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Abstract

By studying the oxidation behavior of CeF~ in air, a CeF,~compact was prepared on a substrate and the structure is characterized in the
paper, Effects of temperature, load and velocity on the sliding friction behavior of the compact were studied on a pin-on-disk tribometer.
Findings indicated that the CeF3 compact provided low friction in sliding against Hastelloy C between 400 °C and 700 °C at high velocity
and low load. Analysis results suggested that preferential orientation of plane (002) and the oxidation of CeF~ are the two factors that affect
the friction-reducingproperty of CeF3. Furthermore,the transfer film provided by CeF~compact provided HastelloyC with minimizedwear
rate over the evaluated temperatures. All these suggested that CeF~can be used as solid lubricant for use from 400 °(2 to 700 °12. @ 1997
Elsevier Science S.A.
Keywords: CeF.~compact: Tribological characteristic: Lubricating mechanism

1. Introduction

With the increasing operating temperatures of advanced
eng,.'.n.es,~o!id lub,car~is promising for uses to 800 °C are in
urgent need [ 1]. The tribological properties of metal oxides,
fluorides and salts were investigated to identify their abilities
as high-temperature solid lubricants in previous surveys [ 25], One of the most significant researches carried out by
Sliney in NASA was an exploratory study on the tribological
properties of rare earth fluorides [4!. These fluorides have
some characteristics known as high melting points, hexagonal
crystal structure, etc., which suggest they may have potential
as solid lubricating materials for uses to at least 1000 °C.
Findings revealed that LaF3 and CeF3 powder showed good
tribological properties above 500 °C when lubricating an Nibased superalloy couple due to their good film-forming, plastic deformation and transferring abilities [6]. Despite all
these achievements in previous research, many questions
remain unsolved. One example is that no experimental evidence reveals the correlation between the crystal structure
and lubricity of rare earth fluorides in the previous research.
It can be deduced that the crystal structure of CeF3 may have
some connection with the friction-reducing property at high
temperatures since CeF3 has a hexagonal crystal structure.
Furthermore, it is interesting that C e F 3 turned from white to
yellow during sliding at high temperatures accocding to the
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literature [ 7 I. it is well known that CeO2 is yeliow. All these
imply that preferential orientation and oxidation of CeF~
might be involved in the procedures of sliding. Te under"Jw,,'~d
the lubricating mechanism of C¢F3 more clearly, these effects
and their influences on the lubricity ofCeF 3 should be studied
in detail.
The authors carded out a series of surveys on the tribology
of CeF3. The aim of the research is to understand the lubricating mechanism of CeF3 at high temperatures and develop
solid lubricant materials containing CeF3. To understand
these, a CeF3 compact was prepared and the structure is characterized in this paper. The tribological characteristics of
CeF3 at temperatures to 700 °C were evaluated. Finally, factors that affect the sliding friction behavior of CeF3 were
studied.

2. Experimental details

2.1. Analysisof the oxidation behavior of CeF3
CeF3 powder, which was white, was obtained from Gansu
Rare Earth Company China. The purity of the CeF3 powder
was detected by X-ray diffraction (XRD). The oxidation
behavior of the CeF3 powder was investigated by using
thermo-gravimetric analysis (TGA), differential thermal
analysis (DTA), XRD and X-ray photoelectron spectroscopy
(XPS).
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Fig. I. Processing mute to make CeF,~compact.

2.2. