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ABSTRACT

Single phase ceramics are shown to be susceptible to stress cor-
rosion cracking at elevated temperatures in the presence of a wetting
amorphous deposit. The effect is demonstrated to involve diffusive
cfack growth, motivated by the small crack tip dihedral angle induced
by the amorphous phase. Crack arrest and subsequent blunting are also
shown to occur both when the crack is depleted of amorphous material
and when the stress intensity is below the blunting threshold. Impli-

cations for stress corrosion induced premature failures are discussed.



1. INTRODUCTION

Ceramics have many advantages over metallic alloys as a class of
high temperature structural materials. The recently developed high
temperature ceramics, such as Zr02, Si3N4, SiC, sialons and A1203,
have application in advanced heat engines and nuclear power. The basic
understanding of the mechanical behavior of this category of materials
is thus very important. The mechanical failure of ceramics at ele-
vated temperatures is believed to involve several sequential processes:
cavity nucleation on the grain boundaries, cavity growth, crack nucle-
ation through the coalescence of the cavities and crack propagation
{1]. A recent study indicated that creep cracks usually initiate at
the material heterogeneities, such as large-grained regions and nickel-
enriched regions in hot pressed alumina [2]. Beiow a threshold stress
level, creep cracks are observed to blunt and the shear bands form
ahead of the crack tip, inclined to the crack plane. The final fail-
ure involves damage development through the shear bands [3].

However, the high temperature mechanical properties of ceramics
are also subject to various environmental influences. It has been
known for some time that non-oxide ceramics are susceptible to oxidiz-
ing environments [4,5], and that such oxidation may result in strength
limiting flaws [6,7] as well as continuous microstructural changes that
affect both the creep rate and the fracture toughness [8,9]. Addi-
tionally, stress corrosion cracking may occur in selected liquid or
gaséous media {10]. More recently, it has been demonstrated that

oxide ceramics are prone to both microstructural changes in oxidizing



environments [11], and to stress corrosion cracking [2,12]. The
mechanisms of thé stress corrosion cracking have not yet been well
established. The intent of the present study is to establish the
characteristics of one important high temperature stress corrosion
cracking mechanism.

An experimental investigation of the high temperature mechanical
properties of a nominally single phase polycrystalline alumina revealed
the existence of premature cracking in the presence of silica or sili-
cate particulates in the test ambient (fig. 1) [2,12]. The cracking
was attributed to stress enhanced penetration of the amorphous ma-
terials into the grain boundaries, resulting in a localized creep
embrittlement [2]. A stress corrosion mechanism is implied. 4A Sys-
tematic investigation of this phenomenon is presented in the present
thesis. The experimental aspect of the investigation entails placement
of an array of silicate spots onto alumina test specimens, followed by
application of stress at elevated temperature and observation of the
resultant cracking through the scanning electron microscope. A series
of interrupted tests enable the crack propagation velocities to be
measured at each'stage of the stress corrosion cracking. A theoreti-
cal analysis of the stress enhanced grain boundary penetration by a
wetting amorphous phase is then presented. Finally, a discussion of
the ef- fects of the environment on the creep rupture provides in-
sights regarding microstructural and environmental effects on the

rupture life.



2. EXPERIMENTAL

2.1. Procedures

Beams of a fine grained hot pressed alumina* having dimensions 30
by 3 by 3 mm were prepared by diamond cutting and polishing. The mi-
crostructure and creep characteristics of this material haVe been de-
scribed elsewhere [11]. The silicate stress corrosion medium was em-
placed onto one surface of the beam using the following procedure.
Soda lime silicate glass spheres** having diameters in the range of §
to 20 um were suspended in keroscene. Several drops of the suspension
were placed onto the beam surface to form a smooth film. When the film
was nearly dry, the glass spheres were arranged into the desired array
under a binocular optical microscope. The beam was then carefully |
transferred to a furnace and heated to about 1200°C for 30 minutes.
At this temperature the glass spread into circular spots on the speci-
men surface (fig. 2), with diameters in the range 30 to 80 um.

