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The subcritical growth of fatigue cracks under (tension- 
tension) cyclic loading is demonstrated for ceramic materials, 
based on experiments using compact C(T) specimens of a 
MgO-partially-stabilized zirconia (PSZ), heat-treated to vary 
the fracture toughness K ,  from -3 to 16 MPa-m’” and 
tested in inert and moist environments. Analogous to behav- 
ior in metals, cyclic fatigue-crack rates (over the range lo-” 
to lO-’m/cycle) are found to be a function of the stress- 
intensity range, environment, fracture toughness, and load 
ratio, and to show evidence of fatigue crack closure. Unlike 
toughness behavior, growth rates are not dependent on 
through-thickness constraint. Under variable-amplitude 
cyclic loading, crack-growth rates show transient accelera- 
tions following low-high block overloads and transient re- 
tardations following high-low block overloads or single 
tensile overloads, again analogous to behavior commonly 
observed in ductile metals. Cyclic crack-growth rates are 
observed at stress intensities as low as 50% of&, and are typi- 
cally some 7 orders of magnitude faster than corresponding 
stress-corrosion crack-growth rates under sustained-loading 
conditions. Possible mechanisms for cyclic crack advance in 
ceramic materials are examined, and the practical implica- 
tions of such “ceramic fatigue’’ are briefly discussed. [Key 
words: mechanical properties, zirconia: partially stabilized, 
magnesia, cracks, fatigue.] 

I. Introduction 

HE projected use of ceramics rather than metallic materials T for structural applications has been motivated in part by 
the prospect that they may be insensitive to degradation from 
cyclic fatigue.’,’ However, several  investigation^'-'^ using 
smooth specimens, sometimes containing indentation flaws, 
tested under rotating bending, four-point bending, or by re- 
peated thermal stressing, have shown reduced lifetimes for 
alumina, zirconia-alumina, TZP, and silicon nitride under 
cyclic, as opposed to static, loading conditions. Moreover, 
subcritical cracking has been reported for several monolithic 
and composite ceramics containing notches and tested under 

A. Evans - contributing editor 

Manuscript No. 198519. Received March 28, 1989; approved September 
21, 1989. 

Supported by the Office of Energy Research, Office of Basic Energy Sci- 
ences, Materials Sciences Division of the U.S. Department of Energy, under 
Contract NO. DE-AC03-76F00098 at LBL, and by the U.S. Air Force Office 
of Scientific Research under Contract No. F49620-89-C-0031 at Rockwell. 

*Member, American Ceramic Society. 
#University of California and Lawrence Berkeley Laboratory. 
+Rockwell International Science Center, Thousand Oaks, CA. 
*Although a redundant expression in metallurgical terminology, the term 

‘‘cyc~ic fatigue” is used here to distinguish from other phenomena tradition- 
ally referred to in the ceramics literature as fatigue, i.e., static fatigue and 
dynamic fatigue. 

far-field cyclic compressive loads.16-21 Here, limited crack ex- 
tension occurs from a notch due to residual tensile stresses; 
mechanistically, it is still uncertain whether this process is 
similar to crack growth under applied tensile loads. However, 
there are few direct observations of fatigue crack growth in 
cyclic tension-tension loading in ceramics. 

The refuted existence of true cyclic fatigue has been based 
primarily on the absence of crack-tip plasticity. However, 
other inelastic deformation mechanisms such as microcrack- 
ing, martensitic transformation, or frictional sliding between 
a reinforcement phase and the matrix may exist in the vicin- 
ity of a crack tip. Direct evidence of cyclic fatigue-crack 
growth under tension-tension loads was first reported” in 
MgO-partially-stabilized zirconia (Mg-PSZ) that had been 
toughened slightly by martensitic transformation (fracture 
toughness, K,  = 5.5 MPa.m“’. Crack-growth rates were 
found to follow a power-law function of the stress-intensity 
range (with exponent -24), were sensitive to frequency and 
load ratio, and exhibited crack closure, analogous to that in 
rnetal~.‘~ The existence of fatigue cracking under tension- 
tension loads was confirmed in Mg-PSZ5 with higher tough- 
nes~;’’~’~ cyclic crack growth rates as a function of A K  have 
also been reported for alumina under tension-compression 
l~ading.’~ Moreover, limited cyclic fatigue-crack growth data 
have been recently reported for several other ceramics, in- 
cluding alumina,12,26 Si3N4,26 Sic-reinforced a l ~ m i n a ’ ~ , ~ ~  and 
Y-TZP/A120:9 composites, and pyrolytic ~arbon/graphite.~’ 

In the present study, a more extensive examination of 
cyclic fatigue-crack growth in Mg-PSZ ceramics is under- 
taken to investigate the dependence of growth rate on (i) frac- 
ture toughness, (ii) the environment, (iii) through-thickness 
constraint, and (iv) variable-amplitude cyclic loading se- 
quences (i.e., post-overload behavior). The results are com- 
pared with direct measurements of transformation zone 
characteristics in order to provide some elucidation of the 
mechanisms of cyclic fatigue. 

