure 9 a) shows a schematic of how the two particle potential varies 

with particle separation distance; b) shows how the slope of the force vs. 

separation distance curve is related to the spring constant k (i.e. -^-y). 
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Abstract 

During the processing of laminar ceramic, biaxial, residual stresses can arise due to 

differential thermal contraction between unlike layers. If these stresses are tensile in 

nature, they can cause pre-existing 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 (tc), 

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 

determine 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. 



1. Introduction 

Layered materials play an important role in technical applications. They have long 

been used in the microelectronics industry, as multilayer ceramic substrates [1], capacitors 

[2], and fuel-air sensors [3]. Ceramic laminates are currently being considered for structural 

applications [4-9] to impart damage tolerance for conditions were cracks extend at constant 

strain. The analysis and observations reported here also applies to two materials that are 

bonded together by a layer of a third material, as either an adhesive [10,11] or a braze [12]. 

During processing, residual stresses can arise within these laminates due to 

differential strains developed during drying, pyrolysis of binders, densification and 

contraction during cooling. If the residual tensile stress is large enough, it will cause pre- 

existing flaws to "tunnel" laterally until it reaches a free surface (either the surface of the 

laminate or another tunnel crack). In thick layers subjected to biaxial tension, multiple 

tunnel cracks produce a mud crack pattern, similar to those seen in thin films [13] and 

brittle adhesive layers [10,11]. 

Ho and Suo [14] developed a strain energy release rate expression for the tunnel 

crack in layers subjected to biaxial tension to show that for a given residual stress, a critical 

layer thickness exists below which no tunnel cracks will exist, regardless of the initial flaw 

size. The purpose of this paper was to experimentally verify Ho and Suo's theoretical 

predictions, which if correct, would allow crack-free ceramic laminates to be processed with 

a high degree of reliability. A similar paper on steady-state cracking in thin films was 

previously reported by Hu and Evans [15]. 

The ceramic laminates used in this experiment were composed of a thin zirconia 

layers sandwiched between two thicker alumina/zirconia layers (bulk material). The 

laminate was densified at high temperature. During cooling, if the layers were separated, 

the zirconia layer would shrink more then the bulk alumina/zirconia due to its higher 



coefficient of thermal expansion (CTE), a (Fig. 1).   Because the zirconia layer is biaxially 

constrained from shrinking, a residual, tensile strain arises, 

er= L f(azr-ctAi/zr)dT' 
JTi 

(1) 

where Ti and Tf are the initial and final temperatures during cooling, and azr and (XAl/Zr 

are the CTE's of the zirconia layer sandwiched between the alumina /zirconia layers, 

respectively. By varying the composition of the bulk alumina/zirconia layer, and thus 

varying (XAI/ZIV the residual strain was changed in the thinner zirconia layers. The 

residual stress in the thin zirconia layer can be determined by [14] 

_   _  £rEZr 
r"l-VZr 

1 + 
t      EZr/(l-vZr) 

WEA1/Zr/(1-VA1/Zr)_ 

-1 

(2) 

where t and w are the thicknesses of the ZrC>2 and the alumina/zirconia layers, and E and x> 

are the elastic properties of the two layers. The stress state was simplified by forming the 

laminate such that the ratio t/w « 1 (i.e., the alumina/zirconia layers are assumed to be 

semi-infinite).  The residual stress in the zirconia layer becomes 

ar = 1 
erE Zr (3) 

'Zr 

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



2. Experimental Method 

The laminates fabricated in this study consisted of thin layers of either tetragonal- 

Zr(3Y)02 or cubic-Zr(8Y)02 a (thicknesses ranging between 10 \im to 500 |im) sandwiched 

between thick layers of Al203/Zr(Y)02 (» 3000 um). Several Al203/Zr(Y)02 compositions 

were used in order to determine the critical thicknesses of Zr(Y)02 as a function of residual 

stress. These laminates were fabricated by a sequential centrifugation method described 

elsewhere. [6,16] The sequential centrifugation method utilizes a new colloidal processing 

technique [17,18] where a short-range repulsive potential is produced by adding salt (e.g., 

NH4CI) 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 [17,18] or centrifugation [19], and prevents mass segregation 

during centrifugation [20]. 

A dispersed, aqueous slurry containing 0.005 volume fraction of Zr(Y)02 powder b 

was prepared at pH 2; 1.0 M of NH4CI was then added to create a weakly attractive network. 

This slurry was used to produce thin Zr(Y)02 layers. In a similar manner, a second slurry 

was prepared containing 0.10 volume fraction of Zr(Y)Ü2 and AI2O3 c powders (0.50 

volume fraction each) was used to produce thick Al2C>3/Zr(Y)02 layers. A volume V of the 

appropriate slurry containing the volume fraction of powder, <(>, was poured into the 

centrifuge tube, of area A, to form a layer of thickness 

t = Xi 
A 

By changing either the volume fraction of powder in the slurry or the volume poured into 

the tube, one could vary the desired layer thickness formed during centrifugation.  For the 

current study, the predetermined volume of the Al20s/Zr(Y)02 slurry was poured into a 

fa In the rest of the paper, t-Zr(3Y)02 and c-Zr(8Y)02 will both be referred to as Zr(Y)02 whenever it is more 
convienent 
b Zr(Y)02 powder: TZ-3Y, TZ-8Y, Tosoh, Tokyo, Japan 
c A12C>3 powder: AKP-50, Sumitomo Chemical Co., New York 



50 ml centrifuge tube d and centrifuged at 3200 rpm (centripetal acceleration ~ 1900 g's) for 2 

hours (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 Al203/Zr(Y)C>2 layer, the clear 

supernatant was poured off, a predetermined volume of the Zr(Y)C>2 slurry was introduced 

into the tube to form a thin Zr(Y)02 layer by centrifugation. This process was repeated 

until the desired number of thin Zr(Y)C>2 layers were formed, each with a different 

thickness, sandwiched between much thicker Al2C>3/Zr(Y)02 layers. 

The laminates were air-dried and then heated at 2 °C/minute to 1500 °C for one 

hour to produce dense, laminar specimens. The laminates were sectioned by diamond 

cutting, polished and then examined with a scanning electron microscope for cracks (SEM) 

e. 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 laminar specimens were also 

consolidated to make specimens to measure coefficients of thermal expansion, which were 

used to help determine the residual stress in the Zr(Y)02 layer. CTE measurements were 

made courtesy of both Harrop Industries (Columbus, OH) and Rockwell International 

Science Center to temperatures of 1500 °C. Theoretical values of the CTE were also 

calculated [21] for the different alumina/zirconia compositions using the measured CTEs 

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 [22]. Rectangular beam specimens (3mm x 

4mm x 30mm) were used. Three indents were used to introduce small cracks in the center 

of the tensile face (30kg loads for t-Zr(3Y)02; 10 kg loads for c-Zr(8Y)02). 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, equi- 

length on both sides of the beam), its length was measured, and the beam was loaded to 

d 50 ml polyethelyne centrifuge tubes, Nalgene 
e 840 SEM, JEOL, Tokyo, Japan 



failure in four-point bend.   Kic was calculated using the K function reported by Srawley 

[23]. 

3. Results 

3.1 Thermal Expansion and Kc values 

The CTE results, measured courtesy of Harrop Inc., are shown in Figure 2; data 

measured courtesy of Rockwell Science Center are reported in Table 1 along with 

calculated CTE values. It can be seen both experimental data sets are in agreement with 

one another, and these are in good agreement with theoretical values. The CTE for the 

various compositions and the Kic values for t-Zr(3Y)C>2 and c-Zr(8Y)C>2 are listed in Table II 

along with other relevant material properties. 

3.2 Tunnel Crack Observations 

Two types of cracks were observed in the Zr(Y)C>2 layers, i.e., cracks with a large 

opening displacement (> 30 |im) as shown in Fig. 3a and cracks with a small opening 

displacement (< 2 |xm) shown in Fig. 4a. Evidence suggested that the cracks with a large 

opening displacement were caused by differential shrinkage before densification. This was 

concluded from three observations. First, the large crack opening could only be caused 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 AI2O3 content) to 0.47, was 

much higher than that of pure zirconia (~ 0.40). Thus the zirconia layers would shrink 

more than the adjacent alumina/zirconia layers during densification. Second, the surface 

morphology of the crack with the large opening displacement was composed of smooth, 

round grains, identical to that of a free surface of the densified body as shown in Fig. 3b. 

Third, Fig. 3c shows that the ends of the crack partially re-sintered where it penetrated into 

the adjacent Al2C»3/Zr(Y)02 layer.   Based on this evidence, it was concluded that the cracks 



with the large opening displacement were more than 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 displacement were observed 

during initial experiments, before a systematic method was developed to dry the 

specimens for densification.) 

The surface of cracks with the small opening displacement was exposed by fracturing 

diamond cutting beams that include the crack. These surfaces (Fig. 4b) were identical to 

surfaces that were known to be produced by fracture. Figure 4c shows the fracture surface 

of a tunnel crack that extended into the adjacent Al2C>3/Zr(Y)02 layer, which occurred 

when the thickness of the adjacent Zr(Y)Ü2 layer was greater than the critical value as 

discussed below. In general, at least two crack front positions could be observed associated 

with the tunnel crack as shown in Fig. 4c. This observation showed that the tunnel crack 

extended at least twice during cooling. The second position 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. 

The thickness of the Zr(Y)Ü2 layer above which tunnel cracks were observed is 

detailed in Fig. 5 for both the tetragonal and cubic layers as a function of the composition of 

the adjacent Al203/Zr(Y)02 layers. The extension of the tunnel crack into the adjacent 

Al203/Zr(Y)C>2 layers, detailed for laminates containing the 0.5Al2O3/0.5Zr(Y)C>2 layers, is 

shown in Fig. 6 as a/t vs t, where a is the full length of the crack, including the portion that 

extends into the adjacent Al203/Zr(Y)C>2 layers, and t is the thickness of the Zr(Y)Ü2 layer. 



4. Discussion 

4.1  Crack Penetration and Tunneling Analysis 

The previously reported [14] fracture mechanics analysis that defined the critical 

thickness for tunnel cracking did not consider crack extension into the adjacent layers, 

which is observed here and is obvious in hindsight. The analysis that combines this 

extension into the adjacent layers with the tunneling phenomena will described in the 

following paragraphs. 

Consider a crack of length a, that pre-exists within a layer of material, of thickness t, 

under biaxial, residual tension due to the constraint of much thicker, adjacent layers. For 

the moment, we will consider that both materials have identical elastic properties. Let us 

assume that the crack is allowed to extend because its strain energy release rate is greater 

than the material's critical value. We also 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 the length of the layer. During tunneling, the cross-section of the crack 

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, et. al. [24] by 

Gs  = 
'2^ <r la 

Ex U 
sm-1* t, (4) 

•if 

where, Ej is Ei/(l-vi2), Ei and vi being the elastic modulus and Poisson's ratio of the 

tensile layer. As previously detailed, the condition for crack extension along the layer 

(tunneling) is given by 

Gt = H±. (5) 



where Z = TC/4 when the elastic properties of the two materials are identical. In general, Z 

is a dimensionless driving force dependent upon elastic mismatch, crack geometry and 

loading conditions [25]. 
a2t 

As shown in Fig. 7, both Gs (eq. 4) and Gt (eq. 5) can be normalized by ——, and 
Ei 

plotted as a function of a/t. The extension of a pre-existing crack with a normalized size, 

a/t < 1, will require that the value of the strain energy release rate function, GS/ given by eq. 

4, must become > Gc, the critical strain energy release rate for the material under tension. 

On the other hand, for such a crack to tunnel along the layer, the value of Gt given by eq. 5, 

must become > Gc. 

With knowledge of Gc and E* for the tensile layer material, and a within the layer, 

Fig. 7 can be used as a 'map' to describe the conditions for crack extension within a tensile 
G Ei 

layer of a thickness t.  For a given layer thickness, the value of     c2     will decrease during 
c t 

cooling due to an increase in the residual stress; or, for a given residual stress, the value of 

G Ei c
? 

l will decrease with increasing layer thickness.   The conditions for crack extension 
at 

(either Gs or Gt ^ Gc) occur when the normalized Gc crosses into the 'hatched area' of this 

graph.   This hatched area contains two different regions.   One is where the pre-existing 

crack simply extends into the adjacent layers, but does not tunnel. Of greater interest is the 

second region were the crack both extends into the adjacent layers and tunnels. 