Subsequent to emplacement of the stress corrosive medium, the test
specimens were subjected to four point flexture at constant stress at
temperatures of 1300 to 1400°C. The tests were intercepted at various
strain intervals, the specimens cooled to room temperature under load,

and the damage characterized in the scanning electron microscope.

* Hot pressed with 1/4 percent magnesia by Arco Corp.
**Minnesota Mining and Manufacturing Company.



2.2. O0Observations

After relatively small creep strains (~ 1%), cracks were observed
to nucleate at the interface between the amorphous spot and the matrix
(fig. 3). At this stage, the cracks were completely filled with amor-
phous materials, viscously transported along the crack from within the
spot. Initially, the cracks continued to grow, with the crack tip ré-
maining sharp (fig. 4). During this period the grains within the spot
were subject to appreciable facetting (fig. 4), indicative of rapid
mass transport via the amorphous medium. Subsequently, a liquid/vapor
meniscus formed between the crack surface (fig. 5) that gradually pro-
pagated toward the advancing crack tip. When the meniscus reached the
crack tip, crack propagation ceased. Further straining was then accom-
panied by crack blunting and large crack opening displacement (fig. 6a)
without crack extention. Final rupture of the specimens occurs by co-
alescenée of the arrested cracks across intervening shear bands (fig.
6b).

In a few instances, specimens tested to strain just beyond crack
initiation were cooled under load and fractured at room temperature.
Observations of the fracture surface (fig. 7) revealed that the stress
corrosion crack exhibited an approximately semi-circular profile. Fur-
thermore, the stress corrosion crack appeared to be entirely intergran-
ular (fig. 8a) and accompanied by extensive facetting. By contrast the
room temperature fracture had both intergranular and transgranular fea-

tures, with no evidence of facetting (fig. 8c).



2.3 Measurements

Knowledge of the semicircular crack shape allows a stress intensity
factor K to be assigned to each surface trance [13]. Consequently, an
approximate relation between the crack growth rate v and the stress
intensity factor K can be obtained. The results (fig. 9) conform to
previous measurements [14] which indicate that the stress corrosion
cracks grow relatively rapidly at stress intensities below the thresh-
old, Kth’ at which creep cracks blunt without propagation.

The radii at which the stress corrosion cracks arrest and blunt,
a, have been measured, and related to the diameter of the associated
amorphous spots, b. These measurements reveal that aa/b is approxi-
mately constant (fig. 10) and equal to 3.7.

Finally, the room temperature fracture stress of the specimens
tested to strains just beyond the stress corrosion crack initiation
strain has been measured. The fractures occur through the stress cor-
rosion cracks and the strengths data are fully consisfent with values

expected from the crack size and the room temperature toughness (table

I).



3. CRACK PROPAGATION MODEL

Rapid crack propagation in the presence of amorphous material re-
sults from a dual role of the amorphous phase. The primary effect of
the glass apparently derives from its wetting characteristics, which
induce a relatively sharp crack tip by virtue of the small dihedral
angle ¥ at the grain boundary/liquid intersection (fig. 1la), as
expressed by; |

Vo = cos™! (vp/2v ) (1)
where Y, is the grain boundary energy and Y s is the energy of the
liquid/solid interface. The setond influence of the glass is to pro-
vide a medium fdr rapid transport of the solid from the crack surfaces
to the crack tip. A suitable crack propagation model would thus con-
sist of a crack growing along'a grain boundary by means of liquid phase
transport within the crack and grain boundary diffusion in the solid.
The simplest geometric situation having these features, illustrated in
fig. 1la, represents a model similar to a creep crack growth model pre-
viously developed by Chuang and Rice [15] (except that surface diffu-
sion along the crack surfaces is replaced by liquid phase transport
within the crack). An approximate analytic treatment of crack growth,
having the essential bhysica] features, is presented in‘this section.
Initially, the crack shape is analyzed in order to obtain a solution
for the flux through the crack tip. This result is then coupled with
a solution for the flux along the grain boundary ahead of the crack

[16] to obtain a relation between v and K.



