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Mechanical behaviour of a hot pressed
aluminum nitride under uniaxial compression

G. SUBHASH*, G. RAVICHANDRAN
Graduate Aeronautical Laboratories, California Institute of Technology, Pasadena,
CA 91125, USA

Failure strength of a hot pressed aluminum nitride (AIN) is measured as a function of strain
rate under uniaxial compression. At low strain rates (10 °-10"2 s~ "), the material is found to
exhibit a weak strain rate sensitivity and at higher strain rates (10>-10% s "), a strongly strain
rate sensitive behaviour is observed. The quasi-static failure strength is found to be around
2.81GPa and it increases to 5.25 GPa at a strain rate of 2200 s~ ". During high strain rate

testing, the specimen fractured into columnar fragments by axial splitting. Microscopic

examination of the fractured surfaces revealed a typical brittle fracture with a combination of
inter and intragranular failure modes. Based on the experimental results and microscopic
observations, a micromechanical model has been developed to predict the constitutive

behaviour of these ceramics under uniaxial compression. The model predictions of failure

strength are shown to to be in agreement with the experimental observations. © 7998

Chapman & Hall

1. Introduction

Aluminum nitride (AIN) has received considerable
attention in recent years due to its wide use in many
applications [1,2]. AIN is a prime candidate as a
refractory ceramic due to its high melting point
(2773 K). Its excellent thermal, mechanical and corro-
sive resistant properties coupled with high strength
makes it an ideal choice as a structural material. In
spite of its potential in many structural applications,
literature on its mechanical behaviour and its relation
to microstructural changes is rather limited [3,4] as
compared with other structural ceramics, such as
Al,O3, SiC and SizN,. Limited bend test data at high
temperatures [ 5], strength and fracture toughness data
as a function of temperature [6] and creep data [7] are
available for this ceramic. The mechanical behaviour of
AIN ceramics has been investigated under confining
pressure over a range of strain rates [3, 4, 8]. In these
studies a brittle—ductile transition in AIN at quasi-static
strain rates is demonstrated when a sufficiently high
confining pressure (550 MPa) is applied. There is con-
siderable interest in the high strain rate dependent
behaviour of ceramics due to their suitability in impact
applications. Lack of ample experimental data for cer-
amics can hinder the progress in developing constitut-
ive models as well as design criteria.

The objectives of the present research are to investi-
gate the uniaxial compressive behaviour of AIN at
various strain rates and to obtain its failure strength as
a function of strain rate. The fragments obtained from
these specimens are used to characterize the deforma-

tion and failure modes using a scanning electron
microscope (SEM) and to understand the mechanisms
of failure and their relation to macroscopic response.
In Section 2, the properties of the material and the
experimental procedure adopted is briefly described.
The experimental results and the microscopic obser-
vations are presented in Section 3. The relationship
between uniaxial compressive strength and strain rate
is discussed in Section 4. Based on the experimental
results and microscopic observations, a micromecha-
nical model is developed for the constitutive behav-
iour of hot-pressed ceramics. The model is described
in Section 5 and the results are compared with the
experimental data. Conclusions for the study are
presented in Section 6.

2. Experimental procedure
2.1. Materials
The AIN used in this study (Dow Chemical Co, MI)
was prepared by hot-pressing high purity powder at
1850°C and 35 MPa for 30 min to obtain discs of
50.8 mm diameter with a theoretical density greater
than 99%. The grain size was found to vary between
2 and 3 pm. The physical properties and the impurity
contents of the AIN ceramic as supplied by the manu-
facturer are given in Tables I and II, respectively.
The effect of several additives and impurities in AIN
has been investigated by several researchers. It has
been found that additions of 2 wt% CaO to AIN
decreases strength, hardness and toughness [9].
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TABLE I Properties of aluminum nitride

Young’s modulus, GPa 320
Bulk modulus, GPa 203
Shear modulus, GPa 129
Longitudinal wave velocity, ms~! 10700
Shear wave velocity, ms ™! 6300
Poisson’s ratio 0.237
Flexural strength four-point, MPa 295
Fracture toughness, MPam?/? 2.8
Microhardness (Vickers 1kg load), GPa 114
Thermal conductivity, W m ™~ 'K 80
Thermal expansion coefficient, 1 K ! 42
Heat capacity, cal kg 'K ™! 173
Density kgm ™3 3250

TABLE II Impurities in aluminum nitride

O (%) C (%) Ca (p.p.m.) Si (p.p.m.) Fe (p.p.m.)

1 0.3 500 200 50

Addition of carbon inhibits the densification process
and affects the thermal conductivity depending on the
amount of additive. Addition of CaC, is found to yield
uniform grain size and promote intergranular fracture.

