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Abstract

Room temperature time dependent properties of ZrB,—30 wt%SiC ceramic composite have been studied. Both static slow crack growth and
cyclic fatigue deformation have been investigated. While static slow crack growth has been evaluated only in air, three different environments,
water, air, and dry air, have been used to study the cyclic fatigue. It was established that under cyclic fatigue the environment plays an important
role and humidity significantly facilitate crack growth in ZrB,-30wt%SiC. The fractography of selected ZrB,—30wt%SiC samples was performed
and it was established that both defects introduced during machining as well as larger defects introduced during the processing served as fracture

origins of ceramic composites.
© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Significant number of publications appeared in the last
decade dealing mostly with instantaneous mechanical proper-
ties with a lot of researchers extensively publishing their study
on room and high temperature strength, fracture toughness,
elastic modulus, as well as oxidation resistance of ZrB, based
ceramics, e.g. [[—11]. While studying instantaneous mechanical
properties of a composite is a good way for better understanding
on how the composite performs under different operational
conditions, ultimately it is the composite's time dependent long
term behavior, which determines its useful lifetime. A slow
subcritical crack growth, a time dependent phenomenon where
crack growth occurs at a constant applied stress level below that
required for instantaneous failure, is known to be especially
dangerous for the long term performance of the brittle ceramics.
The cycling loading with applied stresses well below critical
stress is another dangerous scenario capable of bringing premature
failure to the materials employed. However, only a very limited
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number of studies on time dependent mechanical behavior of
ZrB, based composites, such as creep and fatigue, are reported
[12—-18]. High temperature creep of ZrB, and ZrB,+4 wt%Ni
was studied in [12]. Both room and high temperature flexural
creep of ZrB,—SiC composites was studied in [13]. A very
elegant technique of electrostatic levitation [14] was employed to
perform both experimental and modeling study of creep deforma-
tion in ZrB,-SiC composites [15,16]. The cyclic bending of
ZrB>—14 vol%SiC-30 vol%C composites was studied in [17],
where diboride specimens exhibited fatigue at stress levels over
85% of the average flexural strength indicating that the ceramics
is rather fatigue resistant. The very preliminary results of high
temperature fatigue data at 1700 °C measured by a non-contact
technique are reported in [18]. Thus, no significant experiments
and no detailed knowledge and understanding of time dependent
behavior of Ultra High Temperature Ceramic (UHTC) compo-
sites currently exists.

A term fatigue is employed to describe a variety of
processes that lead to a degradation of mechanical properties
with time. For example, static fatigue has been used to describe
stress corrosion cracking in glasses and ceramics in the
presence of moisture [19-23], cyclic fatigue has been used
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to study long term behavior of ceramics under cyclic loading
[24-30], and the term acoustic fatigue has been introduced to
describe the damage accumulation by microcracking that
occurs in anisotropic ceramics subject to acoustic waves
[31]. A number of failure modes are known to be responsible
for failure and limited lifetime of ceramic composites. The
most important of them are instantaneous failure, subcritical
crack growth under static load, cyclic fatigue, thermal fatigue,
indentation fatigue, creep fracture, etc. [32,33]. While instan-
taneous failure occurs when the applied stress becomes equal
to the strength of the material, the delayed failure at moderate
temperatures at lower stresses than that of the critical stress can
be caused either by subcritical crack growth governed by the
actual stress intensity factor K; (directly proportional to
applied stress g) or by crack propagation under cyclic load
governed both by the stress intensity factor range AK (directly
proportional to the cyclic stress range Ac) and the so called R-
ratio defined as the quotient of minimum and maximum K
value (directly proportional to the ratio of maximum and
minimum applied stress in cyclic loading). Therefore, the
fatigue damage can be described by a relation between the
crack growth rate and the stress intensity factor for initial
cracks [34]. Long term fatigue degradation could be a serious
obstacle for the successful implementation of ceramic compo-
nents even at low and moderate level of loading where no
instantaneous failure can be expected.

