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of two SiC ceramics
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Abstract

To analyse compressive damage generated during a high-energy impact on ceramic targets, quasi-static uniaxial
compressive tests are performed on two silicon carbide grades. These two grades (S—SiC and SiC-B) are characterised
by different processing routes, porosity levels and tensile strengths. A new specimen geometry is proposed. Post-mortem
studies carried out on a specimen embedded before compression allow us to visualise the final damage pattern. A high-
speed camera is also used. Photographs of cracking and debris ejection are obtained a few microseconds after the
inception of failure. In addition, thin strips are cut out of S—SiC and SiC-B specimens loaded and unloaded before
failure. An anisotropic damage model is introduced to explain the failure scenario. A first numerical simulation sub-
stantiates the hypothesis of failure caused by tensile stresses induced by a roughness defect. A second analysis using the
mesh of a half specimen matches the different observations obtained from post-mortem studies and with the high-speed
camera.

Keywords: Damage model; Dynamic fragmentation; Probabilistic approach; Roughness; Silicon carbide; Uniaxial compression;
Weibull model

1. Introduction mobility. Among the armour concepts to resist
perforation by projectiles of small and medium
For few decades, steel armours of military ve- calibre, the bilayered geometry is one of the most
hicles were thought to be too heavy. Therefore promising solutions (Cottenot et al., 1998) that
lighter solutions were developed to increase their saves about 30% in weight in comparison with
monolithic-steel armours. This assembly com-

prises:

e the front layer: a hard material (e.g., ceramic)
that aims at breaking or blunting the projectile
and spreading out the energy of impact by
forming a cone-shaped cracking zone,



e the back layer: a material that ensures the struc-
tural integrity (e.g., steel, aluminium alloy or
composite). This material aims at absorbing
the impact energy.

The hardness and the high strength in com-
pression as well as the low density of ceramics make
them particularly attractive as front layer materi-
als, even though they fragment during impact.
When a projectile hits a ceramic armour, a com-
pressive wave propagates in the material with a
very high velocity. One microsecond after impact,
the radial displacement of the material creates an
orthoradial tension inducing microcracking that
can be described by an anisotropic damage model
(Denoual and Hild, 1998). When the impact speed
is greater than 700 m/s, compressive damage may
have an influence on the projectile penetration ca-
pability and on the location of the fragmented
zone. Therefore, the study of damage in compres-
sion is also needed.

To characterise the dynamic behaviour of ce-
ramic materials, several types of tests were devised.
Plate impact experiments are among the most used
set-ups and allow the generation of a uniaxial

Table 1

strain history for strain rates |¢| > 10° s~'. The
material behaves first elastically and then non-
linearly beyond the Hugoniot Elastic Limit (HEL).
The HEL may represent the macroscopic mani-
festation of microplasticity (e.g., dislocations,
twinning (Cosculluela, 1992)) or damage (e.g.,
microcracking (Yaziv, 1985)). Table 1 summarises
the values reported by different authors on two SiC
grades that will be studied herein. The value g
of the HEL is given as well as the corresponding
yield stress oy for a Tresca or Von Mises criterion

I —2v
O'y = 1 . OHEL (1)

where v is the Poisson’s ratio of the undamaged
material.

Other tests are used to evaluate the compressive
behaviour of ceramics. In particular, the spherical
expansion cavity experiment consists in detonating
a hemispherical cavity containing an explosive on
a half space of the ceramic material. This experi-
ment has the advantage of generating a loading
well known and representative of a ballistic im-
pact. This test was used by Cosculluela (1992) with
alumina ceramics, by Tranchet (1994) with

Hugoniot elastic limit, oyg., yield stress, oy, and compressive failure stress, ocomp for different SiC grades (QS: quasi-static experiment,

SHPB: split Hopkinson pressure bar)

Type of test and SiC grade Reference oL (GPa) ay (GPa)

Plate impact S-SiC Cagnoux et al. (1987) 13.5 10.9
Bourne et al. (1997) 13.5 10.9

Plate impact SiC-B Kipp and Grady (1990) 14.8-15.3 12.0-12.4
Feng et al. (1997) 11.5 9.3
Bourne et al. (1997) 15.7 12.5

Lankford (1981)
Dunlay et al. (1989)

QS compression o-SiC

QS compression SiC—-HP Dunlay et al. (1989)

Bourne et al. (1997)
This work

QS compression S-SiC

Bourne et al. (1997)
This work

QS compression SiC-B

SHPB compression S-SiC
SHPB compression SiC-B

Bourne et al. (1997)
Bourne et al. (1997)

Ocomp (GPa)

-4.0
—4.55

-6.92

=5.21
-6.7

=5.15
-5.8

-7.47
-8.17




quartzite and by Malaise (1999) with S-SiC ce-
ramics.