2.2. Experimental

The hot pressed discs were cut into specimens of
square cross-section with 4.06 mm sides and 7.62 mm
length. Some specimens were also made into right-
circular cylinders of 4.6 mm diameter and 7.62 mm
length. The loading faces were kept extremely parallel
(within 2.5 um) to avoid unacceptable non-uniform
strains during initial stages of loading under uniaxial
compression. Axial and transverse strain gauges were
mounted on the lateral surfaces of the specimens to
measure axial and transverse strains during the defor-
mation. Low strain rate experiments (10 °-10"2s~ %)
were performed on a 250 kN servo-hydraulic axial—
torsional materials testing system (MTS). High strain
rate experiments (1010 s~ ') were performed using
a modified split Hopkinson (Kolsky) pressure bar
(SHPB) [10-15]. The loading faces were lubricated to
avoid frictional effects between the specimen and the
bars during loading.

Traditionally, the SHPB technique is used to inves-
tigate the plastic behaviour of metals at high strain
rates. While testing very hard and brittle materials like
ceramics and ceramic composites in a SHPB, suitable
modifications need to be incorporated in the experi-
mental technique as well as in the design of the
specimen to obtain reliable and accurate data. These
modifications have been found to be effective in deter-
mining true failure strengths and identifying failure
modes under uniaxial compression. The details of the
technique, the modifications required while testing
hard ceramics and their necessity, as well as the limit-
ing strain rates that can be obtained while testing
ceramics using this technique have been discussed
extensively in recent literature [4, 11-15].

1934

3. Results

3.1. Mechanical response

A total of 18 tests were performed on AIN specimens
at various strain rates. Five of these tests were con-
ducted under quasi-static loading conditions in a
servo-hydraulic MTS machine and the rest were con-
ducted at high strain rates in a SHPB. The stress—
strain curves for various strain rates from 1077 to
10% s~ ! are shown in Fig. 1. The stress—strain curves
indicate that the response is essentially linear up until
failure. The initial slopes of the stress—strain curves
compare well with the modulus of AIN (Table I). Also,
note that the failure strain and hence the failure
strength increases with increasing strain rate. The
failure strength versus strain rate is plotted in Fig. 2.
The failure strength remains nearly constant at
2.81 GPa at low strain rates and rises rapidly as the
strain rate is increased beyond a critical strain rate.
A compressive failure strength of 5.25 GPa is meas-
ured at a strain rate of 2200 s~ 1. The failure strength
has a rate sensitivity exponent of 0.29 at high strain
rates.

All the specimens tested at low strain rates failed
catastrophically, resulting in tiny fragments (powder).
During high strain rate loading in a modified SHPB,
the specimens failed into long columnar fragments by
axial splitting in the direction parallel to the axis of
loading. Such a well defined mode of failure was
obtained due to controlled loading resulting from
pulse shaping in the modified SHPB [4, 11-15].

3.2. Microscopic observation

Fig. 3 reveals the initial microstructure of the surface
of a polished and thermochemically etched AIN speci-
men using the following procedure [16]. The specimen
was polished with 0.25 pm diamond paste, and chemi-
cally etched in a mixture of two parts of 99.9999%
phosphoric acid and one part of 99.999% nitric acid
for about 3 min. Then it was thermally etched for
10 min at 1100 °C. The grain size of AIN was found to
vary between 2 and 3 pum. At low strain rates, the
specimens became powder after testing and hence no
microstructural observations were possible. At high
strain rates, columnar fragments were recovered and
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Figure 1 Stress—strain curves for hot pressed AIN at strain rates of
(---) 28 x 1073, (- - -) 320 and (—) 900 s~ 1.
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Figure 2 Plot of compressive strength versus strain rate for hot
pressed AIN.

Figure 3 A scanning electron micrograph of the polished and
thermochemically etched surface of undeformed AIN.

were used for microstructural observations using an
SEM. The fracture surfaces contained several river-
like patterns running parallel to the loading axis, as
shown in Fig. 4. These river patterns are typical fea-
tures of brittle fracture. This microstructure is also
indicative of a combined inter and intragranular
(mixed mode) fracture. It is interesting to note that the
microstructure changes considerably at the two loca-
tions denoted by A and B on the micrograph. In
region A, the fracture mode is predominantly inter-
granular as shown in Fig. 5a. In region B, there are no
significant microstructural features and a transgranu-
lar fracture mode is dominant as revealed in Fig. 5b.
The reason for this difference in microstructure is
speculated to be a variation in the composition and
contents of impurities across the specimen. It is found
that doping AIN with CaO changes the fracture mode
from transgranular to intergranular with concurrent
decrease in hardness, strength and toughness [9]. Im-
purities like CaC, are also found to promote inter-
granular fracture. The variation in grain size can also
significantly affect the strength and toughness values
of AIN. On several other fragments, the microstruc-
tural features did not reveal any variation on the
fracture surface and the fracture mode was purely
transgranular, as shown in Fig. 6.

