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Cyclic fatigue properties of high-toughness SiC with additives The present study is focused on the resistance curve, long- a
of Al,05 and YO were examined, with a focus on differences  small-crack growth properties in silicon carbide with an oxide
between long- &3 mm) and small-crack (<200 um) behavior. liquid phase. Effects of initial crack size on crack growth rates
Small cracks were initiated with Vickers indents placed on the were investigated in particular.

tensile surfaces of beams, and crack extension was monitored
optically under cyclic load. For small cracks, high growth rates
which exhibited a negative dependence on the far-field driving Il.  Experimental Procedure
force were observed. Such behavior was explained by both
indent-induced residual stresses and the relative size of cracks
compared with bridging zone lengths.

(1) Material Processing

Starting powders were prepared by mixifgSiC (0.3 um
diameter) and oxide powders (6 wt%8l; + 4 wt% Y,0,) for
liquid formation at the sintering temperature. Partially transformec
SiC powder was also added (1 wt%) as seed particles to promo
anisotropic grain growth. The method for preparation of seec

N THE past decade, one of the problems in liquid-phase-sintered particles was des_cribed_in detail_elsewh%f_\'é’.owders were milled

(LPS) silicon carbide, despite excellent high-temperature prop- N ethanol with high-purity alumina balls in a polyethylene bottle.
erties, is that the fracture toughness is relatively low2¢3 Dried powders were capsulatedoln graphite foil within a graphite
MPamY2 at room temperaturé)However, silicon carbide with a  S'€eve and hot-pressed at 1950°€3d under 25 MPa and an Ar
fracture toughness above 7 MR&'2 was reported recently in the ~ atmosphere. Sintered bodies had densities above 99%, and we
case of SiC sintered with an oxide liquid phase; for silicon carbide disk-shaped with a 20 mm diameter and 3 mm thickness. T
sintered with aluminum, boron, and carbon, fracture toughness of €Ontrol grain growth, specimens were placed in a powder bed c
above 9 MPan2 was achieved:” It is believed that platelike the same composition in a graphite crucible, and heat-treated
grains were formed during heat treatment (due tattie-8 phase 1950°C fa 3 h under Ar atmosphere.
transformation), and that these (like rocks in concrete) play an

I. Introduction

important role in crack bridging=** (2) Resistance Curve Measurement

Despite the fracture toughness increase, |t iS knOWﬂ that Crack Resistance curves for small cracks were measured via th
resistance in the long-crack regiom {3 mm) is different from indentation-strength method developed by Brautral® as fol-
that in the small-crack region<(~250 pm) in many in situ lows. It was conducted on 4-point bend specimens (with nomina

toughened ceramics showing a rising resistance curve. It is well gimensions 3 mmx 3 mm x 20 mm with outer spans of 12.7 mm
explained that decreasing crack resistance in the small-crackgnd inner spans of 6.4 mm) at 0.06 mm/min crosshead spee
region results from an undeveloped crack wake zone at the crackgefore testing, the tensile surface was polished withwth

tip. There are few reports showing the relationship between fatigue giamond paste. Indentation cracks were formed under load
crack growth rates and driving force in small- and long-crack ranging from 5 to 100 N using Vickers indents. Each beam wa:
regions'*** Therefore, life prediction methods based on long- examined after failure in the SEM to determine whether fracture
crack measurements may be nonconservative. Moreover, it is griginated from the indent cracks. After five tests at each load, dat
pointed out that small-crack growth behavior depends inversely on points were used to get the average value of the fracture strengt
the far-field applied driving force below the threshold stress ynder the action of an applied stresg, radial cracks of size,

intensity K.,). In these cases, the anomalous small-crack growth produced at the indentation loal, extend according to the
rate is due to the limitation of crack tip shielding and to equilibrium condition

indent-induced residual stress fields.
KA(C) = ioac’? + xPIc¥? = T(c) @

where K}, is an effective applied stress-intensity factor,is a
- geometrical coefficient that characterizes the pennylike cracl
N. P. Padture—contributing editor configuration,x is a coefficient that characterizes the intensity of
the residual field in terms of indentation hardness and Young’s
modulus, and(c) defines theT-curve for the material. For a given
indent load P, failure is assumed to occur at the stress where thq
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Accordingly, given an appropriate calibration of the coefficialts
(=0.93) andy (=0.084)* we may generate families d€,’(c)
curves from ther(P) data sets. Toughness curvEg) may then
be determined as the envelope of these families of curves.

