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Abstract

Al,0s3, Ni-20 mass% Cr, NiAl-based composites containing B&Fak, and Srk; as solid lubricants were prepared by spark plasma
sintering, and their microstructure and high-temperature friction and wear properties were exami@ed3MBak—19Cak (mass%)
composites prepared by spark plasma sintering at 1273 K contained a fine lamellar structure, which consistediod Baf; phases.

The AlLO;—31Bak—19Cak (mass%) composites showed a low friction coefficient (0.3—0.4) at temperatures between room temperature and
1073 K, in addition that they showed the lowest wear rate at 873 K. In this study, a tentatire(dd—SrF, ternary phase diagram was also
constructed, which clarified that the Bafcah—SrF, ternary system has a large solid solution region at 1473 K.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction BaF,—Cak-SrF, ternary phase diagram has not been re-
ported clearly, and the friction and wear properties of com-
Nickel alloys and ceramics containing solid lubricants posites containing Sgfhave not been clarified. In this study,
have attracted much attention as high-temperature self-Al>,03, Ni-20 mass% Cr and NiAl composites containing
lubricating materialfl—9]. In particular, Sliney etal.reported  BaF, and Cak, which had the same composition as the
that Ni—Cr alloys containing fluorides such as Ba€aF, BaF,—Cak, eutectic, were prepared using spark plasma sin-
eutectic (Bag—38 mass% Cafj exhibited low friction at tering (SPS), and their friction and wear properties against a
high temperaturefl,2]. However, the oxidation resistance Al>0s3 ball in air were investigated at temperatures between
of the composite films was insufficient at high tempera- room temperature and 1073 K. SPS is a method of preparing
tures. Replacing the Ni-Cr alloy phases in the compos- alloy-based and ceramic-based composites for a short sin-
ites with AbO3 and NiAl phases, which show much bet- tering time easilyj9-15], and the sintering is carried out by
ter oxidation resistance than the Ni—Cr alloys, may im- flowing pulse dc current through the graphite mold, in which
prove their oxidation resistance. On the other hand, somesample powders are set. In addition, the high-temperature
compositions in the Bg~Cak—SrFk, system may exhibit  friction and wear properties of AD3-based composites con-
lower friction than Bag—Cak eutectic, because Srfhas taining Cak, and Srk; were also examined. Moreover, a
the same crystal structure as Gathd Bak. However, the tentative Bap—Cak—SrF, ternary phase diagram was con-
structed by investigating X-ray diffraction patterns and the
mpondmg author. Tel.: +81 20861 7190; fax: +81 29861 7844. microstructure of spark-plasma-sintered specimens of this
E-mail addressmurakami.t@aist.go.jp (T. Murakami). system.
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Table 1

Compositions and spark plasma sintering conditions @04) Ni-20 mass% Cr and NiAl-based composites investigated in this study

Sample ID Composition (mass%) Sintering temperature (K) Sintering pressure (MPa) Sintering time (ks) Relative density (%)
1A Al,03—-31BaR—19Cak, 1273 40 0.6 97.5