11. Experimental Procedure 

( I )  Material 
Precipitated, partially stabilized zirconia, containing 

9 mol% magnesia (Mg-PSZ), was selected as the test material 
for its well-characterized and controllable transformation- 
toughening b e h a ~ i o r . ~ ’ - ~ ~  The microstructure consists of cu- 
bic ZrOz grains, -50pm in diameter, with approximately 
40 vol% lens-shaped tetragonal precipitates of maximum size 
300 nm. The tetragonal phase undergoes a stress-induced 
martensitic transformation to a monoclinic phase in the pres- 
ence of the high stress field near a crack tip. The resulting di- 
latant transformation zone in the wake of the crack exerts 

gMS-grade Mg-PSZ, Nilcra Ceramics, Elmhurst, IL 
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compressive tractions on the crack surfaces and hence 
shields‘ the crack tip from the applied (far-field) stresses.36 
The reduction in crack-tip stress-intensity factor, K,, is de- 
pendent upon the volume fraction, f ,  of the transforming 
phase within the zone, the width w of the zone, and the dila- 
tional component of the transformation strain E’?@ 

Ktip = K - K, (la) 
where Kiip and K are the local (near-tip) and applied (far- 
field) stress-intensity factors, and 

Ks a E‘ETfw‘12 

with E’ = E/(1 - v), E being Young’s modulus and v Pois- 
son’s ratio. 

The Mg-PSZ was examined in four microstructural condi- 
tions, achieved by subeutectoid aging at 1100°C to vary the 
fracture toughness from 2.9 MPa. m1l2 in the overaged (non- 
transformation-toughened) condition to 16 MPa . ml” in the 
peak-toughened (TS) condition. The heat treatments, to- 
gether with ambient-temperature mechanical properties, are 
listed in Table I. Further details of the microstructures and 
mechanical properties of these materials are described else- 
 here.^'-^^ 
(2) Test Methods 

(A) Cyclic Fatigue: Cyclic fatigue-crack propagation was 
measured using compact C(T) specimens, containing long 
(>3  mm) through-thickness cracks, in general accordance 
with the ASTM Standard E647-86a for measurement of 
fatigue-crack growth rates in metallic materials.44 Most test 
pieces were 3 mm in thickness, although thicknesses of 1.5 
and 7.8 mm were also tested to examine the role of through- 
thickness constraint. Specimens were cyclically loaded at a 
load ratio (ratio of minimum to maximum loads) of 0.1 and a 
frequency of 50 Hz (sine wave) in high-resolution, computer- 
controlled electro-servo-hydraulic testing machines, operating 
under closed-loop displacement or stress-intensity con- 
trol. Testing was performed in controlled room air (22”C, 
45% rh), dehumidified gaseous nitrogen, and distilled water 
environments. 

Electrical potential measurements across -0.1-pm NiCr 
foils, evaporated onto the specimen surface, were used in situ 
to monitor crack lengths to a resolution better than t 2  pm.22.45 
Unloading compliance measurements using back-face gauges 
were also used to assess the extent of fatigue crack closure in 
terms of the far-field stress intensity, Kc,, at first contact of 
the fracture surfaces during the unloading cycle!6 The K,, 
value is calculated from the highest load where the elastic un- 
loading compliance line deviates from linearity. However, it 
should be noted that for a transforming material such as PSZ, 
a local measure of the closure stress intensity will differ from 
the measured (far-field) value by an amount equal to the 
shielding stress intensity (Eq. ( la)) .  The test setup is illus- 
trated in Fig. 1. 

Track-tip shielding mechanisms act to impede crack advance by lowering 
the local “crack driving force” experienced in the vicinity of the crack tip 
(e.g., Ref. 23). Examples include transformation and microcrack toughening 
in ceramics (Refs. 31, 41), crack bridging in composites (Ref. 42) and crack 
closure during fatigue-crack growth (Ref. 43). 

Crack-growth rates, da/dN, were determined over the 
range -lo-” to lo-’ m/cycle under computer-controlled 
K-decreasing and K-increasing conditions. Data are presented 
in terms of the applied stress-intensity range (AK = K,, - 
K,,,, where K,,, and K,,, are the maximum and minimum 
stress intensities in the fatigue cycle). By considering the ef- 
fect of crack closure, an effective (near-tip) stress-intensity 
range can also be estimated as AKeff = KmaX - K,,. 

A fatigue threshold stress-intensity range, AKTH, below 
which crack growth is presumed dormant,4’ was defined as 
the maximum value of AK at which growth rates did not ex- 
ceed lo-’’ m/cycle, consistent with the more conservative 
ASTM E 647 procedure.44 Thresholds were approached by 
varying the applied loads so that the instantaneous values of 
crack length, a,  and stress intensity range, AK, changed ac- 
cording to the equation4* 

AK = AKo exp[C*(a - ao)] (2) 
where a. and AKo are the initial values of a and AK, and C* 
is the normalized K-gradient ((l/K) (dK/da)) which was set to 
k0.08 mm-’. For the C(T) geometry, stress intensities were 
computed from handbook solutions, in terms of the applied 
load P, crack length a,  test-piece thickness B, and width @ 
as49,50 

K = (P/BW”’)g(a/W) 

where 

g(a/W)  = {[2 + (a/W)][0.886 + 4.64(a/W) 

- 13.32(a/W)’ + 14.72(~/W)~ 

- 5.6(~/W)~]}/[1 - (a/W)I3” (3) 
Owing to the brittleness of the materials, initiation of the 

precrack was one of the most critical procedures in the test. 
In the current work, as pre~iously,2~.~~ this was achieved by 
machining a wedge-shaped starter notch and carefully grow- 
ing the crack roughly 2 mm out of this region by fatigue un- 
der displacement control. Thus, all measurements reported 
here involved cracks that had built up a wake of transformed 
material. 