(3) Long-Crack Growth Rates

To observe long-crack growth, half-chevron-shaped starter
notches o~3 mm were made in the disk-shaped compact-tension
(DC(T)) specimens (widthWW = 20 mm, thickness = 2.5 mm)
after polishing one side with ium diamond paste. Before data
collection, samples were precracked under cyclic loading for
several millimeters beyond this notch. Specimens were cyclically
loaded at a load ratio (ratio of minimum to maximum stress intensity,
KminlKmas) Of R = 0.1 and 0.5 and a frequency of 25 Hz (sine wave)
on a high-resolution, computer-controlled servo-hydraulic test ma-

chine, operating under closed-loop displacement, load, or stress-

intensity control (generally following ASTM Standard E647).
To measure crack growth rates, the applied stress intensity,
(=Kiax — Kiin), Was controlled over a range of growth rates and

fixed load ratios. Here the threshold stress WaS defined as StreSSesponse indicative of S|ng|e -valued toughness The filled data

when the maximum crack growth ratio 4s10~*° m/cycle. These
techniques have been described extensively elsewher2.

Crack size was determined using the compliance approach by a

350 () strain gauge attached to the back-face of the specimen. A
high-resolution traveling optical microscopy (Questar QM 100,
New Hope, PA) was used to confirm crack lengths, and the
difference between optical and compliance readings was within
2%. From such data, crack growth rate/dN, as a function of
both the maximum applied stress intensKy,,,.or AK (=K.« —
Kmin), Was plotted.

Fig. 1. (a) Scanning electron micrograph of liquid-phase-sintered silicon
carbide with alumina and yittria after plasma etching. (b) High-resolution
transmission electron micrograph of the interface with the liquid film. Note
that the thickness of the liquid film around the elongated graird$—0.8 nm.
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Fig. 2. Postindentation fracture strength for both the Hexoloy SA %nd
6A4Y-SiC is plotted as a function of indentation load. While the 6A4Y- 5|C
exhibits enhanced flaw tolerance, the Hexoloy SA follows g, Y38
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Fig. 3. Constructed?-curves from the data in Fig. 2 for both 6A4Y-S§C
and Hexoloy SA (dotted line). The solid curves are plots of the total sEres:

intensities K, versus crack size. z
(4) Small-Crack Growth Rate g
. 8

Small-crack growth rates were measured by observing sma

indent-initiated surface cracks on the polished tensile surfac%as (

cantilever beams. Sets of indents were made along the Ion%:m
on the polished side, under the same indent load. The diszanc
between the centers of the indents was 2 mm to avoid interfegenc
between residual stress fields. Cyclic loading was applied 30 <
surface crack of~100 pwm initial length, until the specimen was
broken or the crack no longer grew. Loadlng conditions Weregthe
same as long-crack tests (25 Hz sine waie,= 0.1). Forc
monitoring crack growth under cyclic loading, we periodicdlly
paused the machine and measured crack length via optical micro
copy (X500). On achieving crack growth under constant stifess
crack size was measured every’ 10 10° cycles. &
The stress intensity factoK,,.,, due to bending stressas,,
was calculated from the linear elastic solution for thee-
dimensional surface crack§.Crack growth rates were deconw
luted from thea (=2c) vs N (number of cycles) data for tl‘ie
indentation cracks, and the measured range of crack growthgrat
was 10 ° to 10~ ** m/cycle. Cyclic crack growth rates for surfage
cracks were plotted as a function of the maximum stress |nte§1$|t
factor, Ko Contributions to the driving force from |nder§t
induced residual stresk,4, were calculated from