We can describe these two regions for a layer of a given thickness by examining the 

cracking phenomena for different pre-existing cracks during cooling from the processing 
a ^ 

t 
temperature.  If — >   —    (and < 1), during cooling, the tensile stress will increase (eq 3) 

UA 
G Ei 

until the value of —^-^ crosses into the hatched area where the crack will suddenly extend 
G2t 

and penetrate the adjacent layers.   The extent of this penetration depends on the initial 

crack size; greatest penetration will occur when — =   —   .   Further cooling will cause the 

crack to tunnel when    c- 1 < — . If — <   — 
a2t       4 t      [tji 

,  cooling into the hatched area will cause 



the crack to extend and penetrate the adjacent layers and tunnel at the same time. In both 

cases, further cooling will cause the tunneled crack to continue to penetrate the adjacent 

layers. The final extent of crack penetration will be given by eq (4). Although continued 

penetration should occur by continuous, stable crack extension, the observation (Fig. 4c) 

that more than one crack front is observed in the adjacent layers, suggests that further 

penetration during cooling is a sudden event. 

We can also use Fig. 7 to interpret crack extension for the case where the laminar 

material contains tensile layers of different thicknesses that has been cooled to room 

temperature, thus fixing the tensile stress.   Similar to the case were the stress changes 
G Ei 

during cooling, two types of crack extension can occur.   One where the value of   —^— 

causes the pre-existing crack to propagate into the adjacent layers without tunneling, and 

one that cause both penetration and tunneling. Since the latter case is of more interest, 

one can rearrange eq (5) and show that tunnel cracks will only be observed when the 

thickness of the tensile layer is greater than a critical value 

(6) t > tc = GcEi 
a2 

Thus, regardless of the magnitude of the stress developed during cooling, crack tunneling 

can not occur when t < tc. It should also be noted that when t > tc the probability of 

tunneling will depend on the size of the flaw that pre-exists within the tensile layer. 

The above analysis assumes identical elastic properties for both materials. When 

the material that forms the adjacent layers is more compliant then the tensile layer 

(smaller elastic modulus), the normalized energy release rate increases and the slit crack 

will extend a greater distance into the bulk material. The opposite conditions occur when 

the tensile layer is more compliant then the adjacent material. This is similar to behavior 

seen in thin film cracking [26], where a compliant substrate will 'attract' a crack more than 

a stiff substrate. However, an interesting anomaly develops when the adjacent 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 thickness is large enough, this 'energy barrier' can be overcome, 

and the slit crack will extend into the bulk material. 

4.2 Comparison of Experiments with Analysis 

Using the material parameters given in Table II, a predicted residual strain was 

calculated from equation (1). The initial temperature, Tb 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 [27,28] have shown that zirconia exhibits 

significant plasticity above 1200 °C. Therefore, it can be postulated that the Zr(Y)C>2 layers 

were sufficiently plastic to maintained a zero stress state above 1200 °C. Although the 

temperature where crack extension occurred during cooling is unknown, room 

temperature was selected as the final temperature, Tf. 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 

compositions of Al203/Zr(Y)C»2 were then inserted into eq. (6) to determine the critical 

layer thicknesses. The effect of the elastic mismatch between the embedded layers of 

Zr(Y)C>2 and the bulk material was considered. However, based on finite element analysis 

by Ho and Suo [14], the value of Z, the driving force for crack propagation, does not change 

appreciably over the experimental range of the Dundurs Parameter, OCD (-0.3 < CCD < -0.1). 

The values of the predicted critical thickness for various compositions are compared to the 

observed critical thicknesses for embedded layers of t-Zr(3Y)C>2 and c-Zr(8Y)C>2 in Figures 5a 

and b, respectively. 

In Figure 5a, the predicted values of the critical thickness are in reasonable 

agreement with the observed critical thicknesses, i.e. 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)02 decreases with increasing temperature. [32] f Therefore, the fracture toughness 

of the t-Zr(3Y)02 layer during tunneling is lower than the value measured at room 

temperature. Using the room temperature value for fracture toughness for t-Zr(3Y)02 

overestimates the critical thickness for crack extension. 

Figure 5b shows the results of c-Zr(8Y)02, which is not transformation-toughened 

and therefore its fracture toughness is not expected to be as temperature dependent as the 

tetragonal phase. As shown, the observed critical layer thickness is in good agreement 

with predicted values, and the predicted values maintain a conservative solution (no 

tunnel cracks were observed below the predicted critical layer thickness). 

Experimental observations of crack extension into 0.50/0.50-Al2O3/t-Zr(3Y)O2 layer 

is shown in Fig. 6 and compared to theoretical predictions. On the basis of equation (6) and 

the relation G = K2/E* (K being the stress intensity factor), the slope of the plot should be 

constant and equal to Kic/o. Figure 6 shows that the slope is linear. Substituting the 

value of a in the tensile layer of 567 MPa, the fracture toughness, Kic, of the 0.50/0.50- 

Al203/t-Zr(3Y)C>2 layer was calculated to be 4.20 MPaW/2, which is smaller by « 25% than 

previously reported values. [29,30] 

Equation (6) assumes crack extension will occur when stress intensity factor, K is 

greater than the fracture toughness, Kic of the adjacent layers. As the residual stress in the 

layer increases during cooling, and thus K at the crack tip increases, crack propagation 

should occur in a steady, continuous fashion, until room temperature. However, Fig. 4c 

shows two apparent 'jumps' in crack growth. There are two possible explanations for this 

behavior. First, there appears to be an 'energy barrier' that must be overcome to extend the 

tunnel crack a second time. That is, the crack must be 'overdriven' in order for it to extend 

farther into the adjacent alumina/zirconia layers. In this circumstance, equation (6) will 

underestimate the Kjc of the adjacent layers since the measured crack extension is less than 

the expected crack length should the crack grow stably.   Or, since the kinetics of crack 

* This is due to a lower driving force for transformation 



extension is not addressed in eq. (6), it is possible the crack propagated unstably to some 

length where K«Kic. From there, further cooling is required to build up a stress 

concentration at the crack tip in order for further extension to occur. 

5. Conclusion 

An existing analysis for the extension of cracks in a layer under biaxial, residual 

tension is reported to take into account crack penetration into the adjacent layers. 

Theoretical predictions 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. 

Acknowledgements: The authors would like to thank Alex Blum of Harrop Industries, Dr. 