Figure 4 A scanning electron micrograph of the fracture surface of
AIN revealing typical brittle fracture at high strain rates; the river
markings are parallel to the direction of loading. Region A is on the
ridge and Region B is outside the ridge.

Figure 5 Scanning electron micrograph illustrating the fracture
mechanisms in AIN for: (a) Region A in Fig. 4, predominantly
intergranular; and (b) Region B in Fig. 4, predominantly trans-
granular.

4. Discussion

It is clear from the plot of Fig. 2 that hot pressed AIN
is weakly rate sensitive at low strain rates and strongly
rate sensitive beyond a critical strain rate. It has been
reported that hot pressed AIN continues to strengthen
even above the Hugoniot elastic limit (HEL). The
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Figure 6 A scanning electron micrograph of the commonly ob-
served transgranular fracture in AIN.

apparent increase in compressive strength beyond the
HEL is attributed to either strain rate effects or to
high confining pressures that exist in the shocked
specimen [8&].

The strain rate dependent behaviour of the failure
strength of ceramics has been discussed by Lankford
[17, 18]. At low strain rates, for both hot pressed and
sintered ceramics, crack initiation from the pre-exist-
ing flaws is considered to be athermal, and the crack
growth process is assumed to be activated thermally
and is a function of the properties of the material. In
the case of hot pressed ceramics, the prevailing high
pressures and lack of sintering additives during pro-
cessing result in good bonding between the grains,
which leads to fewer in number and smaller size flaws.
Under the applied compressive loads, these flaws act
as sliding cracks and initiate tensile cracks that grow
in a stable manner resulting in a weakly strain rate
dependent behaviour. Sub-critical crack growth is also
cited [19] as the reason for the observed rate sensiti-
vity of tensile failure in the quasi-static regime.

This high rate sensitivity of failure strength is com-
monly observed for hot pressed as well as sintered
ceramics [17]. Grady and Lipkin have modelled the
process of dynamic failure and have predicted the
strain rate sensitivity exponent to be one-third for
failure strength of brittle materials and it is said to be
independent of the properties of the material [20]. The
crack initiation process is assumed to be athermal, but
crack growth from the pre-existing flaws is considered
to be dominated by inertial effects. Unlike in sintered
ceramics, the prevailing high pressures during process-
ing yield a lower number of uniformly distributed
microcracks in hot pressed ceramics. Upon loading,
tensile cracks initiate and start to grow in a stable
manner once the critical stress intensity factor is
reached. The dynamic crack growth is considered to
be responsible for observed high strain rate sensitivity
of failure strength in ceramics [17].

From an experimental point of view, the situation in
hot pressed AIN follows closely the above discussion.
When the specimens are tested at low strain rates in an
MTS machine, all the specimens fail into tiny frag-
ments (powder). In the absence of any toughening
mechanism in a brittle ceramic, once the cracks ini-
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tiate, they grow in an unstable manner and coalesce
causing catastrophic failure in the specimen. Besides,
the large elastic energy stored in the grips of the MTS
machine continues to supply the energy for several
growing cracks resulting in crushing of the specimen
before the loading grips can be withdrawn.

Under high strain rate loading in the SHPB, the
duration of the stress pulse is generally of the order of
100 ps and the specimen is subjected to only a single
loading pulse [4, 11, 12]. When using a ramp loading
pulse the duration of peak load (when the microcrack-
ing initiates) is much shorter and hence the cracks that
initiate may not have sufficient time and energy to
propagate and coalesce to cause complete failure of
the specimen. In addition, the magnitude of the inci-
dent pulse is also predetermined in such a way that
it is just sufficient to cause failure of the specimen.
Because the total input energy is controlled, the speci-
men fractures into columnar fragments due to the
growth of a fewer number of axial microcracks.
During uniaxial compression it has been established
that the microcracks initiate and grow parallel to the
loading axis, which is typical of compression induced
fracture in brittle materials [21, 22].