3.1. The Crack Shape

For simplicity, steady-state crack propagation is considered, such
that the crack shape remains constant as the crack extends. Further-
more, moving coordinates are used with the crack tip as origin. Assum-
ing that mass transport through the liquid is diffusion (rather than
interface) controlled, the concentration c of the alumina in the lig-
uid in contact with the crack surface is related to the local surface

curvature, «k, by;

n (c/co) = Yy /KT (2a)
or (¢~ co);
CmCy*+Covpe QKT (2b)

where  is the atomic volume and <, is the concentration in equilib-
rium with a flat surface. For analytic tractability, the concentration
gradients in the liquid are referred to annular elements defined by
crack surface tangents. Specifically, tangents to the crack surface
_are drawn to intersect the crack plane, at angle y (fig. 11b). Then,
with this intersection point as origin, the angular segment (r,¥) de-
fines a region within which, at steady state (c independent of time in
the moving coordinates), the Laplace equation is satisfied, [17]

2. 2

3 c,lac,1l ac_, (3)

where (p,¢) are coordinates within the element (r,¥), as depicted in
fig. 11b.
Furthermore, for small deviations from equilibrium, the boundary

condition on the crack surface (¢ = ¥) is obtained from eq. (2) as



dc S M &«
do T KT ds

where ds is an element of the surface; while on the central plane (¢ =
0), symmetry requires that dc/dé¢ = 0. The solution to the eqn. (3)
with the appropriate properties and subject to these boundary condi-
tions is;

Yo de r cos ¢
kT {K tras -5 sy } . (4)

Mass conservation imposed on the matter entering each element of 1lig-

c/co =1+

uid from the moving crack surface dictates that

v sin { ds 3C
Q =D [pa¢] p=r
where D is the diffusivity of the solid in the liquid and v is the

crack velocity. Hence, by noting that dx = ds cos ¢, we obtain,

ak vkT (5)
= 5 Dcy Yys

where (x,y) are moving cartesian coordinates with origin at the crack
tip. Furthermore, since the curvature is given by

<=yl + (y)21732
eqgn. (5) can be re-expressed as;

&

[}

(6)

[«

>%J
L]
[

-1/2 )1/2

where G = y' (1 + (y')z) , and X = (va/ST,ZDco e x (such that
k = dG/dx). The crack shape can be solved from egn. (6) by noting that
the crack surfaces become planar at some distance Xo behind the crack

tip, whereupon the gradient and the curvature of the surface satisfy



(at X = X_ ), G = dG/dX = 0. Then the solution to eqn. (6) becomes,

0
m=(%-xﬁ | (7)
or,
2
ﬂ N (XO - X)
ax = T/2

2(1-(x, - X)*/4]

where Y = (va/QZDc0 st)1/2 Yy and dy/dx = dY/dX. At the crack tip,

X=0and G = sin Yoo and thus,
2 1/4 -

Xo = Y2 I1 = (vp/2 v, )] . (8)

Integration of eqn. (7) gives;
(Xg-X)1/2 )
Y=H- 2 j{ t dt (9)
0 Vi1 - t4
where
X | /2

is the normalized crack thickness (at X = Xo), plotted as a functiqn
of yb/ygs (or wo) in fig. 12. Evidently, the crack thickness decreases
as the dihedral angle becomes smaller. Typical crack shapes predicted
by eqn. (9) are plotted in fig. 13. Note that, when the dihedral angle
Yo < /12, eqn. (9) can be approximated (within 5 percent) by;

RN ¢ S S R - (10)

such that H = leﬁ = (v/2/3) [1 - (vy/2 725)2]3/4-
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The concentration gradients in the liquid corresponding to the
crack shapes depicted fig. 13 are plotted in fig. 14. These gradients
reveal that crack growth must proceed by solid being drawn from the
liquid at the crack tip into the adjacent grain boundary. A flux of
solid thereby occurs within the liquid, toward the crack tip, main-
tained by dissolution of the solid from the crack surfaces. The atom
flux into the crack tip that motivates crack growth is given by;

1/2
J

2. o
C2nv 2nv (8 Dves S
tip™ @ ~ @ vkT

1/2
/7 Dy,. C. v 3/4
~ 82 ( = ) [1- (/2 v, )1 (1)

The corresponding crack curvature at the tip is;

1/2 1/4
Keo = - V2 V—k_T___ [1 - (vyo/2 v )2] . (12)
tip 2 b 2s
D vyg
The guantities Ktip and Jtip can be used in conjunction with a separate

solution for the flux along the grain boundary, at the crack tip, to
solve the crack velocity as a function of the stress intensity factor
KO

3.2. The Crack Propagation Velocity

The grain boundary flux for a semi-infinite crack extending along
an elastic bicrystal has previously been solved by Chuang [16]. This
solution can be expressed as;

K = /2 [0.24 o, 132 + 0.30 o L1/2] (13)
where 9 and ao' are the stress and stress gradient at the crack
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tip, respectively and

1/2 |

+ ED. o

L=[ "g J (14)
4 (1 -v)kTyv ,

where E is the Young's modulus, v is Poisson's ratio and Dbsb, is the
grain boundary diffusivity. However, the stress terms are explicitly

related to the crack tip curvature and the flux (egns. 11 and 12),

such that
% =~ “tip Yas
2 1/2
1/4 (c v, Q o>
2 0 '2S Y (15a)
and
1/2
vDy, c kT 3/4
A ( 0 ) [1-(r,/2 v,)°1 (15b)
b °b
The crack velocity, above a threshold Km’ level ié thus;
1/4 -1/4
o™ as)
m m m
where
Eves Mz Co Yos® 1/ 2,112
l-wv
and
v = 0.22 EKT . (1 - (*b/z 725)2] ]

2y 42 :
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When the dihedral angle o approaches zero (perfect Wetting)9 the
threshold K also approaches zero and egn. (16) can be approximated by;

Kk T (1 -9

, | (17).
sin wo 92 Db st _

vz

The important influence of the wetting characteristics, ¢b, on the -
crack velocity is thus immediately evident. Trends in crack velocity
for various wo are plotted on fig. 9 for comparison with the experi-
mental results. Whereas the comparison seems reasonab]e, it is noted
the present A1203 material should be regarded as a viscoelastic
(rather than elastic) solid. The constraining stress ahead of the
crack thus relaxes with time (velocity) causing the crack to extend

more rapidly than predicted by the present analysis. The viscoelastic

aspects of the problem remain to be studied.



13

4. DISCUSSION

Several aspects of the stress corrosion cracking problem are ad-
dressed by the present study: crack nucleation, crack growth and crack
arrest. These phenomena are discussed separately and then evaluated
with referénce to the presence of stress corrosive species in the en-
vironment.

4.1. Crack Nucleation

The observation that cracks nucleate at the interface between the
matrix and the amorphous deposit (fig. 3) implies that the nucleation
is assisted by stress concentration. Specifically, the region infil-
trated by the amorphous material evidently has a lower viscosity than
the matrix, owing to relatively rapid mass transport of the ;o]id
througnh the amorphous phase, as manifest in the rapid facetting of the
grains (fig. 4). The low viscosity results in stress concentrations,
within the matrix, around the amorphous zone [11]. It is presumed that
these stress concentrations preferentially motivate penetration of the
amorphous phase into selected grain boundaries of the matrix, at the
amorphous zone periphery, and thereby nucleate cracks. However, de-
tailed analysis of nucleation process is beyond the scope of this
thesis.

