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STRESS CORROSION OF CERAMIC MATERJALS

SUMMARY

The work during fiscal year 1986 can be divided into two distinct areas,
namely (1) the fundamental mechanisms involved in environmentally enhanced
fracture of single crystals, and (2) fracture behavior of ceramics used in
multilayer capacitors. The results of these investigations are summarized as
follows:
(1) Environmentally Enhanced Crack Growth

During the past year, effort was directed toward understanding how the
ionicity of the chemical bonds in a material determine the environments which
enhance fracture in those materials. Previous work has suggested that
environments which enhance crack growth in a material are determined by the
ionicity of the strained bonds at the crack tip; environmeunts which are polar
enhance crack gro;th in ionic materials such as MgF,; environments which act
as both a Lewis base and acid enhance crack growth in more covalent materials.
Last year, we began efforts to evaluate this hypothesis by making crack growth
measurements using indentation techniques on a series of small single crystals
from the II-VI and III-V columns of the periodic table. The total crack
length measured after periods of time in various environments gave an
indication of the crystals susceptibility to crack growth in that environment.
However, because the shape of the V-K; curve can not be obtained in this wav,
mechanisms could not be determined. This year, we have attempted to make
crack growth measurements on GaAs single crystals using the DCB technique to
delineate the entire crack velocity curve.

The specimens used were commercial, single crystal, undoped wafers grown
by the LEC technique and were polished on both sides by the vendor. The

L)
i




°' "‘ T VT W — T ———— e —— ————
!
!.'..'
t..!'
:;q
¢
a&* wafers were cut sequentially from the same crystal boule. The crack growth
0
e
:}ﬂf results from all of the specimens were scattered, suggesting that there was a
W
"y great deal of residual stress present in the material. For instance, crack
'
.jﬂ growth curves had different slopes in different specimens; the apparent K;.
.
3%
5:, shifted randomly from =.2 MPam® to =.5 MPam¥, and propagating cracks deviated
. .
;% toward or away from microscopic surface flaws in the specimens or deviated to
R0
g' the sides of the specimens.
K]
"y . .
:ﬂ& Because of these problems, quantitative results could not be obtained.
» »
% However, a number of qualitative conclusions could be drawn, based upon
.
g
2 : benavior which was repeatedly observed; water and methanol enhanced crack
-
{g? propagation in GaAs; no enhancement of crack growth was observed in heptane,
”f‘ even though it has a high (=30%) relative humidity; no crack growth was
¢f observed in any vapor, i.e. ammonia, water, methanol, or acetonitrile. 1In
,e .
L0 addition, crack growth of GaAs in water appeared to exhibit a stress .corrosion
‘e limit. 1In water, when the applied load was reduced to drive the crack at
é"/ ,
Kb+ velocities below =10"7 m/s, no crack extension was detected, and upon raising
* #v‘
-
x. the load, no further controlled crack growth was ever observed. Methanol did
)
;14' not seem to have a similar stress corrosion limit and, excluding effects due
)
O.‘O
U
i, to residual stresses, crack velocities between 10! and 10°? m/sec were
:‘:'o
OO obtained.
]
o Finally, to determine the source of the residual stresses in the
‘ L
¢ . ; . . , .
‘s ’ specimens, in collaberation with the Center of Electrical and Electronic
\
W
’ Engineering, x-ray topograph maps of residual strains in the wafers were
s
.:’f correlated with a mapping of indentation crack lengths in the wafers as well
D) "
Rﬁ: as with the strain patterns of adjoining wafers. We found that the specimens
iy
)
LY were filled with regions of residual strains; these regions ranged in size
S
R
) 2 |
“.'."
)
“.:'.‘
U
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-é from microns to several millimeters square and appeared to be randomly
3‘ arranged within the wafer. Comparisons between wafers showed that cthe
3 residual stress patterns were generated during crystal growth and were not
ii; alleviated by the thermal anneal the crystal boule underwent before
“
13 . sectioning.
s' Although the residual stresses in the wafers prevented quantitative
§ determination of the relative strength of different environments in promoting
“3 crack growth in GaAs, a preliminary evaluation of the ionicity model for
;a describing environmentally enhanced crack growth can be deduced from the
g» qualitative data. Because GaAs has the same proportion of ionic and covalant
)
5 contributions to its bonds as does vitreous silica, our model would predict
f that the same environments should enhance crack growth in both materials. 1In
Eﬁ fact, we find that, although water and methanol do enhance crack growth in
)
ﬁ' both ma%erials, ammonia gas is only effective for vitreous silica. In
% addition, water and methancl vapor in nitrogen gas and water impurities in
U
§ heptane appear ineffective at enhancing crack propagation in GaAs although
u they are effective in silica. Therefore, our results suggest that the model
" predicting which environments would be effective at enhancing crack growth
i)
?v based simply on the ionicity of the specimen bonds may be over simplified and
el
i needs further investigation. Two possible explanations for our observations
:: are that; 1) environmentally enhanced crack growth in GaAs is driven by
)
;E corrosion processes and, in the vapor phase, the environments cannot remove
p material quickly enough to maintain crack growth or 2) enviromments which are
i} effective at enhancing crack growth in GaAs require a high dielectric constant
ﬁ which can only occur in a liquid. However, evaluation of these possibilities

as well as quantitative comparisons of environmental effects on fracture
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indentation load regime, these data were fitted to a best fit curve of slope =
-1/3 as per Equation 1. These curves were then used to calculate the values
of critical fracture toughness given in Table 1. The uncertainties in these
values were calculated from the uncertainties in the oP!/? values used to fit

the curve. In most cases the values of fracture stress at the largest

indentation load (usually 100N) were not used in the calculation of toughness
because of evidence of extensive lateral cracking occuring at these loads.

The data in Table 1 indicates a significant variation in K;. from one
capacitor composition to another. Fractographic evidence (2) suggests that ;
these variations are due to microstructural differences from one composition
to another, and more specifically to the degree of crack deflection in the
material. Those ceramics exhibiting the largest extent of crack deflection
tend to have the highest values of K;. (2). 1In general, the relaxor
compositions ( Z5U-3 and PL 802) exhibited fracture toughness values at the
lower end of the range for all compositions. Whether these lower toughnesses
account for the rumored sensitivity to fracture of these compositions during
manufacture, however, cannot be determined at present.

The plots of fracture stress versus indentation load in Figures 1 through
8 indicate that microstructure also plays a part in determining the strength
of the capacitor at small flaw sizes. It can be seen that there is a wide
variation in the extent of the deviation from the indentation model at small
loads. This type of deviation has been ascribed to effects of the
microstructure on fracture (3), either through the direct influence of the

&) internal stresses on the driving force for flaw growth, or through an increase

in the toughness of the material as the crack size increases from the range of

&
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normal machining induced flaws to that usually associated with classical

fracture mechanics procedures.
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Table 1
Compositions and Fracture Toughness Values
of Capacitor Ceramics
Designation Supplier Major Constituents K;c (MPam!/?2)
NPO AVX BaTiO,; NdTiO, 1.4 (.06)
X7R-1 " BaTi0,; Bi,Ti,0, 1.11 (.09)
1.1%2 (.10)
X7R-2 " BaTiO, (98.5%) .701 (.08)
X7R-2M " Modification of X7R-2 .86% (.08)
X7R-3 " Modification of X7R-1 1.2% (.11)
1.0%2 (.10)
ZsU-1 " BaTiO,; CaZrO, 731 (.07)
.90% (.09)
ZSU-3 " Pb(Mg ;Nb )0, .87 (.08)
.82% (.14)
" T3000 Dupont BaTiO, 1.0 (.09)
XL282 " BaTiO; (97%)(X7R) .96 (.08)
BL162 n BaTiO,; Bi containing 1.2 (.10)
X7R
BL172HD " BaTiO,; Bi containing 1.5 (.23)
(X7R)
XL802 " BaTiO,; Pb and Zr .99t (.08)
containing (Z5U)
PL802 " PbTiO,; Pb(Mg 5,W )0, .951 (.04)
( ) Standard deviation based on fit of oPi/3
1 Measured at 22°C in silicone oil
2

e 8, Vg Wp g VT 4% Ty Uy 0 RRIROOUO S Y e LT W y y PR
Lt UMMM MIAN LN Pt MOCMOUM NI X K T T A TR I s L LN R A D N M

Measured at 3°C in fluorinert
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Figure 1 Fracture stress-indentation load plot
for X7R-1 (AVX) ceramic.
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Figure 2 Fracture stress-indentacion load plot
for s7R-3 (AVN) ceramic.
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Figure 5 Fracture stress-indentation load plot
for XL282 (Dupont) ceramic. Note the

strong effect of microstructure in this
material.
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ENVIRONMENTALLY ENHANCED CRACK GROWTH

IN GLASS MODELED BY LATTICE GREENS FUNCTIONS

G. S White, E. R. Fuller, and R. M. Thomson
Center for Materials Science
National Bureau of Standards

Gaithersburg, MD

20899
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SUMMARY

Lattice Greens functions are used to develcp a

very physical picture of environmental effects
associated with fracture in glass. The development 1is
proposed to be applicable in all cases where the
chemical activity takes place locally at the crack tip,
and where dislocatioﬁ processes do not partiéipate. In
the particular case studied, the chemical reaction
lowers the surface energy substantially, and gives rise
to an extended region of thermally activated crack
growth. Experimental results provided in the paper

are interpreted in terms of the model.
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KEY WCRDS

Environmental fracture, Lattice Greens functions, Slow crack |
growth, Giass, Crack tip chemistry.
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I INTRODUCTION

Brittle materials provide a good model for the study of the
effect of external environments on the bond breaking process at
the crack tip, because in these materials all complicating
effects due to dislocations are absent. Within this class of
brittle'materials, the silicate glasses have been the most
studied, and some of the details of the chemistry at the crack
tip have been clarified.

In the glasses, the effect of water is to lower the Griffith
surface energy, , substantially, because the dangling bonds
created by the cleavage are saturated by the external chemical
species through the formation of siloxane and similar groups on
the surfacel. Intimately associated with the change in , the
interaction of water and other molecular species with the crack
tip bonds of the glass induces a characteristic "slow" crack
growth over a substantial range of applied stress intensitcy
factor corresponding to many orders of magnitude in velocityz’
In inert environments, there 1is, at best, only a limited slow
crack growth region for cracks in any of the glasses. When

observable at all, the slope of the v(k) curve in this intrinsic

: region is relatively steep.

E In this paper, we will address the glass problem in scme
ry detail using atomistic theories developed earlier, with the hope
‘é that the insights to be gained will not only be of use in

understanding the problem of chemically enhanced fracture in

brittle materials but that the general results may also be of

interest for metals, when the chemical effects in metals can be

-\3.i
e '»’. ~ ]
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localized to the crack tip. We will attempt to model these

phenomena in terms of the lattice Greens functions for a crack4.

II LATTICE GREENS FUNCTIONS.
The Greens function for a lattice with a crack in it allows

us to write the displacement, u of the atom at the center of a

OI
crack as shown in Fig. 1 in the form

Us = ?oo F— 2?0/\'.(:
(1)

and the displacement, Uy for the atom at the tip of the crack as

Un = Guo F = Gun t = Gt % G0, F- Gan €

(2)
Here g, . is the Greens function matrix, and it is symmetric in i
and j. F 1s the externally applied force on the central atom
pair, and f is the force holding the atom pair together at the
crack tip. These crack tip forces are in fact the nonlinear bond
forces, f(uN), and they will be assumed later to be modified by
the external chemical attack. The Greens function matrix is a

set of constants which gives the compliance of the linear lattice

system, and the method for computing these constants has been

®.
) o 5 o

> developed by Hsienh and Thomson™. The specific values for gij

~‘ Y -

U . ) . s
'&3 depend upon the type 0f crystal lattice, and vary menotonically
e
LV -

>

b}

on the inverse length of the crack, as indicated for gOO in Fig.




Otherwise, for us, the numerical values of these constants are
not required; it suffices that they exist.

The solution of the coupled set of egquations, (1) and (2),
1s quite simple, and can be described in conjunction with the
help of the sketches in Figures 2 and 3. To begin, we assume
that £=0 in (1). Then Uy 1s simply a linear function of F, and
solutions for different crack lengths are plotted schematically
in Fig. 2. We note that the compliance of the lattice must
decrease, as the crack increases in length, as shown. Consider,
however, what must happen as the external force, F, is increased
for a fixed crack length, N. The force on the atom bonds at the
crack tip must increase, and if these bonds are considered to
have finite strength, then at some value of F, they must break.
The crack then jumps to the neighboring compliance line as in
Fig. 3, 1.e., to crack -'length N+1. (In all of this, we note -
that, by symmetry, any event occurring at one crack tip also
occurs at the other.) Likewise, in Fig. 2 for a given N, if a
large initial value of F is continuously decreased, a value will
be found where the first broken bond at atom pair N-1 becomes
reattached, so that these atoms snap together. At this point the
solution jumps to the other neighboring compliance curve, i.e.,
that for N-1. O©Of course, for physically reasonable bond force

laws these bond snapping events take place continuously, and in

Fig. 3, we have shown a detailed sketch ¢f the region where the

crack jumps from N to N+1.
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The crack growth from N to N+l just described will generally
occur by means of thermal fluctuations, and the activation energy
for making such a jump at a specified value of the external

force, F, is given by the expression

208 |\ Fdu, - F Ay,

_;,,—’j'\,

(3)
The 1ntegration is over the nonlinear compliance curve from point
1 to point 2 in Fig. 3. The initial and final pcints are given
by the intersection of the horizontal line with the compliance
curves. (A backward fluctuation will occur for a jump from point
3 to point 2.) The second term in (3) is the change in energy of
the external system which exerts the force, F. When the
horizontal line at F=F meets the maximum of the bond
curve, the crack becomes unstable for forward moﬁion without
thermal fluctuations. The energy, AE, is given graphically by
the area under the curve from 1 to 2 shown cross hatched in Fig.
3.

If f is eliminated from (1) and (2), we can write

du,= Fon du, 2 Fou (5” - Gon >°“:
a”” 250"' gNN

and substitution into (3) with (1) and (2) gives

AE -

C(un) duy ~ | M mGev £ b,

N B asn
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This equation will be fundamental for our discussion. In (4) and

(5), we have assumed that the bond function force law, f(u, ), 1is

N
kxnown. In deriving (3), we use the fact that any integration over
dF from state 1 to state 2 is zero. In the following, we will
define a force conjugate to the energy given in {(3), which is

simply the integrand in (3),

3‘= Qv £~ Loy, =L (u)
oa.NN 9””

(6)
From this function,°9(u~), it is possible to make a graphical
construction which highlights the three contribution; to the
energy changes at the crack tip when it jumps forward and
backward. This construction is shown in Fig. 4, where the bond
function is drawn as a function of Uy The energy is again
given in Fig. 4 by the crosshatched area bounded by the bond
function and the load line. The load line in Fig. 4 is the graph
of the first and seccnd terms in (6). Eguation (6) and Fig. 4
are particularly useful in understanding crack growth, because
cnly the third term in (6) depends on the external chemical
reaction at the crack tip. The other terms relate solely to the
linear (cracked) lattice. The first term is the force exerted
by ~he external loading machine, and the second is the '"fcrce"
associated with that part of the activation energy absorbed by
the linear part ¢f the lattice when the bond at the crack tip is
stretched. Furthermore, the term in F 1s proportional to the

crack extension force, K; KoCF/Jﬁi In the following, we shall

therefore often use F and K interchangeably. The factor, l/gNN,

BAOAEAIAOMD [) R ey (-
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dervends on the lattice crystallography, but 1s on the order of a
rond spring constant.

The functicn, 9 , 1s an atomistic analogue to the
centinuum crack extensicn force. 1Indeed, when the average of
over a complete jump of the crack from one lattice position to
the next, < 3{u~)2>, is zero, the crack length satisfies the

JUmMp
Griffith condition. Also, the wvalue of «< 9~7. is the
M Uwm D
mechanical part of the driving force on the crack to move it over
the barriers. Of course, in order to obtain the complete

thermodynamic driving force on the crack, entropy terms must be

A
added to # , but these terms will not be discussed here.

