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Abstract The effects of temperature on the fast fracture
behavior of aluminum nitride with 5 wt% Y,03 ceramic
were investigated. Four-point flexural strength and fracture
toughness were measured in air at several temperatures (30—
1,300 °C). The flexural strength gradually decreased with
the increase of temperature up to 1,000 °C due to the
change in the fracture mode from transgranular to inter-
granular, and then became almost constant up to 1,300 °C.
Two main flaw types as fracture origin were identified:
small surface flaw and large pores. The volume fraction of
the large pores was only 0.01%; however, they limited the
strength on about 50% of the specimens. The fracture
toughness decreased slightly up to 800 °C controlled by the
elastic modulus change, and then decreased significantly at
1,000 °C due to the decrease in the grain-boundary tough-
ness. Above 1,000 °C, the fracture toughness increased
significantly, and at 1,300 °C, its value was close to that
measured at room temperature.

Introduction

Aluminum nitride (AIN) ceramics have been used as
electronic package material for high power devices mainly
because of their high thermal conductivity [1, 2]. They
have been produced by a pressureless liquid-phase sinter-
ing process with aluminate-forming additives, like Y,O03
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and CaO [3, 4]. AIN has potential to be applied as struc-
tural material since its mechanical strength is close to that
of alumina.

From the Griffith—Irwin fracture criterion, the flexural
strength, oy, and fracture toughness, Kj., are related by
[5, 6]:

KIC

of = Y \/Ev (1)
where Y is a geometrical constant and C the size of the
defect that initiate the fracture. Some works investigated
the mechanical behavior of AIN at room temperature. Abe
et al. [7] concluded that large intra and intergranular pores
in pressed green bodies limited o¢ in an AIN with 5 mol%
Y,0;5; (~300-340 MPa). Watari et al. [8] could prepare
AIN with high oy (450 MPa) by sintering it at low tem-
perature with the aid of Y,03, CaO, and Li,O additives.
Terao et al. [9] observed that the addition of La,O5; or
Sm,03, replacing Y,0s3, increased the values of o and Kj.
of AIN ceramics. Using a stochastic model based on the
fracture path, they concluded that the increase in strength
was caused by the increase in both the fracture toughness
of grain boundaries and the fracture toughness of AIN
grains [9]. Similarly, it has been attributed that additions of
CaO decrease the mechanical properties (o¢ and Kj.) of
AIN because the fracture path changes to intergranular
mode [10].

At high temperature, the mechanical behavior of AIN
ceramics is usually investigated in inert environments. For
a hot-pressed pure AIN tested at 1,027 °C in nitrogen
atmosphere, De With and Hattu [11] observed that oy
diminished 21% while Kj. increased 15% in relation to the
values measured at room temperature. Li and Watanabe
[12] investigated a pressureless sintered AIN with 2 vol.%
Y,05 in argon atmosphere and also observed a decrease of
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40% in o between room temperature and 1,500 °C. In
creep studies [13—-16], AIN ceramics have shown inter-
granular deformation controlled by diffusional creep, for-
mation of dislocation network, and cavitation in grain
boundaries.

It has been observed that AIN with Y,0O3; substrates
oxidize in air above 800 or 900 °C [17, 18]. The oxidation
layer formed at the surface may decrease the flexural
strength of AIN substrates at room temperature, since the
thermal expansion mismatch between AIN and Al,O3; may
introduce severe cracking in this layer [18]. For a hot-
pressed pure AIN, the flexural strength measured in air
decreased 37% with the increase of testing temperature
from room temperature to 800 °C and then remained
almost constant up to 1,300 °C [19].

As shown, there are only few works that investigated the
high temperature mechanical properties of sintered AIN
ceramics. For application of AIN as structural material, it is
important to know the mechanical behavior in oxidizing
environments. In this work, the values of flexural strength
and fracture toughness of an AIN with 5 wt% Y,05; were
measured in air between room temperature and 1,300 °C.
Using fractographic analysis, the defects that limited the
strength could be identified and the fracture mode could be
correlated to the variation of mechanical properties.