The effect of both stress and environment on the behavior of
ceramics is well documented [13,35-40]. Convincing results
on the effect of both compressive and tensile stress on
corrosion and formation of oxide layer during high temperature
creep experiments were produced by Talmy [13]. It was clearly
shown that oxidation was greatly promoted by tension, when
tensile stress is helping to facilitate oxygen diffusion along the
grain boundaries. The environmentally assisted delayed failure
in glass and ceramics was also studied [20,23,38]. It was well
documented that the presence of water in the environment
would facilitate slow crack growth and decrease time to failure
both in static and dynamic experiments. The reason for such
behavior was that the presence of water molecules would
promote faster bond breaking at the crack tip under tensile
stress. Therefore, it is important to study the time dependent
fatigue behavior and evaluate the effect of the water presence
on the delayed static and dynamic failure of ZrB,-SiC
ceramics, since, as to the best of our knowledge no such
experiments were performed in the past. Thus, the goal of this
paper is to present results of room temperature static and cyclic
fatigue testing of ZrB,—30 wt%SiC UHTC composite, where
the effect of the water vapor on the cyclic experiments is
clarified.

2. Experimental

The static fatigue experiments were performed in a specially
built dead-load testing machine utilizing the procedure
described in [41]. The four point bending of the 3 x 4 x 48
mm?® samples were performed at stresses equal to 80%, 83%,

A
< max
< min
€
[}
£
]
=
& W time
T
B
silicone
tube
Spoecinon water or
silica gel
specimen
adapter
C

Fig. 1. (A) Schematic drawing of the specimen oscillations in the bending mode
during cyclic fatigue experiments. The stress distribution along the length of the
sample is also indicated. For the maximum applied stress of 580 (600 or 620) MPa
located on the upper end of the sample (max), the corresponding minimum stress
of 508 (526 or 544) MPa, respectively, could be found at the end of the lower part
of the sample (min); schematic presentation (B) and a photograph of the sample
(C) inside the sample holder ready for cyclic fatigue.
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and 86% of the Weibull scale parameter ¢o=724 MPa, which
was determined using instantaneous mechanical properties
of ZrB,—30 wt%SiC ceramics reported in [6]. Total eleven
samples have been tested at each of the three stress levels. The
time to failure was recorded for each experiment counting of
instantaneous failure as the time equal to zero, and samples,
which did not fail after 168 h (7 days) loading at constant
stress, were treated as they survived experiment.

The procedure for the cyclic fatigue test is described in [24].
The test allows to perform the cyclic bending of the free end of
the rigidly fixed cantilever beam, where a sine waveform stress
with constant maximum amplitude o, is applied. In such
loading scheme both surfaces of the sample are alternatively
exposed to the equal magnitude tensile and compressive
stresses. The tensile stress developed on the sample surface
during cycling was calculated using the following equation:

Mz

0277 (l)

where M is the applied bending moment, z is the distance
between the surface and the neutral axis of the specimen (in
this case, h/2, where h is the sample height) and [ is the
moment of inertia (in this case, wh’/ 12, where w is the sample
width). gmax Was equal to 80%, 83%, and 86% of the Weibull
scale parameter oy=724 MPa, which results in 580, 600, and
620 MPa maximum applied stress, with a fixed frequency of
10Hz (R=0min/0max =—1) (Fig. 1A). First 150 loading
cycles have not been taken into consideration as the load
was slowly build up to the 95% of maximum full load during
this period, the failure was classified as instantaneous. One
million cycles were chosen as a maximum number of cycles
allowed and during the experiment the number of cycles to
failure was automatically recorded. It took ~28 h to perform
10° cycles.

Three different environments were chose for cyclic fatigue
experiments. Aqueous media with 100% relative humidity was
the first environment, air with about 30-40% relative humidity
was a second chosen environment and a dry air was utilized as
the third condition for the experiments. For the first and third
set ups the silicone tube was tightly fit over the specimen
adapter which was filled either with distilled water or silica gel
to remove humidity, respectively. A schematic drawing of the
specimen prepared for cyclic testing in water or dry air is
shown in Fig. 1B and a photo of the actual sample holder with
a sample inside is shown in Fig. 1C. Eleven samples were
tested for cyclic fatigue in each media (water, air, and dry air)
at each stress amplitude 6 pqx.