5. Micromechanical model

The experimental results shown in Figs 1 and 2 clearly
reveal the rate sensitive nature of the failure strength
of hot pressed AIN. Based on these observations, a
micromechanical model is developed to predict the
constitutive behaviour of ceramics under uniaxial
compression. Because failure in brittle ceramics occurs
by microcrack initiation, growth and coalescence, we
describe the crack growth rate by two separate models
in two strain rate regimes. Under quasi-static defor-
mation the crack growth velocity is described by
a power law [19] and under high strain rate deforma-
tion by the constant energy release rate criterion in
dynamic fracture [23]. The failure of the material is
linked to a critical density of damage or critical length
for coalescing microcracks. Only a brief discussion of
the model is presented here and the complete details
can be found elsewhere [24].

5.1. Overview of the model

The initial distribution of microcracks is assumed to
be dilutely distributed (non-interacting) and randomly
oriented, as shown schematically in Fig. 7a. This en-
ables the construction of the unit cell model shown in
Fig. 7b; each microcrack is of average length 2a and is
oriented at an angle, 0, and is assumed to be subjected
to uniform uniaxial stress loading. Under uniaxial
compressive stress loading conditions, the micro-
cracks resist sliding due to the resolved shear stress on
the crack faces. As the axial stress increases, the critical
condition for tensile crack growth is reached at the
tips of the sliding crack. The tensile cracks that emerge
from the tips of these pre-existing cracks initially
grow in a curved manner, and for [ > a, grow parallel
to the compression axis, where [ is the current
length of growing tensile cracks; see Fig. 7b. For
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Figure 7 Schematic of (a) randomly oriented initial flaws in the
specimen, and (b) a unit cell model for a sliding crack subjected to
far-field uniaxial compressive loading.

simplicity, we replace these curved wing cracks by
straight cracks [22]. Under compressive loading, the
mode-I and mode-II stress intensity factors at the tip
of the growing crack can be written as

K - 2at* cosb K. — 2at* sin6
TR Y I+ L]
(1a, b)

where 1* is the shear stress on the pre-existing micro-
crack that causes sliding of the two crack faces
osin20

¢ = 5 T (2)

The frictional shear stress, T, that resists sliding of the
crack faces is given by

o(1 + cos26
T = u 3)

2
where 1 is the coefficient of friction. When the length
of the tension cracks is small, i.e. [ =1, the stress
intensity factors are accurately given by Equation
la, b [21]. I, has been estimated to be 0.27 c.
The virtual energy release rate for the growing ten-
sile crack is given by [24]

1 4a®(t*)?
w0 = glairsi] ¥

where E is the Young’s modulus of the undeformed
material.

Defining the initial number of microcracks of
length, a, per unit area by N, the areal density of
microcracks, fy, is given by

fo = Na? ()

Using a global energy balance approach, the relation
between stress and strain under uniaxial stress condi-
tions as o = Eg, where E is the effective axial modulus
of a microcracking solid under uniaxial compression
[24]

el lesT

N [1 i 1n<li i 1) " pzfo] ©)

The term with coefficient p; corresponds to the change
in the modulus of the microcracked body due to axial
crack growth and the term with p, corresponds to the
change in the modulus due to sliding of the micro-
cracks. It is important to mention that under uniaxial
compressive loading, the modulus in the direction of
loading does not change appreciably due to the
growth of axial cracks in a brittle ceramic and for most
engineering ceramics E ~ E [12, 24].

In linear elastic fracture mechanics, for brittle
materials, crack growth is said to occur when the
stress intensity reaches its critical value, i.e. K; = K|..
Evans [19] has observed a power law relationship
between the crack growth velocity, v, and stress inten-
sity factor, K;, under quasi-static loading conditions

v = AKY (7)

where A is a material constant and n is an exponent
that is around 50-100 for ceramics. At higher strain
rates, when the crack growth velocities are compara-
ble to Rayleigh wave speeds, cg, there are several
criteria available in the literature [23, 257. In dynamic
fracture mechanics, the relation between energy re-
lease rate and crack growth velocity, v, can be written
as a universal relation [23]

(1) o
Gd(l> t) Um

where v, is the maximum terminal velocity of the
crack, G, is the critical energy release rate and Gq(l, t)
(Equation 4) is the virtual energy release rate for the
stationary crack of current length, I. For v,, = ¢y the
above expression reduces to constant energy release
rate criterion [23]. In general, maximum crack speeds
of 0.3-0.5¢g are observed in materials.

Further, it is reasonable to assume that the material
looses its load carrying capacity when the damage
reaches a critical value, f., which can be expressed as

fo = NI ©)

where [, is a critical length of the tension crack when
coalescence occurs with other growing cracks.

