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Abstract

Cobalt-coated Al,0O5 and TiC powders were prepared using an electroless method to improve resistance to thermal shock. The
mixture of cobalt-coated Al,O5 and TiC powders (about 70 wt.% Al,O3;—Co + 30 wt.% TiC—Co) was hot-pressed into an Al,O3—
TiC—Co composite. The thermal shock properties of the composite were evaluated by indentation technique and compared with the
traditional Al,O5-TiC composite. The composites containing 3.96 vol.% cobalt exhibited better resistance to crack propagation,
cyclic thermal shock and higher critical temperature difference (AT.). The calculation of thermal shock resistance parameters (R
parameters) shows that the incorporation of cobalt improves the resistance to thermal shock fracture and thermal shock damage. The
thermal physic parameters are changed very little but the flexure strength and fracture toughness of the composites are improved
greatly by introducing cobalt into Al,O;-TiC (AT) composites. The better thermal shock resistance of the composites should be
attributed to the higher flexure strength and fracture toughness.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramic materials possess excellent high temperature resistance. However, the brittleness, higher elastic modules,
bad plastic deformation ability and lower thermal conductivity of ceramic materials lead them to be sensitive to
environments in which the temperature fluctuates rapidly. Therefore, the full exertion of high temperature resistance of
ceramic materials depends on the resistance to thermal shock. Al,O;-TiC (AT) composites are a kind of important
engineering ceramics and have been widely used in various engineering fields [1-3]. In many applications the Al,O3—
TiC composites are often exposed to rapid temperature changes, which might cause severe thermal stress and thermal
shock damage due to their lower strength and bad thermal properties. Consequently, how to improve the thermal shock
resistance of AT composites has been an important issue in their structural applications.

It has been known that the incorporation of metal phase into alumina matrix can bring about improvement on
mechanical properties, including thermal shock performance [4-7]. Yet, in order to guarantee the higher hardness the
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Table 1

Thermal physic parameters of Al,O3, TiC and cobalt

Materials o (x107°K™h k (W/m K) E (GPa) v
Cobalt 12.5 100 210 0.31
TiC 7.4 22 462 0.19
Al,O; 8.8 26 380 0.26

content of metal phase is very low. The few metal phases cannot be homogeneously dispersed in matrix by using
traditional technology, which results in serious metal particles agglomeration. The powder coating technique has been
proved to be an effective method in processing ceramic—ceramic composites [8,9]. It was found to greatly improve the
homogeneity and sinterability of composites, and consequently their mechanical properties and thermal shock
resistance.

Comparing with Al,O5; and TiC, cobalt possesses a unique set of thermal physical properties (see Table 1), e.g.
higher thermal conductivity and lower Young’s modulus, which contributes to the improvement of thermal shock
resistance of Al,O3—TiC—Co composites (ATC). In the research, the ATC composites were prepared from the cobalt
coating powders that were obtained by a newly developed coating technique, which was expected to improve the
mechanical and thermal shock resistance.

The thermal shock resistance of ATC composite was evaluated by indentation-quench technique and parallel
reference experiments were conducted with AT composites. In order to assess specially the effects of cobalt phase on
thermal shock behavior, four thermal shock parameters (R parameters) were introduced for the two composites in
terms of their mechanical and physical properties.