(B) Fracture Toughness: Following completion of the fa- 
tigue crack-growth tests, fracture toughnesses were deter- 
mined by loading monotonically (with displacement control) 
to generate a resistance curve, KR(Aa). Procedures essentially 
conform to ASTM Standard E 399-87 for the measurement of 
the toughness at crack initiation, K,.52 In addition, a maxi- 
mum toughness, K,, was measured at the steady-state plateau 
or peak of the R-curve. Since these tests all involve sharp 
cracks, the measured toughnesses may be smaller than val- 
ues obtained from other methods that rely on a machined 
notch as the initial crack.30 On the other hand, test specimens 
that lead to instability of the crack in the rising part of the 
R-curve would give lower apparent toughnesses than those 
reported here. 

111. Results and Discussion 
(1) Role of Fracture Toughness 

(A) Growth-Rate Behavior: Resistance curves for the four 
microstructures are illustrated in Fig. 2. The overaged ma- 
terial contains only transformed monoclinic precipitates and 

Table I. Heat Treatments and Tensile Properties of Mg-PSZ 

Fracture 
toughness (MPa . m”*)* 

Overaeed 24 h at 1100°C c 200 300 2.5 2.9 

Approx. 
Young’s tensile 

Heat modulus, E strength 
Condition (grade) treatment @Pa) (MPa) K ,  K< 

~- 
Low tgughness (AF) As received 208 300 3.0 5.5 
Mid toughness (MS) 3 h at 1100°C 208 600 3.0 11.5 
Peak toughness (TS) 7 h at 1100°C 208 400 3.5 16.0 

*K, and K,  are the initiation (from Ref. 35) and plateau toughness values from the R curve 
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Compression strain, (arb. units1 

( b) 
Fig. 1. Experimental techniques used to monitor continuously crack length and the stress intensity, K,, at crack closure 
during cyclic fatigue-crack propagation tests are schematically illustrated in (a). Actual back-face strain data indicating 
points of marked (point A) and marginal (point B) deviations in linearity of the compliance curve are shown in (b). 

shows only a very shallow R-curve with Kc = 2.9 MPa-m'". 
The other materials exhibit various degrees of transformation 
toughening, with toughnesses (plateau K c )  of 5.5 to 
16 MPa . m"*. Note that the results in Fig. 2 do not represent 
the entire R-curves, since measurements were obtained di- 
rectly after fatigue testing, with the first measurement being 
taken at the K,, of the previous fatigue loading cycle. 

Cyclic fatigue-crack propagation data are plotted in Fig. 3 
as a function of the stress-intensity range A K ,  for a controlled 
room-air environment. As in metallic materials, growth rates 
can be fitted to a conventional Paris law re la t i~nship :~~ 

da/dN = C(AK)m (4) 

However, the exponent rn is considerably larger than re- 
ported for metals, i.e., in the range 21 to 42 (as opposed to 2 
to 4 for metals), and the constant C scales inversely with the 
fracture toughness. It is especially noteworthy that the over- 
aged material, in which the nonlinear deformation behavior 
associated with transformation plasticity has been removed, 
displays extensive cyclic fatigue-crack propagation, with a 
power-law dependence on the stress-intensity range similar to 

1.0 

0.0 1 I I 1 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Crack Extension, Aa (mm) 
Fig. 2. Fracture-toughness behavior of Mg-PSZ, sub- 
eutectoid aged to a range of K ,  values from 2.9 to 
15.5 MPa. ml'Z, showing &(ha) resistance curves. 

that of the toughened materials. Moreover, the present data 
indicate that the overaged material exhibits fatigue-crack 
growth at stress intensities below that required for crack ini- 
tiation under monotonic loading on the R-curve ( K ,  values 
from Ref. 35 in Table I). In fact, each set of data shows an ap- 
parent threshold below which crack growth is presumed dor- 
mant (i.e., m/cycle) at a value, AKTH, approximately 
50% of K,.  Values of C, m, and AKTH for each micro- 
structure are listed in Table 11. These results show that resist- 
ance to cyclic fatigue-crack growth in Mg-PSZ is enhanced 
with increasing fracture toughness. 

The data in Fig. 3 for the low-toughness (AF) material were 
shown previously" to be a true cyclic fatigue phenomenon, 
with growth rates proportional to the range of stress intensity, 
rather than subcritical cracking at maximum load. These tests 
involved monitoring crack growth rates at constant K,,,,,, with 
(i) the load cycled between K,,, and K,,,,, (R = 0.1) compared 
to being held constant at K,,, (Fig. 4(a)), and (ii) the value of 
K,,, being varied (Fig. 4(b)). 

PeakToughness (TS) 3 
- 
a, 

> 3 
9 

+ ai 10-6 = a 

0 1  

!x 

Y 

I' 
6 r  

16" 
1 

Fig. 3. Cyclic fatigue-crack growth behavior, in terms of 
growth rates per cycle, da/dN, as a function of the stress-in- 
tensity range, AK, for Mg-PSZ, subeutectoid aged to a range 
of K ,  toughnesses from 2.9 to 15.5 MPa. m1I2 Data were ob- 
tained on C(T) samples in a room-air environment at 50 Hz 
frequency with a load ratio ( R  = Kmm/K,,,.,) of 0.1. 

S t r e s s  Intensity Range, AK (MPa-rn ' O m  1 
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Table 11. Values of C and m (in Eq. (4)) and the Threshold AKTH in Mg-PSZ 
K C  C AKTH* 

(MPa . m"*) (m/cvcle (MPa ml")Y') m (MPa. m"*) 

g 0 

Overaged 2.9 2.00 x 10-14 21 1.6 
Low toughness (AF) 5.5 4.89 x 24 3.0 
Mid toughness (MS) 11.5 5.70 x 24 5.2 
Peak toughness (TS) 16.0 1.70 x 42 7.7 

*AKTM defined at a maximum growth rate less than lo-'' m/cycle." 

