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Static and cyclic fatigue characteristics were detersined for two cerasmic
materials, ai alumina AD-94 and a hot-pressed boron carbide B,Z. The static fatigue
'imits determined in three-point flexure were 23,500 psi fov Al;0j; and 43,000 psi for
b.C, while the cyclic fatigue limits determined by stressing a cantilever2d beam werc
21.700 psi for the Al,0; and 28,500 psi for the BiC.
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Examination or fracture surfaces by scanning and transmission elestron
microscopy revealed the fracture to be Jf 2 transgranular and intcrgranular nzture
for both mateiizls. Fracture initiated at the temsion surface «nd propagated immedi-
ately to failure. There was nc change in fracture appearance ia either the ststic or
cyclic mode of failure. (Authors)
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STATIC AMD CYILIC FATIGUE OF CERAMIC MATERIALS

ABSTRACT

Static and cyclic fatigre -~haracteristics were determined for two ceramic
materials, an alumina AD-94 and 3 hot-pressed boron cerbide B,C. The static
fatigue limits determined in three-peint flexure were 23,500 psi for Al,03 and
43,000 psi for B4C, while the cycii: Zatigue iimits determined by stressing a
cantilevered beam were 21,700 psi for the Al,03 ard 28,500 psi for the ByC.

Examination of fracture surtaces by scanning and transmission electron
microscopy revealed the fracture to be of a transgranular and intergranular
nature for both materials. Fracture initi«ted at the tension surface znd propa-
gated immediately to fuailure, Thers was s change in fracture appearance in
either the static or cyclic mode of failure.
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INTRODUCTION

There is increase<d emphasis on the structural use of armor material as evi-
denced, for example, by the proposed Asrial Armored Reconnaissance Vehicle. 1,2
Thic vehicle utiiizes monocoque construction with steel armor plate serviag as
both the skin and primary structure. It is also possible that ceramic composite
armor, i.e., ceramic facing bended to a suitable bkckup material may be considered
for a nonprimary but critical application, especially under severe ballistic
environment. However, add:ticnal information is nseded regarding the behavior
of candidate materials that will serve in both a lcad-carrying and ballistic
protection capacity. A prograr is underway with the objective of characterizing
candidate matevrials. The present study covers an initial phase of this charac-
terization of ceramic composite armor by focusing on the static and cyclic fatigue
response of two candidate ceramic materials, Al,03 and B,C.

MATERIALS AND TEST PROCEDURES

Twe materials were selected for investigation; (1) AD-94, a commercially
avazilable alumina Al,03, manufactured by Coors Porcelain Company, Golden, Ccloradso;
and (2) a hot-pressed boron carbide B,C, manufactured by the Norton Company,
Worcester, Massachusetts. The microstructures of these materials are shown “n
Figure 1, and their properties are given in tha following tabdle:

Table ¥. Physical Properties

Material | Flexural Strength Modulus Deasity iGrain Size
Al,0, 38,000 psi 41.5 x 106 psi | 3.71 g/cc 10u
B,C 51,000 psi 60 x 10% psi | 2.43 g/cc 10u

a. Alumina 94% b. 8oron Carbide

Figurz 1. PHOTOMICROGRAPHS OF MATERIALS TESTED. Mag. 500X
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The static fatigue tests were conducted in three-peint bending with a dead-
weight load suspended from the center of the specimen. Thc specisen size for

both the static and cyclic fatigue tests was 173" x 1/4" x 3 with a surface
finish of lo rms.

For purposes of this study, cyciic fatigue has been defined as an iater-
mittently appliec load to 2 specimen such that the stress on the surface of the
specizen follows a sinusoidal excursion varying frem zere to a maximum tensile
or compressive stress, depending on the applied load. The dynamic test consiszed
of applying a load at the end of 2 ¢antilevered specimen at the rate of 15 cps.
The equipment utilized in this test has been described elsewhere.3

The arbitrary cut-off iimit for the cyclic fest was i ~ 10® cycies in the
event failure did not occur. Several tests bzyond this arbitrary limit were
conducted; these tests indicated that a limit of 1 «x 10 cycles was justifie

RESULTS AND DISCUSSION

The flexural strength of the Al,0; when Jozded tc £silure was 38,900 psi;
th®s will be referred to as the reference strength, Figure 2. At 75% of the
reference s“rength 1ife was limited to 10 seconds. Decreasing the stress leve
to 70% or 27,000 psi increased the static fatigue life to 13-1/2 hours. At &3
of the reference strength or 23,000 psi, life was extended to T2 hours, at which
time the test was terminated, it being assumed that life would be inf:inite at
this stress level. The specimens that were not fractured in the static tests
were reloaded to failure, with failure occurring at 35,060 psi or within € or 7%
of the reference strength, indicating
that virtually no damage was incurred
within the test specimen during the static
test. It would thus appear that this
material can be loaded statically at 60%
of the reference levei for an irdefinite
period of time.
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tatic fatigue tests cn B,C were
conducted unde: the same atmospheric con-
ditions as for the Al,0;, namely 72 F
10 sec and 35% R.H. The reference strength of
13% hr the B4C was determined to be 51,000 psi,
- 4o AD94 At S0% of this value or 46,000 psi, frac-
ture occurred after 61 minutes; at 75%
51 XTT— and 73% of the reference streagth, static
¢ fatigue life exceeded the arbitrary limit
of 72 hours. The specimens that did not
. fracture in the static tests were re-
20 60 W 1saded, and in each case fracture oc-
Life - hours curved at 97% of the reference strength,
Figure 2. STATIC FATIGUE OF CERAMIC indicating once again that static fatigue
MATERIALS had no detriuwentali eifect on t... sc:ength
of the material.
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One of the more predeainant mechanisms leading to frarture is stress corro-
sion,* and it is f2lt further tests at mumidities approaching 100% and also tests
conducted in a vacuum would el;cidate the role of stress corrcsion in fatigve.
Also, additional tests to definiteiy establish the observed trend are planned.

