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Abstract 

The dependence of friction coefficient vs. temperature of Hastelloy C/CeF~ compact was studied in the paper. The wear debris was studied 
by using X-ray diffraction (XRD) and scanning electron microscopy (SEM). Findings indicated that CeF~ had physical anti chemical effects 
in sliding at evaluated temperatures. The physical effects were knowtt as preferential orientation, degree of crystallization and plastic 
deformation. The preferential orientation of plane ( 002 ) had a positive effect on friction reduction. The friction coefficients were low as the 
degrees of crystallization were high. The chemical effect was known as oxidation. The difference between static and sliding conditions was 
that the starting temperature of the former was higher than that of the latter. The cause was the temperature difference between the sliding 
surface and environment caused by frictional action. The oxidation of CeF~ compact had a negative effect on its lubricity below 700 *C since 
CeO2 showed poor lubricity within the range of these temperatures. At 700 °C, CeOz exhibited good friction-reducing, transferring and film- 
forming properties, which means the oxidation above 700 °C may have a beneficial effect on friction reduction. © 1997 El~vier Science 
S.A. 
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1. Introduction 

Oxides, fluorides and inorganic salts are strong candidate 
solid lubricants for uses above 500 °C [ i -3] .  Rare earth 
fluorides have been considered as high temperature solid 
lubricants, up to at least 1000 °C, due to their good film- 
forming, plastic deformation and transferring properties [ 3 ]. 
Unfortunately however, the correlation between the crystal 
structure and the lubricity of  rare earth fluorides has not yet 
been studied. Furthermore. it is interesting that CeF~ turned 
from white to yellow durmg sliding at high temperatures 
according to reference [4].  It is well known that CeO., is 
yellow. So it can be deduced that the oxidation of CeF3 might 
be involved in sliding. Apparently, these two effects are very 
important to help to understand the lubricating mechanism of 
CeF3 at high temperatures, The authors' previous survey on 
the tribological characteristics of  CeF3 compact at tempera- 
tures to 700 °C showed that the friction coefficient was 
0.16,-,0.18 [5].  X-ray diffraction (XRD) results revealed 
that the crystal plane (002),  ( i 13) of  wear debris showed 
preferential orientations and the content of CeOa increased 
compared to the compact, which suggested that physical and 
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chemical effects may occur during sliding. As indicated in 
reference [5],  the most interesting parts of  the tribological 
characteristics of CeF3 are section It (300 to 400 °(2) and Ill 
(400 to 700 °C). It is likely that these effects Itave influences 
on the friction-reducing properties of CeF3 at these temper- 
atures. To have further knowledge on these effects, the 
dependence of the effects with temperatures 300 to 700 °(2 
was studied in the paper. Comparisons on t h e ~  effects in 
static and sliding conditions were made. 

2. Exper imenta l  details 

2. I. Materials 

CeF.~ powder was obtained from Gansu Rare Earth Com- 
pany China. The a~minal purity is 99.5%. 

Hastelloy C is prepared by using the hot-pressing method 
in an intermediate inductive furnace. The nominal composi- 
tion and some mechanical strengths of  Hastelloy C are shown 
in Table !. 

2.2. Preparation o f  CeFs compact 

CeF3 compact is prepared by using the hot-pressing 
method on a substrate o f  Hastelloy C. Details on making the 
CeF.~ compact are given in Ref. [ 5 ]. 
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Table 1 
The nominal composition and mechanical strength of Hastelloy C 

Composition (wt.%) Density (kg m" "~ ) Impact toughness (kJ m- ") Compressive strength ( M Pa) 

20 *C 700 *C 

Hastelloy C Cr 16. Mo 16. W 5. Fe 4, Co 2.5, Ni balance 8.52×10 ~ 196.1 1196 550 

~oa t ~  ' ~ W Fmm~ 
[qz ~ :c~ d~m ~ Fo~e~ L / 

$1x~ act~or 

Or~ve ~em 
Fig. I, Scl~mnlie nflhe high ~m~mture lribor~ler. 