~ LOW Toughness (AF - Mg-PSZ) 

(B) Fractography: The transgranular nature of crack paths 
was clearly evident from optical microscopy of etched sur- 
faces (Fig. 5) in which grain boundaries were decorated with 
monoclinic zirconia phase. Crack paths additionally show 
evidence of frequent crack deflection, branching, and un- 
cracked ligament bridging behind the crack tip. The degree of 
crack tortuosity, however, appears progressively diminished 
with decreasing toughness, as evidenced by the comparatively 
flat crack path in the overaged microstructure (Fig. 5(b)). 
Corresponding scanning electron micrographs (Fig. 6) indi- 
cate that the fracture-surface appearance under cyclic loading 
is nominally identical to that under monotonic loading; more- 
over, unlike many metals and polymers, no evidence of fa- 
tigue striations or crack arrest markings are apparent on the 
fatigue fracture surfaces." 

(C) Fatigue Crack Closure: In addition to possible crack- 
tip shielding from crack deflection and bridging noted above, 
fatigue-crack growth in PSZ ceramics shows evidence of 
crack closure, analogous to behavior in metals.23~43~54 Such clo- 
sure involves premature contact between the crack surfaces 
during the unloading cycle, which raises the effective Km,,L 
(aK,r), thereby lowering the effective AK.54 Global (far-field) 
K,, values, calculated from the highest load at the onset of 
marked deviation from linearity of the back-face strain com- 
pliance measurements (point (A) in Fig. l(b)), show increasing 
Kcr/Kmax ratios as the threshold AKTH is approached (Fig. 7), 
characteristic of (contact) shielding by wedging (which is en- 
hanced at smaller crack opening displacements). In view of the 
deflected nature of the crack paths, it is suggested that such 
closure results primarily from the wedging action of fracture- 
surface asperities (roughness-induced crack closure) .55-57 This 
would also be consistent with the progressively higher levels 

++Similar results have been obtained in raphite/pyrolytic carbon lami- 
nates, where cyclic fatigue fracture morphokgies are also indistinguishable 
from those of monotonic overload fractures (Ref. 30). 

I Low Toughness (AF - Mg-PSZ) 

0 400 800 1200 1600 

Time tsec) 

(a) 

of crack closure seen in the higher toughness microstructures, 
which exhibit the roughest crack paths. Moreover, the in- 
creasingly dilatant transformation zones in the tougher 
materials act to reduce the crack opening displacements, 
which further encourages premature crack-surface contact 
on unloading. 

(D) Observation of Transformation Zones: The influ- 
ence of transformation-zone shielding on fatigue cracking 
was investigated by comparing wake zones in the mid- and 
peak-toughened materials. Two techniques were used to char- 
acterize the zones: interference microscopy and Raman spec- 
troscopy. The Raman spectroscopy provides a direct measure 
of the fraction of tetragonal and monoclinic phases within the 
zone, with a spatial resolution of -2 pm (using a microprobe 

The optical interference measurements from the 
polished face of the compact tension specimens provide a 
measure of normal surface displacements due to the transfor- 
mation within the zone. The displacements are dependent on 
both the fraction of transformation and the net transforma- 
tion  train.^^,^' 

Raman measurements of the volume fraction of material 
transformed to the monoclinic phase, within zones adjacent 
to cracks that had been grown under cyclic loading at con- 
stant AK or under steady-state, monotonic loading (i.e., at 
K = K c ) ,  are shown in Fig. 8. The results indicate that the 
fraction of transformed material is in all cases nonuniform 
and smaller than the total available fraction of tetragonal 
phase (-0.4), even adjacent to the fracture surface. 

The shielding stress-intensity factors, K, ,  corresponding to 
the data of Fig. 8 can be calculated by integration of Eq. (lb) 
(which is valid for a step-function zone profile):** 

* 1 Constant K,,, = 4.2 MPa-rn'" 0 

7 0  

6 0  
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3 0  

2.0 
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0 0  
0 1 2 3 4 

STRESS INTENSITY RANGE, AK ( M P ~ - I ~ " ~ )  

( b) 
Fig. 4. Effect in low-toughness Mg-PSZ 4AF) microstructure of (a) sustained and cyclic loading conditions on the crack veloc- 
ity, du/dt, at constant KmaX (=3.8 MPa. m'' ), and (b) varying applied stress-intensity range AK on crack velocity at constant K,,,,, 
(=4.2 MPa.mi'2)[after Ref. 221. 
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Fig. 5. Optical micrographs of the morphology of cyclic fatigue- 
crack paths in Mg-PSZ, showing (a) an increasingly deflected 
crack path in the mid-toughened (MS) microstructure at A K  - 
6 MPa . m”’ compared to (b) an essentially linear crack path in the 
overaged material at A K  - 2 MPa . m112. Note the transgranular 
fracture morphology and evidence of crack branching in the MS 
microstructure. Arrow indicates general direction of crack growth. 

r w  c 

J, k z d x  
K, = A E ’ E ~  

where the constantA is dependent upon the shape of the zone 
ahead of the crack tip as well as the transformation strain 

For a purely dilational transformation strain (i.e., all 
long-range shear strains relieved by twinning) and a frontal 
zone defined by a contour of constant hydrostatic stress in the 
crack-tip field, A is equal to 0.ZZ.36 The values of K, evaluated 
from the four sets of data in Fig. 8, using Eq. ( 5 )  with E‘ = 
E/(1 - v) = 272 MPa and E~ = 0.04, are compared by plot- 
ting K, as a function of the maximum applied stress intensity 
factor, K (K,,,,, for cyclic loading, K for monotonic loading), in 
Fig. 9. For each material, the values of Ks under monotonic 
and cyclic loading conditions are consistent with the relation 

E T  38 . 

