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The contributions of microstructural characteristics
and residual stress distribution to mechanical
properties of AIN/W composite system
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Department of Inorganic Materials Engineering, Hanyang University 17, Hangdang,
Sungdong, Seoul, South Korea

AIN-W composites were fabricated by pressureless sintering. The residual stress and
mechanical properties were investigated for AIN-W composites with different tungsten
contents. The fracture strength decreased and the fracture toughness increased with
increase of the tungsten phase from 5 vol % to 20 vol %. It was thought that the decrease of
strength would be due to the effects of relative density and the grain boundary phases. The
crack tortuosity of indented specimens was gradually marked as a function of secondary
phase content. In the residual stress measurement, the matrix phase of composites exhibited
compressive stress distribution, which was increased with the addition of tungsten. This
tendency was consistent with the results predicted by the thermoelastic stress model.
From the results of the crack propagation path and the development of fracture toughness, it
was thought that the residual compressive stress of matrix phase must have contributed

to the development of crack propagation resistance. © 7998 Chapman & Hall

1. Introduction

A ceramic—matrix composite is an important material
in high-technology industries, because of its thermal
and mechanical properties. The mechanical properties
of ceramic—metal composites have been studied from
the several standpoints, such as the observation of
microstructural morphology, the theoretical calcu-
lation of thermal stress, and the residual stress
measurement. Also, it has been well known that the
microstructural features, especially the characteristics
of ceramic—metal interface and the residual stress dis-
tribution of matrix phase, are critical in determining
the fracture behaviour of composites [ 1, 2]. However,
it is difficult to understand the effect of secondary
phase on fracture behaviour by observing the micro-
structural morphology. The influence of residual stress
has been investigated by some researchers [3,4];
Michalske and Hellmann reported that toughness
increases linearly with the increment of the residual
compressive stress in matrix phase [2].

The purpose of present study is to investigate the
effects of secondary phase on mechanical properties
from observing the microstructure, the indentation-
induced crack path, and measuring the residual stress
distribution using the X-ray stress measurement method
[5]. Also, the residual stress distribution of composites
was predicted by thermoelastic stress model [6].

2. Experimental procedure

2.1. Preparation of specimens

In this work, AIN-powder (F-grade, mean particle size
1 pm, Tokuyama Soda., Japan) and tungsten- powder
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(KM-3, particle size distribution 0.3-0.7 pm, Korea
Tungsten, South Korea) were used. Fig. 1 shows the
experimental procedure. Table 1 shows the character-
istics of AIN and tungsten material. For homogeneous
dispersion, AIN and tungsten powder were mixed by
the ultrasonic homogenizer (Model US-300T, Nissen,
Japan) in isopropyl alcohol. The slurry was mixed
with ZrQ, ball in isopropyl alcohol for 24 h. In the
drying process of the slurries, heating and mixing was
simultaneously done using a hot plate. Monolithic
AIN and AIN-5, 10, 15, 20 vol% W.composites were
prepared, the specimens were sintered for 2 h at 1900 °C
under nitrogen atmosphere in a graphite furnace.

2.2. Characterization of AIN-W composites
The relative densities of sintered specimens were meas-
ured by Archimedes’ method in toluene. A four-point
bending strength test was carried out by UTM (AGS-
500D, Shimazu Co, Japan) under the conditions of:
cross-head speed of 0.5 mmmin~!, upper span of
10 mm, and lower span of 20 mm, and the fractured
specimens were observed by scanning electron micro-
scopy (SEM) (Model JSM-5200, Jeol, Japan). Also,
fracture toughness was tested with a Vicker’s micro-
hardness tester (Torsee, Type: DVKH-1, Tokyo test-
ing machine MFG Co., Ltd, Japan) with the
conditions of load of 5 kg-f, duration of 15 s, loading
speed of 70 pms~!. The ICL (indented/crack length)
method was used to calculate toughness.

Crystal phases for monolithic AIN and AIN-W
composites were characterized by X-ray diffraction anal-
ysis (40 kV, 30 mA) with Ni-filtered CuKa-radiation.
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2.3. Measurement of residual stress
by X-ray diffraction

It is possible to measure the restdual stress in materials
by X-ray diffraction and neutron diffraction. In pres-
ent study, the sin?{ methods using an X-ray beam
was used. As shown in the schematic illustration of
Fig. 2, the stress measurement was carried out for five
tilts (y = 0, 10, 20, 30 and 40°) at the optional direc-
tion (Sy, Sy, S2, S3). At first, the original plane spacing
(dy) of a green specimen was measured. A green speci-
men was prepared by drying the slurry which had

Ultrasonic homogenizer
30 min

Mixing 24 h,
ZrO,, IPA

Drying
24 h vacuum

Forming

CIP 310 MPa

Sintering
1900 °C N,, 2 h

Characterization

Figure 1 Flow chart of experimental procedure of monolith and
composites.