Experimental

AIN powder (grade C, Stark) and 5 wt% Y,03; powder
(grade C, Stark) were ball-milled for 24 h in a plastic-
coated jar, using high-purity alumina balls and isopropyl
alcohol as milling medium to avoid the hydrolysis of the
AIN powder. A binder (polyethylene glycol, 2 wt%) was
added to the suspension in the last hour of milling. The
suspension was dried in a rotoevaporator and the powder
was granulated using an 80 mesh nylon screen. The gran-
ulated powder was first uniaxially pressed in a steel mold
with cavity area of 50 x 70 mm at 20 MPa and then iso-
statically pressed at 190 MPa. The green plates were ver-
tically placed on a bed of AIN powder inside a graphite
crucible internally covered with a BN coating. This pro-
cedure was adopted to avoid an excessive reducing atmo-
sphere (CO gas) near the green plates, which can cause
evaporation of additives and inhibition of densification
[20]. The plates were pressureless sintered at 1,820 °C for
1 h, after a debinding step at 500 °C for 1 h, in a graphite
heated furnace (1000-4560-FP20, Thermal Technology)
using a high-purity N, gas flow (2 L/min). The heating and
cooling rates were 10 and 30 °C/min, respectively. The
surfaces of sintered plates (dimensions of 58 x 38 x
7 mm®) were machined and then the plates were sliced to
prepare bar specimens. The specimens were then machined
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to dimensions of 3 x 4 x 58 mm® in accordance to the
recommendations of ASTM C-1211 standard. For bending
test, the surface loaded in tension was polished with
varying diamond grits (from 15-0.25 pm). The corners of
the bar specimens were beveled to remove edge chipping.

The flexural strength was measured at room tempera-
ture, 800, 1,000, 1,200, and 1,300 °C in air using a fully
articulated four-point bending fixture (SiC) with 20 and
40 mm spans. A testing machine (Syntech 5/G, MTS) was
used in the bending tests and the crosshead speed was
0.5 mm/min. For high temperature tests, a MoSi, heated
furnace was used. The heating rate was 30 °C/min up to the
temperature 100 °C below the testing temperature, and the
final heating rate was 5 °C/min. The specimen was soaked
at the testing temperature for 6 min before loading. A pre-
load of 5 N was applied to the specimens to avoid the
displacement of supporting rollers during the heating cycle.

The fracture toughness was determined using the surface
crack in flexure (SCF) method. A controlled semi-elliptical
surface flaw was introduced at the center of the tension
surface using a two-step procedure. First, a Knoop inden-
tation with a load of 71 N was impressed with its longer
diagonal transversally aligned to the longer axis of bar
specimen. Second, the indented surface was ground with a
1,000 grit emery paper to remove a layer of material
(thickness of ~50 pm). This procedure removed the
residual stress zone associated to the Knoop impression,
leaving a semi-elliptical stress-free precrack at the surface.

The specimen was then tested using the four-point
bending fixture with 20 and 40 mm spans to record the
fracture stress, with the same testing conditions used for
flexural strength measurement. The width and depth of
semi-elliptical surface flaw were measured on both frac-
tured surfaces using an optical microscope (DMRXE,
Leica) and a scanning electron microscope (JMS 6300,
Jeol). The value of fracture toughness, K., was calculated
using the equations proposed in ASTM C-1421 standard.
The fracture toughness at high temperature (800, 1,000,
1,200, and 1,300 °C) was also determined in air, using the
same heating cycle used for flexural strength measurement
at high temperature.

The Young’s modulus at room temperature was deter-
mined by the pulse-echo method using a pulser-receiver of
200 MHz (5900 PR, Panametrics) and the bulk density was
determined by Archimedes method. The crystalline sec-
ond-phase was identified by X-ray diffraction analysis
(Rint 2000, Rigaku) and the microstructural and fracto-
graphic analyses were performed using optical microscopy,
scanning electron microscopy (SEM), and energy disper-
sive spectroscopy (EDS, Noram) coupled to the SEM. The
size of the defect that limited the flexural strength was
calculated as geometric average of the long and short axis
assuming an elliptical or semi-elliptical shape [21].
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The results in the text are shown as average *+ one
standard deviation in the mean. Four to six specimens for
each mechanical testing condition were evaluated. The
statistical analysis of the results used Student’s r-test
method at 90% confidence interval. The SEM images
shown in the next section are secondary electron images,
except when another type (backscattered electron image) is
indicated.

Results and discussion

The bulk density of pressureless sintered AIN with 5 wt%
Y,03 specimens was 3.33 + 0.01 Mg/m3 (99.6% of the
theoretical density). The microstructure of this material had
isometric AIN grains (grain size of ~5 pum), second-phase
particles of YAG (3Y,05-5A1,03) at the grain boundaries,
and few residual pores (Fig. 1). In Fig. 1, the secondary
electron image shows two different gray colors in the AIN
matrix, but the reason for this contrast could not be
accessed since the backscattered electron images did not
show any contrast and EDS analysis detected only Al and
N in different regions of the AIN matrix.

Flexural strength

The results of the four-point flexural strength (o¢4) mea-
surements in air at several temperatures are shown in
Table 1. The strength decreased with the increase of testing
temperature up to 1,000 °C. The reduction at 800 °C was
almost 15% in relation to the value measured at room
temperature (277 MPa). Between 1,000 and 1,300 °C, the
strength stabilized at around 220 MPa (a reduction of

Fig. 1 SEM micrograph of AIN with 5 wt% Y,O; sintered at
1,820 °C. EDS analysis detected N and Al in the dark grains and O,
Al, and Y in the light particles, which were identified by XRD
analysis as AIN and YAG (3Y,03-5A1,05) phases, respectively

Table 1 Results of four-point flexural strength (o¢4) and fracture
toughness (Kj.) measured in air as a function of testing temperature

T (°C) 54 (MPa) K. (MPa m"?)
30 277 + 38° 2.98 £ 0.11%
800 236 + 34*° 291 + 0.17%°
1,000 226 + 47° 2.50 + 0.06°
1,200 220 + 35° 2.88 £+ 0.11*
1,300 226 + 15° 2.99 + 0.06*

The results of each column followed by the same letter are not sta-
tistically different at 90% confidence interval

~20% with respect to the room temperature value). This
trend was similar to that observed for the hot-pressed pure
AIN tested in air [19].

Fractographic analysis showed two types of defects as
fracture origin, irrespective of the testing temperature. The
first type was a semi-elliptical surface flaw with dimen-
sions of up to 100 pm (Fig. 2a). These defects were
probably introduced during the machining or polishing
steps, even though a careful procedure was adopted to
minimize the occurrence of surface damages. The image
shown in Fig. 2a was taken from an area inside the mirror
region, and the hackle lines surrounding this region were
observed at lower magnifications confirming that the
indicated surface flaw was the fracture origin that limited
the flexural strength. The second type consisted of large
pores with dimensions ranging from ~ 100 to 200 pum
(Fig. 2b). The size and shape of these pores indicated that
they were processing defects, possibly organic inclusions
introduced during the powder preparation, which was
burned out during the heating stage of sintering cycle. In
fact, the analysis of green bodies showed the presence of
large carbon-rich particles (Fig. 3a). In some cases, around
the large pores in sintered specimens, regions depleted of
second-phase particles were observed (Fig. 3b). This
probably occurred because a reducing CO gas, formed by
the reaction between the organic inclusion and the oxides
(Y,03 additive and Al,O3 from surface of AIN particles),
caused the local evaporation of the second phase [20]. The
source of the powder contamination is not clear yet, but it
seems that the nylon screen used to granulate the powder
was the source. Hereinafter, the first type of defects will be
referred as surface defect and the second type as volume
defect (Fig. 2).

In Fig. 4, the values of the fracture stress of all speci-
mens are plotted with the identification of the type of
fracture origin, surface (S), or volume (V) defect. In gen-
eral, higher fracture stresses were observed in specimens
fractured from surface defects. At room temperature, the
four-point flexural strength (o¢4), considering only the
specimens fractured from surface defects, was 305 MPa,
while considering only volume defects the strength was
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Fig. 2 SEM images of fracture origins: a semi-elliptical surface flaw
(surface defect); and b large pore (volume defect)

248 MPa. These results showed that the large pores
(Fig. 2b) reduced the material’s strength by 19%. Although
the surface defects are in principle more deleterious to
mechanical strength than volume defects [6], the size of
large pores made the volume defects in this case more
severe. The microstructural analysis showed only a few
large pores on the polished surface of bending bars and the
measured volume fraction of these pores was only 0.01%.
These large pores, however, limited the strength of around
50% of the tested specimens (Fig. 4). These results show
that AIN ceramics are sensitive to large processing defects,

@ Springer

Fig. 3 SEM images of: a a carbon-rich inclusion (indicated with
letter C) in an AIN green body (confirmed by EDS analysis); and
b backscattered electron image showing a large pore in a sintered
body probably caused by the decomposition of an organic inclusion
and a region around the pore depleted of YAG phase (light areas)

as has been observed in other ceramics, like Al,Oz and
Si3Ny [22, 23].

Figure 5 shows SEM images of polished surfaces of the
specimens exposed at high temperatures in oxidizing
atmosphere (air) during the thermal cycle of the bending
test. The microstructure of the surfaces heated to 800 and
1,000 °C (Fig. 5a) did not show any change, like the for-
mation of oxidation layers or the occurrence of surface
attacks, and its characteristics were similar to the initial
surface (Fig. 1). The EDS analysis of the exposed surface,
however, detected a small fraction of oxygen, indicating
that the oxygen diffused into the material even at 800 °C.
The surface of specimens heated to 1,200 °C was slightly
attacked, highlighting the AIN grain structure. At 1,300 °C,
the oxidation was more severe and the specimen’s surface
was rougher than at 1,200 °C, but no oxidation layer could
be observed (Fig. 5b). The EDS analysis indicated an
increase in oxygen content on the polished surface with the
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Fig. 4 Four-point flexural strength (of4) as a function of testing
temperature. S and V indicate the type of fracture origin: surface or
volume defect, respectively. Full line shows the tendency of variation
of average values

increase of testing temperature. However, the oxidation of
AIN surface did not influence the flexure strength between
1,000 and 1,300 °C (Fig. 4).