Uniaxial compression tests are quite difficult to
perform but they show some advantages. Contrary
to a confined compression test, the lower hydro-
static pressure of a uniaxial compression makes
easier the activation of compressive damage (e.g.,
microplasticity, microcracking). Moreover, one
may wonder whether the Weibull moduli obtained
from flexural quasi-static tests are the same as
those obtained under quasi-static as well as dy-
namic compressive loadings. Consequently, the
level and scatter of the failure stress in quasi-static
uniaxial compressive tests are key elements to de-
termine.

This paper is devoted to the analysis of results
of compressive experiments on two silicon carbide
grades. The microstructural and failure features
are presented in the first part. The second part
is devoted to uniaxial compression tests used for
ceramic materials. The set-up used with S—SiC and
SiC-B ceramics and all the observations carried
out during and after the experiments are discussed.
In the last part, numerical simulations attempt to
explain the different experimental observations.

2. Properties of two silicon carbide grades

Two silicon carbide grades are examined. The
first one, called S-SiC, is made by Céramiques &
Composites (France) and is naturally sintered: the
powders are pressed and then heated to 2000 °C.
During processing, small quantities of boron car-
bide (B4C) are added to improve the sintering
process. The porosity was evaluated by Riou
(1996) and is reported in Table 2. The presence of
structural defects and carbon precipitates can be
seen on a TEM picture shown in Fig. la. The
second grade, referred to as SiC-B and made by
CERCOM (USA), is obtained by pressure-assisted
densification: the ceramic is heated to 2000 °C
under a pressure of 18 MPa. The intergranular
alumina phase eliminates the porosity. One can
also notice the presence of metallic precipitates
(Fe, V, Ti, Cr) and boron (B) as well as traces of
microplasticity caused by processing (Fig. 1b). The
presence of an intergranular alumina phase in

Table 2
Mechanical properties of two SiC grades

Material property S-SiC SiC-B
Young’s modulus, £ (GPa) 410 455
Poisson’s ratio, v 0.16 0.16
Mass density, p (kg/m?) 3150 3200
Porosity 1.8% 0
Toughness, K|, (MPa +/m) 32 52
Weibull modulus, m 9.3 21
Average failure stress, o, (MPa) 370 520
Effective volume (mm?) 1.7 0.4
Number of tests 65 29

SiC-B and porosity in S-SiC explains the differ-
ences concerning the mechanical properties of the
two SiC grades listed in Table 2.

The microstructure of the two ceramics also
induces important consequences regarding 3-point
bend test results: the behaviour of ceramics under
a tensile loading is elastic, brittle and probabilistic.
With reference to a structure Q, one can define the
cumulative failure probability Pr as

Pe=1—e¢exp {— I/eff),0<<;—z>>m:| (2)

where of is the failure stress, i.e., the maximum
value in Q of the first principal stress o;(x) (Where
01(x) = 02(x) > o3(x) are the principal stresses), m
the Weibull modulus and Sj'/ /4, the Weibull scale
parameter. The effective volume V¢ (Davies, 1973)
depends on the stress field and the Weibull mod-
ulus m

o= [

where (-) are the Macauley brackets. The average
failure strength g, and the corresponding standard
deviation gy are expressed as

I/() 1/m 1
w = S Iil+— 4
’ O<Veff> ( +m> @
1/m 2 1
Gsd:S()(I/()) \/F<1+—>—F2<1+—>
Vete m m
(5)

where I is the Euler function of the second kind
(Spanier and Oldham, 1987). The results of 3-point
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Fig. 1. TEM micrographs of an S-SiC (a) and SiC-B (b) specimen.

bend tests are summarised in Table 2. The corre-
sponding effective volume is given by

.
2(m+ 1)

where V is the loaded volume. For S-SiC samples,
flaws initiating failure were identified. These flaws
were found by following hackles generated by
transgranular fracture and by looking for the
mirror zone that surrounds the flaw. The flaws
generally observed are sintering defects (Fig. 2).
The presence of sintering flaws in S—SiC samples
induces a low average failure strength and a low
Weibull modulus. The processing of SiC-B elimi-
nates the sintering flaws and leads to intergranular

(6)

Vege =

failure. The failure behaviour of SiC-B is “more”™
deterministic; the Weibull modulus as well as the
average failure strength are higher than those ob-
served in S-SiC samples (Table 2).

3. Quasi-static compression tests

Numerous types of samples were developed to
apply a state of quasi-static uniaxial compression.
All set-ups aim at creating a volume as big as
possible (in comparison with the specimen volume)
where the failure criterion is maximum (in absolute
value), as uniaxial as possible and as homogeneous
as possible. Moreover, the geometry must limit



(b)

Fig. 2. Typical failure defect in an S=SiC ceramic: general view
(a), first zoom (b) and second zoom (c).

tensile stresses in the specimen below the tensile
failure stress (see Table 2).

Lankford performed uniaxial compressive tests
with SiC and alumina samples in a large strain
rate range (Lankford, 1981) and temperature
range (Lankford, 1982). In these tests, a cylin-
der with perfectly parallel and polished surfaces
is used (Lankford, 1977). Platens are made of
AD999 alumina for alumina specimen, and SiC
for a-SiC specimen, respectively. Thin discs made
of high-strength steel are put between the speci-
men and platens to reduce a “barrel effect,” i.e.,
the radial and orthoradial stresses in the speci-
men. The compressive strength of «-SiC is
shown to be constant (Lankford, 1981) for strain
rates less than 100 s~' and equal to —4.0 GPa.
Failure is caused by the growth and coalescence
of axial microcracks that are generated from
voids (Lankford, 1991). Split Hopkinson bars
allow for higher strain rates. The compressive
strength ocomp of SiC samples is increasing with
strain  rate  (|Geomp| o |&*°°) for ¢ > 200 s7!
(Lankford, 1981). This phenomenon may be ex-
plained by inertia effects (Grady and Lipkin, 1980)
(Iocompl o€ 1¢['7).

Dunlay et al. (1989) performed quasi-static
uniaxial compressive tests on different kinds of
ceramics. Two types of silicon carbide were used:
o-SiC (purity: 98.5%, p = 3120 kg/m?, existing
pores, o, = 312 MPa, m = 10.8) was already used
by Lankford (1981) and SiC-HP obtained by a
pressure-assisted densification (purity: 95%, p =
3320 kg/m?, no porosity, tensile strength: ¢, = 694
MPa, m = 9.6). The nominal compressive failure
stresses are given in Table 1. Moreover, to improve
quasi-static uniaxial compression tests, the authors
took additional precautions to such a point that
Lankford (1991) stated that they ‘‘performed
probably the most perfect compression tests yet
reported for strong ceramics:” WC anvils char-
acterised by a high compressive strength (—4.5
GPa) were used. Their low compliance creates a
small bicompression around the contact surface.
Strict parallelism and alignment tolerances were
enforced. The reduced-section specimen design
(hourglass shape) allowed for the increase of the
ratio between the compressive stresses and the
radial and hoop tensile stresses.

Cosculluela (1992) also tried several types
of specimen designs. Alumina samples were



compressed with WC anvils at a very low strain
rate (|¢] < 107° s71). These different tests showed
that cone-shaped anvils give better results than
cylindrical ones. This result seems to indicate that
tensile stresses led to failure at least for the first
kind of tests. For example, the compressive
strength obtained with a cylindrical specimen was
about —2.7 GPa (AL23 alumina). With a hyper-
bola-shaped specimen without head, a —3.15 GPa
compressive strength was found (T299 alumina)
whereas hourglass specimen with cylindrical end
caps reached —3.2 GPa (T299 alumina) and —3.5
GPa (AL23 alumina), respectively.

More recently, Lamaison (1997) used TiB, cy-
lindrical specimen with cone-shaped anvils char-

acterised by a low angle. This geometry leads to
lower (in absolute value) failure stresses (—2.4
GPa) than the dog-bone geometry (—4.1 GPa). No
strain rate dependence was found in the measured
range (107% < |¢] < 500 s~!). Dog-bone samples
were also used by Bourne et al. (1997) for two SiC
grades (S-SiC and SiC-B). The compressive
strength obtained during quasi-static tests (|¢| =
1073 s7!) and with split Hopkinson bars (|¢| = 600
s~ 1) are reported in Table 1. Steel collars were heat
shrunk onto the end diameters of both types of
specimens to prevent premature failure due to
specimen/platen interactions.