2. Experimental procedures
2.1. Material preparation and mechanical properties

The Al,O5 (average particle size ~40 nm) and TiC (average particle size ~130 nm) powders were coated with
cobalt film (about 3.96 vol.%) by using electroless method, respectively. In the chemical deposition method,
CoS04-7H,0 is reduced by NaH,PO, to form a thin film of cobalt on the surface of Al,O3 and TiC, respectively. The
two kinds of ceramic powder were mixed at a ratio of 70 wt.% Al,03;—Co to 30 wt.% TiC—Co and homogenized by
ultrasonic dispersion as the starting powders (provided by copartners of Ningbo Lingri Surface Engineering Co. Ltd.,
Zhejiang, China). Then the starting powders were hot-pressed in vacuum at 1650 °C for 30 min under a pressure of
30 MPa (Model HIGH MULTI 5000, FUJI DENPA, Japan). As a comparison study, Al,O5;-TiC composites (about
70 wt.% Al,O5 + 30 wt.% TiC) were prepared in the same sintering process. The hot-pressed bodies were cut into
bars, ground and polished to 1 um finish before flexure strength and fracture toughness testing. Five samples were
tested for either flexure strength or fracture toughness. The flexure strengths were measured in three-point test
(3 mm x 4 mm X 36 mm in size); fracture toughness tests were performed by the single edge notched beam (SENB)
method (2 mm X 4 mm X 36 mm in size) at a loading rate of 0.5 mm/min with a notch (2 mm in depth and 0.25 mm in
width) and a span of 20 mm; and HD-187.5 Brinell tester was used to test hardness. Relative density was measured by
Archimedes method. The phase composition of the polished samples was identified using X-ray diffractometry (XRD;
Model D/max-rA, Rigaku Co., Japan) using Cu Ka radiation.

2.2. Indentation thermal shock

The indentation thermal shock technique developed by Andersson and Rowcliffe [10] was used to study the thermal
shock and thermal fatigue behavior of the materials. In this technique, the thermal shock resistance is measured by
studying the propagation of median/radial cracks around a Vickers indentation after single or repeated quenching. The
specimens for thermal shock were disk shaped, with a diameter of ~30 mm and a thickness of 3 mm (Fig. 1a), with
parallel 1 um polished surfaces. Three specimens were tested for each composite. The four indentations were made
uniformly, using a load of 294 N, on polished surfaces of each specimen. The holding time of each indentation was 5 s,
and the interval between successive indentations was 60 s. Each indentation comes into being four cracks (Fig. 1b).
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initial crack length

Fig. 1. (a) The sample for indentation-quench technique. (b) Schematic of Vickers indentation crack.

The quenching experiments were performed in a vertical tube furnace in air. The specimens were inserted into a
preheated furnace at the testing temperatures and then were held there for 30 min before they were quenched into a
bath of water (~25 °C). The test was conducted at temperature differences, AT, of 100-200 °C. The radial crack
lengths of each indentation were measured using optical microscopy before and after quenching. To study the thermal
fatigue behavior of two composites, repeated thermal shocks (up to 15 cycles) were performed for selected AT value of
100 °C. The fracture surfaces and indentation cracks propagation were investigated using a scanning electron
microscope (SEM; Model S-2500, Hitachi).

3. Results and discussion
3.1. Mechanical properties and microstructure

Fig. 2 shows the XRD analysis of ATC composite. The final phases are Al,03, TiC and cobalt, in which Al,05; and
TiC are major phases. The basic properties of the composites produced are summarized in Table 2. The two
composites made in this study are almost fully dense. A linear intercept method has been used to evaluate the grain size
of AT and ATC composites [11]. The grain sizes are also shown in Table 2. ATC composites have a smaller mean grain
size than AT composites. This suggests that the grain growth in ATC is suppressed by cobalt particles that pin grain
boundaries.

Hardness, flexure strength and fracture toughness of the two composites are also presented in Table 2. Hardness of
ATC composites decreases slightly with addition of the cobalt phase. However, there is significant improvement in
either flexure strength or fracture toughness of the ATC composites over that of AT composites.
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Fig. 2. XRD pattern of sintered ATC.
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Table 2
Composites date and properties
Composites AL O3 TiC Cobalt Relative Grain size Hardness Flexure Fracture toughness
(vol.%) (vol.%) (vol.%) density (um) (HRA) strength (MPam'?)
(gem™) (MPa)
AT 74.2 25.8 / 98.7 2.9 92.8 412 £ 65 4.10 + 0.60
ATC 71.28 24.76 3.96 99.5 24 92.7 782 £+ 60 7.81 £0.80