III CHEMICALLY ENHANCED FRACTURE

For the £racture problem, we now assert that the ve.LoCcity,
», of The crack s g.ven by the rate of traversal zf the energy
barriers, and wrize

)
N

5 »

’<

We wish to compare the situation for intrinsic fracture,

o
A, A Yy

shown schematically by the dashed curves in Fig. 5, with that for

chemically enhanced fracture, corresponding to the full curve.

Experimentally, there is only a narrow range of © (or K), at

6 pest, of activated fracture in the intrinsic case. This narrow

vz ‘ . .

?f region in the 1ntrinsic case s due to the fact that backward

s

7 fluctuations intervene when the driving force, F, Is lcwered on.y

b.:‘-’

a a _i==le. The welccitv aLso has a very steep fcrce dependence
cecause cf tne ralawilvely bdroad character cf the I(u curv

%
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That i1s, small changes in F create large changes in.the enclosed
area.

When water or water-like molecules are introduced, the
chemical reaction of the water with the Si-0O bond is thought to
be a concerted reaction in which lone pair electrons on the one
hand and proton donor capabilities on the other play an important
role3. In brief, it is assumed that the Si-0 bond is little
affected by the water until the Si-0O bond achieves a critical
stretch below the maximum in the intrinsic Si-O bond function.

At this point, the bond breaks suddenly with formation of the Si-
CH. As the Si-0OH is formed, the OH groups on the two incipient
surfaces repel each other, so the final stage of bond breaking is
thought to be very steep with' a negative region as shown in the
sketcn in Fig. 5. Of equal importance to the chénge in shape.in
the b;nd function near its maximum is the fact that the
reversefluctuations, in which a water molecule is desorbed and

the Si-0 bond reattached, occur only with high energy, so the

reverse reaction occurs sensibly only for very low values of F.

It is clear from the diagrams in Fig. 5 that guantitative

results for the velocity law depend on the details cf the

particular force law at the tip and its modification by the
chemical reaction. However, suppose we are in a region of the

bond stretch not too close to F=F and the force function is

F'
relatively linear. Then from the gecmetry sketched for the bend

function in Fig. 5, the activation energy is approximately

quadratic in the difference, (F_~F), and since K and ¥ are

=

-

& proportional,
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AE = Alke-k) = ~ Ak, - 2A K, K
(8)
Ko 1s the stress intensity factor corresponding to FF' The

constant A depends on the gij and the force law parameters. The

linear approximation is valid when K/KF<<1. Thus, from (7) and

(8),
dbn v | ZA (K, -Kk) ~ 2A (L,
A i¢ T le T

(9)

It follows from our discussion of the chemistry at the crack
tip as depicted in Fig. 5 that because of the change of shape of
the bond function under chemical attack, the constant, A, in (9)
is lower for chemically enhanced fracture than for intrinsic
fracture. Thus, for chemically enhanced fracture, (9) and the
sharply lowered rate of backward reactions predict a broad regime
of slow crack growth, with relatively low slope.

Experiments to be described more fully in the next section

have explored a variety of molecular species similar in their

chemical behavior to water. If all these molecules react with

the Si~0C bond in the same general linear region of the bond

N

function, then the different cases would be as sketched in Fig.
6. That is, the shapes describing the activation energies in

ig. 6 are both similar geometric figures, described by the same

'l]

material parameters. Since each molecular species will have a
different reactivity with the Si-0 bond, the break point 2f <he
pond will take place at a different value of F. So, for a given
value of F, different velocities will be predicted by (7).

’

However, as shown in Fig. 6, for the same value of AE, and hence
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for equal velocities, the slope as given in (9) will be the same.
Thus the model predicts that the curves for different molecular
species will simply be shifted horizontally on a plot of 1lnv
versus K.

There are various ways in which the simple considerations
given above might be extended. For example, within the limits of
the model, if the reacting mcoclecular species break the Si-0 bond
in the upper nonlinear portion of the bond function, f(u), then
the slopes of the 1lnv versus K would be expected to be higher
than for those breaking the bond in the linear region.4 See Fig.
5 for comparison.

IV COMPARISONS WITH EXPERIMENTAL DATA

The model outlined will now be compared with a number of
experimental results. The most basic of these is the change in
slope obéerved in crack growth data between curves obtained in an
inert environment as opposed to those obtained in an active
environment, coupled with the fact that in an active
environment, crack growth occurs for much lower relative K
values. Fig. 7 shows these results for fused silica. In the
figure, crack growth in dry nitrogen occurs at higher K values

and the slope of the curve is steeper than in active environments
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such as distilled water."3 These results provide the central
justification for the theory we have develcped.

An inspecticn of the environmentally enhanced region
suggests that a linear 1lnv versus K relationship (see Egn. (9))
1s approximately valid over most of the range observable.
Attempts have been made to fit this region to various functional
forms to infer the actual shape of the f(u) curve. However,
because of the lack of sufficient precision in the data, no
predictions have been possible. Thus, the linear approximation
in (8) and {(9) are consistent with the data.

More interesting is the behavior of vitreous silica in
environments of varying reactivity. (Relative reactivity is
inferred from the relative positions of the crack growth curves
along thecx-axis.) Crack growth data have been obtained in
water, ammonia gas, hydrazine, and formamideB, listed in
decreasing order of reactivity (see Fig. 7). The data for water
and ammonia gas are colinear. Although the curves generally are
displaced along the K-axis, their slopes are all equal. This
suggests that the concerted reactions at the crack tip for the
various environments all occur in the linear region of the £(u)
function, as discussed in connection with Fig. 6 in the previous
section. Therefore, the model described above is consisten£ with
the observed crack growth data in vitreous silica for all the
listed environments.

In addition to vitreous silica, crack growth data have been
obtained in silicate glasses in wnich the Si-O bonds have been

modified by the addition of alkali ions.6 The resulting crack
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growth curves are much more complicated than those in vitreous
silica, but their slopes from environment to environment tend to
change in a manner consistent with reactions in the nonlinear
region of the f(u) curve, as discussed in the previous section.
Further work to evaluate these changes is currently under way.

V CONCLUSIONS

We have indicated how the effects ¢of environmentally
enhanced fracture can be modeled in terms of lattice Greens
functions. Essentially, the key to the simplicity of the method
lies in the way the intrinsic bond force function, f(u), may be
decoupled from the mechanical force terms describing the response
of the rest of the system. This allows us to incorporate the
influence cf chemical interactions via a modification of the bond
function at the crack tip. The effects of different
environmental molecular species on the crack velocity
characteristics can then be accounted for by means of a very
simple construction--Fig. 5.

In the experimental results considered in Sect. IV, we
confined our attention to the simplest possible cases. In these
cases, the influence of the chemistry gives rise to predicted
changes in the v(K) plot.

In spite of the simple physical picture presented here,
however, the chemistry of cracks in glass is not an elementary
science, and other observations suggest more complex behavior.
Also, other interpretations than given here are being pursued.7

Thus, the comparative study of different molecular species

30
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interacting with cracks in various glasses is still a very
active field.

A subject not discussed in this paper is the behavior of
glass in the lower threshold region. On the basis of our model,
adsorption/desorption reactions in equilibrium are, in principle,
pcssible there. However, a more complex picture seems to be
developing associated with healing of the crack over the
chemically adsorbed molecules. Working out the physics and
chemistry of these threshold phenomena is thus likely to bring in
a whole set of different insights into chemically enhanced
fracture.

VI ACKNOWLEDGEMENTS

It is a pleasure to acknowledge the ideas that our
colleague, B. R. Lawn, has brought to this subject, and for his

discussions of this paper.

31

g R O N e s |



-
e'n

PRENENIN
AR

)

\
-
»
W

13

FIGURE CAPTIONS
Fig. 1 Lattice containing a crack. The external force, F, 1is
exerted at the center bond pair, and the crack tips have cohesive

forces, f, holding the bonds together at the tip.

Fig. 2 <Crack compliance curves. The displacement of the central

atom as a function of the applied force is plotted. The

displacement 1s linear in the force, F, and different lines are
drawn for different crack lengths. The slope of a given line :s

l/goo, S is a function of crack length as shown.