1B Al,03-31BaR-19Cak-5Si0, 1123 40 1.2 94.9

1C Ni—10Cr-31Bag—19Cak 1123 40 0.3 98.5

1D NiAl-31BaR—19Cak 1123 40 0.3 97.5

1E Al,O3-50Cak; 1523 40 0.6 97.2

1F Al,03-50SrF, 1523 40 0.6 98.8

2. Experimental procedures would be that each specimen had different grain size,

relative density and hardness from the other specimens. In

Compositions of the AlO3, Ni—20mass% Cr and the friction tests, the operations to heat each specimen at
NiAl-based composites investigated in this study are the rate of 0.83K/s to 473K after measuring its friction
shown inTable 1 The composite with a composition of coefficient for 1.2 ks at room temperature, hold the specimen
Al,03—-31Bakh—19Cak (mass%) consists of 50mass% at 473K for 0.3ks and measure for 1.2 ks were carried out
Al>,03 and 50 mass% fluorides whose composition is the to 1073 K. Also, the operations to heat each specimen at
same as Bal~Cak, eutectic (Bagk—38 mass% Caf}. The the rate of 0.83K/s from room temperature to 873K and
composites of 20 mm in diameter and 5 mm in thickness as measure its friction coefficient at 873K for 3.6 ks were
shown inTable 1were prepared by blending the powders carried out. The testing conditions were 4.9N load, 1Hz
shown inTable 2using a hexane-filled ball mill, and spark frequency and 10 mm stroke. The friction coefficient was
plasma sintering the blended powders in the conditions calculated by measuring the friction force at 1 ms intervals,
shown inTable 1 Temperature was measured at the sur- obtaining the average friction force (absolute value) of one
face of graphite mold during sintering. In this paper, the cycle of the reciprocation (1s) and dividing the average
Al»,03-31Bak-19Cak, Al»,03-31Bak—19Cak-5Si0, friction force by load. In addition, the average friction
Ni—10Cr—31Bak—19Cak, NiAl-31BaF—19Cak, Al>,03— coefficient of each specimen was calculated by averaging the
50Cak, and AbO3-50Srk (mass%) composites are re- friction coefficients in the time range of 60s after starting
ferred to as the specimens 1A, 1B, 1C, 1D, 1E and 1F, the friction testing to the finishing time of the testing. After
respectively. After the sintering, X-ray diffraction pattern, the testing, the wear rates and microstructure of the wear
relative density, microvickers hardness and microstructure track of each specimen were investigated using a surface
of each composite were examined. In addition, the friction profilometer and a scanning electron microscope (SEM)
and wear properties of each composite were investigatedwith an energy dispersive spectroscopy (EDS) attachment,
using a reciprocating ball-on-disk tribomet#,7] against respectively. The high-temperature microvickers hardness
Al,03 balls (9.53 mm in diameter) at temperatures between of spark-plasma-sintered CgFSrF, and Bak—38 mass%
room temperature and 1073 K in static room air of relative CaF, specimens was also investigated.
humidity ranging from 60 to 70%. Before the friction tests, The compositions investigated for the construction of
each specimen was polished using 4000 grit emery papershe Bak—CaF—SrFR, ternary phase diagram are shown in
and cleaned in the mixture of 50 vol% acetone and 50 vol% Table 3 The mixture of powders e, f and g with the compo-
petroleum benzene for 0.6 ks using an ultrasonic cleaner.sitions shown inTable 3were spark-plasma-sintered in the
The surface roughness, hardness and density of th®3Al  conditions ofTable 3and annealed at 1473 K for86.4 ksinan
balls used in the friction tests were 00 R;, 16.5GPa Ar gas atmosphere. Before and after the heat treatment, X-ray
and 3.95Mg/m, respectively, while the surface roughness
of specimens 1A, 1C-F was 561072, 3.1x 1071, 2.7,

9.1x 101 and 1.9x 101 um Ry, respectively. The reason ' " e AL0, WS,
why each specimen showed different surface roughness o Eia? A Al,BaSi,Og
arp
2o 0 OTe #p 00 T g
pecimen 1A
Table 2 >n ? 400 AR OP OO0 8 (3 | oiimen 18
Properties of AJO3z, Ni-20 mass% Cr, NiAl, Si@, BaF,, CaF, and SrF; g o
powders used in this study Q . e
£ 14 '
Powder ID Composition Properties * 2o XD |specimen 1E
[
a Al,O3 99.99% pure, 0.bm
b Ni—20 mass% Cr 5-2bm -
c NiAl 99.5% pure,—~100 mesh K.y L L R I P
d SO, 99.99% pure, &m 20 20 80 0"
e Bak 95% pure,—45um 2 theta (DEG)
f Cak 10-45um
g Srk 99. 5% pure—45um

Fig. 1. X-ray diffraction patterns of specimens 1A, 1B, 1E and 1F.
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Table 3

Compositions and spark plasma sintering conditions of specimens investigated for the construction of-tHitaBaSrF, ternary phase diagram
Specimen ID Composition (mass%) Sintering temperature (K) Sintering pressure (MPa) Sintering time (ks)
2A BaFR,—38Cak? 1123 40 0.3

2B BaF,—20Srk 1373 40 0.3

2C BaR-50Srk 1373 40 0.3

2D CaR-50Srk 1573 40 0.3

2E Cak-70Srk 1573 40 0.3

2F BaF2-33.3Cg~33.3Srk 1323 40 0.3

2G BaR—-20Cak—60Srk 1473 40 0.3

@ Eutectic composition.

diffraction patterns and the microstructure of each specimenSiO, as a sintering additive. When SiOvas added to

were examined.