3. Results and discussion
3.1. Static fatigue

The results of the static fatigue experiments performed at
three pre-selected 580, 600, and 620 MPa constant stress levels
are shown in Fig. 2 where the applied stresses are presented
against the resulting lifetime to failure in a log—log plot. The
samples failed at different time to failure, with some of them
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Fig. 2. An applied stress vs. lifetime dependence for static fatigue. The data
obtained using a median value technique is presented by a dashed line.
Concentric circles indicate median values of eleven data points at each constant
applied load and arrows indicate censored data, the value of them are
unknown. The numbers above circles indicate number of corresponding
censored data points—number of samples either failed instantaneous or did
not fail after specified period of experimental time.

failing instantaneous, some of them survived the specified
168 h of testing, and some of the samples failed within
specified time period. Such scattering in lifetime correlates to
the instantaneous strength scattering as it also depends on the
defects' population in the material [34]. The samples which
failed instantaneous and did not fail after 168 h were con-
sidered as censored data. The numbers of such samples failed
outside of the specified time window at a given constant stress
are shown in Fig. 2.

To describe results of the static fatigue experiments and, in
particular, to determine slow crack growth parameter, the
following equation is typically used [34,42]

tr = BO’Z_ZG_”, 2

where 1is the time to failure, B is the material parameter, o is
the applied stress, g, is the so called inert strength or the
strength without the influence of the slow crack growth, and n
is a slow crack growth exponent. In its logarithmic form
Eq. (2) reads as

log ty =—nlog ¢ + log (BGZ_Z). 3)

From Eq. (3) the parameter n can be obtained by linear
regression of log(#) versus log(o). It is known that the value of
n at room temperature is usually between ten to several
hundred [34]. To ensure a high resistance to subcritical crack
growth, the exponent n in Eq. (2) should be as high as
possible. The lower it is, the more susceptible a material is to
subcritical (slow) crack growth at the prevalent environmental
conditions. By using Eq. (3) the value for n, where —1/n is the
slope of the straight line joining the median values for time to
failure at each static stress level in Fig. 2, was calculated to be
204. Such high value of n exponent in Eq. (3) would be a very
good result indicating that ZrB,—30 wt%SiC ceramic compo-
site is rather resistant to slow crack growth, however not
sufficient number of valid data points used for the calculation
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of both median values of the lifetimes and n exponent, conse-
quently, provide a high uncertainty in the obtained results.
3.2. Cyclic fatigue

The results of the cyclic fatigue are presented in Fig. 3,
where, similar to the static fatigue, the applied stress range is
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Fig. 3. Stress range vs. cycles to failure for cyclic fatigue in water (A), air (B)
and dried air (C). The data obtained using a median value technique is
presented by a dashed line. Concentric circles indicate median values of eleven
data points at each constant applied load and arrows indicate censored data.
The numbers above circles indicate the number of corresponding censored data
points—number of samples either failed instantaneous or did not fail after
specified number of cycles.

log—log plotted against resulting lifetime/number of cycles to
failure. The stress amplitude ranges Ao=20y,x were 1160,
1200, and 1240 MPa for testing in water and air, and
1240 MPa for testing in dry air. As one can see from Fig. 3,
a large scattering of the lifetime results was obtained at all
stress amplitudes of cycling in different environments, similar
to the testing performed for the static slow crack growth, as
both processing related and machining related defects con-
tributed to the fatigue failure of ZrB,—30 wt%SiC. In the case
of cyclic fatigue, the same as for static fatigue, a number of
censored data were collected, with their amount shown in
Fig. 3. The presence of censored data affects strongly the
location of lifetime median values and as a result affecting the
precision in estimation of the fatigue parameters by introdu-
cing uncertainties into the calculations.

To describe results of the cyclic fatigue experiments in the
quantitative way and to determine the cyclic fatigue crack
growth parameters, the following equation, a very similar one
to the Eq. (2) used in static fatigue experiments, is used [34]

Nf = BCO'Z['_ZAO'_n" (4)

where Ny is the cycles to failure, B, is the material parameter
for cyclic fatigue, Ao is the stress range, and n.. is the cyclic
fatigue crack growth exponent. Similarly, to the static slow
crack growth experiments, the conversion of Eq. (4) to the
logarithmic form yields the following equation:

log Ny = —nlog Ac +log (B.o!) ©)

which is used for the calculation of n. parameter of the cyclic
fatigue data. The n. parameter, calculated in a similar way as n
exponent for static fatigue, yields 88 for experiments per-
formed in water and 66 for experiments performed in air. As
the experiments in dry air conditions were performed only at
one stress range of 1240 MPa, it is simply not enough data to
calculate n,. crack growth parameter for the dry air experiments
using the proposed method.