TABLE I Properties of AIN and tungsten

been mixed with isopropyl alcohol. The measurement
of residual stress was executed by an X-ray
goniometer system, which is composed of residual
stress analyser and stress calculation program; the
measurement conditions were as follows: 40kV,
30 mA, step interval 0.02°, fixed times 30-70s, step
mode, CrK, radiation. The (112) crystalline plane
of AIN was chosen for stress measurement, and the
shape of the detected peak is shown in Fig. 3. In the
case of tungsten, the (211) plane was chosen. The
variations of crystalline plane spacing were deter-
mined by measuring the peak shifts of diffracted plane.
Then, residual stress was calculated by applying the
elastic modulus and Poisson’s ratio to spacing vari-
ations [5].

Figure 2 Schematic illustration of residual stress measurement.
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Figure 3 Diffraction pattern of (112} plane for AIN.

Properties Density Thermal Fracture Elastic Poisson’s Melting Thermal
(gem™?) expansion toughness modulus ratio point (“C) conductivity
coefficient (MPam'/?) (GPa) (WmK™")
Material (x107%°C™ 1)
59
(20-1520"C)
Aluminium 3.26 a-axis: 5.3 2~3 300~310 025 2300 100 ~ 200
nitride c-axis: 4.2 {sublimation)
(20 ~ 800"C)
Tungsten 19.32 5.1 - 350 0.28 3410 140
(27 ~ 13007C)
From [7, 8].
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3. Results and Discussion

3.1. Relative density and microstructure
Fig. 4 shows the relative densities of monolithic AIN
and AIN-W composites. The relative density of mono-
lithic AIN was about 90%, whereas, under the same
sintering conditions, AIN-5vol % W composite
showed a relative density of nearly 99%. When the
volume fraction of secondary phase was in the range
of 10-20%, the relative density of composites de-
creased gradually.

The densification of composites was thought to be
as follows. In general, it has been well known that the
AIN particle surface is covered with the amorphous
oxide phase [97]. and also the tungsten particle will
have tungsten oxide phases. Therefore, in the sintering
process, the AIOOH phase [9] or the oxide phase on
the AIN particle will create the liquid phase from the
reaction with the tungsten oxide phases. Such a reac-
tion could be predicted from the Al,O;—WO; phase
diagram [10]. These liquid phases of grain boundary
would have induced the rearrangement of particles
[11-13], although, the solution-reprecipitation pro-
cedure through mass transfer between matrix grains
which induces the densification of microstructure
would be suppressed by the secondary phase and
grain boundary phase. Fig.5 indicates the grain
growth of monolithic AIN, and it was presumed to be
the result of a solution-reprecipitation process. On the
other hand, in case of composites, the grain size of AIN
matrix was diminished with the addition of secondary
phase.

In the XRD patterns of Fig. 6, AION phase and
tungsten oxides (WO, o, WO, g3, WO, 5, WO,) were
identified; the solid solution phase of Al,(WOQO,); was
also detected.

3.2. Residual stress distribution of
AIN-W composites

It is well known that residual stress plays an impor-
tant role in the fracture behaviour of composites
[3, 14]. However, mechanical properties have been
investigated mainly by observing the microstructure
for the difficulty of residual stress measurement. Gen-
erally, the residual stress of composites is caused by
the difference between thermal expansion coefficient
of matrix and that of secondary phase [14], and the
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Figure 4 Relative density of monolithic AIN and AIN-W com-
posites.

elastic modulus will determine the extent of residual
stress of each phase. In present study, the residual
srtress of AIN-W composites was calculated by the
thermoelastic stress model [6]. This model is derived

Figure 5 Microstructure of menolithic AIN and AIN-W com-
posites. (2) AIN (b) AIN-5vol% W (c) AIN-10vol% W (d) AIN-
15vol% W (e) AIN-20vol% W,
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Figure 5 (Continued).
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Figure 6 XRD patterns of monolithic AIN and AIN-W composites.
(o) AIN; (#) WO 5 54 (V) AION; (A) Al2(WOy);: (%) WO; 545
(M) W; (%) WO,.

from the matrix phase including the secondary phase
under no applied stress. As shown in Equation 1, this
calculation was executed for the secondary phase of
a sphere (R/r) = 1, as in Fig. 7.

— O = 200—{3
i L v, I3
= (ot, — a,,]AT|: 3E. + E, :| (R/r)
= P(R/r)? (1

where o, and o, are thermal expansion coeflicients of
matrix and secondary phase respectively, T is temper-
ature, v, and v, are Poisson ratio of matrix and
secondary phase respectively, E, and E, are elastic
moduli of matrix and secondary phase respectively,
R is radius of particles, r is distance from centre of
particles and P is uniform pressure.

Table II shows the calculated stress of matrix of
composites. In matrix phase, the radial stress compon-
ent (o), having a compressive value, and the tangen-
tial stress component (Gg), having a tensile value, will
be distributed during sintering process. Also, it could

710

\/v Grr

Ty

Figure 7 Residual stress field of spherical particle in infinite matrix.
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Figure 8§ Residual stress distribution of AIN-W composites. (@)
Maximum and (M) minimum stress values.

