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ABSTRACT

Alumina (AL03) is very susceptible to thermal shock, which leads to strength deg-
radation. By reinforcing Al;O; with molybdenum disilicide (MoSi;) layers, the tolerance
to damage caused by thermal shock can be improved. The thermal shock resistance of
plasma sprayed Al,OyMoSi, laminated composites were investigated. Three laminate
microstructures having different layer thickness were fabricated by atmospheric plasma
spraying while maintaining a 50/50-volume fraction. Quenching experiments done on 4-
point bend bars showed a gradual decrease in the strength as the change in temperature
(AT) increased. Thermal shock resistant parameters (R’and R"”) provided a represen-
tative numerical value of the thermal shock resistance for the laminated composites. The
corresponding material properties for the different microstructures were determined ex-
perimentally in order to calculate the R’ and R values. The intermediate layered com-
posite showed the highest R""value at 1061 um, while the thin layered composite had
the highest R’value at 474 W/m.

Key words: atmospheric plasma spraying, thermal shock resistance, composites, alu-
mina, molybdenum disilicide

1. INTRODUCTION

The thermal shock behavior of brittle materials, such as ceramics, is a very critical parameter
in evaluating the performance of the material for high temperature applications. When these materi-
als are subjected to severe thermal gradient changes, cracking and damage will occur due to the
thermal stresses [1]. Degradation in the strength can be seen, along with decreases in other impor-
tant material properties; such as modulus and thermal conductivity. Studies investigating the ther-
mal shock behavior of materials originated from theoretical work based on the thermoelastic theory
[2]. Experimental studies involving the thermal shock behavior of materials have been investigated
by several authors [3-14].

Evaluation of the thermal shock resistance of materials is typically done through various
forms of rapid cooling methods that result in a destructive test in order to determine the change in
the material property. However, numerical calculations of the thermal shock resistance of materials
can also be determined from relationships derived from thermal stress conditions. Numerous ther-
mal shock resistant relationships have been derived and are available, two principle approaches are



used to select and design materials. One approach looks at the avoidance of fracture initiation (R’),
while the other looks at the avoidance of catastrophic crack propagation (R"'"):
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where E is the Young’s modulus, oris the fracture strength, v is Poisson’s ratio, o is the CTE, K¢ is
fracture toughness, and k if the thermal conductivity. For the fracture initiation criteria (R'), fracture
will occur when the thermal stresses reach the fracture stress of the material. The favorable material
characteristics for avoiding fracture initiation by thermal shock are high values of strength and ther-
mal conductivity coupled with low values of modulus and coefficient of thermal expansion. How-
ever, fracture may be avoided in certain materials through energy absorbing mechanisms such as
crack deflection and bridging which are caused by pores, grain boundaries, and second phase materi-
als. These considerations lead to the second criteria of crack propagation, which the driving force is
associated with the stored elastic energy available in the material. A noncatastrophic fracture can
occur when the total elastic energy is less than the total fracture energy required to propagate a crack
[3,15]. The favorable material characteristics for minimizing the extent of crack propagation are
high values of modulus and fracture toughness coupled with a low value of strength.

Conventionally processed Al;O3 shows a thermal shock threshold at 200-300°C, which
makes processing ceramics for thermal shock resistant applications crucial. Plasma sprayed materi-
als have been reported to have excellent thermal shock resistance due to there unique layered splat
microstructure. Plasma spraying process also offers numerous advantages such as flexibility to
manufacture continuous and discontinuous composites, solidification and consolidation all in one
step, ability to tailor properties, and the capability for near-net shape products [16-19].

The purpose of this research is to improve the thermal shock behavior of Al,O3 by plasma
spraying laminated composites with molybdenum disilicide (MoSi,) and evaluating R’ and R’ to
experimental data.

2. EXPERIMENTAL PROCEDURE

Atmospheric plasma sprayed materials, using a Praxair Pisder
Surface Technology SG100 plasma torch, were used in this in- o
vestigation. A dual powder feeding arrangement was used to
deposit the alternating layers of Al,03; and MoSi; into a tube
geometry, Figure 1. The operating parameters for the plasma Ad
sprayed tubes are given in Table 1. The Al,Os; powder (Metco .
105NS) had an average particle size of 45 um and consisted of
approximately 98% a-Al,03 (hexagonal phase). The MoSi;
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powder, obtained from Exotherm Corp., Camden, NJ had an o,
average particle size of 45 um and consisted of a-MoSi, Fig. 1 Schematic representation of the
(tetragonal phase) and a trace of MosSis. plasma spraying arrangement used to

fabricate Al;03/MoSi, laminated com-
posites [20].



