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ABSTRACT

Thermal shock parameters (R, R" and R") have been evaluated using three point bending
strength and Young’s modulus values for magnesium aluminum oxynitride-boron nitride
(MgAION-BN) composites. The calculation indicated that thermal shock resistance of MgAION
was improved by BN addition. The single thermal shock testing was carried out by means
of quenching the specimen from high temperatures (AT in the range 400-1500°C). The
damage introduced by thermal shock was characterized by the degradation of three point
bending strength. The experimental results indicated that MgAION-15vol%BN composite
showed a better resistance to thermal shock than that of MgAION, which showed the similar
pattern with the calculated R" and R"™ parameters. The SEM results showed that there
were some linking cracks on the surface of MgAION as well as on cross section, however,

no obvious cracks were observed for MgAION-15vol%BN composites in the same condition.
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INTRODUCTION

Magnesium aluminium oxynitride, viz. MgAION, has been referred to as a premium
candidate for high performance refractories and high temperature structural materials
under extreme working conditions because of its favorable combination of mechanical
(hardness) and chemical properties [1, 2]. A number of investigations have shown that
graphite refractories incorporating some MgAION could improve the resistance to slag
and steel corrosion [3, 4]. Hexagonal boron nitride (h-BN) with the structure similar to
graphite shows excellent corrosion and thermal shock resistance, good mechanical tol-
erance and machinability. In fact, SisN,-BN [5], Sialon-BN [6] composites, have already
been used as special refractory nozzles, tubes, break rings for the continuous casting
of steel, etc. However, the decomposition of Si;N, and Sialon by dissolution of silicon
into molten steel restricted their wide application. In earlier papers, the present authors
combined MgAION and BN to obtain the MgAION-BN composites [7, 8], which is ex-
pected to be used as high performance refractory or advanced instead of Sialon-BN and
SizN,-BN. The physical properties, machinability [7, 8], wettability [9, 10] and thermal
conductivity/diffusivity [9, 10] have been studied, indicating that MgAION-15vol%BN
composite shows the excellent properties as refractories. Thermal shock property is anoth-
er important parameter for refractories or high properties of ceramics. To the best knowl-
edge of present authors, no systemic study of thermal shock has been carried out so far.
The present paper is thus motivated.

In the present paper, the thermal shock behavior of sintered MgAION and MgAION-
15vol%BN composites were investigated using water quenching method. Thermal shock
parameters were calculated to examine the properties of the composites. On the basis
of these calculations, the damage introduced by single thermal shock was characterized
by degradation of strength in three-point bending method. The surface morphology and
cross sections of the tested samples after thermal shock experiment were also investigated.

THERMAL SHOCK PARAMETER

A number of thermal shock parameters have been defined over the past decades [11, 12].
In general, two different approaches are adopted to derive the thermal shock parameters.
The first approach is based on a fracture resistance consideration in which thermoelastic
theories are used and the attention is focused on the initiation of fracture because of the
thermal stresses. The R, R'and R" parameters are derived as the following equations,
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where G, is the three point bending strength, E is the Young’s modulus, o is the ther-
mal expansion coefficient, v is the Poisson’s ratio, k is the thermal conductivity, and ® is
a stress reduction term. The parameter R is applicable for the case of an instantaneous
change in surface temperature under conditions of rapid heat transfer. R'is for a rela-
tively slow heat transfer, and R" is for a constant heating or cooling rate.
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The second approach to determine the thermal shock resistance of materials is focused
on the crack propagation and the resulting changes in the physical properties of the ma-
terial. In this case, two parameters for damage resistance R" and R"" are defined by Has-
selman as following [13, 14],
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where 7y, is the effective surface energy or work of fracture per unit projected area of
fracture face. The R" parameter gives information about the minimum in the elastic en-
ergy at fracture available for crack propagation, and the R" parameter is the minimum in
the extent of crack propagation on initiation of thermal stress fracture. For typical refrac-
tory materials, the initial strength may be low, but may have a significant resistance to
crack propagation or extension caused by thermal shock. Thus, it is necessary to predict
the thermal shock durability by calculating R" and R"" for refractories [15, 16].