Fig. 3 Ccmpliance curve detail. At a critical bond stretch on
crack length, N, (near label 1), the bond at the crack tig
breaks, and the crack jumps to the curve corresponding 0O a crack

of length N+1. The cross hatched regions correspond tc

activation energies of forward and backward motion, according tc

equation (3). That is, the area from 1 to 2 is a forward

activation energy, and that from 3 to 2 i1s a reverse activation

energy.
Fig. 4 Crack activation energy according to Egn. (6). The
energy to jump from one lattice site to the next is again given
by one of the cross hatched portions. The bond function is given
gy the curved line, and the first two terms in (5) are
represented by the straight line. This line will Lbe called <=he
icad 1ine. The 1intercepts shown define F_. and F, and the
Juantit.es A.uN are .mportant in determining -“he stress

dercendence <f =he crack
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f;} Fig. 5 Comparison of intrinsic and chemically assisted fracture.
:‘E The intrinsic curve is shown dashed while the chemically assisted
;“: curve is shown full. Singly hatched regions represent activation
)
::a energies for forward (bond breaking) fluctuations while doubly
e .

5ﬂ hatched regions represent activation energies for reverse (bond
‘hé healing) fluctuations. The figure shows schematically how the
",
0 . L. .
;« force (F) corresponding to a specific forward activiation energy
I . . .

v decreases in the chemically assisted case (FE).

e . . . . .
,éa Fig. 6 Compariscn of two similar molecular reactions at the tip,
O
:::E' showing equal stress dependence. The hashed areas shown are

0.‘.‘

': equal. Therefore the forces Fa and Fb correspond to the same

~

m‘ velocities in the environments a and b. The separations /Qua and
T
‘. Aub are also equal, due to the linear nature of f(u) where the

5

ol

e reacticn takes place. Therefore, the corresponding lnv vs K
0o curves should have equal slope, but environment b should be
) -

 3 displaced to higher K from environment a.

ﬂ'

) A

) Fig. 7 Experimental crack growth data of vitreous silica in
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RO different environments: water (4 ), ammonia gas (0O ), hydrazene
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STRAIN PATTERNS IN GALLIUM ARSENIDE WAFERS: ORIGINS AND EFFECTS

Richard A. FORMAN! James R. HILL!, Michael I. BELL,! Grady S. WHITE!,
Stephen W. FREIMAN!, and William FORD?

!National Bureau of Standards, Gaithersburg, MD 20899

2Harris Microwave Corp., Milpitas, CA 95035

ABSTRACT

Using the rapid x-ray topographic system described earlier (in DRIP I}, we have exam-
ined a large number of LEC GaAs wafers, both commercial and research, and have been
able to identify the sources of some of the observed patterns. We have also studied the
effects of the inhomogeneous strain on the fracture properties of the wafers. The high
gradients of strain cause deviations from expected crack growth behavior in fracture tests.
These deviations include crack velocity variations, and crack tip deflections. The grown in
defects cause point-to-point irreproducibility in hardness and toughness values for this ma-
terial. Sequential wafers exhibit closely related topographs and similar fracture properties.
Inclusions have been identified in indium-doped wafers and produce a characteristic topo-
graphic pattern when the inclusion lies in the wafer under study. A characteristic strain
pattern propagates away from the inclusion and produces annular rings in later wafers.
The relaxation of the bow-tie strain pattern surrounding the inclusion to the annular ring
pattern is likely related to the thermoelastic stress patterns described by Jordan et al.

INTRODUCTION

We have previously described a sample laboratory system for routine x-ray topographic
inspection of semiconductor wafers.! We have since continued exploratory studies to ex-
amine the generic defect structures observed in gallinm arsenide (GaAs) wafers, and to
correlate these topographic results with other data

Samples representative of current GaAs production have been obtained from a number of
sources, both commercial vendors and research laboratories. In several cases, samples from
different regions of the same boule were studied and used to examine defect propagation.
The wafer thicknesses were nomimally 500 um. All topographs were taken with CekK,
radiation.

Crack propagation studies were also performed on samples taken from a sequential set
of liquid-encapsulated Czochralski (LEC) GaAs wafers. Breakage remains a significant
factor for GaAs device fabrication, and our studies were intended to address the materials
and defect aspects of crack propagation. Hardness measurements were also made. In the
absence of strain or other defects, hardness would be uniform over the wafer surface.?
Cracks would also be expected to grow smoothly along the known [110] cleavage planes.
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Currently available LEC GaAs wafers do not behave in this way; the nonuniform crack
behavior correlates well with the inhomogeneities observed in the x-ray topographs.

Inclusions are also an occasional problem in GaAs boules, and are generally regarded as
being produced occasionally by an unexpectedly large growth rate fluctuation. We have
been able to examine, in successive wafers from the same boule, the topographic patterns
associated with the presence of an inclusion, and the subsequent strain pattern which
propagates along the boule. While the inclusions studied here were found in indium-doped
materials, we have observed similar x-ray topographic patterns in undoped and chromium-
doped GaAs wafers, suggesting the same underlying cause.

Many of the LEC GaAs wafers we have examined display subgrains. Examination of 2
set of ten wafers from near the end of one boule has allowed us to measure the effects of
competing grain growth and the development of significant sharp localized strain patterns
at the intersections of the subgrains. These results suggest that whole boule annealing to

relieve strains may have a fundamental limitation when subgrain structure is important.

EXPERIMENTAL

All of the x-ray topography was performed with the double-crystal system described
earlier.! All measurements were made using a Si (100) wafer monochromator crystal on
the (224) plane with CuK, radiation. A lead aperture mask was used to isolate the CuKq;
line; all the topographs were taken in the reflection mode and various different resolution
emulsions were used with or without x-ray intensifying screens. All topographs shown here
are positive images. The wafers were as supplied by the manufacturer without any etching
to remove possible damage. For most of the work, the (422) Bragg reflections were used in
the parallel (+ -) geometry; this reflection samples a depth of 5.5 um for GaAs single crystal
samples.? In some cases the (440) reflections were also studied to give further information
about the inhomogeneous strain distributions. Because of the divergence properties of the
monochromatic x-ray beam in this apparatus, the use of Bragg reflections at 45° to each
other about the surface normal is sometimes useful to more completely quantify the strain
patterns.

Two types of mechanical property tests were made: indentation tests nsing a Vicker's
diamond in a standard hardness testing machine and macroscopic crack growth measure-
ments using a double cantilever beam (DCB) apparatus. For the first type of test, inden-
tations were made with the diamond indenter oriented to produce cracks running along
the cleavage planes. Indentations were made in air and lengths were measured of cracks
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b emanating from the corners and the sides of the indentation impression. Hardness values
:: were obtained from measurements of the diagonal length of the indentation impression.2:*
o The values of the measured crack lengths reflect the sum of the residual stress associated
! with the indentation and the remanent local stresses produced during growth, slicing, and
K" polishing of the wafer.
':!'l For the DCB tests, specimens 12.5x50 mm were cleaved from the wafers. A crack was
‘::“ initiated at one end of the specimen by applying a 1.75 Newton load to the specimen with
h: a Knoop diamond indenter mounted in a universal testing machine. Next, the specimen
::: was glued to two aluminum arms and mounted in an environmental chamber using an
o apparatus described elsewhere.’ Loads were then applied to the aluminum arms to cause
;' the crack to propagate. The advantage of the DCB geometry is that the driving force is
‘;-'\: independent of crack length. Therefore, for a given applied load, the crack will run at a
\2:.: constant velocity, unless there are residual stresses within the specimen. Crack velocities
(] were determined by measuring the distance traveled over a given time using a traveling
::\ microscope and a stopwatch. Velocities between 10~!° and 10~2? m/s can be measured in
::: f this way.
J‘
{ RESULTS AND DISCUSSION |
{:'E' The wafers selected for the crack growth experiments are representative of current pro-
‘,'. N duction undoped LEC material intended for device fabrication. The particular set of ten
N examined were from the tail section of a boule but were device quality wafers. The x-ray
." topographic patterns observed in these wafers are qualitatively the same as those we have
hi,» observed in wafers from other manufacturers independent of position in the boule.
i, Er Fig. 1 shows reflection topographs of two of these wafers. Allowing for kerf losses,
'.") we estimate that these wafers were separated by approximately 5 mm along the boule
‘. axis. The topographs were taken at the position of the rocking curve where the average
';:' intensity from the central 15 mm of the crystal was a maximum. Because the subgrain
o structure of the two wafers is so similar, the bright areas of the two topographs display
-J' many of the same features. The mottled nature of the topograph is produced by the
::,’ dislocation networks which are well-known in LEC GaAs and whose spatial structure is
.\5 more commonly examined in transmission topography.!+® Subgrains are also prominent in
.'j;x the topographs and the relative rates of grain boundary motions during growth for the
' various grains can be observed by comparison of the topographs.
EE:?:: A crack propagation study sample was taken from the wafer shown in Fig. 1a; Fig. lc
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projects the geometry of the DCB specimen onto the topographic features of that specimen
wafer. We had believed that the higher crystalline uniformity of this region of the wafer
might allow reliable crack propagation studies to be made.