%resses outside the transformation zone are defined approximately by 
the applied stress intensity factor; (J,, a K/r1’2. Therefore, if the transforma- 
tion occurs at a critical stress uc in a given material, then the zone width is 
w u. K 2  and Eq. ( lb)  becomes K ,  a K (Ref. 62). 

Fig. 6. Representative scanning electron micrographs of the nom- 
inally identical fracture-surface morphologies obtained in Mg-PSZ 
(MS grade) for (a) overload fracture under monotonic loads at AK - 
11.5 MPa.m’”, and (b) fatigue fracture under cyclic loads at AK - 
6 MPa. m”’. Note, in contrast to metals, the absence of striations 
or crack-arrest markings on the fatigue fracture surface. Arrow in- 
dicates general direction of crack growth. 

K,  a K expected from Eq. (lb).” Therefore, if the frontal 
zone shapes and the transformation strains E~ are the same 
in cyclic and monotonic loading, the micromechanisms of 
fatigue-crack advance clearly do not involve a reduction in 
transformation-zone shielding. 

A comparative assessment of the transformation strains in 
monotonic and fatigue loading can be obtained from optical 
interference measurements of the surface uplift at the loca- 
tions from which the Raman data of Fig. 8 were obtained. 
The results plotted in Fig. 10 show differences between the 
four locations qualitatively similar to those of the Raman 
data. Comparison of the measured displacement, uo,  adjacent 
to the cracks with the values of K,  calculated from the Raman 
data, is shown in Fig. 11. Both uo and Ks must increase with 
increasingf and zone width. However, the measured values of 
uo are dependent on the transformation strains, E ~ ,  whereas a 
constant value of E~ was assumed in calculating K , .  There- 
fore, the data in Fig. 11 would fall on different curves for 
cyclic and monotonic loading if the transformation strains dif- 
fered for these two loading conditions (e.g., different amounts 
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Fig. 7. Experimentally measured variation in fatigue crack clo- 
sure corresponding to cyclic crack-growth rate data at R = 0.1, for 
the Mg-PSZ microstructures plotted in Fig. 3.  Results, based on 
back-face strain compliance measurements, show the ratio Kcc/Kmox 
as a function of the applied stress-intensity range, AK. 

of twinning resulting in different shear components in E ~ ) .  

Since all of the data fall on a single curve within the measure- 
ment accuracy, it is concluded that the transformation strains, 
in cyclic and monotonic loading do not differ significantly. 

(2) Role of Environment 
It has been suggested that cyclic fatigue effects in ceramics 

may be the result of stress-corrosion c r a ~ k i n g . ~ , ~ , ~ ~ , ~ ~  To ex- 
amine this hypothesis, cyclic crack-growth rates in the low- 
toughness A F  material were measured in inert (dehumidified 
nitrogen gas) and corrosive (distilled water) environments; re- 
sults are plotted as a function of AK in Fig. 12. Growth rates 
are faster in moist room air and water than in inert nitrogen, 
indicating a marked corrosion-fatigue effect which pre- 
sumably involves the weakening of atomic bonds at the crack 
tip by the adsorption of water molecules. However, crack 
growth is observed in the inert atmosphere, implying that, 
analogous to  behavior in metals and consistent with the ob- 
servations cited above, cyclic fatigue in  the ceramic is a me- 
chanically induced cyclic process which may be accelerated by 
the environment. 

Another comparison of the effects of mechanical load cy- 
cling and environmentally assisted crack growth is illustrated 

Peak Toughness (TS) - 
K = 16 MPa-m‘~2(monotonlc) 

K,, = 10 MPa-m”’ (cyclic) 

0 10 20 30 
Distance from Crack Plane, & (Frn’’’) 

Fig. 8. Raman measurements of volume of material transformed 
from tetragonal to monoclinic phase in zones adjacent to cracks 
grown under both monotonic and cyclic loading conditions in the 
mid- (MS) and peak- (TS) toughened materials, as a function of 
distance x from the crack plane. 

h . 
c 
x“ 

5 10 
v 

/ Peak Toughness (TS) , 

Applied Stress Intensity, K (MPa-rn’/2) 

Fig. 9. Estimates of the shielding stress-intensity factor, K s ,  cal- 
culated from Eq. (5) for the transformation zones presented in 
Fig. 8, as a function of the applied stress-intensity factor, K. Values 
of K, under both monotonic and cyclic loading are consistent with 
the relation K, = PK, where the slope of the curve P is dependent 
on the material. 

in Fig. 13 for the MS material tested in moist air. Cyclic crack 
velocities, expressed in terms of time (daldt), are compared 
with corresponding stress-corrosion crack velocities meas- 
ured under sustained loads; at equivalent K levels at this fre- 
quency, cyclic crack-growth rates are up to  7 orders of magni- 
tude faster (or at equivalent velocities, K,,, is smaller by 
about 40% for cyclic loading). 

It would thus appear that nonconservative estimates of the 
subcritical advance of incipient cracks, and serious overesti- 
mates of lifetimes, may result if defect-tolerant predictions are 
based solely on sustained-load (stress-corrosion) and fracturc- 
toughness data and do not consider a cyclic fatigue effect. 