Wolfgang Pompe of the Max-Planck Institute in Dresden, and Dr. David Marshall of the 

Rockwell Science Center for measuring the coefficient of thermal expansion. The authors 

would also like to express their gratitude towards Mark Cornish for his assistance in 

electron microscopy and sample preparation. 

References 

1. G. Behrens and A.H. Heuer, "Microstructural Characterization of Cofired Tungsten- 

Metallized High-Alumina Electronic Substrates," /. Am. Ceram. Soc., 75 [10] 2815-24 (1992). 

2. S. Bruno, D. Swanson, and I. Burn, "High-Performance Multilayer Capacitor 

Dielectrics from Chemically Prepared Powders," /. Am. Ceram. Soc, 76 [5] 1233-41 (1993). 

3. S. Iwanaga, T. Fujita, R. Iwamura, H. Yokono, S. Ueno, and S. Suzuki, "Fabrication 

Process of Air-Fuel Ratio Sensor by Using the Green-Sheet Laminating Materials," 



Advances in Ceramics: Multilayer Ceramic Devices, Vol. 19, ed. by J. Blum and W. R. 

Cannon, 49-68, The American Ceramic Society, Westerville, OH, 1987. 

4. T. Chartier, J. L. Besson, and P. Boch, "Mechanical Properties of Zr02-Al2C>3 

Laminated Composites," Advances in Ceramics: Science and Technology of Zirconia III. 

Vol. 24B, ed. by S. Somiya, N. Yamamoto, and H. Yanagida, 1131-38, The American 

Ceramic Society, Westerville, OH, 1988. 

5. J. Requena, R. Moreno, and J. S. Moya, "Alumina and Alumina/Zirconia Multilayer 

Composites Obtained by Slip Casting," /. Am. Ceram. Soc, 72 [8] 1511-13 (1989). 

6. D. B. Marshall, J. J. Ratto, and F. F. Lange, "Enhanced Fracture Toughness in Layered 

Microcomposites of Ce-Zr02 and A1203," J. Am. Ceram. Soc, 71 [12] 2979-87 (1991). 

7. P. Sarkar, X. Huang, and P. S. Nicholson, "Structural Ceramic Microlaminates by 

Electrophoretic Deposition," /. Am. Ceram. Soc, 75 [10] 2907-909 (1992). 

8. C. J. Russo, M. P. Harmer, H. M. Chan, and G. A. Miller, "Design of a Laminated 

Ceramic Composite for Improved Strength and Toughness," /. Am. Ceram. Soc, 75 [12] 

3396-400 (1992). 

9. W. Cutler, F. Zok, and F. F. Lange, "Processing and Mechanical Properties of High 

Temperature Hybrid Multilayer Composites," manuscript in preparation. 

10. (a). H. Kirchner, J. Conway, and A.E. Segall, "Effect of Joint Thickness and Residual 

Stresses on the Properties of Ceramic Adhesive Joints: I, Finite Element Analysis of 

Stresses in Joints," /. Am. Ceram. Soc, 70 [2] 104-09 (1987). 

(b). W. Zdaniewski, J. Conway, and H. Kirchner, "Effect of Joint Thickness and 

Residual Stresses on the Properties of Ceramic Adhesive Joints: n, Experimental Results," 

/. Am. Ceram. Soc, 70 [2] 110-18 (1987). 

11. S. Johnson and D. Rowcliffe, "Mechanical Properties of Joined Silicon Nitride," /. 

Am. Ceram. Soc, 68 [9] 468-72 (1985). 

12. A Levy, "Thermal Residual Stresses in Ceramic-to-Metal Brazed Joints," /. Am. 

Ceram. Soc, 74 [9] 2141-47 (1991). 



13. T. Garino and H. Bowen, "Deposition and Sintering of Particle Films on a Rigid 

Substrate," /. Am. Ceram. Soc, 70 [11] C315-C317 (1987). 

14. S. Ho and Z. Suo, "Tunneling Cracks in Constrained Layers," /. of App. Meek, 60 [12] 

890-94 (1993). 

15. M.S. Hu and A.G. Evans, "The Cracking and Decohesion of Thin Films on Ductile 

Substrates," Ada Metall, 37 [3] 917-25 (1989). 

16. S. Ho, C. Hillman, F.F. Lange, and Z. Suo, "Surface Cracking in Layers Under Biaxial, 

Residual Compressive Stress," /. Am. Ceram. Soc, currently under review 

17. J.C. Chang, F.F. Lange, and D.S. Pearson, "Viscosity and Yield Stress of Alumina 

Slurries Containing Large Concentrations of Electrolyte," /. Am. Ceram. Soc, 77 [1] 19-26 

(1994). 

18. B.V. Velamakanni, J.C. Chang, F.F. Lange, and D.S. Pearson, "New Method for 

Efficient Colloidal Particle Packing via Modulation of Repulsive Lubricating Hydration 

Forces," Langmuir, 6, 1323-25 (1990). 

19. J.C. Chang, F.F. Lange, D.S. Pearson, and J.P. Pollinger, "Pressure Sensitivity for 

Particle Packing of Aqueous AI2O3 Slurries vs. Interparticle Potential," /. Am. Ceram. Soc, 

77 [5] 1357-60 (1994). 

20. J.C. Chang, B.V. Velamakanni, F.F. Lange, and D.S. Pearson, "Centrifugal 

Consolidation of AI2O3 and Al203/ZrC>2 Composite Slurries vs. Interparticle Potentials: 

Particle Packing and Mass Segregation," /. Am. Ceram. Soc, 74 [9] 2201-04 (1991). 

21. W. Kreher and W. Pompe, Physical Research: Internal Stresses in Heterogeneous 

Solids. Vol. 9, Akademie-Verlag, Berlin, 1989. 

22. T. Nose and T. Fujii, "Evaluation of Fracture Toughness for Ceramic Materials by a 

Single-Edge-Precracked-Beam Method," /. Am. Ceram. Soc, 71 [5] 328-33 (1988). 

23 J.E. Srawley, "Wide Range Stress Intensity Factor Expressions for ASTM E399 

Standard Fracture Toughness Specimens," Int. }. Fract., 12, 475-6 (1976). 



24. J.W. Hutchinson and Z. Suo, "Mixed Mode Cracking in Layered Materials," 

Advances in Applied Mechanics, Vol. 29, ed. by J.W. Hutchinson and T. Y. Wu, Academic 

Press, 1991. 