&
3

Krd = (3)
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degradation in strength with indentation load for 6A4Y—Si(§ is
much shallower, indicating a more pronounced flaw tolerance gitt
higher strength retention even with large flaw sizes. The dafa i
Fig. 2, along with the above calibrated valuesy{andys;, are used

to deconvolute a small-cradR-curve for both the 6A4Y-SiC angél

the Hexoloy SA (Fig. 3), following the indentation-strength
K-field analysis of Brauret al. described abov& E
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Fig. 4. (a) Influence of load ratioR, on cyclic fatigue-crack growth rates,
da/dN, as measured for long=@ mm) cracks in the 6A4Y-SiC. In (ajadN

is characterized in terms of the applied stress-intensity raxigeand in (b),
in terms of the maximum applied stress intensity of the loading ciGle,

N

<
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10° | v
whereP is indentation load; the half-length of the surface crack size, v
andy (=0.084) the coefficient of residual contdétTherefore, the 3
total stress intensity at maximum load during cyclic fatigue was 10710 8
3 P Omax R=0.1
Kiota = Kmax T Kg 4) L voAjgm ggg mgg 2_5 Hz
Sinewave
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IIl.  Results and Discussion

(1) Microstructure
The microstructure of 6A4Y-SiC is shown in Fig. 1(a) and

consists of elongated grains (longitudinal axis of 4L(93) um 2 . (b)

and transverse axis of 1.3-0.67) um). Such elongated grains, 510 ] considering | lo &P

together with the low boundary strength and compressive stresses E " Shress

due to the difference of thermal expansion coefficients, are =

believed to be the primary reason for the increase in fracture 3107

toughness through the promotion of grain bridging. High- Y

resolution TEM studies, shown in Fig. 1(b), revealed that the g ] Short crack

thickness of the amorphous grain boundary film varied from 0.5 to g 10-8 " data

0.8 nm depending on the boundary orientation, consistent with "

previous results in other ceramic systelfis® The fact that the s F

boundaries appear atomically flat is an indication that they can [T P Gmax

easily slide over each other during the pullout process, which is G107F o 4on 260 MPa & R=0.1

critical in the development of rising-curve behavior. é L & o 40N So8 MPa 25 Hz
6 1 0.12 ® long lcrack data Slnerave

(2) R-Curve Behavior 1 10
Plots of the indentation fracture strength, as a function of Stress Intensity, Ktotar (MPa+/ m)
indentation loadpP, are shown in Fig. 2 for 6A4Y-SiC (liquid-
phase-sintered SiC with 6 wt% AD; and 4 wt% Y,0,;) and
Hexoloy SA (Carborundum, Niagara Falls, NY). The data for the
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Fig. 6. (a) Small-crack growth data in 6A4Y-SiC from cantilever-beam
specimens: (a) as a function of the appli€g,,, compared with corres

' ; s e sponding long-crack data derived from DC(T) specimens, (b) as a furkctio
latter material follow a typicab; « P response, indicating @ of the total stress intensitK(,.,. + K,) whereK,, results from the residugl
single-valued toughness or fl&-curve. By comparison, the  stress surrounding the indent. E|
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Fig. 7. An optical micrograph of the surface indent crack in 6A4Y-SiC after exposureltd X 10° cycles (white arrows indicate crack tips) at the steess
of 260 MPa. Note the extensive crack growth normal to the applied cyclic stress. %
E

Figure 3 shows the rising-curve behavior of 6A4Y-SiC; the initiated) cracks in a liquid-phase-sintered SiC under cyclic Ioziéds

solid line represents the stress distribution when fracture takesthe following conclusions can be drawn:

place. TheR-curve is obtained by connecting the common tangent (1) Rising R-curve behavior is shown ranglng from 4 to
line of stress function, and represented by a thick gray line. In the MPam2 and due to a crack bridging mechanism via platelike gréms
case of 6A4Y-SiC, the initiation toughness-s¢ MPam™? and (2) The measurements establish that flaws greater 42005
rises to a maximum value of 6.2 M@, due to the development  pm in size behave like long through-thickness cracks under c¥cli
of a crack wake zone. In contrast, Hexoloy SA shows no such loads after accounting for indent-induced residual stresses.
rising R-curve, consistent with its transgranular fracture mode and

consequent lack of wake bridging.
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