Peak Toughness (TS) 

K = 16 MPa-m!1/2 (rnonarantc) 

K,_ = 10 MPa-m‘I2 (cycl~c) 

Distance from Crack Plane, x (mrn) 

Fig. 10. Variation in surface uplift displacement, ug, adjacent to 
cracks as calculated from optical interference measurements, show- 
ing qualitatively similar differences between the four locations as- 
sessed using Raman spectroscopy shown in Fig. 8. 
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Fig. 11. Comparison of the surface uplift displace- 
ments, u,,, immediately adjacent cracks, with the values 
of K,  calculated from the Raman data, for cracks grown 
under monotonic and cyclic loading conditions. The re- 
sulting linear relationship implies that the transforma- 
tion strains under cyclic and monotonic loading do not 
differ significantly. 

(3) Role of Through-Thickness Constraint 
on R-curve behavior in Mg-PSZ has indi- 

cated an important effect of test-piece thickness on the frac- 
ture toughness. Specifically, the plateau toughness was 22% 
higher and the slope of the R-curve steeper in samples with a 
thickness of 4 mm compared to 1 mm. This trend is opposite 
to that accompanying the transition from plane stress to 
plane strain in metals, where the toughness decreases with in- 

Recent 

Low Toughness (AF - Mg-PSZ) 

lo-” 1 
Stress Intensity Range, AK (MPa-rn1”) 

Fig. 12. Cyclic fatigue-crack growth rates, du/dN, as a 
function of the applied stress-intensity range, AK,  in low- 
toughness (AF) Mg-PSZ in dry nitrogen gas, room air, and 
distilled water environments, showing an acceleration in 
growth rates due to water vapor. C(T) tests were performed 
at 50 Hz frequency with a load ratio R of 0.1. 
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Fig. 13. Subcritical crack-growth behavior in mid-toughness 
(MS) Mg-PSZ, showing a comparison of crack velocities 
da/dt, as a function of K,,,,,, measured under monotonic and 
cyclic loading conditions in a moist air environment. Note 
how the cyclic crack velocities are up to 7 orders of magni- 
tude faster at equivalent stress-intensity levels. 

creasing thickness, but is consistent with expectations for 
shielding due to transformation. 

To examine whether such through-thickness constraint 
effects are important in influencing fatigue behavior, cyclic 
fatigue-crack growth rates and R-curves were measured using 
C(T) specimens of the TS-grade material5§ with thicknesses of 
1.5 and 7.8 mm (Fig. 14). The K, fracture-toughness values 
are larger in the thicker specimens by approximately 9% 
(Fig. 14(a)). However, no significant difference in the cor- 
responding fatigue-crack propagation rates was detected 
(Fig. 14(b)). 

(4) Role of Variable-Amplitude Loading 
The results described above pertain to constant-amplitude 

cyclic loading; to examine the influence of variable-amplitude 
loading, single and block overload sequences were applied 
during steady-state fatigue-crack growth in the MS- and 
TS-grade materials. Results for high-low and low-high block 
overloads in mid-toughness (MS) material are shown in 
Fig. 15. Over the first -2.5 mm of crack advance, the crack- 
growth rate remains approximately constant at constant 
AK(=5.48 MPa.m”’). On reducing the cyclic loads so that 
AK = 5.30 MPa. m”’ (high-low block overload), a transient 
retardation is seen followed by a gradual increase in growth 
rates until the (new) steady-state velocity is achieved. Simi- 
larly, by subsequently increasing the cyclic loads so that 
AK = 5.60 MPa. ml/’ (low-high block overload), growth rates 
show a transient acceleration before decaying to the steady- 
state velocity. Such behavior is analogous to that widely ob- 
served in metals,“ where to the first order the crack-growth 
increment affected by the overload is comparable with the ex- 
tent of the overload plastic zone. In the present experiments, 
the affected crack-growth increments are -500 pm, approxi- 
mately 5 times the m e a ~ u r e d ~ ~ , ~ ~  transformed zone width of 
-85 to 108 pm. This is consistent with zone-shielding cal- 
culations in which the maximum steady-state shielding is 
achieved after crack extensions of approximately 5 times the 
zone 

Similar crack-growth retardation following a high-low 
block overload (AK = 9.5 to 8.5 MPa.m’/’) is shown for 

“As TS-grade materials are prone to age at room temperature, resulting in 
lower toughness, tests on these two thicknesses were conducted at a nomi- 
nally fixed period of time (approximately 1 month) following heat treatment. 
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Fig. 14. Effect of through-thickness constraint on (a) &(Aa) frac- 
ture-toughness resistance curves and (b) cyclic fatigue-crack 
propagation behavior in high-toughness (TS) Mg-PSZ, tested in a 
room-air environment. Note the higher toughness, yet relatively 
unaffected crack-growth rates, in the 7.8-mm-thick C(T) sample, 
compared to the 1.5-mm-thick sample. 

peak-toughness Mg-PSZ in Fig. 15(b); in addition, significant 
retardation can be seen following a single tensile overload to 
a K,,,,, of 12.3 MPa . ml”. Such results can be rationalized in 
terms of changes in crack-tip shielding from the transforma- 
tion zone.” 