25. H. Tada, P. C. Paris, and G. R. Irwin, The Stress Analysis of Cracks Handbook, 2nd 

ed., Del Research, St. Louis, MO, 1985. 

26. T. Ye, Z. Suo, and A.G. Evans, "Thin Film Cracking and the Roles of Substrate and 

Interface," Int. }. Solids Structures, 29 [21] 2639-48 (1992). 

27. T. Nieh and J. Wadsworth, "Superplastic Behaviour of a Fine-Grained, Yttria- 

Stabilized, Tetragonal Zirconia Polycrystal (Y-TZP)," Ada Metall. Mater., 38 [6] 1121-33 

(1990). 

28. D.S. Cheong, A. Dominguez-Rodriguez, and A.H. Heuer, "High-Temperature Plastic 

Deformation of Y2G"3-Stabilized ZrC>2 Single Crystals: III. Variation in Work Hardening 

Between 1200 and 1500° C," Phil. Mag. A, 63 [3] 377-88 (1991). 

29. E. Bischoff and M. Ruhle, "Microcrack and Transformation Toughening of Zirconia- 

Containing Alumina," Advances in Ceramics: Science and Technology of Zirconia III. 

Vol. 24B, ed. by S. Somiya, N. Yamamoto, and H. Yanagida, 635-43, The American Ceramic 

Society, Westerville, OH, 1988. 

30. K. Tsukuma, T. Takahata, and M. Shiomi, "Strength and Fracture Toughness of Y- 

TZP, Ce-TZP, Y-TZP/A1203, and Ce-TZP/Al203," Advances in Ceramics: Science and 

Technology of Zirconia III, Vol. 24B, ed. by S. Somiya, N. Yamamoto, and H. Yanagida, 721- 

28, The American Ceramic Society, Westerville, OH, 1988. 

31. Y.S. Touloukian, ed., Thermophysical Properties of Matter: Thermal Expansion of 

Nonmetallic Solids. Vol. 13, Plenum Publishing, New York, 1977. 

32. F.F. Lange, "Transformation Toughening, Part 4: Fabrication, Fracture Toughness 

and Strength of Al203-Zr02 Composites," /. Mater. Sei., 17, 247-54 (1982). 

33. Dr. Dieter Schneider, private communication 



34. R.L. Lehman, "Overview of Ceramic Design and Process Engineering," Engineered 

Materials Handbook: Ceramics and Glasses, Vol. 4, ASM International, Materials Park, 

OH, 1991, p. 30. 

35. B. Eigenmann, B. Scholtes, and E. Macherauch, "Roentgenologic Stress 

Determination in Ceramics and Metal-Ceramic Composites, Theory and Applications," 

Mat.-wiss.u.Werksfofftech., 20, 314-25 (1989). 

36. K. Wefers and C. Misra, Oxides and Hydroxides of Aluminum. Alcoa Laboratories, 

Pittsburgh, 1987. 



Table I: Average Coefficient of Thermal Expansion 

(20 °C -1000 °C)(10-6/K) 

Average CTE 

(Harrop) 

Zr(Y)02 11.30 

0.33Al/0.66Zr 10.56 

0.5Al/0.5Zr 9.51 

0.66Al/0.33Zr 9.31 

0.9Al/0.1Zr 8.64 

AI2O3 8.39 8 

Average CTE Average CTE 

(Rockwell) (Theory) 

11.4 N/A 

N/A 10.05 

9.5 9.66 

N/A 9.11 

N/A 8.62 

N/A N/A 

S The coefficient of thermal expansion for alumina was taken from ref. [31] 



Table II: Material Properties 

Zr(Y)02 

0.33Al/0.66Zr 

0.5Al/0.5Zr 

0.66Al/0.33Zr 

0.9Al/0.1Zr 

AI2O3 

a (10-6/K) 

25 -1500 °C 

E (GPa) 

9.75 x 10"6 + (4.00 x 10'9)T - (1.44 x 10"12)T2 205 [32] 

8.97 x 10"6 + (3.38 x 10"9)T - (3.90 x 10"13)T2 260 J 

7.06 x 10"6 + (7.80 x 10"9)T - (5.83 x 10"12)T2 300 [32,33] 

7.29 x 10-6 + (4.28 x 10'9)T - (1.28x 10"12)T2 320 J 

6.42 x 10'6 + (5.64 x 10"9)T - (1.92 x 10"12)T2 360 J 

6.6 x IQ"6 + (4.1 x 10"9)T - (8.9 x 10"13)T2 [31] 380 [34] 

V Kic 
(MPa*m1/2) 

0.32 [35] 6.2 h, 2.1 * 

0.32 - 

0.32 [35] - 

0.32 - 

0.32 - 

0.32 [36] - 

h Value for t-Zr(3Y)02 
1 Value for c-Zr(8Y)02 

J These values of elastic modulus were calculated by rule of mixtures 



Figure Captions 

Figure 1: (a) An embedded layer of Zr(Y)02 sandwiched between two bulk layers of 

Al203/Zr(Y)C>2. (b) During cooling from processing temperatures, the Zr(Y)C»2 layer would 

shrink more due to its higher coefficient of thermal expansion, a. (c) Due to strong 

interfaces, the Zr(Y)C>2 layer is constrained from shrinking, producing a biaxial, residual 

tensile stress in the embedded layer. 

Figure 2: Plot of coefficient of thermal expansion (CTE) versus temperature (0 °C - 1000 

°C) for Zr(Y)Ü2 and various compositions of Al2C»3/Zr(Y)02. 

Figure 3: (a) SEM micrograph of an open tunnel crack in an embedded layer of Zr(Y)C>2. 

(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 Al203/Zr(Y)02- 

Figure 4: (a) SEM micrograph of a closed tunnel crack in an embedded layer of Zr(Y)C»2. 

(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 Al203/Zr(Y)C>2 layer. 

Figure 5: (a) Plot of the critical layer thickness (tc) observed in t-Zr(3Y)02 versus 

predicted critical layer thickness for varying percentage of AI2O3 in the adjacent layer (the 

greater the percentage of AI2O3 in the adjacent layer the greater the residual stress in the 

embedded t-Zr(3Y)Ü2 layer), (b) Plot of the critical layer thickness (tc) observed in c- 

Zr(8Y)02 versus predicted critical layer thickness for varying percentage of AI2O3 in the 

adjacent layer. 



Figure 6: Plot of crack length, a versus embedded layer thickness, t. This plot is 

arranged based upon eq. (6). The slope of the plot is linear and is equal to Kic/ar. 