3. Results and discussion

3.1. High-temperature friction and wear properties of
Al2O3, NiAl and Ni—20 mass% Cr-based composites

Fig. 1 shows X-ray diffraction patterns of spark-plasma-
sintered AbOsz-based composites containing BaFCak,
and Srk. No reaction product phases were observed in
the specimens 1A, E and F, although,B&SpOg phase

Al,03—-BaCrQ, composites, no reaction product phases were
observed in our previous stugB]. In addition, it was clarified
in our previous study that the hardness and wear resistance
of Al,03-BaCrQ, composites containing SpOwas much
higher than those without sintering additii®}. However,
adding SiQ to Al,03—-31Bak—19Cak; (mass%) composites
reduced the volume fraction of Baphase, which indicates
that their friction and wear properties are expected to worsen.
No reaction product phases were observed in specimens 1C
and 1D similarly to the specimen 1A.

Fig. 2 shows cross sections of specimens 1A, 1C, 1D,
1E, 1F. A fine lamellar structure was observed in the speci-

was observed in the specimen 1B which contained 5 mass%men 1A, while no lamellar structure was formed in the other

Fig. 2. SEM photographs showing cross sections of specimens 1A, 1C, 1D, 1E and 1F.
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673 K, respectively. The high friction coefficients of speci-
mens 1C and 1D would be obtained because Ni—Cr alloy and
NiAl welded to the coupled AlO3 balls more easily than
Al,O3. The friction coefficients of specimen 1E increased
with increasing testing temperature, although it was reported
that Cak acted as a solid lubricant at temperatures between
673 and 1223 K17]. As shown inFig. 2 a lot of cracks
were observed in the Calphase in specimen 1E. Therefore,
the Cak, phase might have easily spalled and it might not
have worked as a solid lubricant efficiently during the fric-
tion tests. The friction coefficients of specimen 1F decreased
with increasing testing temperature above 473K, although
the friction coefficients were higher than 0.3 at 1073 K.
Fig. 3. Microvickers hardness of each specimen at room temperature. All Fig_ 5 shows the wear rates of AD3, Ni—20 mass% Cr
the hardness was measured with a load of 9.8 N. and NiAl-based composites containing BaEaF, and Srk

and the coupled AD3 balls at 873 K. The wear rates of the
specimens. According to the EDS analysis, this lamellar mi- specimens and the coupled balls that were friction-tested at
crostructure consisted of BaBnd Cafz phases. Itisreported 873K for 3.6 ks were calculated as following procedures. The
that the eutectic temperature of the BaEak system is  \ear depth profiles of each composite specimen were exam-
1295K[16]. In addition, the temperature of specimen is nor- jned using a surface profilometer. A set of equally spaced
mally 50-100 K higher than that at the surface of the graphite gepth profiles covering the whole wear track area was used
mold during SP$15]. When the specimen 1A was prepared o evaluate the volumetric weHr8—20] The wear volume of
by sintering at 1273 K, which was the temperature at the sur- 5| ,05 removed from the coupled ball was calculated by mea-
face of the mold, the temperature at the specimen might havesring the diameter of the wear scar formed on the ball with

exceeded the eutectic temperature. Therefore; Baé Cal an optical microscope and assuming that the wear scar was
phases were melted during the SPS, and the lamellar structurgyerfectly circular and flat in order to simplify the calculations
would have formed during the cooling. [18,19,21,22] The wear rates were obtained by dividing the

Fig. 3shows the microvickers hardness of each specimenear volume (mr) by the load (4.9 N) and the total slid-
atroom temperature. The microvikcers hardness ofspecimeqng distance (72m). Wear rates of #8; specimens were
1A was higher than those of the othen@®k-based compos- notably reduced by adding BaFCaR and Srk. In particu-
ites (specimens 1E and 1F). The reason would be that thejay, the specimen 1A showed the lowest wear rate among the
specimen 1A had much finer microstructure than specimensa|,0-based composites. As showrfify. 3 the microvick-
1E and 1F as shown Ifig. 2 In addition, it was clarified that  grs hardness of specimen 1A was much higher than those
the microvikcers hardness of specimen 1A was reduced byof the other ApOs-based composites at room temperature.
adding SiQ. Therefore, the microvickers hardness of specimen 1A might
Fig. 4shows the average friction coefficients of specimens pe higher than those of the other®k-based composites at
1A, 1C, 1D, 1E and 1F. The specimen 1A showed the low- 873K, by which the specimen 1A might have shown better

est friction coefficient (0.3-0.4) in the temperature range of wear resistance than the othep®k-based composites at this
room temperature to 1073 K, while friction coefficients of

specimens 1C and 1D were higher than 0.5 below 473 and

15
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Fig. 5. Wear rates of specimens 1A, 1C, 1D, 1E, 1F andAlspecimens
Fig. 4. Average friction coefficients of AD3, Ni—20 mass% Cr and NiAl- and the coupled AlOs balls at 873 K. (Testing time of each specimen was
based composites. 3.6ks.)
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Fig. 6. SEM photographs of worn surface of specimens 1A, 1C, 1D, 1E and 1F after friction testing at 873 K for 3.6 ks.