EXPERIMENTAL PROCEDURES

Materials Preparation
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Figure 1: XRD patterns examined on the crushed powders with pure
MgAION and an addition of 15 vol% h-BN

The materials used in this study were fabricated using hot-pressing technique. The
experimental procedures used to manufacture these materials have been described in
detail elsewhere [7, 8], and is briefly outlined here. Appropriate amounts of the fine
powders of Al,Os, AIN, MgO and BN were mixed by ball milling in ethanol medium for 24
hours to prepare MgAION and MgAION-BN composites. The mixtures obtained this way
were placed in a graphite mould covered with boron nitride coating and sintered at 2073
K, at 20 MPa, in argon gas atmosphere for 2 hours. The X-ray diffraction (XRD) results
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confirmed the formation of pure MgAION and MgAION-BN composites, no impurities or
amorphous phases were observed. Some XRD results are shown in Figure 1. The samples
were cut, ground and polished into 3x4x40 mm? strips for thermal shock experiments.

Thermal Shock Experiments

Thermal shock experiments were performed in a vertical tube furnace in argon atmos-
phere. Specimens were held in the furnace for 30 minutes to allow for temperature equi-
libration at different temperatures followed by dropping them into a container of water
at 15+5°C. Tests were carried out in the temperature range of 400°C to 1500°C. The sam-
ples after thermal shock experiments were cleaned with acetone, and then dried at 100°C
for 5 hours. The strength of the quenched samples was determined using three point
bending method.

Mechanical Properties Measurements

The retained strength and Young’s Modulus of the specimens before and after the water
quenching were measured using a three point bending method. The standard equations
for the strength (Gf) [17] and Young’s Modulus (E) [18] of a bar in three point bending
method can be described as follows,
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where P is the load at fracture, L is the length of support span, b is the specimen width,
w is the specimen thickness, a is the slope of the tangent of the initial straight-line por-
tion of the load-deflection curve corrected for machine stiffness. Five specimens were
normally tested to obtain a mean value.

Work of fracture (y,,r) were calculated from load-deflection curves obtained from
notched bars deformed in three-point bend, by measuring the area (U) under the load-
deflection curve. y,,, is given by the following equations [19, 20]:

U
onf = m (8)

where U is the area under the load-deflection curve, ¢ is the notch depth.

Microstructure Analysis

The crystalline phases of the hot-pressed samples identified by XRD measurements
were carried out in air with a flow rate of 10 cm3®/min (STP) on a M21X-SRA X-ray dif-
fratometer, manufactured by MAC Science Co. Ltd, Japan, equipped with graphite crystal
diffracted-beam monochromator. The accelerating voltage and current were 40 kV and
300 mA respectively. Operating parameters involved were the following: receiving slit =
0.15 mm, divergence slit = 0.1°, scatter slit = 0.1°. Graphite crystal monochromator was
employed. Intensities were collected by 20 scanning. Specimens for transmission electron
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microscope (TEM) studies before the thermal shock experiments were prepared by cutting
thin sections perpendicular to hot-pressing direction from the hot-pressed discs. A section
of the specimen was then mechanically polished to a thickness of less than 30 pm followed
by on milling using a Gatan-600 ion beam thinner at a voltage of 4 kV and perforated.
Finally, the ultra-thin plate was sputtered with amorphous carbon to the thickness of about
several decades of nanometers. Scanning electron microscope(SEM) was used to analyze
the surface and fracture section of specimens after thermal shock experiments. Gold was
sputtered onto the sections as well as surface of specimen. Element analysis was performed
on a JSM-6400 microscope equipped with an energy dispersive spectroscope (EDS) system.

RESULTS

Phase Identification and Mechanical Properties

Figure 1 shows XRD patterns of pure MgAION and MgAION-15vol%BN composites
synthesized by hot pressing technique at 1800°C under N, atmosphere for 2 h with the
hot-pressing pressure 20 MPa. The spectra identified that the main phase was MgAION,
the second was h-BN phase. No impurities were found. In view of the importance of the
strength and Young’s modulus for the calculation of the thermal shock parameters (R,
R"™ and R™), it was necessary to measure the strength and Young’s modulus values. The
strength and modulus followed the same trend, i.e., decreased with increasing of BN
content. Figure 2 presents the results.

400 300

a50 JStrength (W Pa) J 260
240
@ 300 4 - 220
- 200

250 T ———+odulus (GPa 190

- 160

o
MWodulus{GPa)

Strenth (MPa

200 | - 140

150 T 100
o 5 10 15 0 5 30

BM conteng (vol%)

Figure 2: Strength and modulus as functions of BN contents

Thermal Shock Parameters

Figure 3 shows the R parameter as a function of BN volume fraction. Initially, the R
parameter decreased slightly followed by an increase with increasing of BN content. It
should be pointed out that the flake BN demonstrates anisotropic properties. Thermal
expansion coefficient of BN perpendicular to c axis (00L=1x10°K?) was used during
calculation of R parameter.