2.3. Tribological tests 

2.3. i. Apparatus and specimen 
The ~bologicai tests were conducted on a pin-on-disk 

tribometer. The schematic diagram of the tribometer is shown 
in Fig. 1. The pin is made of Hastelloy C, with size o f~5  × 15 
ram. The disk is made of CeF~ compact and is 45 mm in 
diameter. 

2.3.2. Procedures 
The tests were conducted by sliding Hastelloy C against 

CeF~ compact to study the relationship between friction coef- 
ficient and sliding distance at 300, 400, 500, 600, and 700 °C. 
Test conditions were load 39.2 N, velocity 0.5 m s-  ~. The 
duration of the tests was 60 rain, which is 1.8 km in distance. 
The friction coefficient was measured at 5 minute intervals 
(0.15 km in distance). 

2,4. Analysis 

The physical and chemical effects were studied by using 
XRD ( D/Max-DB ) to detect the composition and orientation 
of the wear debris after the tribological tests at evaluated 
temperatures. The plastic deformation of the wear debris and 
the morphology of the CeF3 compact were studied by using 
scanning electron microscopy (SEM) (JEM- 1200EX/S). 
The transferred film was studied by using Auger electron 
spectroscopy (AES) (P.E. PHI-550). 

3. Results and discussion 

3.1. The dependence of friction coefficient vs. sliding 
distance at evaluated temperatures 

Fig, 2 shows friction coefficient as a function of sliding 
distance of Hastelloy C/CeF3 couple at evaluated tempera- 
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Sliding distances (kin) 
Fig. 2. D'z~ndence of ffictio~ e,,effieienl v.~. sl[din~ distance at evaluated 
temperatures (load 39.2 N, velocity 0.5 m s- ~ ). 

tures. At 300 °C, the starting friction coefficient was 0.23, 
and increased to 0.28 ~ 0.29 after sliding 0.45 kin. Then the 
friction coefficient stayed at 0.45 to the distance of 1.2 km. 
Finally, the friction coefficient dropped to the value of 0.24. 
The friction coefficient at 300 °C was not low enough to 
lubricate Hastelloy C. At 400"(2, the friction coefficient was 
relatively constant as a function of sliding distance. Only 
within the distance of 0--, 0.15 km did the friction coefficient 
increase from O. 16 to O. 19 and then remained at O. ! 9 for the 
rest of the distance. At 500 °C. the starting friction coefficient 
was Iow--O. 14, then increased to 0.20 after sliding 0.30 kin; 
finally it reached 0.18 after sliding a distance of O.60 kin. At 
600 and 700 °C, the friction coefficient vs. sliding distance 
was erratic. The friction coefficients were within the range of 
0.15 ,,0.20. 

At 300 °C, the wear loss of Hastelloy C was 0.4 mg and 
film transfer can be observed. At 400, 500, 600, and 700 °C, 
Hastelloy C had negative wear losses (0.7 ~ I mg incre- 
ments) due to the formation of transferred film on its worn 
surface. Although the wear loss of the compact was high 
(21.7---53.9 mg), it can be concluded that CeF3 compact 
provided excellent wear resistance to its counterbody Has- 
telloy C by forming transferred film on the worn surface of 
Hastelloy C at evaluated temperatures. 

3.2. Physical effects 

3.2. I. Preferential orientation and degree of co,stallization 
XRD results reveal tlaat no preferential orientation 

occurred by simply heating CeF3 compact except at 700 °C, 
where the crystal planes (300), (113), and (302) of CeF3 
had preferential orientations ( see Fig. 3). 