Fracture surface micrographs of the specimens tested at
different temperatures are shown in Fig. 6. Specimens tested
at room temperature showed predominantly transgranular
fracture (Fig. 6a). The increase of the testing temperature to
800 °C increased the occurrence of intergranular fracture,
but the fracture path was predominantly transgranular
(Fig. 6b). At higher temperatures (>1,000 °C), the fracture
mode changed significantly, since the surfaces presented
predominantly intergranular fracture (Fig. 6¢c, d). The
results indicate that the fracture of AIN with 5 wt% Y,03
was dominated by the fracture of AIN grains up to 800 °C,
and above this temperature, it was controlled by fracture at
the grain boundaries. The change of fracture mode from
transgranular to intergranular with the increase of testing
temperature was correlated with the decrease of flexural
strength up to 1,000 °C (Fig. 4). The weakening of grain
boundaries possibly is associated with the mechanical
behavior of YAG second-phase in these boundaries.
Although single-crystal YAG is one of the most creep-
resistant oxides [24, 25], the strain rates are significantly
higher in polycrystalline YAG [26] and sintered Al,O3—
YAG composite, because the grain boundaries and amor-
phous phase at the interfaces are rapid paths to diffusion
process [27]. In addition, the flexural strength of sintered
Al,O3-YAG composites decreased rapidly above 800 °C,
and the fracture mode was intergranular [28]. Similarly, the
YAG/AIN interfaces can have contributed to the weakening
of AIN grain boundaries.

Fracture toughness

The results of the fracture toughness (Kj.) measurements at
several temperatures in air are shown in Table 1. At the

Fig. 5 SEM micrographs of the tension surface of specimens tested
at: a 1,000 °C and b 1,300 °C

90% confidence interval, there was no significant difference
between the values of Kj. measured at room temperature
and 800 °C (Table 1), but the value measured at 1,000 °C
was significantly lower than the value measured at room
temperature (reduction by 16%). Above 1,000 °C, Kj.
increased significantly with the increase of testing temper-
ature up to 1,300 °C. For this temperature, the average
value of K. was close to that measured at room temperature
(2.98 £ 0.11 MPa m'"?). Abe et al. [7] reported a similar
result (2.9 MPa m"?) for an AIN with 5 wt% Y,Oj5 tested
by the SCF method at room temperature.
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Fig. 6 SEM micrographs
showing the fracture path of
specimens broken in flexural
test at different temperatures:
a room temperature; b 800 °C;
¢ 1,000 °C; and d 1,300 °C

Stewart and Bradt [29] proposed an equation for the
decrease of Kj. with the increase of temperature based on
the decay of elastic modulus:

dfT“ = mé/zi—\/_ivz)l/z[(%) _%(E“) _%G_;)]’
(2)

where A is the relaxation distance of ion forces, ay the
interatomic distance, v the Poisson’s ratio, E the Young’s
modulus, and o the linear thermal expansion coefficient.
Considering o = 5.6 x 107° °C~" [30], data of dE/dT for
AIN with 4 wt% Y,0; from Bruls et al. [31], dv/dT = 0
[29], and calculating the term /1\/ 2/mal*(1 — v*)"? using
the measured values of Kj. and E at room temperature, the
predicted decay of Kj. with temperature from Eq. 2 could
be calculated, and it is plotted in Fig. 7 together with the
experimental data.