=
i

Several ;echniqucs have been reported for increasing the strengtl, ol ceramic
materials. Semple,® for sxampls, imtroduced a compressive .tress on the surface
sf Al,C; specimens by a heat rea* process, and subsequent lcading of the heat-
trexted specirens showed an increase in strength over the untreated specimens.
Kirchner et al.,- reccgniting that failures cccur at surface flaws, treated the

surfaces by refiring, cheaicul and flame polishing, chemical etching, and glazing
These treatsents aiso proved to be beneficial in increasing the strength of the
treated material. The effect that these treatments might Rave on improving the
fatiguc life of the Al.0U: and B,C should alsc be investigated.

The results obtained for the cyclic testing of the Al.G; and B,C are shown
in Figure 3. The reference strengths for each material are the same as in the
static tests. The threshold levei is defined as that level of stress below which
an infinite fatigue life is anticipated. The threshold :ievel for baoth the Al;0;
and B.C in cyclic fatigue was determinad to be at 5~% of the reference strength
for each material. The data for Al,0: compares favorably with that reported by
Williams® where he reports a "cyclic endurance limit of 0.56 of the single stroke
strength.”

Scanning eleciron microscopy (SEM) of the ‘racture surface, Figure 4, indi-
cates fracture is of both a transgranular znu zwtergranular nature. The location
of the area shown in the micrograph is approximaiely at the center of the frac-
ture surface. Transmission electron microscopy of the fracture surface of Al:O:,
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Figure 3. FLEXURAL FATIGUE OF CERAMIC MATERIALS
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*Discussion with G. R. Gross, Midwest Rescarch Institute,; Kansas City,
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Figure 3. FRACTURE SURFACES BY SEM
13-066-145LJAMC.71

Figure § indicates thl.t the transghanular fraciure invelves cleavage. [t would
also appear that there are some cleavige steps shown in the

SEM nicrograph of
the B,C, Figure 4.
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Fracture mechanics concepts, based upon the Griffith criterion, were uced
to determine strain energy trclease rate and critical flaw size for the twe mate-
rials. The strain ecnergy release rate was determined by fracturing a V-rotched
specimen, 1/4" x 1/4" x 2-1/2", having & notch depth of 0.056 inch. The speci-
mens were fractured in three-point beading as outlined by Davidgr and Tappin’
who defined the strain energy relcase rate G by
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Figure 5. FRACTURE SURFACE OF AL,
8Y TEM (CARBON REPLICA) Mag. 15,000X
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where . is Peissen's ratic; E is Young's modulus in pounds per square inch; cp
is the fracture stress in pounds per square inch; and ¢ is the notch depth in
inches.

Notchca specimens of toth Al.G3 and B,C were fractured in an Instron test-
ing machine at 2 crosshcad speed of 0.020 inch per minute  Substituting the test
data into Equation 1, the strain energy release rate for Al.0; was 0,270 in-1b/
sqqin. (4.73 » 10" erg/cm?) and for the B,C, €.192 in-1b/sq in. (3.36 < 10* ergs/
cm<). For the Al;03, the strain energy release rate compares favorably with
0.302 in-1b/sq in. rerorted by McKinney.f? Care should be exercised in comparing
fracture energy data, since Gross and Gutsnall® found that the strain energy re-
lease rate was grain-s>ze dependent.

From the Griffith criterion
Ge = o2ra/E. 2)

Selving Equation 2 for a, a = (GCE)/woz. If ¢ is assumed to be the fracture
stress of 2a unnotched bar, then it is possible to estimate the critical flaw
size Irom Equatioa 2. From the test data, it was found that the craitical flaw
size for Al,0; was 0.003 inch, approximately 75um or about 8 grain diareters;
flaws of this size should be readily detected by nondestructive techniques. The
critical flaw size for B,C was found to be 0.00i5 in.%, approximately 40um, or
azhout 4 grain diameters. It shouid be pointed out that flaws of this nature
were not observed in the examination of the fracture surfaces by scanning elec-
tron microscopy. Additions' tests are planned in the area of fracture energy
measurcments,

(74}
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SUMMARY

The static and cyclic fatigue properties of wro materials, an alumina AD-84
and a hot-pressed boron carbide B,C, have been studied. The static fatigue
strength of the Ai,0; at 72 hours was 60% of the reference stxength, and for the
3,C the static fatigue for 72 hours was 74% of the reference strength. Static
fatigue was determined by applying a dead-weight ioad to the center ¢f a specimen
of 1/4% = 1/4" x 3" dimensions; the specimen was suppurted at a span length of
2-1/2 inchess.

The cyclic fatigue properties were determined by applying a load to the vad
of a cantilevered spacimen. The specimen size corresponded to that used for
static fatigue, with the cantilevered spar being 2-1/2 inches; this ensured the
stressed volume being the same for both the static and cyclic fatigue test:.

The threshold level for safe cyclic fatigue contitions for both Al,0; and B,C
appears to be at 57% of the reference strength levei, Examination of the frac-
ture surfdace revealed the fracture to be of a transgrany:ar and intergrunular
nature, with the fracture initiating at the tension surfuce; however, no evidencc
was present of intermittent progressive crach propagation. Thiz latter observa-
tion would indicate that once the crack was initiated, propagation was
instantaneous.

From fraccwe mechanics concepts it wae calculated thac the scrair energy
release rate was 0.270 in-1b/se in. for Al,03 and 0.192 in-1b/sq in. Yor B.C,
and the criti:al flaw size was determined to be 75.m for Al;03 and 40un for 3.C.
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