The Al,O3 and MoSi; powders were sprayed on a graphite mandrel 12.7 mm in diameter.
Three different composite microstructures were fabricated while maintaining a constant volume
fraction of approximately 50% Al;O3; and 50% MoSi, by volume. The layer thickness of the com-
posites were varied in order to investigate the influence of layer thickness in the failure mechanisms.
The inner layer of each composite consisted of Al,Os, while the outer layer consisted of MoSi,.

Quenching experiments were conducted on bend bar samples (4 mm x 3 mm x 45 mm) ma-
chined from the individual spray formed tubes. The

. Table 1. P i i for pl
samples were held in the furnace at 642°C and at 936°C able 1. Processing parameters used for plasma

spraying AlL,Os/MoSi, composites.

for approximately 20 minutes and then immersed Parameter Value
quickly into a water bath and finally tested for their Current 850 A
strength by four-point bending. The tests were per- Voltage 25V
formed on an Instron Model 1331 with a crosshead Plasma gas 40-Ar *sclm
speed of 0.127 mm/min. ls’owder'gas 40-Ar *scim
. . . pray distance 9cm
Individual tests to determine the material prop- Hopper speed 1 rpm

erties that satisfy the R’ and R’""’ relationships were *sclm: standard cubic liters per minute

conducted. Bend bar samples were used for four-point

bend strength and chevron-notch fracture toughness experiments. An impulse excitation technique
(GrindoSonic Model MKS5 system) was used to determine the Young’s modulus. The coefficients of
thermal expansion (CTE) were determined with an Orton dilatometer Model 1000D. The samples
were tested between ambient temperature and 1000°C in an argon atmosphere at a rate of 10°C/min.
Thermal diffusivity measurements, performed at Thermophysics Inc., Blacksburg, VA, were done on
cylindrical samples (1.5-3 mm thickness and 12.7 mm diameter) between ambient temperature and
1000°C in a controlled atmosphere by a laser flash diffusivity method. Thermal conductivity values
were then calculated knowing the thermal diffusivity (o), density (p), and specific heat (C,).

3. RESULTS AND DISCUSSION

3.1 Plasma Sprayed Microstructures

The designation and general information for each of the laminated composite configurations
are given in Table 2. X-ray diffraction identified both equilibrium and metastable phases. The
AL, O3 consisted of two distinct phases; metastable y-Al,O3 (major phase) and the equilibrium a-
Al,O3 phase. The sprayed MoSi, resulted in three different phases; equilibrium a-MoSi, (major
phase), metastable 3-MoSi,, and small trace of MosSiz. SEM micrographs, of the three laminate
composites, showed the discrete layers of each composite in addition to the rough and irregular inter-
faces, Figure 2.

Table 2. Characteristics of as-received plasma sprayed materials

. Sample . Number Layer Thickness** (um)

Material IDp Porosity* of Layers Al,Os MoSi,

Thin layered composite MSAIL 19.6 112 61 £20 49 +£20
Intermediate layered composite =~ MSA2 14.8 26 184 +£50 226 £ 80
Thick layered composite MSA3 19.5 10 690 + 100 670 £ 100

*Total porosity using gas pynometry and Archimedes method.
**Determined by the line count (L) technique.



Fig, 2 SEM microstructure images of the Al,03/MoSi, laminated composites. (a) The thin layered
composite MSA1, (b) intermediate layered thickness composite MSA2, and (c) thick layered
composite MSA3. Al,O3 (dark phase) MoSi, (light phase).

3.3 Quenching Experiments

The change in strength decreased 130

gradually rather than showing an abrupt 120¢

change after quenching samples from :;g

642°C and 936°C to room temperature, ol

Figure 3. Only the thick layered compos- § o0
ite revealed a larger drop in the strengthas g 707

compared to the other composites. Tests § 607

were not conducted between 400-600°C in |

order to avoid the pesting reaction which w0}

occurs in MoSi,. No catastrophic failure 201

occurred, instead all the samples remained 10 It bt

. . 00
intact after the thermal shock. Micro- ¢ 0 20 %o 40 %0 60 700 800S00 1000
Temperature (AT "C)

SCOPIC YISIble cracks were Observe(,i pri- Fig. 3 Drop in strength as a function of the temperature change
marily in the‘A1203 layers of the thick le.ly- (AT) for the Al,0s/MoSi, laminated composites. m MSA1 com-
ered composite samples. Upon further in-  posite, ® MSA2 composite, and « MSA3 composite.