Figure 4 gives the R" parameter as a function of BN volume fraction. As can be seen,
the R" parameter increased with increasing of BN content. Work of fracture (y,,,s) values
calculated from the areas under the load-deflection curve in the present work was shown

"

in Figure 5. There was a general marked decrease in work of fracture. In general, the R
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parameter is more significant than R"™ parameter because of R"" parameter calculation
combined with y,,,r. As shown in Figure 6, the R™ parameter also increased with BN addi-
tion in the present calculation, and exhibited a similar pattern in terms of BN addition in
close analogy to the R" parameter.
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Figure 5: Work of fracture versus BN content Figure 6: R” parameter versus BN content

Retained Strength after Thermal Shock

Figure 7 shows the effect of single thermal shock on the strength of MgAION and
MgAION-15vol%BN composites. It could be separated into two stages with increasing
of thermal shock temperature difference. Initially, the strength of MgAION and MgAION-
15vol%BN composites remained constant for a substantial temperature range. The second
stage is corresponding to the strength degradation. Figure 8 gives the fraction of retained
strength as a function of temperature differences. As can be seen, the fraction of retained
strengths are 37% and 53% for MgAION and MgAION-15vol% composites respectively
after thermal shock temperature difference 1500°C. This indicated that MgAION-15-
vol%BN composites show a better thermal shock resistance than that in MgAION.
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Figure7: Retained strength versus thermal shock temperature difference,
for MgALON and MgALON-15vol%BN composites
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Figure 8: Fraction of retained strength versus thermal shock
temperature difference, for MgALON and MgALON-15vol%BN

SEM Morphology

Figure 9 gives the surface morphology for MgAION and MgAION-15vol%BN composites
after thermal shock temperature difference 440 and 1500°C, respectively. No obvious
cracks were found after thermal shock temperature difference 440°C for both composites.
There were some obvious linking cracks on the surface and cross sections for MgAION
(Figure 9(a) and (b)), but no obvious cracks were found for the MgAION-15vol%BN com-
posite after thermal shock temperature difference 1500°C. It should be pointed out that
the samples were oxidized after thermal shock temperature difference 1500°C, as can be
seen from Figure 9(c) and (d). It is reasonable to assume that the oxidation has no effect
on the obtained results due to the oxidation occurring on the surface.

Figure 9: Surfaces morphology for (a)(c)MgALON and (b)(d)MgALON-15vol%BN
samples after thermal shock experiment from AT, = 440°C and 1500°C
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DISCUSSION

H-BN exhibits considerable anisotropy of many of its properties such as thermal expan-
sion, thermal conductivity as well as thermal diffusivity and demonstrates low Young’s
modulus, density properties and non-reactive nature. Thus, the physical properties such
as density, strength, Young’s modulus of BN-based composites decrease and the porosity
of composites increase with increasing of BN addition. The previous work demonstrated
that the interwoven microstructure was formed when the BN addition was lower than
20vol%, and further addition of BN led to discontinuous microstructure of composites [7, 8].

In cooling from the fabrication temperature, a particle with a larger thermal expan-
sion coefficient than the matrix induces tangential compressive stresses and radial
tensile stresses. Alternatively, particles with a smaller thermal expansion coefficient
create tangential tensile stresses and radial compressive stresses [21]. For the present
case, the thermal expansion coefficients of BN in different directions are o.1=1x10K?
and a,=7.51x10K?, respectively. The thermal expansion coefficient of MgAION is
a=5.31x10°K 1. At the MgAION/BN interface parallel to the hexagonal axis of BN, the
radial compressive stress may clamp the interface, forming some microcracks, whereas at
MgAION/BN interface perpendicular to the hexagonal axis of BN, the radial tensile stress
may also form some microcracks [7, 8]. Thermal residual stresses induced by thermal ex-
pansion mismatch can be calculated using the Selsing equation [22].