temperature. In order to confirm these mechanisms, it would stabilized Zr@—20 mass% Calcomposite films prepared
be necessary to investigate the mechanical properties of all theby low-pressure plasma spraying (LPPS) worked as a solid
Al,0O3-based composites at high temperatures. Ni—Cr alloy- lubricant above 873 K, and that the worn surface of the com-
based and NiAl-based composites containingB&Fak eu- posites and the A3 balls after sliding at 873 and 1073 K
tectic (specimens 1C and 1D) showed much higher wear ratesvere covered with Cafmatrix film according to the EDS
than the specimen 1A. According fdg. 3, the microvickers analysis[4,5]. The relative density of composite films pre-
hardness of the specimens 1C and 1D would be much lowerpared by LPPS is normally much lower than that of com-
than that of the specimen 1A at 873 K, which might have

some influence on their wear behaviour. In order to clarify 18
the difference of the wear behaviour of specimens 1A, 1C and
1D, itwould be also necessary to investigate their mechanical
properties at high temperatures.

Fig. 6 shows the worn surface of specimens 1A, C-F af-
ter friction testing at 873K for 3.6 ks. All the worn surface
of the specimens after sliding at 873 K was smooth. Accord-
ing to the EDS analysis, the worn surface of each specimen
exhibited the composition similarly to its original surface.
The worn surface of AlO3 balls after sliding against speci-

T T
—e— BaF,-38mass% CaFjp

-0-- CaF2
o\ -0— SiFp

0.6

\ﬁ:&i:

Microvickers hardness (GPa)

mens 1C and 1D at 873 K was covered with Ni—Cr and NiAl 0 . .
alloys films containing a small amount of BaBnd Cap, 400 800 1200
respectively. The worn surface of D3 balls after sliding Temperature (K)

agair_wst ApOz-based Com_p_OSites was F’ar_tia”y covered with Fig. 7. High-temperature microvickers hardness of B&8 mass% Caf;
the films whose compositions were similar to those of the car, and St specimens. They were prepared by SPS at 1123, 1573 and

composites. Ouyang et al. reported that £alase in ¥Os- 1523 K under a sintering pressure of 40 MPa for 0.3 ks, respectively.
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Fig. 8. X-ray diffraction patterns of specimens 2C, 2D and 2F before an- Fig. 9. X-ray diffraction patterns of the specimens of the BaFaR—SrR
nealing at 1473 K for 18 ks in an Ar gas atmosphere. ternary system after annealing at 1473 K for 18 ks in an Ar gas atmosphere.

posites prepared by SPS, which indicates that decreasing thé\lthough this softening is expected to have an influence on
relative density of self-lubricating composites may help the their friction properties, no clear effects can be observed at
solid lubricants work efficiently. In the near future, »8s- around 473K inFig. 4. More work will be also needed in
based composites that have various relative densities will beorder to clarify the effects.

prepared by SPS, and their friction and wear properties will

be investigated. In addition, the friction and wear properties 3.2. Ternary phase diagram of the BafCaFR,—SrF,

of spark-plasma-sintered #D3-based composites that have system

various volume fractions of solid lubricant phases will be also
examined. Fig. 8 shows X-ray diffraction patterns of spark-plasma-

Fig. 7shows the high-temperature microvickers hardness sintered specimens of the BafCaR—SrF, ternary system.
of BaR,—38 mass% Caf; Cak, and Srk specimens prepared  Some specimens mainly consisted of single solid phase.
by SPS at 1123, 1573 and 1523 K under a sintering pres-However, the other specimens were composed of several
sure of 40 MPa for 0.3 ks, respectively. All the hardness was phases according to the XRD analysis and SEM observation.
measured with a 9.8 N load in an Ar gas atmosphere. It was This phenomenon would be caused by sluggish diffusion of
clarified that their hardness reduced significantly at 473 K. Ba, Ca and Sr atoms in the specimens. Therefore, all of the

Fig. 10. SEM photographs showing cross sections of the specimens 2C, 2D and 2G after annealing at 1473 K for 18ks in an Ar gas atmosphere. All of the
specimens consisted of one phase, although their microstructure seems to consist of several phases. There are many holes and cleavage places on the su

of these specimens.
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Fig. 13. Lattice constants of specimens of the B&#F, and Cag—SrF,
systems obtained in this study.