4.2. C(Crack Propagation

It is evident from the present observations that the stress cor-
rosion cracks propagate readily along grain boundaries. Furthermore,
the crack growth model presented in section 3 indicates that such pro-

pagation can proceed by l{quid phase transport of the solid from the
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crack surface into the crack tip, in series with grain boundary dif-
fusion (as motivated by the stress gradient ahead of the crack [16]).
This behavior deviates appreciably from that observed in single phase
materials [3]. Creep créck growth in such materials requires develop-
ment of a zone of damage (manifest as cavities) ahead of the crack,
such that crack growth occurs by coalescence of damage in the crack
tip field (fig. 15a). Such cavitation damage is not observed in
association with stress corrosion cracking (fig. 4, 8).

The major change in crack growth mechanism induced by the amorphous
material is attributed to the substantial reduction in dihedral angle,
Voo provided by the amorphous phase. The essential dihedral angle
phenomenon is illustrated in fig. 15, and refers to the material re-
sponse when the crack reaches a grain triple junction. In the absence
of liquia, ¥, is large, ~60°. For this case, extension of the crack
by mass transport from the crack surface into the adjoining grain
boundaries, subject to force equilibrium at the crack tip, requires
crack shape changes (at least when the surface diffusivity is rela-
tively high) involving extensive matter removal from the crack surface.
Analysis of this process is complex, due to the transient nature of the
crack surface profile; nevertheless the essential features can be ade-
quately illustrated by means of a schematic diagram (fig. 15b). It is
believed that the triple junction restriction on diffusive crack pro-
pagation is the origin of the damage zone mechanism exhibited by creep

crack in single phase materials [18] (fig. 15a).
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When a wetting liquid is present at the crack tip, the‘triple Jjunc-
tion represents a less restrictive obstacle to crack growth by matter
transport. Specifically, the small dihedral angle permits propagation
of very narrow cracks, which may develop a 'steady-state' shape with
minimal crack extension beyond the triple junction (fig. 15c). Hence,
relatively small matter fluctuations permit continued growth of the
crack along an adjoining grain boundary. The elimination of the triple
point restriction is believed to occur when Yo ~ 30°, because the
crack surface at the apex of the junction then remains convex when
matter fluctuation occurs at the junction.

Subject to the occurrence of this mechanism transition, in the
bresence of the amorphous phase, trends in the crack velocity are ade-
quately described by egqns. (16). Notably, ihe threshold stress inten-
sity diminishes and the crack velocity increases as the dihedral angle
approaches zero. This trend is seeming consistent with the present
crack growth data (fig. 9), albeit the viscoelastic aspects of crack
growth remain to be incorporated.

4.3, Crack Arrest

The experimental observations suggest that crack arrest is associ-
ated with a depletion of the amorphous material, due to its deposition
on the surfaces of the extending crack. Notably, when 1iquid is no
longer available to the crack tip, the triple junction restriction
(fig. 15b) operates, and the crack can only propagate when a damage

mechanism is available, (at K > Kth)°
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By assuming that none of the amorphous material is lost by evapor-
ation, the crack arrest length a, due to liquid depletion can be re-
lated to the spot radius, b.' This is achieved by equating the volume
of the amorphous sphere to the volume of the amorphous material on the
crack surfaces. For this purpose, it is presumed that the liquid
spreads over the surface to form a thin film of thickness, t. Then
the spot radius, b, is related to the original sphere volume, V, by,

V=onblt. (18)

Similarly, if the liquid were fully deposited on the crack surfaces

with thickness, &, then;

V=1ra§6
whereupon
a_/b =~ t/s = constant. (19)

a
A constant ratio, aa/b, is in fact observed (fig. 10), albeit eqn.

(19) is regarded as highly approximate, since a significant fraction
of the amorphous phase must remain between the alumina grains within
the region of the original spot.