vestigation by SEM analysis, all three
samples showed the presence of cracks continuing in the MoSi, layer with minimal deflection at the
interface, indicating a strong bond at the interface. The cracks typically propagate perpendicular to
the interface in the MoSij layers, while in the Al,O3 layers,
the cracks also propagate perpendicular to the interface
with some deflection occurring within the layers. Cracks
running parallel to the interface were also observed. The
deflection and crack branching occurs due to the compres-
sive residual stresses present in the Al,O3 layers caused by
the thermal expansion mismatch between the two materials
[7]. Cylindrical ring samples were sectioned from the
spray formed tubes for additional quenching experiments
in order to observe the cracking behavior in the cylindrical
samples. Samples were quenched in water at a AT of 700,

o : H i e
809, 990, and 1000°C. Thg c_rack behavior ob§ewed in the Fig, 4 Cracking behavior of the thick lay.
cylindrical samples were similar to the cracks in the bend ered composite afier thermal shock testing

bars. Figure 4 shows the crack patterns seen in the thick (AT of 900°C).
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layered composite sample tested with a AT of 900°C. An additional set
of cylindrical samples were quenched five times from 900°C to room
temperature water to observe the cracking behavior. Upon the second
thermal shock of the thick layered composite, a large crack was pro-
duced which ran radially through the thickness. The thin layered com-
posite showed a surprisingly graceful failure mode where cracking oc-
curred along individual layers of the composite, resulting in the separa-
tion of ring sections from the material. The material surprisingly did not
catastrophically fail (Figure 5a). No visible damage was observed for
the intermediate layered composite, which was visibly intact after all
five thermal shock treatments (Figure 5b). After the third thermal
shock, the thin layered composite continued to delaminate while the
thick layered composite catastrophically failed by having a section
fracture off. Figure 5 shows representative cracking behavior of the thin
layered and thick layered composites during various stages of the ther-
mal shocks. No changes were observed for the thin and thick layered
composites after the third thermal shock treatment.

3.3 Thermal Shock Resistance R’ and R"""’

The material properties determined in this investigation are
given in Table 3. These values are substantially lower when compared
to conventionally processed samples due to the porosity. The Poisson’s  Fig S ALOy/MoSi, lami-
ratios were not determined due to sample constraints; rather reference nated composites showing

. o1 - . . their th 1 shock behavi
values [21,22] for monolithic Al,03 and MoSi; were used. Using the aﬁe; n§£fo$s Zﬁenciglor

values in Table 3, R" and R'""" were determined for each of the compos- (a) MSA1 composite after 3

ites. shocks, (b) MSA2 compos-
ite after 5 shocks, and (c)
MSA3 composite after 3

Table 3. Sclected material properties of plasma sprayed Al,Qs/MoSi, structures. shocks.
Sample of Kic E CTE* | i R’ R
ID (MPa) (MPavm) (GPa) (x10°K") (W/mK) (W/m) (um)
MSA1 116 33 129 8.14 5.30 474 1000
MSA2 99 2.9 102 7.88 3.22 321 1061
MSA3 34 2.1 86 8.14 2.93 284 773

* value average from RT to 1000°C
**value taken from the RT reading

From the values in Table 3, the thin layered composite was shown to have the best fracture
initiation resistance (R') value at 474 W/m. The intermediate layered composite showed the best
crack propagation resistance (R'""") value at 1061 um and correlated with the quenching results
which showed the sample intact after the thermal shock treatments.

4. CONCLUSIONS

Thermal shock evaluations by either quenching experiments or numerical relationships are a
few methods of determining the thermal shock resistance of specific materials. Nevertheless, the
evaluation of two distinct methods can provide different points of view in understanding the thermal
shock behavior to a common conclusion. Applications where the thermal protection is vital, such as
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in refractory materials, the spalling or removal of material is unacceptable thus the manner in which
cracks propagate becomes a determining factor.

Three different plasma sprayed Al,O3/MoSi, layered thickness laminated composites were
fabricated in a tube geometry. The layer thicknesses ranged from 49-690 um. Microstructure char-
acterization identified equilibrium and metastable phases present and showed the rough and irregular
interfaces.

Quenching experiments on Al,03;/MoSi, laminate bend bars showed a gradual decrease in the
strength rather than a drastic drop in the range from room temperature to 1000°C.

Cylindrical samples quenched in water from the range of 600-1000°C down to room tem-
perature remained intact. The cracking behavior showed cracks running perpendicular to the inter-
face in the MoSi; layers and propagating into the Al,O3 layers where crack branching and deflection
occurred due to the compressive and tensile stresses associated with the thermal expansion mis-
match.

Additional cylindrical samples were thermal shock treated five times from a AT of 900°C.
The thick layered composite catastrophically failed after the third thermal shock treatment. The thin
layer composite began to fail in a graceful manner by the delamination of ring sections. The inter-
mediate layered composite showed no visible damage and remained intact after the five thermal
shock treatments. SEM analysis revealed microcracks throughout the three composite structures.

The strength, fracture toughness, Young’s modulus, thermal expansion, and thermal conduc-
tivity were determined for the three laminated composites and used in evaluating the thermal shock
resistance by R’ and R'’"’ relationships. The thin layered composite was shown to have the best
fracture initiation resistance (R’) value at 474 W/m, while the intermediate layered composite had
the best crack propagation resistance (R'”’") value at 1061 pm.
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