To summarise, it appears that for the specimen
geometry, the precautions taken concerning the

A
Stress a3 S(Ca%ga) Stress 011 (gPa)
-6.36 0.75
Z - -5.83 - -0.66
-5.30 - <057
-4.77 -0.48
& =
- 318 . -0.21
r -2.65 012
212 -0,03
-1.59 +0.06
-1.06 +0.15
-0.53 +0.24
0 +0.43
- +0.25
. +0.01 36.0.25
& = 3.40_0.01
R = g02 [ — Y
R=Y002
+0.25
D = 9925

Fig. 3. Specimen geometry in compression, third (3) and first (¢;) principal stress distributions.



specimen/anvils interfaces seem to have a signifi-
cant influence on the measured compressive
strength. The dog-bone geometry, by increasing
the ratio between the maximum compressive axial
stress and the radial and orthoradial tensile stres-
ses, allows one to reduce the influence of specimen/
anvil contact. It also induces a better uniaxial and
uniform stress field. Fig. 3 shows the sample ge-
ometry used in the uniaxial compression tests re-
ported herein. The first and third principal stress
fields computed with the Finite Element code
Abaqus Implicit (Hibbitt et al., 1998) are also
shown. This dog-bone geometry reduces the stress
concentrations. Axial stresses in the specimen
centre are perfectly homogeneous.

Moreover, as it was observed in tension, the
effective volume mainly depends on the stress
concentrations and the Weibull modulus. Conse-
quently, this geometry increases the gauge volume
in comparison with a cylindrical specimen. Near
the centre of the specimen, the radial and hoop
stress levels are more than 50 times less than that
of compressive stress (in absolute value). There-
fore, near the centre of the specimen, compression
can be considered uniaxial. Finally greased alu-
minium caps were inserted between the specimen
and the anvils. Fig. 4 shows the maximum value of
the first and third principal stresses in each section
(perpendicular to the specimen axis) as a function
of the axial co-ordinate of each section. The third
principal stress is the largest (in absolute value)
and almost constant near the centre of the speci-

T e 14
5 3 R

(G SRR > 12 @
~ 2 A T ~ K o
<b 100, < \ &
N - 10 5
w 2 F o 3
S ot 2
%)

-6 [ 14
0 5 10 15 20

Axial coordinate, z (mm)

Fig. 4. Maximum value for each section characterised by an
outer radius R of the first (1), third (¢;) principal stresses as a
function of the axial position z of the section.

men whereas the first principal stress is positive
and maximum in the heads of the specimen. The
curvature radius of the hourglass surface is greater
than the transition radius consisting of a cylin-
drical part and heads. This transition radius has
several advantages: the maximum third principal
stress, the maximum axial stress and the nominal
axial stress are almost identical. Moreover, around
the locus where the compressive stress is maxi-
mum, the third principal stress is homogeneous
and the two other ones are smaller (in absolute
value).

To monitor the compression tests, a high-speed
camera is used. Since the tensile strength is prob-
abilistic and the compression is quasi-static, it is
not possible to know in advance when failure
may happen. To trigger the flashlight, the signal
derivative given by a gauge located near the head
of the specimen is used. The first picture is shot few
microseconds after the beginning of the failure
process when the signal derivative becomes sig-
nificant. By comparing samples made of S-SiC
and SiC-B ceramics, the same conclusions can be
drawn when looking at the pictures shot by the
high-speed camera. A debris projection all around
the specimen is observed (Fig. 5). This appears to
be puzzling if one considers that a point defect
initiates failure. But the pattern of debris ejection
and cracking is not completely axisymmetric for
three reasons. First, the projections on the left-
hand side (LHS) of Fig. 5b and c are faster than
the projections on the right-hand side (RHS).
Second, the projections on the LHS are closer to
the centre than the projection on the RHS. Third,
some visible cracks start at the RHS, moving away
from the centre and cross the specimen by bending
into a curve. The photographs also confirm that
failure did not initiate in the head of the specimen.
Fig. 6 shows the covered distance by the debris as
a function of time. For SiC-B ceramics, the high-
est velocity (on the LHS) is about 500 m/s and the
lowest velocity (on the RHS) is of the order of 150
m/s. Conversely, for S—-SiC ceramics, the highest
velocity of projection is about 250 m/s (on the
LHS) and its lowest velocity reaches about 130 m/s
(on the RHS). Correlation between the asymmetric
pattern and the asymmetric projection velocity is
observed each time. By extrapolating the radial
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Fig. 5. Location of the RHS and LHS debris (a). Series of pictures shot during a compression test on S-SiC (b, failure stress = —7