Figure 7: I. Consider a flaw in an embedded layer, (a/t)o>(a/t)i. II. The strain energy 

release rate for the flaw, Gs, becomes greater than the critical strain energy release rate, Gc, 

during cooling, and the crack extends into the adjacent layers without tunneling. III. 

Further cooling causes the strain energy release rate for tunneling, Gt, to become greater 

than Gc and the crack tunnels through the embedded layer. If the intial flaw size, (a/t)o is 

less than (a/t)i, the crack will extend and tunnel at the same time. 

Figure 8: (a) The change in the normalized energy release rate of a flaw, G, in an 

embedded layer with increasing crack length, a, when E2/Ei=l and when E2/Ei>l. As the 

crack approaches the interface (a/t=l), the normalized Gs reduces to 0, creating an "energy 

barrier", which can be overcome when the residual stress or the embedded layer thickness 

is large. 
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Abstract 

Crack bifurcation was observed in laminar ceramic composites when cracks entered 

thin A120 layers sandwiched between thicker layers of Zr(12Ce)02.  The A1203 layers 
contained a biaxial, residual, compressive stress of - 2 GPa developed due to differential 
contraction upon cooling from the processing temperature. The Zr(12Ce)02 layers were nearly 
free of residual, tensile stresses because they were much thicker than the A1203 layers. The 
ceramic composites were fabricated by a green tape and co-densification method. Different 

specimens were fabricated to examine the effect of the thickness of the A1203 layer on the 

bifurcation phenomena.   Bar specimens were fractured in 4-point bending.   When the 

propagating crack encountered  the A1203 layer, it bifurcated as it approached the 
Zr(12Ce)02/A1203 interface. After the crack bifurcated, it continued to propagate close to the 

center line of the A1203 layer.  Fracture of the laminate continued after the primary crack 
reinitiated to progagate through the next Zr(12Ce)02 layer, were it bifurcated again as it 
entered the next A1203 layer.  If the loading was stopped during bifurcation, the specimen 

could be unloaded prior to complete fracture.  Although the residual stresses were nearly 

identical in all A1203 layers, crack bifurcation was only observed when the layer thickness was 

greater than ~ 70 fim. 
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1, Introduction 

Two different classes of crack deflecting composites are known that are made of brittle 

components. One is composed of brittle, but extremely strong components (viz., fibers) within 

a brittle matrix. In this type of composite, a crack deflecting interface exists between the fibers 
and matrix which allows cracks to extend through the matrix, but not though the fibers. [1] In 

this well known class of composites, once the matrix is saturated with cracks, the low 

modulus, high strength fibers fail at a high strain, either in flexural or tensile loading, to impart 

damage tolerance. 
The second class is composed of a components that need not be strong, which are 

bonded together with a crack deflecting phase. Some of these composites occur in nature and 
have a plate-like architecture that include shell [2,3] and teeth. For these natural composites, 
the brittle entities are single crystal plates of either calcite, aragbnite or hydroxyapite and the 
crack deflecting phase is a bio-polymer. Others are man-made to include laminates bonded 
together with a crack deflecting interphase material [4-7], materials described as 'fibrous 

monoliths' [8,9], and fiber composites with low density matrices [10]. In all of these cases the 
key feature that imparts apparent damage tolerance is the presence of an interphase between 

brittle components that supports crack extension as the interphase induces crack deflection. In 
general, composites in this second class exhibit different stress-strain characteristics under 

flexural and tensile loading. Notably, under flexural loading, the sequential crack extension 
through the 'brittle' components and crack deflection along the interphase gives rise to a series 

of step-like drops in the stress-strain response instead of a single, catastrophic drop 

characteristic of brittle materials that do not contain crack deflecting interphases. [6] When the 
crack deflection phenomena is present, the nominal failure strain is substantially higher than 

the failure strain measured in uniaxial tension. [11] 
Some undertaking of the crack deflection phenomena exits. Evans et al. [1] and He 

and Hutchinson [12] have considered the effect of an interface between two dissimilar 

materials (e.g., matrix/fiber interface). Their analysis concerns the case of a crack that exists in 
one material (e.g., matrix) with its front residing at the interface. Their analysis defines the 

conditions where the crack will extend along the interface instead of through the adjacent 
material; it includes the effect of the elastic mismatch between the two material. Later, He and 

Evans [13] modify the analysis to include the effect of a compressive stress in the adjacent 

material. The higher the compressive stress in the adjacent material (fiber), the more likely a 

crack will deflect along the interface. 
More recently, [14] a phenomena was reported at first appeared unrelated to the 
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problem of crack deflection. This phenomenon was the formation of an edge crack along the 

center line of the layer under compression. As described below, this edge cracking 
phenomenon now appears to be directly related to a new crack defection mechanism, i.e., the 

bifurcation of a crack as it enters a compressive layer. To our knowledge, this bifurcation 
phenomenon has never been described before, and it may be important to the development of 

new ceramic composites. The following paragraphs will describe how the experiments to 

uncover the bifurcation phenomena were initiated. 
Consider a ceramic laminate consisting of thin layers of one material sandwiched 

between thicker layers of another. In general, since the thermal expansion coefficients of the 

two materials are different, residual strain can develop during cooling from the fabrication 

temperature. The residual strain in thin layer is given by 

£r = f^(ofE-aM)dT (1) 

where Ti and Tf are the initial and final temperatures during cooling and aE and aM are the 

coefficients of thermal expansion (CTE) for the thin layer material and the adjacent, thick layer 

material, respectively. The biaxial residual stress in the thin layer can be calculated as [14] 

(JR = er EE 
i      fE   EE 1 + ——£- 

-1 

(2) 

where E- = -^- and E and v are Young's modulus and Poison's ratio of the two materials, tE 
1     1-Vi 

and tM are the thickness of the thin and adjacent layers. 
In previous experiments, Ho et al. [14] observed edge cracks on the surface of the thin 

layers that were under nominal, residual compressive stress due to the biaxial constraint of 

adjacent, thicker layer with a larger CTE. These edge cracks appeared near the center of the 

layer (Fig. 1), propagating into the layer and running parallel to the center line. They showed 

that although biaxial compressive stresses exist in the layer far from the free surface, the stress 

distribution near the free surface is triaxial. Specifically, the component of the triaxial stress 
perpendicular to the center line of the layer, aw is a highly localized tensile stress which 

diminishes in magnitude from the surface to the interior. 
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Figure 1: Tensile stresses at the free surface of a layer which is under biaxial 

compressive residual stress far away from the surface. 