TABLE Il Calculated stress for composites by thermoelastic
stress model

Tungsten (vol %) Calculated stress (MPa)

5 -20
10 — 40
15 — 60
20 — 80

be supposed that residual stress field of the matrix
phase would not be relaxed during the cooling process
because of the strong covalent bonding of AIN. The
results of stress measurement are shown in Fig. 8. The
matrix phase showed the compressive stress field,
which was augmented with the increase of secondary
phase. Also, the residual tensile stress of secondary
phase was identified by the same method. The results
of stress measurement showed a similar tendency to
that of the thermoelastic stress model. The compres-
sive stress pattern of matrix in AIN-W composite is
caused by the mismatch of thermal expansion coeffi-
cients and elastic modulus.

The calculated value and the measured value
showed deviation, as shown in Fig. 8 and Table II. For
the discrepancy between measurement and calculation
and theoretical predictions, several considerations



have been suggested previously. In the formation of
residual stress, the interaction of matrix and second-
ary phase is important, but subsidiary factors work
upon the distribution of residual stress. The effects of
these factors are appreciable in many cases. For
example, these factors are: the cooling rate during
sintering process, the size effect of matrix grain and
secondary phase, the anisotropy of crystal structure,
and the presence of other phases (grain boundary
phases), etc. Thus, in stress measurement by X-ray
method, the measured strains of the surface layer are
converted into stresses using various assumptions as
to the stress state and the anisotropy (preferred ori-
entation). Also, the measured value i1s the average
value over the surface depth, and the surface effect is
included in the stress value. However, this technique is
able to provide the approximate tendency of residual
stress distribution, and the measured value does have
significant meaning. Thus, the deviation of calculated
value and measured value was inferred to be caused by
the thermal expansion anisotropy of matrix and the
interface phase (grain boundary).

3.3. Fracture strength and fracture
toughness of composites

Fig. 9 shows the flexural strength of monolithic AIN

and AIN-W composites. Despite the decrease of grain

size, the flexural strength of AIN-W composites was

decreased with the increase in tungsten content. This

result would be due to the decrease of relative density
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Figure 9 Flexural strength of monolithic AIN and AIN-W
composites.
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Figure 10 Fracture toughness of monolithic AIN and AIN-W
composites.

with increasing the secondary phase content, and the
presence of grain boundary phase [15,16]. In the
observation of the stress—strain curve, the monolithic
AIN showed typical linear behaviour because of the
fast fracture behaviour, but the composites showed

Figure 11 SEM micrographs of indented AIN-W composites.
(a) AIN-5vol% W (b} AIN-10vol% W (c) AIN-15vol% W
(d) AIN-20vo0l% W.
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non-linear behaviour around the fracture stress. From
the viewpoint of the microstructure, this phenomenon
would be caused by the secondary phase, the grain
boundary phase, and the variation of relative density.
The stiffness variation around fracture stress would
have caused the decrease in flexural strength. Also, in
terms of the fracture mechanics, it has been known
that the slope variation of the stress—strain curve is
caused by the crack deflection mechanism; this phe-
nomenon is called the subcritical crack growth [1].

Fig. 10 shows the fracture toughness of monolithic
AIN and AIN-W composites. The toughness of com-
posites was increased with increase of the tungsten
content. As shown in crack propagation path of
Fig. 11, the crack deflection around secondary phase
will be caused by grain boundary phases and second-
ary phase [14]. The compressive stress which
increased with the addition of tungsten phase will
contribute to the enlargement of crack tortuosity [16],
also, the effect of relative density will be included.
Thus, crack deflection will minimize the tensile stress
concentration around the crack tip in the process of
crack propagation. Finally, it was found that the
improvement of fracture toughness in AIN-W com-
posites was caused by crack deflection around the
secondary phase and grain boundary phases, and by
compressive stress distribution.

4. Conclusions

AIN-W composites were densified through pressure-
less sintering. The grain growth of matrix was gradual-
ly inhibited with the addition of tungsten. It was
thought that the densification behaviour was caused
by the rearrangement and solution-reprecipitation
under the presence of liquid phases. These oxide
phases at grain boundary were detected in the types of
oxides and solid-solution phase by X-ray phase analy-
sis. Fracture strength of composites decreased with the
increase of tungsten volume contents. This result
seems to be because of the presence of grain boundary
phases and the effect of relative density. On the other
hand, slope variation around fracture stress value in
stress—strain curve was observed, and it was assumed
that subcritical crack growth would have occurred by
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the crack deflection mechanism in the process of crack
propagation. The fracture toughness of composites
was increased with the addition of tungsten; this
would be caused by the restraint of tensile stress con-
centration by the grain boundary phases and the sec-
ondary phase and the residual stress distribution, also,
these factors were identified by the observation of
microstructure and the X-ray residual stress measure-
ment.
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