The n. crack growth parameter should be the same for the
material tested in media with only different humidity [20,38].
The calculated n. values, nevertheless, differ significantly in
our calculations, as n.=88 for tests performed in water and
n.=66 for testing in air. Such discrepancy could be explained
by a significant number of censored data points contributing to
large uncertainties in the n. exponent calculation. Thus, the
existence of seven samples which failed instantaneous for
testing at Ac=1240 MPa stress range in water might well be a
reason for increased value of n,. exponent in comparison with
the results of testing in air. Also some of the instantaneously
failed samples could fail not from surface defects, but from
large defects located in the bulk of the ceramic bar, and in such
a case that data point should be completely excluded from the
consideration, however, while the fractography was performed
on selected samples, the fractography of all samples was not
done due to time constrains for the experiments. Thus, since
the real Ny values are unknown, this brings a rather large
uncertainty in the calculated numbers.
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Another crack growth parameter
. 2Kj,
"~ B.(n.—2)Y?

used to estimate the resistance of the material to the crack
propagation during the crack growth per cycle as defined by

ey (25" 0

(6)

c

dN K.

is important to be determined in addition to the n. exponent.
AK,=AcYa"? is the range of stress intensity factor, Y=1.29 for
a semicircular crack at the surface, a is the crack length, K. is
the fracture toughness (K;.=3.8 MPa x m'? [6]). The material
parameter B. was determined as
n.D

B=L§Tz, ®)
where D is the log (B.'/" " ?/") determined as y-coordinate
of the point of the straight line joining the median values for
cycles to failure at each stress range in Fig. 3 when its x-
coordinate is zero, g.= go(In 2)1/ " is the median value of
instantaneous strength, m is the Weibull exponent (6.7 for our
material [6]). For our experiments the crack growth parameter
A, was calculated to be equal to 1.05 x 107" ym/cycle for
testing in water and 2.37 x 10™"? pm/cycle for testing in air.

It is known that the humidity is a strong contributor to
enhanced crack growth in brittle solids [20,38], where the
increase in humidity brings a significant acceleration of crack
growth rate and decrease of the fatigue lifetime. The coefficient
A.=1.05 x 107" pm/cycle for the samples tested in water is
two orders of magnitude higher than A,=2.37 x 107" um/
cycle for the samples tested in air, indicating much faster crack
growth in ZrB,-30 wt%SiC composite during cyclic fatigue in
water in comparison with testing in air. Therefore, the cyclic
loading where the samples were tested in water (100% of
humidity) shows the fastest crack growth and shortest lifetime
in comparison with the tests performed under 30-40% of
humidity (standard lab environment). It is expected that, when
the moisture is removed by silica gel, which is a strong
moisture absorber e.g. used in desiccators for samples storage
under dry conditions, the slowest crack growth should be
observed for the experiments with dry air conditions.

3.3. Fractography

The typical fracture surface of a sample tested under static
slow crack growth is shown in Fig. 4. The sample failed after
being held for 37s at 600 MPa constant applied stress. The
optical micrograph (Fig. 4A) shows two parts of the broken bar,
where the region containing fracture origin of the sample could
be clearly identified. The SEM micrograph of the fracture origin
is shown in Fig. 4B. What can be seen from the micrographs is
that the defect, where the failure initiated, is located at the
surface of the bar. Such surface defects, which further serve as
fracture origin during the failure of the material, are most likely
introduced during machining of the samples. If we calculate the
critical defect size of the material with a known fracture

Fig. 4. Fractography of the ZrB,—30 wt%SiC ceramics composite tested under
static slow crack growth conditions. The sample failed after 37 s of static
600 MPa applied stress. (A) An optical micrograph of both fracture surfaces;
(B) SEM micrograph of the edge defect introduced by machining which served
as a fracture origin of the sample under study.

toughness and critical stress (0 =600 MPa) values we can
compare it with the measured size of the critical defect shown
in Fig. 4B. By using the equation a.=(K,/Yo)?, with Y=1.29
for the surface crack, the calculated defect size can be estimated
to be equal to 24 um, which is quite close to the defect
dimensions shown in Fig. 4B. The presence of such defects
introduced during machining of ceramics is unavoidable. How-
ever, if machining of ceramics could be performed using finer
diamond wheels or using lower pressure during machining, or,
the best, the final surface finish could be made as a mirror like
polished surface, the ZrB,—30 wt%SiC ceramic should exhibit
much better long time mechanical behavior.