The crack in the DCB test specimen was propagated toward the center of the wafer.
When the crack reached the region marked (j), it was deflected at a right angle and ran off
the side of the specimen. As the figure shows, the site of the crack deflection coincides with
indications of residual strain determined by the x-ray topography. Cracks propagated in
DCB specimens cleaved from 3 of the 10 consecutive LEC wafers all exhibited fluctuations
in crack velocity and direction. In all cases, these fluctuations led to failure of the specimens
part-way through the crack study.

Indentation crack lengths were also correlated with the topographs. Fig. 2 is a plot of
the tip-to-tip crack lengths as a function of position for a row of indentations which crosses
a sharp residual strain line in the wafer. The vertical dashed line in the figure corresponds
to the position of the strain line of the x-ray topograph. The cracks run approximately
perpendicular to the strain line. Uncertainty in the crack lengths is about 1um. The crack
length at the strain line is much larger than the background crack length values. As the
figure shows, there is another position in the row of indentations at which the crack length
deviates from the background value. There is no corresponding topographic data available
for this second case. However, parallel rows of indentations provide similar results.

The correlations between the observed crack growth behavior and the residual strain
lines indicated in the x-ray topographs suggests that the strain sites are also locations
of residual stresses in the wafers. As Fig. 2 shows, the crack length changes from the
background value to a higher value at the stramed site, correspanding to a tensile residual
stress. At other poeitions near the strained site, there exist compressive residual stresses,
required to maintam a net zero stress state. Fig. 2 shows both a tensile and a compressive
region away from the strained site detected by the topograph. Unfortunately, these stresses
were Jlocated m a region which did not meet the Bragg refiection criteria at any of the tested
angles, 80 no topographic information was availabie.

The average hardness of the specimen was determined to be 3.62-0.3 GPa. Although
variations in the hardness were observed, they fell within the uncertainty of the measure-
ment technique. Therefore, no correlation of the hardness values with the observed residual
strain line was possible.

The inevitable grain growth which occurs as the boule grows can be seen to be a source




of significant high strain areas. At the bottom of both topographs in Fig. 1a and 1b we
observe two large subgrains with the region nearest 6 o'clock as an intermediate. As growth

proceeds, the intermediate region decreases in size. The gradients of strain between the

) intermediate region and the neighboring subgrains become much larger. This high strain

\ is related to the exact misorientation between the subgrains. Based upon our «xperience
" with 2 number of other wafers, such high strain gradients are often precursors of cracks, or
:' at least of a high tendency toward cracking. The alignment of the boundaries of the highly
A0 strained area with the easy cleavage directions certainly favors cracks. We do not know
;.‘ whether this alignment, which we have seen in numerous wafers, is merely fortuitous or
E" has an underlying crystallographic cause. Further study of subgrain growth is in progress
‘; _ and will be reported later.

_': Fig. 3 displays x-ray topographs of two lightly indium-doped LEC GaAs wafers takexn
L from an early growth run of a series of indium-doping experiments. These wafers have
' a much lower indium content than is now typically used to harden LEC GaAs wafers.
1 Striations, usually seen in GaAs:In®2® are absent, but a diamond-shaped texture is eas:iv
3 observed in Fig. 3a. This is the only sample we have ever seen with this texture in tie

topograph. This wafer was near the seed end of the boule, and the remaining pattern

{ | could be considered typical of current LEC GaAs except for the two major ‘bow-tie” stra.:
:‘_7 patterns near the wafer center.
: These ‘bow-tie’ patterns are produced by a macroscopic inciusion inside this wafer.
‘ Examination with a polarizing infrared microscope system revealed a cubic habit, infrared
¥ opaque, dendritic precipitate. Very high birefringence is associated with this inclusion. The
" results of the infrared examination as well as chemical analysis studies of the inclusion will
:’; be presented elsewhere.® We believe that the inclusion is metallic indium and that the
0 strain results from the differential thermal expansion between the gallium arsenide matrix
}; and the inclusion. In the growth of LEC GaAs, it is well known that the material remains
'-:: piastic while ingide the molten cap. This means that a maximum strain occurs beyond
. which the material deforms, and produces dislocations. Ordinary thermoeiastic stresses
® have been studied in detail by Jordan and co-workers and are known to be responsible for
$: the cellular dislocation patterns found in all undoped LEC materials.!? In this case the
< situation is somewhat different for the inclusions. ]

Examination of the highly defected wafer from the tail region of the same boule shows a
number of small size high strain features (Fig. 3b). Superposition of the topographs shows
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that two of these small annular ring patterns occur where the ‘bow-tie’ was seen in the
wafer of Fig. 3a. A number of other annular rings and ‘bow-ties’ are also visible along
with slip, lineage, and other crystal defects. We believe that the annular ring patterns are
produced by stress relief of the ‘bow-tie’ strain at the time it passes through the molten
cap. It is apparent that the patterns formed for this defect propagate parallel to the boule
axis and do not behave identically to the thermoelastically produced cellular patterns.
The ‘bow-tie’ pattern which remains is likely produced by the further differential strains
produced after cooling below the temperature at which the material is plastic. The large
spatial extent of the strain pattern is in accord with this interpretation. While the annular
ring patterns are visible far from an inclusion, we believe that the ‘bow-tie’ is a signature of
the inclusion actually occurring in the wafer under study. We have observed annular ring
patterns in numerous wafers of doped GaAs and believe it is reasonable to conclude that
they also are the result of strain relief of an inclusion. Instability of growth is probably

the underlying cause of the inclusions.

CONCLUSIONS

Correlations between property measurements and Xx-ray topographic examination have
been made. For those measurements which could be influenced by strain, it would appea:
essential to examine residual strain patterns before beginning the property measurements.

Crack growth becomes unstable near high strain gradient regions, and reliable values
of crack velocity as a function of stress intemsity factor cannot be obtained. We have
established that at least some of these high strain gradient regions are associated with
regions of residual stresses which can be either compressive or tensile in nature. These
stresses are sufficient to affect observed crack growth behavior. In addition, the existence
of areas which are highly strained along easy cleavage paths can result in crack deflection
and specimen failure.

Subgrain growth is also responsible for highly strained regions of wafers and is likely to0
remain a problem for crystal growers. Our results suggest that the tail regions of boules
would likely produce wafers more susceptible to breakage than seed end wafers of the same
boule. It is unlikely that the current practice of whole boule annealing will relieve these
grown-in strains.

Patterns characteristic of inclusions in doped GaAs boules have been identified and 2

mechanism for the production of these patterns proposed. Further quantitative work in
this area is clearly needed.




- .-
% " T
: 4/ LAY

\.
X
—k,

2 B,

Y

P,

%

. vz T
- " '
".'?JX,JJ..:\:' P

2.
o5
YA

A

- " e
r
,> S

l’ 41.

."l.‘::..."‘“l’...t. " ;O':‘O’.'l.' A

REFERENCES

1

to

10

R. A. Forman, M. . Bell, S. Mayo, Rapid X-Ray Topographic Examination of GaAs
Crystals, in: Defect Recognition and Image Processing in III-V Compounds, ed. by
J. P. Fillard (Amsterdam, 1985) pp. 55-62.

A. Gonzalez, J. Jimenez, and J. A. deSala, Microhardness Cartography of Semi-
Insulating LEC (Liquid Encapsulated Czochralski) GaAs Wafers, in: Defect Recog-
nition and Image Processing in III-V Compounds, ed. by J. P. Fillard (Amsterdam,
1985) pp. 261-267.