The magnitude of the tensile stress, aw along the centerline of the layer is given by [14] 

ffwM y=0" 
K 

0--sin 20 
2 

OR, (3) 

where 

„     t 
tan0 = —, 

2x 
(4) 

and oR is the absolute value of the residual biaxial compressive stress far from the free 

surface. Note that the stress distribution along the centerline is strongly dependent on the 
thickness t of the embedded layer. Ho et al. [14] observed that the occurrence of edge cracks 
was dependent on the thickness of the embedded layer and the magnitude of the residual 
compressive stress in the embedded layer. They developed a strain energy release rate 

function for a crack in this localized, tensile stress field 

0.34oi(l-v2) 
(5) 

The critical layer thickness below which edge cracking does not occur is thus given by 

tc = 
GCE 

0.34(1- v2)oR' 
(6) 
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where GC/ E, and v are the critical strain energy release rate, Young's modulus, and Poison's 

ratio of the thin layer material, respectively. 
To understand the thinking that lead to experiments concerning crack bifurcation and 

its possible relation to the edge cracking phenomenon outlined above, consider a crack 

propagating through a laminate shown in Fig. 2. 

/?T 

embedded 
layer 

Figure 2: Propagating crack in a laminate under residual compressive stress. 

When a crack propagates through the laminate, it creates a free surface. When it approaches a 
layer that is under a residual compressive stress, <7R, it creates a situation similar to the free 

edge of a laminate, as discussed previously. The tensile stress, (7T, which now arises due to 

the introduction of the free surface, may cause the propagating crack to bifurcate into the 

compressive layer. Because this behavior is similar to the edge cracking problem, there is 
expected to be a critical layer thickness for this phenomenon, below which no crack bifurcation 

will occur. 
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2. Experimental Method 

Table 1: Material Properties 

a(10"6 /K) 
25-1500 °C 

Young's modulus 

E (GPa) 

A1203 
Zr(12Ce)02 

9.0 [15] 

11.5 [18] 

380 [16] 
205 [19] 

Poison's ratio 

v 

0.32 [17] 

0.32 [19] 

Thin layers of A1203 were sandwiched between much thicker Zr(12Ce)C>2 layers. Table 

1 lists material properties for both materials. Laminates were formed with two plastic, green 

tapes*, each containing one of the two ceramic powders. The thicknesses of the green tapes 
were 35 ^m for the Zr(12Ce)02 tape and either 30 urn or 20 urn for the A1203 tape (two 

different batches were used).  The tapes were cut and then assembled to assure a thickness 
ratio of Al203/Zr(12Ce)02 < 0.1. The stacked sheets were sealed in a plastic bagb containing a 

plastic tube to evacuate air during warm pressing (150°C, 18 MPa for 1 hour).  After warm 
pressing, the bonded, green laminate was placed in a special binder burnout oven and heated 
to 350°C at a very slow ramp rate in order to avoid cracking due to rapid sublimation. After 

binder burnout, the laminate was fully sintered at 1500 'C for 3 hours. Table 2 lists the heating 

rates for binder burnout and densification. 

Table 2: Heating Rates for Binder Burnout and Densification 

temperature range ramp rate 

binder burnout: 

densification: 

room temperature -180 °C 

180 °C - 350 °C 

350 °C - room temperature 

1 °C / min. 

1.2 "C / hour 
(0.02 °C / min.) 

furnace cooled 

room temperature -1500 °C 

1500 °C - room temperature 

2 °C / min. 

5 8C / min. 

a DSM Solutech, Netherlands, brand name Solufill™ (Solufill™ is a polymer film containing 20 vol.-% ceramic 
powder, 30 vol.-% organic binder and 50 vol.-% porosity) 
° Kapton™, Du Pont 
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mm 
to 

The laminates were machined into bar specimens for mechanical testing (length: 30 - 60 

n width- 2 5 - 7 mm, thickness: 2 - 4 mm). The surface was polished down to 1 urn in order 
observe the edge of the A1203 layers in the scanning electron microscope' (SEM), before and 

after fracture. The specimens were loaded in four-point bend to initiate crack propagation 

perpendicular to the AI2O3 layers. 

3. Results and Discussion 

The residual stresses due to differential shrinkage during cooling was calculated using 

eq (2) and the material properties listed in Table 1. The biaxial compressive stress in the 
AI2O3 layers was calculateed as -1.9 GPa and the residual biaxial tensile stress in the 

Zr(12Ce)02 layers was calculated as -90 MPa. Piezospectrographic data (Cr+3 fluorescence in 

cc-Al203 ) obtained by He and Clarke [20, 21] on the surface of the bifurcated AI2O3 layers 

revealed a compressive stress of 2.09 GPa. This is within reasonable agreement of calculated 

values. 
SEM observations of the A1203 layers revealed edge cracks in all of the layers (> 30 urn) 

prior to fracture.  This was expected since eq. (6) suggests that the critical thickness for the 
A1203 layers should be = 18 um, using a Gc for A1203 of 58 J/m2 [22]. The depth of the edge 

cracks observed in the SEM were only revealed for those layers that produced bifurcation as 

reported below. 
The strength of the specimens loaded to failure was dependent on whether the outer 

material (layer under maximum tensile stress) was either a thick layer (usually - 800 urn) of 
Zr(12Ce)02 or a thin layer (- 50 urn) of A1203. Zr(12Ce)02 was the outer layer for most of the 

specimens tested; they failed within the stress range of 480 to 550 MPa. Higher strengths (650 
and 700 MPa) were measured when the outer layer was A1203. It is assumed that these higher 

strengths are due to the high residual compressive stresses that exist in the A1203 outer layer. 

The outer A1203 layers did not contain edge cracks nor did they produce any bifurcation. In 
no case were flaw populations controlled to optimize strength. A linear stress-strain behavior 

was observed in all cases. 
Crack bifurcation could be observed with the unaided eye. When cracks bifurcated at 

thicker A1203 layers, the macroscopic fracture path included the A1203 layer and crack 
propagation through the next Zr(12Ce)02 layer initiated at some distance from the intial crack 
path.  For two specimens, the mechanical testing machine was turned off and the partially 

c Jeol 840, Tokyo Japan 
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fractured specimen was unloaded before the crack, which had bifurcated in at least one layer, 

could reinitiate the fracture process and extend through remaining specimen. 