It is well known that the thermal expansion mismatch led to residual comprehensive stress between TiC particles
and Al,O3 matrix, which is considered to be the primary toughening mechanism of AT composites [3]. Fig. 3 shows
the typical SEM micrographs of the fracture surfaces of AT and ATC composites. The fracture surface of ATC shows a
large proportion of transgranular cracks with some intergranular type (Fig. 3a), unlike the intergranular fracture mode
of AT (Fig. 3b). In addition, cracks have been observed in the fracture surface of ATC composites (Fig. 3c), where TiC
particles play an effective role in crack branching, bridging and deflection. It is suggested that cobalt phase improves
interfacial bonding, leading to the change of fracture mode. This shows that the addition of 3.96 vol.% cobalt to AT
composites can change the fracture mode of the AT from predominantly intergranular to transgranular.

3.2. Indentation thermal shock

Two parameters, namely fraction of cracks propagated, %P, and crack extension, %E, are defined as follows [12]:

A
%PZWNX 100 (1)

where N(=48) is the total number of available radial cracks around the indentation and AN the number of radial cracks
propagating after thermal shock loading.

A
WE = TC % 100 )

where c is the average indentation crack length before thermal shock loading and Ac is the average crack length
extended after thermal shock loading; only cracks which extended are considered in calculating %E.

Table 3 and Fig. 4 summarize crack growth behavior in the AT and ATC composites after single quenching into a
bath of water (~25 °C). The data show that %P and %E are dependent on AT, and the higher AT, the higher %P and
%E. From temperature difference 100 to 200 °C, the AT composites exhibit poor crack growth resistance after a single
thermal shock, in that %P and %E are higher than for ATC composites. The partly cracks run through the surfaces for
the two composites at temperature difference 200 °C.

Fig. 5 shows the Vickers indentation SEM micrographs of the two composites before and after thermal shock. The
indentation shapes of ATC are more intact than ones of AT no matter what are before or after thermal shock.

Fig. 3. SEM micrographs of the fracture surfaces: (a) AT composites (b) and (c) ATC composites.
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Table 3
Crack growth data for single thermal shocks
Composites Crack growth
AT =100 °C AT=125°C AT =150 °C AT=175°C AT =200 °C
%P %E %P %E %P %E %P %E %P DE
ATC 18.8 11.9 50 14.5 62.5 19.7 66.7 243 100 #
AT 25.0 14.5 58.3 23.7 68.8 333 77.1 414 100 N

? Denotes partly cracks run through the whole sample surface.

Fig. 6 shows the indentation crack propagation SEM micrographs of the two composites. The ATC composites
show better crack propagation resistance than AT composite no matter what are before or after thermal shock. The
crack propagation routes of ATC composites are more winding than those of AT composites no matter what are before
or after thermal shock. There are more TiC particles that play a role in crack bridging in ATC composites than in AT
composites. Moreover, there are some TiC particles that play a role in crack branching in ATC composites. As
mentioned above, the presence of the cobalt phase could, to some extent, promote the crack bridging and branching of
TiC particles. The ATC composites show better resistance to thermal shock than AT composites.

Table 4 and Fig. 7 show crack propagation after repeated thermal shocks, at AT value of 100 °C. With cycles
increasing crack propagation accelerated. The all indentation cracks of the two composites propagated after 15 cycles.
The AT composites are more sensitive to repeated thermal shock. The surface of AT composites was spalled (Fig. 8)
under thermal stress, which is the weakness of the kind of material in utilization. The ATC shows better resistance to
repeated indentation fatigue.