GPa) and SiC-B (c, failure stress = —6 GPa) samples.
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Fig. 6. Covered distance versus time for two SiC samples and
corresponding velocities on the RHS and LHS (Fig. 5a). The
measurements (open and closed symbols) are deduced from the
analysis of the complete sequence of pictures shot during
the experiments, part of which is shown in Fig. 5.

displacement of debris on the RHS of Fig. 5, 755€
and T5“® were found to be equal to 15 and 4 ps,
respectively, where T, denotes the time duration

between the inception of failure and the first
photograph of Fig. 5.

A thin S-SiC strip was cut out of a specimen
loaded at —6.5 GPa and unloaded before failure.
After TEM examinations, neither intergranular
nor transgranular cracks, nor traces of additional
microplasticity could be observed. Concerning the
absence of cracks and microplasticity, two expla-
nations are possible: either the thin strip removed
near the centre of the specimen is not located
within the damaged zone (this is very unlikely as
will be shown below) or the compressive stress
level was not sufficient to induce damage within
the specimen. Similarly, a thin SiC-B strip was cut
out of a specimen loaded at —6.0 GPa and un-
loaded. As for S-SiC, no cracking was found. It is
expected that failure in compression occurs sud-
denly with no “‘warning” signals on a macroscopic
level (e.g., non-linear stress—strain response) or on
a microscopic level (as shown by TEM analyses).

A procedure was developed to keep all the
fragments after failure and allowed us to observe



them. Before the compression tests, the specimen
is embedded in an annulus made of Wood metal
characterised by a low melting temperature (i.e.,
Ty =73 °C), a low yield stress (i.e., o, = 40 MPa)
and a small Young’s modulus (i.e., £ = 50 GPa).
Due to its mechanical properties, the Wood metal
does not influence the stress field in the speci-
men (the radial stress reaches around —120 MPa
within the centre without Wood metal, see Fig. 3).
Moreover, the average compressive strength of five
embedded specimens was only 2% greater than the
overall average. Concerning S-SiC, several zones
can be observed (Fig. 7a). The first zone is char-
acterised by a high density of cracking in every
direction. It spreads out along the outer surface
and near the centre of the specimen. This obser-
vation proves that the central part of the specimen
is fully damaged and confirms the hypothesis made
previously to state that the failure in a compressive
test is brittle. The presence of numerous vertical
cracks on all sides of the first zone, which are then
connected by some horizontal cracks, can also be
seen. For the SiC—B grade, the same zone near the

centre characterised by a high density of cracking.
But the cracks on all sides of this first zone are less
numerous than with S-SiC. Moreover few big
cracks move away from the RHS of the first zone
and cross the specimen by bending into a curve
(Fig. 7b).

By using the hypothesis of a failure due to
tensile stresses induced by the compressive load-
ing, two effective volumes associated with the
tensile stresses are computed by using Eq. (3) for
two boundary conditions (Table 3). The Weibull
parameters obtained in 3-point bending (Table 2)
are used. The first boundary condition corresponds
to a uniform pressure applied on the spherical part
of the specimen. The second modelling uses a
contact boundary condition between the specimen
and the anvils as shown in Fig. 3. The presence of
aluminium foils inserted between the specimen
and the anvils probably induce stresses “in be-
tween” these two computations. The average ten-
sile failure stress is then calculated according to
Eq. (4), from which the corresponding nominal
compressive strength can be determined. Table 3

Axial cracks created by the relaxation

of the

Possible onset of
damage (RHS)

Axial and inclined cracks

(b)

compressive stresses

1 BT ‘

Macro-cracks cross the specimen
by bending into a curve

Zone reduced in thin debris after the
relaxation of high compression stresses

Fig. 7. Post-mortem macrographs of S-SiC (a) and SiC-B (b) samples loaded in uniaxial compression.



Table 3
Failure properties in compression of two SiC grades

Material property S-SiC SiC-B
Weibull modulus, m 13 12.5
Average failure stress, comp (GPa) -6.5 -5.8
Number of tests 19 23
Effective volume with the first 17 3.9
boundary condition (mm?)