5.2. Constitutive modelling
Assuming a constant strain rate deformation, i.e.
€ = &yt one can write the strain and stress relation for

uniaxial stress as
O =

Egot (10)

where E is the reduced modulus given in Equation 6.

The critical stress intensity factor, K., for crack
initiation is assumed to reach when the applied com-
pressive stress attains the value of the quasi-static
compressive strength, o, i.e.,

3 — 20y \l,
x [cos® 0, — n(2 — 3sin O, + sin>0,)]

(11)
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where t, is the time taken for the stress to reach o,
which can be determined from Equation 10; 9, is the
orientation of the pre-existing microcrack for which
sliding can occur, 6, = tan™*(n).

Now using the fracture criteria, Equations 7 and
8 discussed before one can study the effect of strain
rate on the failure strength of ceramics. For quasi-
static loading, using the power law, Equation 7 along
with Equations 10 and 11, one can obtain a differential
equation for v(dl/dt) which can be integrated using the
Runge — Kutta method. Then we apply the failure
criterion in Equation 9 and obtain the relation be-
tween critical crack length and critical stress intensity
factor as

l t
° = F (= 12
AKLto s <t0 n> (12)
Similarly for high strain rate deformation, using Equa-
tions 810, we can write

l t
C = F. = 13
L= n(®) (13)

If the relation between crack growth velocity and
fracture toughness (K; versus v) is known, the left-
hand side of the above equation is known and hence
F, and F, can be plotted as function of ¢, /t,. Knowing
the failure time, t., and the corresponding t,, one can
predict the failure strength, o, = E¢,t., of the material
for different strain rates.

A critical strain rate, &,, at which the transition
from stable crack growth under quasi-static loading
rates to inertia dominated crack growth under high
strain rates, can be defined in terms of material pro-
perties as

b = SO (14)

where ¢, is a characteristic speed when the inertia
effects become significant (usually 0.2 times the shear
wave velocity, ¢,) and [ is a characteristic length (e.g.
specimen length). For most engineering ceramics E/c,
is between 100150 and c,, is between 12001400 ms™ ™.

For hot pressed AIN used in our experiments,
the specimen length, [, is 7.62 mm, the quasi-static
strength, o, is found to be around 2.81 GPa, and the
transitional strain rate, €., is calculated to be 1450 s~ L
A fracture toughness value, K., of 2.8 MPa m'/? is
used for hot pressed AIN (Table I), and the friction
coefficient, n, is assumed to be 0.6. The initial flaw size
is assumed to be 3 um, and is reasonable for AIN
whose grain size varies from 2 to 3 um. The initial
areal density of defects, f,, is assumed to be 1073
which is typical for hot pressed ceramics. Assuming
I, /v = 2 ps, one can obtain the normalized compres-
sive strength as a function of strain rate. From the
available experimental evidence on the running cracks
for ceramics, the maximum terminal velocity for
dynamically propagating cracks, v,,, is assumed to be
one-third of the shear wave velocity [26]. Because ¢ is
known from the experiments at various strain rates,
t. can be computed at each strain rate using Equation
12 or 13 and hence the compressive strength, o, as
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Figure 8§ Comparison of predicted (—) and experimentally ((J) mea-
sured uniaxial compressive strength as a function of strain rate for
hot pressed AIN.

a function of strain rate, £&. The predicted values for the
failure strength are plotted along with the experi-
mentally obtained data as a function of strain rate in
Fig. 8. The predictions from the micromechanical
model appear to capture the high rate sensitivity of
failure strength at high strain rates. The strain rate
dependence of failure strength given in Fig. 8 yields the
relationship, o, oc &”, where m = 0.287. Grady and
colleagues predicted m = 1/3 for all brittle materials
based on global energy considerations relating to
failure. The details of the dependence of m on other
material parameters can be found elsewhere [24].

6. Conclusions

The dependence of uniaxial compressive failure
strength of hot pressed AIN on strain rate is examined.
At low strain rates the failure strength is found to be
weakly rate dependent and at high strain rates, it is
strongly rate sensitive. Microscopically the material
exhibits predominantly a mixture of transgranular
and intergranular fracture. This is attributed to impu-
rities like CaO and CaC, present in the material.
A micromechanical model applicable to both quasi-
static and impact loading conditions based on sliding
crack nucleation and growth is developed to predict
the strain rate dependence of failure strength in these
ceramics. For hot pressed AIN, the constant energy
release rate criterion appears to be the most suitable
one for dynamic crack propagation criterion. The
model predictions of failure strength compare well
with the experimental results. The results of the ex-
periments and the micromechanical model presented
here can be used to understand the complex behaviour
of AIN under impact loading conditions.
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