IV. Mechanisms of Cyclic Fatigue 

Mechanisms of fatigue crack growth may be conveniently 
classified into two categories; intrinsic mechanisms where the 
unloading portion of the cycle results in enhanced micro- 
structural “damage” ahead of the crack tip (as in metals), and 
extrinsic mechanisms where the unloading acts to diminish 
the effect of a crack-tip shielding process, thereby increasing 
the near-tip stress intensity compared to equivalent mono- 
tonic loading conditions. In transforming ceramics, such an 
extrinsic mechanism could result from a reduction of the de- 
gree of transformation toughening under cyclic loading, re- 

e AK=5.48 -1- AK=5,30 -& AK4.60 + 
, 1 I 

0 1 2 3 4 5 6 7 8 

Crack Extension, ha (mm) 

1 0 ” O  I 

(a) 

K,,,=lZ. 3 

1 6 ”  
0 1 2 3 4 5 

Crack Extension, Aa (mm) 

(b) 

Fig. 15. Transient fatigue-crack growth behavior in (a) mid- 
toughness (MS) and (b) peak-toughness (TS) Mg-PSZ due to 
variable-amplitude cyclic loads, showing immediate crack-growth 
retardations following high-low block overloads, immediate accel- 
erations following low-high block overloads, and delayed retarda- 
tion following a single tensile overload. 

sulting from changes in the process-zone morphology, cyclic 
accommodation of the transformation strains (related to the 
type of martensitic twin variants that form), or changes in the 
degree of reversibility of the transformation. Alternatively, if 
bridging by frictional/geometrical interlocking of microstruc- 
turally rough fracture  surface^^*'^^ contributes significantly to 
the toughness, cyclic loading may result in progressive degra- 
dation of the bridging zone. 

In the present study, however, several observations argue 
against such mechanisms, and suggest instead that an intrinsic 
mechanism is responsible for fatigue-crack growth in Mg-PSZ. 
The most compelling evidence is that crack growth under 
cyclic loading is exhibited by the overaged material in which 
stress-induced transformation cannot occur. Moreover, the 
crack-growth rates in all the materials can be shown to be 
uniquely related to the local (near-tip) stress-intensity range, 
AK,ip, regardless of the degree of transformation toughening. 
Evaluation of AZ& must include the effects of both zone 
shielding and premature crack closure due to contact of 
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asperities."" The maximum and minimum near-tip stress- 
intensity factors are related to the corresponding far-field 
applied (measured) values, K,,, and K,l (using Eq. ( la)):  

(Ktip)rnnr = Kmm - Ks 

(Ktlp)rnm = Kcl - Ks 

(6) 

(7) 
K,  is assumed to remain constant during unloading and was 
shown in Section III(1) to be given by 

Ks = PKmax (8) 
where p is a constant for a given material. 

Equation (7)  requires Kc, 2 K J ,  that is, in the absence of 
roughness-induced closure, the transformation shielding 
causes crack-tip closure at K,, = K , ,  whereas the presence of 
sufficiently large roughness effects could cause contact be- 
hind the crack tip at larger values of Kcl. However, the closure 
stress intensity factors from Fig. 7 (measured from point (A) 
of the compliance curve of Fig. l(b)) are smaller than the cor- 
responding values of K ,  in Fig. 9. This suggests that the values 
in Fig. 7 represent roughness-induced contact well behind the 
crack tip, at a lower applied load than that which allows ini- 
tial, near-tip closure. Closer examination of the present un- 
loading compliance curves reveals a marginal change in 
linearity after unloading -20% to 30% from the maximum 
load (point (B) in Fig. l(b)). Such behavior is consistent with 
the notion that, during unloading, crack-surface contact oc- 
curs first over a short distance (of the order of micrometers) 
behind the crack tip,'tt before roughness-induced crack con- 
tact over the remaining crack surfaces. Estimation of the clo- 
sure stress intensities from these higher closure loads yields 
K,, values within 5% of K,.  Therefore, it appears that initial 
tip closure occurs at K,, = K,  and the tip-stress intensity 
range is given by 

(9) AKtip = K m a x  - Ks 

The crack-growth rates for all materials are plotted in 
Fig. 16(a) in terms of AKtip evaluated from Eq. (9) ,  with K,  
obtained from Eq. (8). All data fall close to a universal curve 
of the form 

dafdN = A(AKtipy' (10) 
where n = 22 andA = 3.5 x 

The growth-rate data may be normalized equivalently in 
terms of the steady-state toughness, K, .  This may be readily 
demonstrated by noting that K ,  = KO + K, ,  where KO is the 
intrinsic toughness (without transformation shielding), from 
which K,  = K O / ( l  - p )  from Eq. (8). With this result, Eq. (9)  
can be written 

m('-"/*).cycle-'.MPa-". 

or 

where AK = KmJ1 - R ) ,  and Eq. (11) becomes 

da 

According to Eq. (12), a universal curve is obtained by shift- 
ing the data for each material in Fig. 3 along the AK axis by a 
constant multiplying factor, K , / [ K , ( l  - R)]. The result of 

0 2  1 
lo-" 
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4 
0 Overaged 
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0 Mid toughness (MSI ' 
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( b) 

Fig. 16. Cyclic fatigue-crack growth rates for Mg-PSZ in the four 
toughness conditions plotted as a function of (a) AKtlp from Eq. (lo), 
and (b) the normalized stress-intensity range, AKIK,. 

normalizing the data in this manner is shown in Fig. 16(b). 
An analogous result for environmentally assisted crack 
growth has been discussed by Lawn." 

The Raman and surface-uplift measurements of Section I11 
further support the contention that transformation-zone 
shielding is not affected by the cyclic nature of the loading. 
Specifically, the results in Figs. 9 and 11 indicate that for 
steady-state crack growth under cyclic or monotonic loading, 
K,  is determined by the maximum applied stress-intensity fac- 
tor (Eq. (7)). Although these results pertain only to the con- 
tribution to K ,  from the wake region of the zone (detailed 
comparisons of frontal zones have not yet been completed), 
preliminary estimates indicate that the frontal zone in fatigue 
loading would need to be enlarged by a factor of 4 compared 
with that in monotonic loading in order to make a significant 
difference to the above conclusions. 