Fig. 11. SEM photograph showing a cross section of specimen 2A before and Cak—SrF; binary systems were complete solid solution
annealing at 1473K. systems, which was consistent with the results reported by

Bukhalova et al. and Mateiko et §23—-26] Therefore, dif-
specimens as shown Trable 3were annealed at 1473K for  ferent types of reaction from the BaFCak system are ex-
18ks in an Ar gas atmospherieig. 9 shows X-ray diffrac-  pected to take place in the BafSrF and Cag—SrF, binary
tion patterns of the specimens after the heat treatment. All of systems, although BaFCaF, and Srk show the same crystall
the specimens except for the specimen 2A consisted of singlestructure. According to the results obtained in this study, the
solid phase, which indicates that there is a large solid solution |attice constants of Baf CaR and Sri; were 0.6135nm,
region in the Bag—CaR—SrR; ternary system. 0.5447 nm and 0.5770 nm, respectively. This indicates that

Fig. 10shows cross sections of some specimens of the hoth the difference between the lattice constant of Bafel
BaR—Cah-Srk; ternary system after annealing at 1473K  that of Srk (3.65x 10~2 nm) and the difference between the
for 18ks. All of the specimens except for the specimen 2A |attice constant of Cafand that of Srg(3.23x 10-2nm) are
consisted of single solid phase, although they contained amuch smaller than the difference between the lattice constant
large amount of pores. The specimen 2A melted at 1473 K, of BaF, and that of Caf (6.88x 10-2nm). It is generally
because the eutectic reaction of the BaFaFR, system is  known that the A-B binary system exhibits a complete solid
1295K[16]. Fig. 11shows a cross section of specimen 2A  solution system, when compounds A and B show the same
before annealing at 1473 K. The specimen consisted of BaF crystal structure and the difference of their lattice constants
and Cak; phases, although the Baphase contained asmall s relatively small. Therefore, BaFSrF, and Cab—SrR bi-
amount of Ca. This indicates that a small amount of Ca is nary systems would have become complete solid solution
solid-soluble to Bag. On the other hand, Ba is hardly solid-  systems.
soluble to Cak. Fig. 12shows a tentative phase diagram of Fig. 13 shows the lattice constants of specimens of
the Bah—CaR—SrF, ternary system. Both the BaFSrk BaR—-Srk, and Cab-Srk systems. It was clarified that

the lattice constants of (Ba,Sglnd (Ca,Sr)E linearly in-
SrFy creased and decreased with increasing.Batel Cal; con-
o Single solid phase tents, respectively. These tendencies are expected to follow
© Liquid phase Vegard's law.
As described above, it was shown that the
BaF,—Cak-SrF, ternary system has a large solid so-
lution region. In the near future, specimens with some
(Ba, Ca, SN, different compositions of the BaFCak-SrFk ternary
+Liquid phase system will be prepared by SPS, and their friction properties
will be investigated.

(Ba, Ca, Sr)F,
solid solution phase

Ba F2 = CaF2

T .
Liquid phase 4. Conclusions
Fig. 12. A tentative Baj—CakR—SrF, ternary phase diagram obtained by . 0 . . .
examining X-ray diffraction patterns and the microstructure of specimens Al 203, Ni-20 mass% Cr, NiAl-based composites contain-

with seven different compositions annealed at 1473 K for 18 ks in an Ar gas INg Bak, Cak anq S'E as solid |Lfbri(.3ant3 were prepargd
atmosphere. by spark plasma sintering, and their microstructure and high-
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temperature friction and wear properties were examined. In
addition, a tentative Bg~Cak—SrF, ternary phase diagram
was constructed. The following conclusions were obtained.

1. Al,0O3—-31Bak-19Cak (mass%) composites prepared

by spark plasma sintering at 1273K contained a fine

lamellar structure. The lamellar structure consisted of

BaF, and Cak; phases.

. Using spark plasma sintering, dense®d, Ni—20 mass%
Cr, NiAl-based composites containing BafCaF, and
SrF, could be obtained.

. Al,03-31Bak—-19Cak, (mass%) composites showed the

lowest friction coefficient at temperatures between room

633
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