S. O’Hara, M. A. G. Halliwell, and J. B. Childs, The Optimum Choice of Reflexion
to Reveal Dislocations in Gallium Arsenide by X-Ray Reflexion Topography, J. Appl.
Cryst. 5 (1972) pp. 401-407.

G. R. Anstis, P. Chantikul, B. R. Lawn, and D. B. Marshall, A Critical Evaluation of
Indentation Techniques for Measuring Fracture Toughness: I, Direct Crack Measure-
ments, J. Am. Cer. Soc., 64(9) (1981) pp. 533-538.

S. W. Freiman, D. R. Mulville, and P. W. Mast, Crack Propagation Studies in Brittle
Materials, J. Mater. Sci., 8 (1973) pp. 1527-1533.

M. P. Scott, X-Ray Topography and Diffraction Imaging in III-V Compounds, in:
Defect Recognition and Image Processing in III-V Compounds, ed. by J. P. Fillard
(Amsterdam, 1985) pp. 41-54.

A. S. Jordan, A. R. VonNeida, and R. Caruso, The Theoretical and Experimental
Fundamentals of Decreasing Dislocations in Melt Grown GaAs and InP, J. Cryst.
Growth 79 (1986) pp. 243-262.

D. L. Barrett, S. McGuigan, H. M. Hobgood, G. W. Eldridge, and R. N. Thomas, Low
Dislocation, Semi-Insulating In-Doped GaAs Crystals, J. Cryst. Growth 70 (1984)
pp. 179-184.

R. A. Forman, T. Torsch, J. R. Hill, and M. L. Bell (in preparation).

A. S. Jordan and J. M. Parsey, Jr., The Role of Crystal Diameter and Impurity Eard-
ening on the Threshold for Dislocation Formation in LEC GaAs, J. Crystal Growth,
79 (1986) pp. 280-286.

PP
". ) .J‘.’ M X




WEWNY NV TR TREYRFTRCRm AR ROR T RIS "“-"T

A
Ry
:‘ - Fig. 1. (a) Reflection topograph of an undoped LEC GaAs wafer from the boule used
o, for crack growth experiments. (b) Reflection topograph of a wafer approximately 5 mm
o farther down the same boule as that shown in (a). (c) Drawing of topograph shown in
i (b); the lines indicate the boundaries between the black-white contrast (areas of extinction
ey contrast). The region marked (j) is where the crack deflected at a right angle and ran off
- o to the side of the specimen. Indentation impressions were made in the region marked (k).
s
1
» . . . .
v.! Fig. 2. Plot of indentation crack length versus indentation position. The dashed line marks
{' 4 the position of a residual strain line similar to that seen at the top of Fig. 1c. The results
o show that a region of tensile residual stress coincides with the residual strain line.
e
el Fig. 3. (a) Reflection topograph of a lightly indium-doped LEC GaAs wafer, displaying

\ ‘bow-tie’ stain pattern at the sites of inclusions. (b) Reflection topograph of a wafer much

" farther down (near tang end) the same boule as that shown in (a); showing remnants of
. the characteristic ‘bow-tie’ pattern of an inclusion in the center region of this Figure.
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[y MECHANICAL BEHAVIOR OF FERROELECTRIC CERAMICS
U
\
2 Stephen W. Freiman '
2
L
¥, National Bureau of Standards °
: Gaithersburg, MD 20899
Q Abstract t. Introduction
[}
1 This paper reviews the mechanical during the past few years, as new dJevices and
;b benavior, and {n particular, the strength, applications (nvolving ferroelectric ceramics rave
W fracture toughness and susceptibility to been developed, interest and concern over ine
w: environmentally enhanced crack growth {n mechanical reliability of tnese materials has
) ferrcelectric materials such as bdarfum increased. Tnese appiications can {nvoive the
witdnate and leac zirconate titanate (PZT7). alelectric 4s well as the piezoelectric or
v Palycrystaliine ferroelectric ceramics are {erroelectric properties of wne material. In =nis
b’ xnown to exnibit a critvical fracture paper we will attempt to bring together a numder
.ﬂ tougnness, KIC' as measured by classical of the concepts discussed in the literature over
J‘ fracture mechanics techniques, wnich depends the past few years, and will attempt to show tnat
} strongly on grain size, and in the case of the mechanical oehavior of tnese sometimes quite
PZ7, chemical compositicn and phase content. different materials can be understood tnrough the
b Thnere are a number of mechanisms which can application of a few general mocels. The fcrmat
5 contridute to the crack growth resistance of of tnis paper «ill constst of a review of =2ach
4, ferroelectric ceramics. These mechanisms are group of materials foliowed bHy 2 3ummary w~hicn
) discussed in terms of their dependence on <111 attempt -o present an overall picture of
N variables such as grain size, composition and their mechanizal Sehavior,
: ¢rystal structure, It is shown that fracture .
tougnness mocdels can be used to predict 2. ®arium Titanate
[ 1icrostructures Wwhich should lead to an ) .
4 opiinum in Srack groWth resistance for a Jne 3f tie T3St important abservaticns
" glven material. regarcing tne fracture denavior of ferroelecte:c
4 The microstructure of a ferroelectric materials Jas made 9y Pohanka et a. _'. :n ‘375,
. ~erantiz {8 shown to have a direct effect on These authors found tnat tne strengih of
i tne strength of a2 component 438 well as poiyecrystailine darium titanate measured abeve i1is
i: iafluence 1ts resistance 0 the growth of lurie temperature 7as approximately 50% greater
k. .arge cracks. The paraelectric to than that measured at room temperature, and tna:
X ferroelectric phase transformation in barium this difference ~as essentially indepencent of <ne
’ itanate, PZT, dand related ceramics induces grain size in the material (rigure '), 3asec .ipon
o internal 3stresses into the materials whicn this strength difference, Pohanka et al tonci.cel
in provide an additional driving force for flaw that internal stresses generated during tne cub:2
?p extension, Indentat:ion-strengtn procedures 0 tetragonai phase :ransformaticn addea Lo tne
nave dDeen used %o demonstrate the (nfluence appited stress -0 lower tne strength of the
) >f =nese internal stresses on fracture when material at r~oom temperature. The valuyes of
{ flaw sizes approacn the grain 3ize in the internal stress calculated from the strengsn
< material. The magnitude of 3such stresses difference <ere snown to %e in good agreement ~iin
¢ zalculated from strangth data (s :n good shat precdicted by 3uessem et al .2 from
igreement With that predicted by Zdielectric permittivity measurements,
B neasurements., in a nore recent study, ook 2t al _3.
" Finally, crack growtn rates In foliowed up 20 thi3 wWOrkK using an
k; {errgelectric ceramics have been shown Lo de indentaticn-ractlure Lecanijue to invesiigate zotn

\ accelerated Jy the presence of moisture .n the fracture tougnness and internal stress effects
.l} the environment. Such environmentally in doth commercial darium titanate (grain size = ~
& anhanced crack growth 2d4n have a significant microns)

ana one of =he experimental materia.s
‘k effect on failures of electrical zomponents prepared by Ponanka <t al _!'] {(graln size = ' *
K/ in service, since cracks <ill zrow with time aicron). The advantage of tne incdentation-fraciuire
: incer a static stress w~hose magnitude can be procedure {3 that 1 Vickers hardness lacenter an
i~ much less than the strengtn of the material. De used L0 create a {law Of «<nown 3ize and ~nicn
s Tne susceptibility of eacnh material o 13 driven Dy 31 well chardcter:zed stress fie.gd '
L 2nvironmentally ennanced fracture {8 3nown -0 The results of whis 3tudy are Zemonstratza for Lne
:: Je partlcu.iariy dcepencent on 1t3 chemical Jommercilal darlum titanate in the lcgarithmic 2%

2ompositicn. >f
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) Figure 1. Flexural strength of a laboratory ' -
prepared barium titanate as a function ’
S of grain size, G. Measurements were :
(X 8
L) made in silicone oil at 25° C or above 30k - . {
§f‘ the Curle temperature at 150° C. The
, numbers of specimens per data point are \
oy shown in parentheses (after Pohanka et )
.‘v.i. al [10). BaTiO, (7um) in OIl
s in Figure 2. The slopes of the curves in the 20 D B R . ——
.. large indentation load regime are -1/3 as 2 3 5 10 20 30 S0 100 200
) ;ij predicted from the indentation fracture model [4], Indentation Load, P/N
b\ The critical fracture toughness of the material
an} can be calculated from the position of these Figure 2. Flexural strength of a commerclial

curves using an expression derived by Chantikul et
al [u], ;hese calculat1093 yield values of KIc of
1.1 MPam and 1.5 MPanm' for the cubic and
tetragonal material respectively. Cook et al also
showed that KIC decreased monotonically with
temperature through the Curie point. The
increased toughness of barium titanate {n the
tetragonal state had already been demonstrated by
Pohanka et al [5], who showed that the {ncreased

K ¢ could be ascribed to cracks interacting with
96° domains {n the structure. These domains exist
in tetragonal but not cubic barium titanate. A

barium titanate tested abcve and beiolw
the Curie temperature as a function of
the indentation load used to ihtroguce
the flaw. All failures occurred from
the indentation. The straight lines
through the data at 25° ¢ and 150°
represent the best fit line of slope,
=1/3, following the indentation-
fracture model _u4]. The dJeviation in
the 25° C data from the model is
ascribed to the contribution of
internal stresses (after Cook et al

similar difference in K.~ above and below the 03n
Curie point was reported by de With and Parren [5]
for modified barium titanate.