Potential intrinsic mechansims of fatigue include accumu- 
lated damage in material ahead of the crack tip in the form 

"Where the near-tip stress-intensity range is estimated by considering the 
effect of crack closure only, AK,, ,  is commonly referred to in the fatigue lit- of localized microplasticity, or microcracking, particulariy in 
erature as AKeff, as defined in Section 11. grain boundary and precipitate/matrix interface regions. 

+++Note that macroscopic back-face strain compliance techniques for de- 
tecting crack closure are global in nature and are not particularly sensitive Matrix microcracking associated with the formation Of trans- 
to local crack-surface contact occurring near the crack tip. formation shear bands has also been suggested.'l Such 
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microcracking could be enhanced by the cyclic movement of 
twin boundaries in transformed monoclinic particles in 
response to cyclic loading. In fact, cyclic stress vs strain (hys- 
teresis) behavior has been demonstrated for several trans- 
forming zirconia materials.*’ Other mechansims may include 
Mode I1 and I11 cracking, due either to the wedging action of 
crack-surface asperities on unloading or to changes in the lo- 
cal stress state induced by Mode I opening on the loading cy- 
cle. In addition, crack extension during loading may permit 
relaxation of residual stresses in specifically orientated grains, 
with subsequent development of additional tensile and shear 
stresses upon unloading because of the inability of the relaxed 
grains to be accommodated in their original p0sitions.4.~’ 
These effects are likely to be a strong function of residual 
stress states arising from thermal expansion anisotropy (in 
noncubic systems): elastic anistropies of the and the 
nature of cyclic accommodation of the transformation strains 
when these are present in the material. 

V. Implications for Design 

The results of this work provide evidence of the premature 
failure of zirconia materials under tension-tension cyclic 
loading. In engineering design with ceramics, however, such 
cyclic fatigue phenomena have been rarely considered. With 
the damage-tolerant approach, for example, component life- 
times are predicted on the basis of fracture-toughness and 
subcritical crack-growth behavior (i.e., stress-corrosion and 
creep data) determined under monotonic loads. In view of the 
high cyclic crack velocities observed, far in excess of those 
under sustained loads at equivalent stress-intensity levels, and 
the occurrence of fatigue-crack growth at stress intensities as 
low as 50% of K,, the results of the present study imply that 
ignoring cyclic fatigue in design and life prediction may have 
dire consequences. 

For design procedures based on crack propagation, as in 
many safety-critical applications involving metallic compo- 
nents, allowance for the cyclic fatigue effect can be achieved 
by estimating the time to grow preexisting defects to critical 
size through integration of the cyclic fatigue-crack growth re- 
lationship (e.g., Eq. (4)). However, with the very high expo- 
nents (m)  and resultant extreme sensitivity of the projected 
lifetime to the applied stresses (albeit over only a narrow 
range of stress), this may not be a sensible approach. More- 
over, the transient effects demonstrated in Fig. 15 imply that 
Eq. (4) is adequate only for constant AK loading: in general, 
the fatigue-crack growth relationship (and hence lifetime) is 
dependent upon loading history as well as the instantaneous 
AK. A more practicable approach may be to base design on 
crack initiation, with allowance being made for the existence 
of a cyclic fatigue threshold for crack growth as low as -50% 
of the fracture toughness. However, it must be noted that, in 
ceramic components, subcritical crack growth and subsequent 
instability may involve very small cracks. Since it is well- 
known for metallic materials that such “small” (5500 pm) 
cracks may propagate at rates significantly faster than those 
of “long” cracks (e.g., Refs. 46 and 73), it is vital that future 
studies on ceramics address the role of crack size in influenc- 
ing cyclic behavior. 

VI. Conclusions 

Based on a study of the growth of fatigue cracks in Mg-PSZ 
ceramics under tension-tension cyclic loads, the following 
conclusions can be drawn: 

(1) Fatigue-crack growth in overaged and partially stabi- 
lized (transformation-toughened) zirconia is unequivocally 
demonstrated to be a mechanically induced cyclic process, 
which is accelerated in moist air and distilled water environ- 
ments. Growth rates (da/dN) can be described in terms of a 
power-law function of the stress-intensity range (AK), with 
an exponent m in the range of 21 to 42. 

(2) Resistance to cyclic crack-growth increases when the 
fracture toughness ( K c )  of Mg-PSZ is increased; the apparent 
threshold for fatigue-crack growth (AKTH), below which 
cracks are presumed dormant, is approximately 50% of K,.  

(3) Cyclic crack growth in ceramics shows evidence of 
crack closure in addition to other crack-tip shielding me- 
chanisms (crack deflection, uncracked ligament bridging, 
transformation toughening). Moreover, when subjected to 
variable-amplitude cyclic loading, fatigue cracks in Mg-PSZ 
experience transient crack-growth retardation immediately 
following high-low block overloads, transient acceleration im- 
mediately following low-high block overloads, and delayed 
retardation following single tensile overloads. Such behavior 
is analogous to that commonly reported for metallic materials 
and consistent with expectations of crack-tip shielding due to 
transformation. 

(4) Cyclic crack velocities in Mg-PSZ are found to be up 
to 7 orders of magnitude faster, and threshold stress intensi- 
ties almost 40% lower, than stress-corrosion crack velocities 
measured in identical environments under sustained-loading 
conditions. Such observations may have serious implications 
for defect-tolerant life predictions in zirconia ceramics. 

(5 )  Although the detailed mechanism of cyclic fatigue- 
crack growth has not been identified, an intrinsic mechanism 
is implicated by several observations; that is, the mechanism 
does not appear to involve cyclic reduction in the degree of 
transformation toughening. 
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