W 2(,-o,)ATE,
S (1+v,)+2B(1-2v,)

€)

where E,,, By Vs Vps Oty and o, are Young’s modulus, Poisson’s ratios and thermal expan-
sion coefficients of the matrix and particle. AT is the temperature difference between
the fabrication temperature ignoring plastic transform and room temperature. Thus,
thermal stresses on the interfaces between MgAION/BN (perpendicular) and MgAION/
BN(parallel) were calculated, and the values were 364.6 MPa and -176.7 MPa, respec-
tively. The anisotropy of BN also can induce the thermal stresses, and these could be
described as follows [22],

EAT
o, =(1_7V2)[(a//—oc)—V(aL—a)] (10)

where E and o are the mean Young’s modulus and thermal expansion coefficient of com-
posite materials respectively. The thermal stresses can thus be calculated by Equation(10)
and the value was -417.4 MPa. It should be pointed out that overall residual stresses were
not the sum of above three calculated values. These can be explained by the following rea-
sons: i) BN particles are distributed on the grain boundaries of MgAION. This increases
the randomness of orientation of BN particles, and consequently changes the anisotropy
of BN with respect to thermal expansion coefficient; ii) It is impossible to fabricate the
full dense composites, the porosity in composites can absorb some elastic energy and con-
sequently results in the decrease of the residual stresses; iii) The change of physical pa-
rameters with thermal shock temperature difference, such as Young’s modulus, Poisson’s
ratio and thermal expansion coefficient were ignored. Some mirocracks were observed
with several micrometers length in the composite materials induced by the thermal stress
[7, 8]. It’s far lower however than the calculated values, as shown in Table 1. This indi-
cated that the microcracks have a small influence on the strength of composites, but it
would have much effect on the thermal shock properties of composites.
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The microcracks had the more negative effect on strength than Young’s modulus with the
15vol% BN addition, as can be seen from Figure 2. This resulted in the slightly decrease of R
parameter. 30vol%BN addition however led to the discontinuous microstructure with
MgAION [7, 8]. BN flakes were distributed on the grain boundaries in this case instead
of interwoven microstructure [7, 8]. Furthermore, the mean thermal expansion coeffi-
cient decreased (Table 1), and consequently led to the increase of R parameter. Since the
MgAION-BN composite materials are not always resistant to fracture initiation by the
thermal stress, the R" and R"" parameters must be taken into account in characterizing fur-
ther thermal shock damage [15]. The R" expresses the ability of a material to resist crack
propagation and further damage and loss of strength on thermal shocking. The trends
in the R" parameter are consistent with the measurements of thermal shock damage
caused by water quenching.

The sintering of the MgAION-BN composite seems to be predominantly promoted
by forming of MgAION particles due to the non-reactive nature of BN and that the BN
particles might prevent contact between MgAION particles and accordingly restrain the
sintering of the composite [9, 10]. Thus, it can be concluded that the grain boundary en-
ergy between MgAION grains is higher than that between MgAION and BN grains. This
resulted in the decrease of work of fracture, and can be verified by the SEM analysis. The
fracture surface of pure MgAION showed part of intergranular cracks [9, 19]. Further ad-
dition of BN however lead to the occurrence of transgranular fracture [7, 8]. It appears
that intergranular cracks require much more energy for fracture. Therefore, the lower val-
ues of yyyor are associated with the lower grain boundary energy and the occurrence of
more intergranular fracture instead of transgranular fracture.

Table 1: Parameters affecting thermal shock durability, AT, for MgALON, MgALON-BN and BN ceramics

MgALON -15vol%BN -30vol%BN h-BN
E(GPa) 207 182.65 110.01 65
Ywof(J-m2) 535.95+11.81 412.20+23 334.80+15.37
a(k?) 5.31x10° 248141076 34.275x10° 1.0x10°
v 0.25 20.24 30.24 0.23
o(MPa) 379.68 294.4 168.59 28
Kgc(MPa-m2) 3.23 3.64 2.26
C(um) 32 67 63

2 Calculated using Composite law based on the values of each monolith, MgALON and BN
° Calculated using equ. Ky = (2Ey;)/2 = (c¥C/2), where Y=1.5

E: Young's modulus, v, work of fracture, o thermal expansion coefficient, v Possion’s ratio, K fracture toughness,
C critical crack length

CONCLUSIONS

The thermal shock behaviour of MgAION-BN composite materials were investigated in
the present paper by water quenching experiments. The results showed that the strength
of composite materials remain constant for a substantial temperature range followed by a
strength degradation gradually. The fraction of retained strength was improved from 37%
to 53% at the thermal temperature difference 1500°C. The experimental results showed
the same trends with the calculation of R" and R". These were contributed to thermal
stresses induced by thermal mismatch between MgAION and BN. Furthermore, BN with

non-reactive nature led to the increase of porosity. The SEM results indicated that the
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surface and cross sections for MgAION after thermal shock experiments had some link-
ing cracks after thermal shock temperature difference 1500°C. No obvious cracks for
MgAION-15vol%BN composite were found in the same condition.
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