The measured value of K. at 800 °C is in good agree-
ment with that predicted by the model proposed by Stewart
and Bradt [29]. Therefore, the slight decrease in Kj. at
800 °C can be attributed to the decrease in Young’s
modulus of AIN. The predominance of transgranular frac-
ture mode at this temperature (Fig. 6b) reinforces this
explanation [29]. This means that the fracture toughness of
the AIN grains controlled the overall Kj. of material [9,
32]. The rapid decrease of Kj. above 800 °C seems to be
related to the fracture mode change from transgranular to
intergranular. The fracture path was predominantly inter-
granular at 1,000 °C (Fig. 6¢) indicating that Kj. was
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Fig. 7 Fracture toughness (K1) as a function of testing temperature.
The dotted line is the curve predicted from Eq. 2

affected by the mechanical behavior of YAG second-phase
at grain boundaries or YAG/AIN grain interfaces, which
means that the material’s Kj. was controlled by the fracture
toughness of grain boundary [9, 32]. A spinel (MgAl,Oy)
ceramic also showed an abrupt change of the decay rate of
Kj. with temperature, when the fracture path changed from
a mixed (inter and transgranular) mode to a complete
intergranular fracture mode [29]. This rapid decrease of Kj.
with increase in temperature, above the fracture mode
transition temperature, was attributed to an operation of
inelastic mechanisms at high temperature [29]. Stewart and
Bradt [29] refuted the possible grain size dependent
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mechanisms, such as loss of grain-boundary coherence and
crack-tip plasticity-enhanced crack propagation, since Kj.
was not influenced by the grain size.

The reason for the increase in Kj. above 1,000 °C is not
clear. This increase could explain the maintenance of the
flexural strength between 1,000 and 1,300 °C (Fig. 4),
counteracting the weakening of grain boundaries. In case of
brittle fracture, the measured mechanical properties must
follow the Griffith—Irwin relation (Eq. 1). Using this equa-
tion (considering ¥ = 1.24) [21] and the measured values of
flexural strength and fracture toughness (Table 1), the
critical flaw size was calculated and then compared with
the values measured by fractographic analysis (Fig. 8). The
calculated values were fairly close to the measured values
for the specimens tested at 1,000 °C, validating the Ki.
measured at this temperature, and discarding the possible
operation of an inelastic mechanism, which could have lead
to invalidate the Griffith—Irwin relation (Eq. 1). This result
reinforces the rationale that the material’s Kj. at 1,000 °C
was controlled by the fracture toughness of the grain
boundaries. However, the calculated values of the flaw size
were higher than the measured values for specimens tested
at 1,300 °C (Fig. 8), indicating that the value of K}, mea-
sured at this temperature was overestimated.

The precrack introduced by SCF method was clearly
identified in all specimens tested. There was no significant
difference between the precrack surfaces of the specimens
tested at 1,000 and 1,300 °C, which could explain the
increase of Kj. value in this temperature range. Also, no
halo, indicative of the occurrence of slow crack growth,
was observed around the precrack front, excluding the
necessity to introduce corrections on the precrack dimen-
sions [33, 34]. Significant effects of air oxidation on the
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Fig. 8 Calculated flaw size (Cc) versus measured flaw size (Cm).
The full line represents Cc = Cm

surfaces of specimens tested above 1,000 °C (Fig. 5b)
suggested that oxidation may have affected the precrack
characteristics of the specimens tested at 1,200 and
1,300 °C. In addition, as Li and Watanabe [12] observed a
continuous decrease in flexural strength with the increase
of temperature in an AIN with 2 vol.% Y,0O; tested in
argon atmosphere, surface oxidation seems to have influ-
enced the arresting of flexural strength with the increase in
temperature. A careful SEM analysis on the crack tips and
crack wakes, however, did not show any evidence of the
occurrence of crack-tip blunting, microcreep, or bridging
ligaments, which could have resulted in crack healing.
Therefore, it was not possible to identify the toughening
mechanisms which have operated above 1,000 °C. Further
work involving, for example, time-dependent loading
experiments and testing in different atmospheres, which are
beyond the scope of this work, is needed to clarify this
issue.

Conclusions

The mechanical testing in air and fractographic analysis of
the pressureless sintered AIN with 5 wt% Y,0O3 showed the
following:

(i) The fracture toughness, Kj, slightly decreased from
room temperature to 800 °C following the decay of
Young’s modulus. The predominance of transgran-
ular fracture mode in this temperature range supports
that the material’s Kj. was controlled by the fracture
toughness of AIN grains. At 1,000 °C, Kj. decreased
significantly because of the weakening of second
phase or YAG/AIN interface, changing the fracture
mode to intergranular. The material’s Kj. at this
temperature was controlled by the fracture toughness
of the grain boundaries. Above 1,000 °C, Ki.
increased significantly and at 1,300 °C its value
was close to that measured at room temperature.

(i) The flexural strength, o¢ 4, decreased up to 1,000 °C,
because of the decrease of Kj., then remained almost
constant up to 1,300 °C, possibly because an oxida-
tion related mechanism counterbalanced the grain-
boundary weakening.

(iii) The mechanical strength of AIN with 5 wt% Y,O;
was sensitive to small fraction (0.01 vol.%) of large
pores caused by the organic inclusions introduced
during ceramic processing.
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