The deviation of the strengths at small
indentation loads from the indentation model in
Figure 2 for the tetragonal material (s indicative
of the {ncreasing (nfluence of the internal
stresses as the flaw size decreases relative to
the mi{zrostructure. The difference {n strengths
between the tetragonal and cublic material is
approximately 56 MPa, essentially that calculated
earlier by Ponanka et al [1]. Experiments
performed on barium titanate made semiconducting
by the additions of a small quantity of samarium

4 N {naicate that the level of internal stress {8 not
}f&; reduced Dy increasing the conductivity of the

Y material [7]. This result leads one to the
ARNY conclusion that the internal stresses are not due
. “N v Lo the formation of space charges in the material.

It has also been shown that in the
ferroelectric state, the fracture energy, Y of
polycrystalline barium titanate is a function of
grain size, while that for cubic material is
{ndependent of grain size (Figure 3) 73]. The
grain size dependence of Y for the tetragonal
material was explained in terms of a combination
of 90° fomain and microcracking ennhanced
woughening in the material. The maximum in &t a
graiwn size of 40 microns occurs Jue tOo a tracesl’
between the generation of microgracks at the
primary crack tip, a8 process wnich reduces the
driving force on the crack, and the linking 27 tne
microcracks, which at large grain sizes produces
spontanecus failure of the material. It was snown
that this complex behavior could be {1t to 4
general model for the fracture energy of neon-zud

. ceramics derived by Rice and Freiman (8.
(
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s . where V i{s the crack velocity, K; 1s the stress
' 5 'y ‘1§ . intensity factor at the crack tip, and V, ana N
; g y | are empirical constants that depend on material
¢ - \i and environment. The data in Figure 4 yfellec a
[} s N value of N of 67 for this commercial barium
N g | titanate, indicating that this material i1s less
; é B susceptible to delayed fracture than soga line
- 3 ' glass for instance (N=17). Freiman et al [9] also
E ? showed that cracks {n electrically poled barium
¥ © z titanate grew more rapidly than those in tne
i unpoled material,
Q I [ S i . " J )
! 04 2 3 4 5 678910 20 0 60 80 100
h GRAIN SIZE (um) 3. PIT
i Figure 3. ZCritical fracture energy of barium
tcitanate as a function of grain size at Unlike barium titanate, which in general :zan
Both 25°C and 150° C. Solic curve is be thought of as a single compound (3aTid.’, ?IT
' the best fit to the 25° C data. The occurs as a series of solid solutions of PbIrd,
L) dashed line represents the model with PbT10,, and can exist i{n var{ous crysta. ~
3 derived by Rice and Freiman [8]. Note structures™[10]. As with barium titanate, tre
" that the '50° C fracture energy of all fracture toughness of PZT is significantly nigher
$ the materials is i{ndependent of grain in the ferroelectric state than in the
A _ size (after Ponanka et al [7]). paraelectric state for all PZT compositions
b 30f r - r q {7,117, uith the larger value of K,~ in tne
h + ferr?eiectglc materiai agalnibexng of least
y M b artially due to crack-twin interactions wnicn
¢ ‘P BaT|03(7um) in Water E.‘annor. occur above the Curie temperature,
70 ¢ In PZ7T, we can also examine the effect of
i - - '///’i changing chemistry on the fracture behavior of tne
D [ . . material in the ferroelectric state. The room
t 3 60F - - temperature fracture toughness of PIT over a range
J 2 : ///,' : of Zr/Ti ratios is presented in Figure 5. The
£ 0 - 4 N - data appear to pass through 4 series of maxima anc
[} 2 I - .///’ 1 minima in Ko, with a very distinct atnimum
[} 2 it - . .o
: I 50% - 4 22
AY I ® Honeywell
\ . ] A Motorola
: 1’ 20—~ [ ® Niwopon Eleciric
- ! [ (sinterea)
L A | r
N RET 100 102 10¢ 106 oo N A
) Stress Rate,d,/MPa s’ % PaR , ‘\ii i
. . 3 i !
: Tigure 4. Stressing rate dependence of the g 16 = r ! /’ | \ / ‘J |
v strength of a commercial barium % Nl :, Iy r/ T
) titanate (same material as in Figure 2) x “ A . J Al s
‘ tested in water at 25° C. The material e . \_r' . U 1
was indented with a 30N load before B -l : Ii s
¥ resting. Crosshatched area is the L
{ strength under rapid locaading in inert ol j';
; conditions. The slope of the curve {s ale
" 1 measure of the materials $L .
; susceptibility to moisture enhanced Al
crack growth (after Cook et al [3]). o ‘ L.
4 0 R 20 30 10 50 60 0

garium titanate, like almost all ceramics, is

-~ sensitive to moisture enhanced crack growth. The % P10,
'« moisture enhanced fracture process can be

characterized by measuring the strength of the Figure 5. Critical fracture toughness, K*C' of
: material as a function of stressing rate 4s shown ?ZT as a function of the ?b?i:% 10 tne
A in Figure 4. The slope of this plot can be used material. The vertical lines Fepresent
. ¢ zalculate a value for N, the exponent in tne the pcesitions of the pnase houncar.=2s
(] Irack growtn expression: (after Freiman et al _11]).
¢
i
! 58
»

&
WUISATNN

BAAIAON0 AT AT v (
. .A.)‘hl*‘\’.‘; 0‘.‘l."5.g'l’.'Q.g.\‘..l‘\'_l("?l‘,!“Q’..q!l‘.,l.‘!‘"



‘f

J¢ourring at the morphotropic boundary between tne
vetragonal and rhombonedral phases. The other
minima in K'C also appear at phase bounddries. 1%
-a8 concludecd by Freiman et al [11] that these
miaima were Jue to a trace-off between
santrlhutions Lo X, . of twin crack interactions
1INC ALaracral<ing.  3ecause twin motion 1S easler
il Shase doundaries, the internal stresses and
wnerefcre the degree of microcracking w{ll be
m:nimized at these compositlions, leading to minima
in fracture toughness. The data in Figure 5 is
.milar to that obtained by Igarashi and Okazakli

'2] who showed that both strength and KIC are a
inimum it the merphotrepic boundary.