Figure 3: Schematic of crack bifurcation as the crack enters the AI2O3 layer 

Figure 3 is a schematic of the bifurcated crack path to help explain the SEM observations 
shown in Figs. 4 and 5, which are different SEM views of the same AI2O3 fracture layer 

produced by crack bifurcation. Figure 4 shows the cusp-shaped 'mountain' that extends across 

the specimen, from one edge crack to the other. This cusp 'mountain' is produced as the crack 
makes a gradual, 90° turn upon entering the AI2O3 layer in the two directions that extend 

along the layer (see Fig 3). Figure 5 illustrates a top view of the same cusp; it terminates at the 
position where edge cracks had previously extended, i.e., it marks the extent of the edge cracks 

(~ 0.6 mm, for the case shown). The white areas in both SEM micrographs are Zr(12Ce)02, 
whereas the darker areas are AI2O3. Both Figs. 4 and 5 show that the crack began to bifurcate 

within the much thicker Zr(12Ce)02 layer; namely the white 'snow' on the 'mountain peak' is 
Zr(12Ce)02. Also, both figures show that as the crack bifurcates within the AI2O3 layer (dark 

material), it nearly extends to the 'bottom' interface between the two materials, which is clearly 
seen by the bright Zr(12Ce)C>2 patches on the fracture surface (not illustrated in Fig. 3). Since 
no bright Zr(12Ce)02 patches are observed further along the AI2O3 layer (not shown), the 

crack appears to seek the mid-plane of the AI2O3 layer as it continues to extend.   The 

interaction of the pre-existing edge cracks and the bifurcating crack were clear from the- 
fracture topography (not shown in the micrographs). The thickness of the AI2O3 layer shown 

in Figures 4 and 5 is « 76 ^m and the layer thickness of the Zr(12Ce)02 layer is = 800 ^m. 

When the AI2O3 layer was > 90 Jim, most of the specimens failed by delamination during 

machining. One specimen that did survive produce a bifurcated cusp which was only a small 
fraction of the specimen width, suggesting the depth of the pre-existing edge cracks were 
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nearly half the specimen width. 
Bifurcation was not observed, when the AI2O3 layers were too thin. This is illustrated 

with a specimen that contained 3 A1203 layers (see Fig. 6) where the center layer (- 33 urn) was 

approximately half the thickness of the two outer layers (- 76 |im). Calculations using eq. (2) 
based on the measured thicknesses of the Zr(12Ce)02 and A1203 layers and their physical 

properties given in Table 1 suggested that the residual, biaxial compressive stresses in the 
thinner A1203 layer at the center of the specimen was 1.98 GPa whereas the compressive stress 

in the two outer layers was slightly smaller, 1.83 GPa. 
Figure 6 illustrates a portion of the fracture specimen, were crack bifurcation was 

observed for the two thicker layers, but not for the thinner layer.  Also shown, the applied 
bending moment was released before the specimen completely failed; thus the third A1203 

layer supports a bifurcated crack, but has not completely failed. When the crack that initiated 
on the surface of the Zr(l2Ce)02 layer propagated to the first A1203 layer (= 76 urn), it 
bifurcated and propagated in the A1203 layer near the centerline. Note that the fracture parts 
of the first Zr(l2Ce)02 layer, still attached at the far ends of the specimen (not shown), are bent 

upwards. It can be seen that the specimen was elastically bent, apparently due to the release of 

the large residual compressive stresses, as shown in Fig. 6, stored in the specimen during 
cooling from the fabrication temperature. Approximately one-half of the first A1203 layer is 

still well bonded to the 'bottom1 surface of first Zr(12Ce)02 layer. As shown in Fig. 7, the crack 

reinitiated in the first, delaminated A1203 layer away from the original crack path, and 

propagated through the second Zr(12Ce)C>2 layer. 
As the crack reached the second A1203 layer in the middle of the specimen (« 33 urn), it 

passed through this layer without any bifurcation as shown in Fig. 8. The jog shown in Fig. 8, 

occurred only on the surface of the sample due to the pre-existing edge cracks. When the 

propagating crack reached the third A1203 layer (» 76 \ua)f the crack bifurcated again and 
extended through the middle of the third A1203 layer as shown in Fig. 9. The specimen was 

unloaded at this point to preserve the specimen. 
Other specimens containing A1203 layers with a thickness of 33 |xm did not show crack 

bifurcation behavior. In addition, specimens containing A1203 layers with a thickness < 70 jim 
also showed no crack bifurcation, even though the calculated magnitude of the residual 

compressive stress was slightly higher (due to a smaller Al203/Zr(12Ce)02 thickness ratio). 
These observations show that layer thickness is an important factor in crack bifurcation 

behavior, and similar to the strain energy release rate function that governs edge cracking (eq. 

(5)). Experimental results strongly suggest that crack bifurcation must be proportional to the 
product of the residual stress, aR, and layer thickness, t. That is, bifurcation will occur when 

a\ t > critical value. However, further research is required to uncover this relation. 
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4. Conclusion 

Experimental results show that crack bifurcation is dependent on the thickness of the 
embedded A1203 layer under residual compressive stress. The influence of the magnitude of 

the residual compressive stress was not investigated. However, based on the experimental 

results presented here, analytical calculations by Xu et al. [23] predict that crack bifurcation is 

caused by compressive stress in a laminar material and therefore the magnitude of that stress 

should have some influence on crack bifurcation behavior. Xu et al. also show that crack 

bifurcation is influenced by the mismatch of the elastic moduli and the mismatch in the 

fracture toughness of the two bonded materials on either side of the interface. Currently, their 

analytical calculations do notpredict any effect of the layer thickness on crack bifurcation. 
This discovery of crack bifurcation should lead to a better design for crack deflecting 

fiber coatings and a better understanding of a new composite material recently discovered 
[10], where the fibers and matrix are well bonded, and crack deflection occurs within a low 

density matrix that is subjected to residual compressive stresses. 
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Figure 1: Tensile stresses at the free surface of a layer which is under biaxial compressive 

residual stress far away from the suiface. 
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Figure 2: Propagating crack in a laminate under residual compressive stress. 
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Figure 3: Schematic of crack bifurcation as the crack enters the AI2O3 layer. 
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