The defects introduced during machining has also served as
fracture origins in ZrB,—30 wt%SiC ceramics tested in cyclic
fatigue, however a few samples failed from larger defects
formed during the processing of material. Some of those large
defects brought the samples to the failure at the very beginning
of the cyclic loading and their failure has been classified as
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Fig. 5. Fractography of two ZrB,-30 wt%SiC samples tested during cyclic fatigue. (A—C) A fracture surface of the sample failed due to presence of a large ZrB,
agglomerate. (A) An optical micrograph of fracture surfaces of the two broken parts, (B) SEM backscattered image of the large ZrB, defect, (C) secondary electron
image of the defect consisting of porous agglomerate of large ZrB, grains. (D-F) A fracture surface of the sample failed due to a presence of a large SiC
agglomerate. (D) An optical micrograph of fracture surfaces of the two broken parts, (E) SEM image of a large ZrB, defect and (C) backscaterred image of the

defect consisting of agglomerate of SiC grains surrounded by ZrB, grains.

instantaneous. Using SEM with EDS analysis, it was established
that such defects consisted of either ZrB,- or SiC-based
agglomerates appearing during processing of the material due
to non-homogeneous mixturing of two components. An example
of extremely large fracture origin consisting of ZrB, based
agglomerate is shown in Fig. 5SA—C. The optical micrograph of
the defect gives an image of both parts of fractured sample
(Fig. 5A). The fracture surface of this sample is relatively flat in
comparison with other samples fractured in the experiments and,
in addition, the sample failed only into two separate parts after
fracture, while most of other samples, which survived certain
number of cycling loading, failed into multiple small fragments.
The size of this defect is enormous—its length is equal to
~500 um. The SEM backscattered image of the ZrB, defect is
presented in Fig. 5B and a secondary electron image of the
defect consisting of the large ZrB, grains presented in Fig. 5C.

Another type of a defect consisting of large SiC agglomerate
is shown in Fig. SD-F. The sample with SiC defect serving as
a fracture origin was loaded at 600 MPa maximum stress and
failed after 65 cycles. The optical micrograph of the two parts

of the fracture surfaces of the sample is shown in Fig. 5D and
SEM images of the critical defect are shown in Fig. 5E and F.
As one can see from Fig. 5E the major part of the defect is
located in the bulk of the sample, however the defect still
propagates toward the surface. The backscattering image
shows that the central part of the defect is SiC phase
surrounded by agglomeration of ZrB, grains (Fig. 5F). By
using the equation a.=(K,/Yo)?, with Y=1.47 for the bulk
crack [43], the calculated defect size can be estimated to be
equal to 36 pm, which is rather close to the defect dimensions
shown in Fig. 5F. The appearance of such defect can be
explained by not thorough mixing of the initial powders during
the batch preparation, thus there are further opportunities to
improve the manufacturing process by better mixing and
homogenizing the SiC and ZrB, powders.

4. Conclusions

Time dependent room temperature mechanical properties of
ZrB,—30 wt%SiC ceramic composites were studied. Both static
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slow crack growth and cyclic fatigue experiments were
performed. The static slow crack growth experiments were
performed in air, but cyclic fatigue was studied under three
different conditions—in water, air and dry air environment.
The crack growth parameters were determined and it was
estimated that the n exponent, which determines the ability of
the material to resist crack propagation under constant or cyclic
applied stress, is higher for the static slow crack growth
experiments than for the cyclic fatigue tests. However, because
of poor statistics, the n parameter, calculated by the median
technique, was higher for cyclic tests performed in water, than
for cyclic tests performed in air. The second crack growth
parameter A, showing the crack growth per single cycle, was
by two order of magnitude higher for testing in water in
comparison with tests in air, thus indicating much faster
degradation rate of ZrB,—30 wt%SiC when the humidity is
100%. The fractography of the ZrB,-30 wt%SiC ceramic
composites indicated that the majority of the critical defects
bringing failure originated from the surface machining, how-
ever some huge defects, responsible for material's failure, were
introduced also during the processing. Thus, improvement in
the machining and processing would bring the improvement in
the lifetime of the ceramic composite.
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