Prediction of average failure stress -10.7 -15.2

with the first boundary condition,
Geomp (GPa)

Effective volume with the second 140 58
boundary condition (mm?)
Prediction of average failure stress -6.7 -11.6

with the second boundary
condition, geomp (GPa)

summarises the values of the nominal compressive
strength for the S—SiC and SiC-B grades with the
two boundary conditions. For the S-SiC grade,
the nominal strength level is reasonably predicted
with the second boundary condition. However, the
apparent Weibull modulus is greater than that
observed in 3-point bend tests. For the other
grade, the predictions are not in agreement with
the measurements. Furthermore, if these predic-
tions were correct, failure should occur in the
heads of the specimen. This fact is contradicted by
the observations shown in Figs. 5 and 7. Contrary
to 3-point bend tests, the Weibull moduli are vir-
tually identical. In addition, the average strength
of S-SiC is greater than that of SiC-B, whereas the
3-point bend tests showed opposite results. Section
4 aims at explaining all these observations by using
an anisotropic damage model since a Weibull
analysis alone cannot be used.

4. Numerical analysis of the compressive behaviour
of two SiC grades

Fig. 7 shows that the compression tests re-
ported herein lead to fully fragmented samples
during a few microseconds. Consequently, a
damage model able to capture these phenomena is
used to understand the chronology of degradation
events.

4.1. Damage model

An anisotropic damage description is used
(Denoual and Hild, 1998, 2000) under the hy-
pothesis of high strain rates. For each principal
stress direction d;, a damage variable D; is defined
so that the principal strains ¢; are related to the
principal stresses X; by: & = S;(Di,D,,D3) 0,
where the usual index summation is used. The
compliance tensor § is written in the principal
frame (d;,d,,d;)

1

| TV Y

_ _ 1 _
S=z| = m Y

o o 1

v v =D,

where E is the Young’s modulus of the undamaged
material. The kinetic law for each independent
damage variable D; (i.e., no index summation is
used here) is expressed in a differential form to be
implemented in a finite element code

’ 1 dbD
(cil—tz (—1 D %) = i,(&i)S(kC0)3

when 6; > 0 and % >0 (8)
where S is a shape parameter, 4; the effective stress
(6: =0;/(1 = D;) (Lemaitre, 1992)), kC, the ve-
locity of propagating cracks, /4, the defect density
associated to the Weibull model and expressed as

Ver /e (6;)

0 if&,‘<0’f

max [VFE/IO (g—o)m, 1] otherwise ®)

where Vg is the volume of the considered finite
element. The value oy is a stress obtained by ran-
dom selection of a real Pr lying between 0 and 1
and by applying Eq. (2) when Vg = V. Eq. (9)
expresses the average number of broken defects
within a volume Jgg which is equal to 0, 1 or
greater than 1. The integration of Eq. (8) usually
assumes zero initial conditions.

For low stress rates, in the considered finite
element, when the local principal stress 4; reaches
the random failure stress oy, damage is increasing
faster than the loading stress. The ultimate



strength, which is close to the random failure stress
ar, 1s probabilistic and obeys the Weibull law given
in Eq. (2). The strength can be characterised by
a standard deviation (Eq. (5)) and by an average
value (Eq. (4)) that is stress rate independent (Fig.
8). At higher stress rates, damage is not changing
as fast as the loading stress. Consequently, the
ultimate stress is independent of the random fail-
ure stress oy, becomes deterministic and stress rate
sensitive. According to Eq. (8), if one considers a
constant stress rate ¢ (¢; = d¢¢), any damage pa-
rameter D; can be expressed as a function of the
corresponding effective stress &;

m+3
om! [ &

Di=1- S 10

°XP (m+3)!(0‘c> (10)
with

g 1/(m+3)

00_
S B L 11
7 [)VOS(kCO) (11)

where o, denotes the characteristic strength (De-
noual and Hild, 1998). The ultimate stress oy,
obtained when do;/dg; = 0, is given by

(m +2)' 1/(m+3)
omef522]

6em! x [(7]3/(%3) (12)
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Fig. 8. Ultimate tensile stress of S—SiC and SiC-B as a function
of stress rate predicted by using Eqs. (4) and (11) and data of
Table 2. The single and multiple fragmentation regimes are
shown and the transition is given by the condition gy = ag,,.

where e = exp(1l). In a log—log plot showing the
ultimate stress versus stress rate (Fig. 8), Eqgs. (4)
and (12) become straight lines that intersect when
(0w = gy, 1., 6 =06,). If 6 <d, fragmentation is
single (one crack is nucleated at failure), if ¢ > g,
fragmentation is multiple (many flaws are nucle-
ated before the ultimate point is reached). For
both SiC grades, the transition stress rate is of the
order of 10" Pa/s. According to Fig. 8, when the
stress rate exceeds 10'¢ Pa/s, the ultimate stress of
S-SiC becomes greater than that of SiC—B. This
constitutive model was implemented in the explicit
finite element code Pamshock (2000).