Thermal shock of ceramics includes the fracture initiation and cracks propagation. The theory of cracks
propagation is based on Hasselman research [13]. The theory divides the relationship between flexure strength and
thermal shock temperature difference into three ranges. When thermal shock temperature difference (A7) is lower
than critical temperature difference (AT.) the flexure strength keeps the original value. When AT is equal to AT,
the flexure strength degrades quickly. When AT is higher than AT, the flexure strength keeps a constant. The
thermal shock behaviors of all ceramic materials possess the characterizations above mentioned. The different
ceramic material only shows different critical temperature difference (AT.). %P and %E are dependent on AT and,
the higher AT, the higher %P and %E [12]. The critical temperature difference AT, can be quantitatively defined
with reference to %P and %E as the lowest temperature difference where two criterions are simultaneously
fulfilled. The one is that average extension of the crack is >10% of the original length (this criterion ensures
that the crack extension is larger than any measurement errors). The other is that more than 25% of indentation
cracks propagate (this criterion eliminates chance growth of single cracks and ensures statistically significant
data of crack growth). According to the two criterions, AT, is 100 °C for AT and 125 °C for ATC. For a thermally
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Fig. 4. Crack growth behavior in AT and ATC composites after single thermal shock: (a) fraction of cracks propagated %P and (b) extension in
length of propagated cracks %E.
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Fig. 5. SEM images of Vickers indentation crack before and after thermal shock: (a) AT before thermal shock and (b) AT after thermal shock:

(AT =200 °C). (c¢) ATC before thermal shock and (d) ATC after thermal shock (AT =200 °C).

shocked ceramic material, a critical AT, for a sudden temperature changes is given by the following equations

[14]:
A czof(l—v)L
=5 75
1 _
m:(1.5+——05 C/ﬂ)
th
F=%

3)

4)

®)

where oy s the initial flexure strength, v the Poisson ratio, B and C shape factors of samples depending on the specimen
geometry, 8 the Biot modulus, E the Young modulus, « the thermal expansion coefficient, ¢ a characteristic heat
transfer length (half the thickness of the plate), k the thermal conductivity and £ is the surface heat transfer coefficient
acting between the plate and the cooling medium. f(8) is the damping parameter of the thermal shock (ranging from 0
to 1) and is a function of the Biot modulus. For an infinite plate, Manson [15] has derived a semi-empirical equation

relating B and 1/f(B) over the range 0 < 8 < 5 as follows:

1 3.25
=154+ 22
7B "B

(6)
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Fig. 6. SEM images of crack propagation before and after thermal shock: (a) AT before thermal shock and (b) AT after thermal shock (AT =200 °C).
(¢) ATC before thermal shock and (d) ATC after thermal shock (AT =200 °C).

Lower « and higher & result in lower thermal stress during thermal shock, consequently leading to the higher value
of AT.. The thermal physics parameters of AT and ATC composites (such as v, «, E and k) were assumed to be
identical, and this assumption is basically reasonable for ATC composites with only 3.96 vol.% cobalt addition. And B
and C the shape factors of AT and ATC composites are both identical, so the damping parameters of the thermal shock
are also identical (see Eq. (4)). According to Eq. (3) the critical AT, depends on flexure strength oy. The flexure strength
o can be expressed as follows [7]:

Kic

Uf:Y\/a (7)

where Yis a coefficient depending on shape and dimensions of crack and loading forms, C crack dimensions and Kj¢ is
fracture toughness. Thus the critical temperature difference of ATC composites is higher than that of AT composites,

Table 4
Cyclic thermal shock crack propagation of AT and ATC composites
Material AT (°C) 1 cycle 5 cycles 10 cycles 15 cycles

%P %E %P %E %P DE %P %E
ATC 100 18.8 11.9 50.0 423 72.9 68.4 100 87.5%
AT 100 25.0 14.5 59.4 50.7 75.0 81.3 100 95.8*

 Partly cracks run through the surfaces.
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Fig. 7. Crack growth behavior in AT and ATC composites after cyclic thermal shock: (a) fraction of cracks propagated %P and (b) extension in
length of propagated cracks %FE.

which should be mainly attributed to the higher flexure strength and fracture toughness of ATC composites (see
Table 2).