4.4 Creep Rupture

When either the stress o, or the amorphous spot radius b are rela-
tively large, the crack arrest stress intensity, K_ =~ (2//%) o V3.7b,
may exceed the blunting threshold, Kth° Further crack growth may
then proceed by the damage zone mechanism and very short creep rupture
life would ensue. Stress corrosion enhanced premature ruptures are
thus expected in certain instances, substantially debilitating the

high temperature utility of the material. Such failures can be
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averted by requiring that the amorphous phase deposition be small,

such that Ka < K whereupon

th’
2
b < IZ%E'(EEE . (20)
This inequality represents a useful preliminary criterion for avoiding
premature rupture.

When K < Kth’ preﬁent evidence suggests that creep rupture occurs
by shear band coalescence. Furthermore, the rupture strain is not ap-
preciably different from that obtained in the absence of stress corro-
sion cracks (fig. 16). Hence, such cracks do not appear to be especi-
ally detrimenta1 in this failure régime, despite their role as shear

band origins. Additional understanding of this behavior is required,

based on further studies of shear band failures.
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5. CONCLUDING REMARKS

A stress corrosion cracking mechahism for single phase ceramics at
elevated temperatures has been established through both experimental
investigation and theoretical analysis. The cracking occurs in three
stages: crack nucleation, crack propagation and crack arrest. It is
shown that the nucleation phase is relatively short, because the amor-
phous spot on the surface gives rise to a creep strain concentration.
Upon nucleation, the crack is filled up with amorphous material, which
enhances the mass transport process, and causes the crack to propagate
at a velocity aKa. Once the amorphous phase is depleted, cracks are
observed to arrest and blunt. Crack growth without an amorphous phase
occurs by damage. coalescence.

The present model requires additional development. First, the
dissolution of the solid into the amorphous phase may become the rate
1imiting process, when the diffusion coefficient of the solid through
the amorphous phase becomes relatively large. This usually occurs
when the service temperature becomes greater than the glass transition

temperature. Second, the material response to the stress should be

~described by a viscoelastic model.
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TABLE 1

Failure of Specimens at Room Temperature After
Exposure to Stress Corrosion at Elevated Temperature

Failure Stress Crack Size Critical Stress
(MPa) (um) intensity, Kic
(MPavm)
270 143 2.7
228 168 2.5

Note: Surface crack measurements of Kyc at room temperature give,

Kic = 2.0 = 0.4 MPavm,



Fig. 1.
Fig. 2.
Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.
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FIGURE CAPTIONS
SEM micrograph of a stress corrosion crack in A1203°
Circular glass spot on the specimen surface.
Crack nucleation at the interface between the amorphous spot
and the matrix.
Sharp crack filled with glassy phase and facetting of the
graihs within the glass spot.
Liquid/vapor meniscus (marked A) formation between the crack
surfaces, after the crack has been subject to appreciable
propagation.
a) Crack blunting and crack surface widening, followed by;
b) Shear band formation.
Fracture surface revealing the semicircular shapes of the
stress corrosion crack. |
a) Grain surface facetting accompanying stress corrosion
cracking;
b) Meniscus structure along the crack front trace;
¢) Mixed transgranular and intergranular brittle fracture.
The velocity of stress corrosion cracks compared with creep
crack growth rates. Also shown are predictions of the
present model for various values of the dihedral angle.
Relation between the length of the arrested stress corrosion

cracks and the radii of the associated amorphous spots.



Fig. 11.

Fig. 12.
Fig. 13.

Fig. 14.

Fig. 15.

Fig. 16.
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a) Schematic of stress corrosion crack geometry and flux;
b) Schematic of an annular e]emént within which time 1nde-
pendent mass transport occurs.

Trends in normalized crack thickness with dihedral angle.
Typical crack shapes for different dihedral angles wo,
calculated from equatidn (9).

Typical concentration gradients within the liquid, up to the
crack tip.

Schematic illustrating triple junction effects during creep
crack growth:

a) A damage mechanism of crack growth;

b) Diffusive crack growth without damage for large dfhedra]
angle;

c) Diffused crack growth without damage for small dihedral
angle inducea by an amorphous phase within the crack.

Creep rupture data compared with results obtained in the

absence of a stress corrosion medium.
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