At PIT compositions near 95% PbZrO,; -5%
POTil,, l.e. near the boundary between éhe
ferroélectric, rnombohedral phase and the
ant.ferroelectric, pnase, other interesting
pnenomena are observed, A primary observation is
that 1f a 95/5 PIZ7T specimen is electrically poled
and subsequently depoled by being driven through
tne ferrcelectric/antiferrcelectric boundary by
the application of hydrostatic pressure, the
fracture toughness of the pressure depoled
material measured at room temperature (s at least
S0% greater than that of either the as-fired or
pcled material ['1]. Freiman et al [11] showed
that the difference in X ¢ between the poled and
pressure depoled material decreased to zero at a
temperature of approximately -65° C. These

authors nypothesized that the additional
tougnening Jrought about by pressure depoling is
due to tne stress i{nduced transformation of
antiferroelectric domains in the vicinity of the
crac< tip. These domains exist in what should
otrerwise be 1 single ferroelectric phase because
tne pressure induced transformation from
ferroelectric to antiferrocelectric phases (s not
fully reversible [13] so that upon removal of the
pressure, remnants of the antiferroelectric phase
remaln. The presence of residual )
antiferroelectric domains in the ferroelectric
material nhas been determined both microscopically
T14] ang electrically {[15]. Freiman et al {11}
1lso snowed through indentation-fracture
measurements, that the f{racture toughness of 35/5
P27 {3 sensitive to the lead content {n the
material (Figure 6). As the scoiﬂhiometry of the
compound Pb Nb 55 (Zr ggTi 4y) was varied from
y' .96°°.04 ?8
y = .36 Loy = 1 02 the K tRe annealed
material decreased from approximately 1.7 to 1.2.
The composition having the highest KIC is also the
one showing the largest ratio of transgranular to
;”.ergranular fracture. Conversely, the iowest
Sugnness material showed almost entirely
.ntergranular fracture, i{mplying that Zhe excess
-ead s contributing to the relative weakness of
~he grain boundaries.

In addition, Freiman et al _'1. used the
.ndentation-fracture data to demonstrate the
2Xi3tence of internal stresses in tnis mater.al.
Trne magnitude of {nternal stress, as determined oy
~he deviation of tne data from the indent3ation

wsdel at small tndentation loads, varied w~ith the
stsichlometry of tne material. The nfnimum
2ffactive internal 3stress (s observed at

approximately the lead content zorresponding Lo
me stolcnhimetriz compound. This minimum L1n
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As an illustration that fracture of
plezoelectric ceramics can occur, not only dJue to
purely mechanical loads, but bdecause of the
electroelastic nature of the material, we refer to
the work of Ponanka et al [21]. These authors
showed that driving PZT specimens at a resonant
frequency could produce mechanical failure, {f the
applied voltage was sufficiently high, As can be
seen in Figure 7, the fracture stress produced by
a single tone burst {s in excellent agreement with
that predicted from flexural strength data. The
fracture data due to multiple tone bursts also
fell on this same curve. Also plotted in Figure
7, are three data points obtained by cw excitation
of the PZT specimens. The stresses required to
fracture the material under these conditions are
smaller than would be predicted from the measured
flaw size on the fracture surface. Pohanka et al
suggested that a fatigue mechanism of some type
aust be taklng place to account for the lower
stress cw dats.
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Figure 7. Fracture stress of a commercial PIT as

a function of the flaw size measured on
the fracture surface. Measurements
Were made by driving specimens at thefr
resonant frequency either with a single
pulse or with a CW signal. The curve
represents the flexural strength data
for the material obtained by
conventional techntiques (after Pohanka
et al [210).
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4. Capaclitor Ceramics

Multilayer ceramic capacltors are genera.
composed of barium titanate and related COmpOuncs
“hose mechanical preoperties can be cnaracterized
in much the same way as the matertals di3cus~ed (n
the previous sections. indentation-fracture
techniques have been used Lo determine the
strength, fracture toughness and subcriticdl :racx
growth behavior {n a number of capacitor ceram.:s
{22]. values of K.~ for four different capac.-or
compositions, obtalned by measuring strengtn unler
inert conditions as a function of indentation .:;ac
are presented in Table 1, These values of
fracture toughness are in general agreement <.~
other data obtained on similar mater.als,

Tad.#

Zompositions and Properties Of Tapaciioe Ceram.:3
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Figure 8. Stressing rate dependence af the

strength of two capacitor ceramics ISU
and X7R. Data was obtained on indentea
squares »f material in water .~ 5
specimen./data polnt). VNote the lacx
of change in strength for the lower S
stresaing rates in X7R mater:ai
suggesting the existence of 3 Iracx
growth limit (after Baxer ang rre:Tnan
ce2l.
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Li<e Lhe previous mdterials, capaciter

leramics
sresence
2nnanced

4180 undergc 3low Crack growth in the
of <ater. The susceptliblility to molsture
fricture in several of these materials
135 deen ondracterized dy measuring dlaxtal
treangin as 2 fungtlion of loacing rate on iagented
3pecimens, a3 showa in Figure 3 22]. The slopes
£ wnese curves can be used tc falculate the
xponent, N, in Eguation ', Values of N
eternined from best fit lines to the data
Tigure 3 and given in Table ! suggest that

N

in
the
343C0eptidilily O 2rack growth in Water can vary
Tdrkedly from one capacitor composition Lo another
srczabdly hecause sf differences in the chemistry
3f tne materisl., There i3 another {nteresting
facet to tne plot for the X78] composition shown in
Tigure 3. If =ne hignest stressing rate point is
minated, -he stressing rate curve 138 virtually
. ITplyilng Lnat no crack growth takes place

e farlure at these rates of loading. 3aker
anc fre:man [22] 3uggested that the data could De
X
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3

p.alned by the existence of a crack growth limit
~nls mater.al.

5. Overall Picture

Altnough we clearly do not have all
answers to the problem of the mechanical
of plezoelectric/ferrcelectric ceramics, work
produced over the past few years permits us make
30me Zeneral statements regarding this phenomenon.
Cne of tne Ziearest results (s that while the
fracture toughness of inese materiais {n the
farroelectric state (3 2 to that in the
paraelectiric state, tne strength follows an

¢f the
failure

cppcsite trend. This difference ln behavior (s
interpreted in terms of the size of the crack
agpropriate to sirength or K'C measurements. The

exper.mental resulits obtained to date 3uggest that
when the crack {s small relative to the grain size
in *ne mater:al, t.e. ¢ § -3G, local
milrosiructural tensile atresses generated during
ne paraelectriz %o ferroelectric phase
rarsformation at the Curle point agt ag an
3i¢ditional driving force for fracture, thereby
~educing the measured strength. At larger crack
3.zes, tnese :ensile stresses are by necessity
salanzed by compressive stresses formed at the
3dme -ime, 3o that throughout the whole body,
nel siress s zero. The magnitude of these
3.resses Zdeterminec by strength measurements is
2x lel.ent agreement with those predicted from
z.ecLric theory. Preliminary data suggest that
crrelatlons can de irawn between the effect of
internal stresses on strength and the

iging rate Of a capacitor material

the

n

The crack growth restatance of ferroe.cctriz
materials (3 governed by many {actors, including
<r3in size, grain boundary chemistry, anc the
lrv3tal pnase iistridbution. Zontributions to
fraciure toughness 1nciude crack-twin

.nteractions, tracx deflection, microcrac<ing, ancz

-083151y prase Iransformations at orack tips.
nvelving some >f these
Jeveloped,

<-antitative models
c~2ce33e3 nave Seen
L3 neeled,
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presentl, nc clear picture exists of wne
af an electric field on fracture,
> f1elds such as would pe present luring

¥ operation of aiclectr.c or ferrcelectiric
evices 2ould affect fracture in a numder °f way:o
chdanglng the lomaln orientation, prclucing
igditional stresses due to plezoelectric or
Qlectrostriceive behavior, or causing elastic
anlsotropy. Except for the work of MIHeary an:
Koepke (20, little work of any «:nd has beern
pubilshed on this topic.

_nly 3 few experimenta involving cyclically
appl.ed stresses have been performed [21,23].
Results of these studles suggest that pnencmena
other than those occuring under statlic .cads Tay
be responsidle for the failure of piezoelectr:c
ceramics under more complex stressing condit.ons
For instance, Ponankd et al .21}, by analyzing tne
data, of Takahashi =t al (23], suggested tnat :
di1fferent mechanisms could be acting 1n the sy ..®
faliure of PIT.

Environmentally enhanced crack growth occurs
1n all piezcelectric ceramics due Lo the stress
alded reaction of water with the atomic bongs a%
the cracxk tip. However, there are indications
from some of the data on capacitor materials tha:
4 crack growth limit may exist, below which
subcritical crack extension does not take place.
The susceptibility of a particular materia. to
environmentally enhanced crack growth seems to
depend strongly on {ts chemical compos:ition,
particularly with respect to the composition 2f
the graln boundaries. Further <nowledge of tn;s
phencmenon could help the compcnent lJesigrer
2noose materiais on the basls of mechanical
reliability as well as thelr ferroeleciri¢ or
dielectric preperties.
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