5. Roughness defect

To model failure in a compression test, damage
is assumed to be generated by tensile stresses due
to the presence of surface roughness defects. In an
earlier study (Forquin, 2000), it was shown that
only defects close to surface are likely initiation
sites. The roughness of a SiC—B sample was mea-
sured parallel to the specimen axis. Fig. 9 shows a
flaw of height of about 6 pm that was used in the
following modelling. This defect is representative
of a whole population. The grinding process of
SiC-B samples is the same as that of S-SiC sam-
ples. Therefore the population of roughness de-
fects is probably the same. This fact may explain
why the Weibull moduli are almost identical with
S—SiC and SiC-B ceramics. This first study aims at

Analysed flaw

R 2N

Axial coordinate (um)

Fig. 9. Roughness profile measured in the axial direction of a
compression specimen (S—SiC).



understanding the effect of an isolated roughness
defect on the compressive stress of a ceramic.
Damage appears for a compressive stress of
—13.6 GPa for the S-SiC grade —12.1 GPa for the
SiC-B grade. Damage changes very rapidly. A
speed of projections around 300 m/s is obtained
(Fig. 10). But the question is why, in compression,

Damage D Radial velocity

(a)

Fig. 10. Damage (D) and radial velocity (/) contours for two
different times (0.34 and 0.37 us, respectively) given by the
simulation of a representative roughness defect submitted to a
remote uniaxial compression (S-SiC).
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Fig. 11. Average tensile strength as a function of effective
volume according to the Weibull model (Eq. (4)) in 3-point
bending and in compression of a roughness defect for S—SiC
and SiC-B ceramics.

the S—SiC average strength is higher than the SiC-
B one? This fact can be explained by studying the
tensile strength as a function of the effective vol-
ume with a roughness defect “in compression™
(Fig. 11). It follows that the average tensile
strength is proportional to the effective volume
raised to the power 1/m (see Eq. (4)). The S-SiC
line has a slope of 1/9.3 in a log—log plot whereas
the SiC-B line has a slope of 1/21 (Fig. 11). In
3-point bending, the SiC—B average strength is
greater than the S—SiC one. The effective volumes
generated by the presence of the roughness defects
during a loading of compression are computed
(5.1 x 10~* mm? for S-SiC and 6.7 x 10~ mm? for
SiC-B, respectively). For the compressive test, the
SiC-B average (tensile) strength (790 MPa) is now
less than the S—-SiC average (tensile) strength (885
MPa). The hypothesis of failure caused by
roughness explains that, in compression, the S—SiC
average compressive strength (—6.7 GPa) is greater
(in absolute value) than the SiC-B grade (-5.8
GPa). The ratio of average strength in tension due
to a roughness defect is similar to the ratio of
average strength in compression. The average
compressive failure stresses predicted by the model
are greater than those obtained experimentally.



This model only concerns one roughness defect
and not the whole specimen geometry. Conse-
quently, the stress levels are only qualitative.

It can be noted that for o-SiC, for a Weibull
modulus m ~ 10.8 (Dunlay et al., 1989), a stress
(or strain) rate dependence of 3/(3 4+ m) ~ 0.22 is
expected (see Eq. (12)) to be compared with
|G comp| X |§"%°. A reasonable prediction is ob-
tained by using the scatter in tension, since it is the
cause of multiple cracking in compression.

6. Simulation of a compression test

To simulate a compression test, opposite ve-
locity fields are applied on each head. The velocity
(i.e., 0.01 mm/us) is sufficiently low to have a state
of stress that is similar to a quasi-static loading
condition. The mesh is shown in Fig. 12. The
presence of a roughness defect generates a swelling
that creates two tensile stress fields (Fig. 13): the
first one is a hoop tensile stress field (M, Fig. 14),
which induces a first degradation near the central
plane. After a compression of about —=7.0 GPa, a
second degradation pattern (Fig. 14) is generated
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Fig. 12. Mesh and location of the roughness defect near the
centre.
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Fig. 13. Computed hoop (a) and radial (b) stress fields near the
roughness defect when the remote compressive stress is equal
to =5 GPa in S-SiC.