The thermal shock resistance of brittle materials depends on thermal physics properties and mechanical properties.
Several thermal shock parameters (R parameters) have been defined to relate these materials to their thermal

resistance, considering the crack initiation and crack propagation conditions, respectively. The common used ones are
defined as following [7]:

_op(l—v)
R="F ®
R — kR ©)
v Eyy (Kic/ot)
R S (1=v)er 1—v (10)
e \ 12
st [ _/f
R = (Ea2> (1)

r
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Fig. 8. Surface spalling of AT composites after cyclic thermal shock.
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Table 5

Thermal physics properties and R parameters of AT and ATC composites

Materials o (x107°K) k (W/m K) E (GPa) v v (J/m> R (°C) R (W/m) RY (107°) R (m'" K™
AT 8.2 23.9 401 0.24 21.0 95 2271 130 0.88

ATC 8.2 239 401 0.24 774 180 4302 131 1.69

where y; is the surface fracture energy and other parameters were seen above. R and R’ parameters predict the critical
AT, in a body under conditions of sharp and moderate heat or cold flow, respectively, which are expressed as the
resistance to crack initiation. R'Y and R™ parameters express the ability of a material to resist crack propagation and
further damage and loss of strength with increasing severity of thermal shock. Higher R" and R*' values indicate crack
stability once the critical AT, is exceeded. The calculated thermal shock parameters (R parameters) are listed in
Table 5. As shown in Table 5, the calculated values of R show that the ATC composites possess a higher AT, than that
of AT composites, with an increase of 85 °C, which is mainly attributed to flexure strength. However, the result is
higher than the experimental cure, which may be associated with the deviation of experimental data. Compared with R,
there is a greater increase in R’, which shows that the difference of the critical temperature difference between ATC
composites and AT composites will become large when materials are under conditions of moderate heat or cold flow.

R" shows the ability of material to resist thermal shock damage. The calculated values of R indicate that the
resistance to thermal shock damage of the two composites is no distinct difference. R* of ATC composites increases
around 92.1% as a result of their higher surface fracture energy. According to Eq. (12) [7], material surface fracture
energy is directly proportional to fracture toughness. The higher fracture toughness results in higher surface fracture
energy. Therefore the higher thermal shock parameters are mainly attributed to higher fracture toughness. In addition,
R*is directly proportional to AT, [7], which indicates critical AT, of ATC composites should be higher than that of AT
composites. The flexure strength and fracture toughness for ATC composites are increased by 89.8% and 90.5% in
comparison to those for AT composites. The influence of 3.96 vol.% cobalt on thermal physics parameters of ATC
composites are little, even it can be ignored. However, cobalt phases greatly enhance the flexure strength and fracture
toughness that improves the thermal shock resistance of ATC. In a word, the better thermal shock resistance of ATC
composites is mainly attributed to their higher flexure strength and fracture toughness.

2
_ KIC

T 2E (12)

Vi

4. Conclusions

Indentation techniques have been successfully used to study the thermal shock behavior of AT and ATC composites.
For a single thermal shock in the AT range 100-200 °C and repeated thermal shock in the AT 100 °C, an increase in
thermal shock resistance over AT composites can be observed in ATC composites with an addition of 3.96 vol.%
cobalt. The two composites are both sensitive to repeated thermal shock. The surface of AT composites was spalled
after 15 cycles. The experimental results show that the critical temperature difference for ATC composites (~125 °C)
is improved about 25 °C compared with that of AT composites (~100 °C). The calculated results of four thermal shock
parameters show the ability of ATC composites to thermal shock fracture and thermal shock damage is better than that
of AT composites. The thermal physics parameters of ATC composites are changed very little with adding small
amounts of cobalt but the flexure strength and fracture toughness of ATC composites are greatly improved, leading
them to higher thermal shock parameters. So the better thermal shock resistance of ATC composites should mainly be
attributed to the enhanced strength and toughness.
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