Table 2 lists the crystal planes of CeF3 wear debris iha~. had 
preferential orientations after friction tests at 300, 400, 500, 
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600, and 700 °C. Crystal plane (002) had preferential ori- 
entation except at 700 °C. The crystal structure of  CeF3 is 
hexagonal and adopts the so-called tysonite structure which 
approximates a layer lattice. The layers are held together only 
by weak van der Waals' forces. This type of structure is 
readily sheared in the direction parallel to layer orientatim, 
[3].  So the preferential orientation of crystal plane (002) ~.s 
beneficial to friction reduction ofCeF~. As seen i~+ Fig. 4 (b) .  
the intensity of  plane (002) exceeded that of plane ( I ! i ). 
Combined with the result of  friction coefficient-sliding dis- 
tance at 400 °C, it can be concluded that the preferential 
orientation of  plane (G92) was the dominant factor in friction 
reduction. Planes ( ! 13), (004) had preferential orientations 
at all evaluated temperatures. This may be due to the mechan- 
ical-thermal action. 

As seen in Fig. 4. the degrees of  crystallization of the wear 
debris at evaluated temperatures were influenced by sliding. 
At 300 °C, the degree of crystallization was low (see 
Fig. 4(a)  ), and as a result the friction coefficient was higher 
despite the preferential orientation of  plane (002).  At other 
temperatures, the degrees of  crystallization of  wear debris 
were higher than that at 300 °C to yield lower friction. 

Considering these discussions, it cm+ be concluded that the 
preferential orientation of plane (002) and the degree of  
crystallization of wear debris were the two underlying phys- 
ical factors that affect the friction-reducing property of CeF~ 
compact. The preferential orientation of plane (002) had a 
positive effect on the friction-reducing property of CeF.~ and 

! 60K [ 

i , l ! !  +;11 X ' ~ . _-' ...i ZL+  =~  .., 

Fig. 3. XRD specmlm of CeF.~ compact after heating at 71111 °C in air lilr an 
hour: a-(3~), b-(113), c-(302). 
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Fig. 4. XRD speclra of CeF~ wear debris at evaluated temperatures: 
(a) 300 °C, (b) -~0 ~C. 

the degree of crystallization had a positive effect on friction- 
reduction when it was high. 

3.2.2. Plastic" deformatior, , 

Fig. 5 shows the morphology of  CeF3 powder as received, 
CeF.~ compact and wear debris. CeF.~ powder as received was 
spherical-like, about I IJ.m in size. After sintering, the panicle 
size of CeF.~ grew. The wear debris was slice-shaped, which 
means plastic deformation occurred in sliding. Plastic defor- 
mation contributes to energy release and film-forming on the 
worn surface. Becau~  CeF3 has low hardness [ 3 ], the defor- 
mation can readily occur. However, the compressive strength 
in the direction of  co (direction vertical to plane (002))  is 
larger than that in the direction of ao (direction parallel to 
plane (002))  while the shear strength is just the opposite. So 
the plastic deformation occurred in the direction parallel to 
a,) and slip followed the direction. This explains the shape of 
the wear debris. 

3.3. Chemical effects 

3.3. I. The static" oxidation behavior o f  CeF3 compact 
XRD result:; :;hew that the CeF.~ compact began to oxidize 

between 600 and 700 °C, and totally converted to CeOz at 
800 °C after being heated in a furnace for an hour (see 

Table 2 
Crystal planes of wear debris that had preferential orientations ( + ) obtained at evaluated lemperalures 

Crystal plane Temperature 

300 °C 400 °C 500 °C 600 °C 700 ~C 

(002) + + + + 
(110) 
(111) 
(112) 
(21t) 
(300) + + 
(113) + + + + + 
(004) + + + + + 
(302) + + 
(221) + 
(114) + 
(222) + 
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Fig. 5.1V.e SEM morphology of (a) CeF~ powder as received (× 8000), (b) CeF~ compact (x  3000) and (c) wear debris ( x 3000). 

Table 3 
Oxidation degrees of CeF~ compact in static conditions and after sliding against Haszelloy C at 500, 600 and 700 °C 

lceo:/ tc <F ," 

Raw material 500 °C 600 °C 700 °C 

Stalic 16:100 16:I00 16:100 42:100 
Sliding - -  3 1 :  I OO 7 6 : 1 0 0  i 0 0 ;  i 8 

~h¢ ratio of the intensity of plane ( i I I ) in CeO~ and CeF, respectively. 

Table 3). It is suggested that the CeF3 compact was oxida- 
tion-resistant up to 600 °C. 

3.3.2. The oxidation behavior of  CeF., comFact in sliding 
contact 

XRD results show that the oxidation of CeF3 began at 500 

°C and the maximum oxidation was observed at 700 0(2 (see 

Table 3). The starting oxidation temperature of CeF3 com- 

pact in sliding was lower than that under static conditions, 

which means the oxidation behavior in sliding is different 
from that of  the latter. Due to the mechanical action, the 
temperature of  the sliding surface was higher than that of  the 
environment. Hence the oxidation occurred more easily in 
sliding than static conditions. Wear debris at 700 °C was 

mainly CeO2, which indicated the oxidation of C¢F3 was 

dominant at that temperature. 
All this suggests that the frictional behavior of CeF.~ was 

controlled by the chemical effect above 700 °t2. 

3.3.3. The triboiogicai cizaracieristics o f  Ce02 compact at 
700 ° C 

Fig. 6 shows the tribological characteristics of CeO2 com- 
pact from room temperatures to 700 °C. It is clear that CeO2 
showed lubricity only at 700 °C. As seen in Fig. 7, CeO_, can 
be a good lubricant at 700 °C. At this temperature, transferred 
film can form on the counterpart surface (see Fig. 8) and the 
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A ~ k  A JIk 

"V" V V V 

I ! 1 it ! I ! 

0 100 ~0 300 400 ~O0 600 7C0 
Temperature(C) 

Fig. 6. Friction coefficient of Hastelloy C/CeO: compact couple at evaluated 
temperatures. 
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Fig. 7. Dependence of friction coefficient vs. sliding dislan~:e~ ~fl" Haslelloy 
CICeO, compac! couple at 71)0 °C. 

friction coefficient remained at 0.18'-,0.20 after sliding a 
distance of 0.25 km. The crystal structure of CeO_, is fcc, so 
the friction-reducing propgrty is probably due to the softening 
of  CeO2. Observation on the worn surface of  CeO?. compact 
at 700 °C indicated that the worn surface was smooth and 
glass-like. The transferred film can reduce the wear of Has- 
telloy C since the wear rate is very low (3 .74× IO- i~ m 3 N 
m - i ) .  Unlike MoO~, which sublimates at 600 °(2, CeO2 is 
more stable and can be used to a temperature of  1000 °{2 or 
even higher. 

Considering these discussions, it can be concluded that the 

oxidation of  CeF~ in sliding below 700 °C had a negative 
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Fig. 8. The depth prolile spectrum of CeO~ transfer film on Hastelloy C: a-Co. h-O, c-Ni ( *no sensitive factor I. 
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effect on its tubricity since CeO2 showed good lubricity by 
providing low friction and low wear rate. All this implies that 
when using CeF3 as coating or compact for lubrication below 
700 °C, the formation of CeO2 film on the surface of coating 
or compact should be avoided. 

3. CeO2 had good friction-reducing properties at 700 °(2 to 
which the softening and film-forming properties of CeO2 
were partially attributed. 
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4. Conclusions 

1. The physical effects of CeF3 compact in sliding were pref- 
erential orientation, plastic deformation, and degree of 
crystallization. The preferential orientation of plane (002) 
had a positive effect on reducing friction. The degree of 
crystallization of wear debris showed a positive effect 
when the value was high. 

2. The chemical effect of CeF3 compact in sliding wa,g oxi- 
clarion. It had a negative effect on reducing friction 
between 500 °C and 700 °C since the tribological prop- 
erties of CeOz at these temperatures were poor. 
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