by a radial tensile stress field (M,, Fig. 14). This
damage induces a loss of stiffness in the radial di-
rection and leads to a buckling type of instability.
The elastic energy is now converted into kinetic
energy. It induces a loss of stiffness in the axial
direction that produces an axial relaxation. Two
velocity fields converge at the same point with a
speed of about 160 m/s. A radial velocity field with
a speed of 150 m/s is predicted (Fig. 14). The same
value was observed on the RHS by means of the
high-speed camera (Fig. 6). Damage propagates
along the outer surface and reaches the opposite
side (Fig. 14). Experimentally, the same phenom-
enon is observed: an axial relaxation and a radial
velocity field with a speed of about 300 m/s are
generated (Fig. 5). The velocity measured with the
high-speed camera (Fig. 6) is also predicted by the
computation. The speed of projection is increas-
ing while damage moves around the specimen
axis because, while damage develops within the
specimen, the undamaged volume decreases and
accordingly, the axial stress increases in the
undamaged volume (Fig. 15). The relaxation phe-
nomenon is stronger. Two microseconds after the
onset of degradation, the damage pattern is almost
axisymmetric. Finally, damage invades the central
zone of the specimen. A strong relaxation damages
the ceramic in the three principal directions
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V =150 m/s
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(©)
Fig. 14. Damage field D, when the remote compressive
stress = —6.3 GPa. This stage corresponds to failure initiation

(a): damage grows slowly at point M; and rapidly at point M.
Velocity fields during damage propagation (b, remote com-
pressive stress = —6.6 GPa). Damage field D, during damage
propagation (c, remote compressive stress = —7 GPa) in S-SiC.

between the roughness defect and the centre of
the specimen (Fig. 16). The central zone is reduced
into thin debris as shown on post-mortem studies
(Fig. 7).

As observed in the post-mortem study and on
the high-speed camera photographs, the modelling
permits us to observe: the damage pattern, the
shape of the zone reduced in debris, the timing of
cracking (<4 us to fully damage the specimen). It

(@) (b)

Fig. 15. Damage field D, (a) and axial stress (b) when damage
has completely invaded the outer surface in the vicinity of the
roughness defect (S-SiC).

allows us to observe what was shown by the high-
speed camera: the three points of asymmetry, viz. a
speed of about 150 m/s near the flaw which initi-
ates the failure, a speed of about 300 m/s at the
opposite side for S-SiC specimen, projections
closer to the centre from this opposite side, cracks
which are bending over (Fig. 16). When comparing
the computations using the two grades, no signif-
icant differences were observed. This is also con-
firmed when analysing the post-mortem
micrographs (Fig. 7).

7. Conclusion

An experimental set-up was designed to study
uniaxial compression of ceramics. The geometry
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Fig. 16. Final damage contours associated with the first and
third principal stress directions (D; and Ds, respectively). These
maps can be compared to the post-mortem observations (Fig.
7a) for an S-SiC sample.

leads to a compressive stress field almost uniaxial
and homogeneous near the centre. Two SiC grades
were examined. Photographs taken by using a
high-speed camera showed that failure nucleated
near the centre. As it was confirmed by the mod-
elling, the non-axisymmetric damage observed on
the photographs indicates that failure was initiated
on the hourglass surface. A roughness defect may
explain these observations. Moreover the fact that
the failure strength levels and the Weibull moduli
of the two SiC grades are almost identical
in compression suggest that failure be probably
caused by a roughness defect. The hypothesis that
a single roughness defect may lead to failure was
confirmed by a first modelling. The cracking pat-
tern, the debris projections and the timing of
cracking was also established with a second mod-
elling. No damage (microcracking, microplasticity)
was observed from a specimen loaded and un-
loaded before failure.

The experimental and numerical approaches
developed herein should also be applicable to
characterise the compressive strength of other
brittle materials such as alumina ceramics or (high
performance) concrete. In particular, the role of
two defect populations has to be studied:

e the intrinsic flaw population induced by the fab-
rication (i.e., sintering for ceramics);

e the extrinsic flaw distribution caused by the
preparation of the surface (e.g., grinding pro-
cess).

The compressive strength is the result of the
combination of both defect populations. The vol-
ume effect is mainly described by the intrinsic
distribution and the scatter by the extrinsic defects
for the SiC ceramics studied herein.
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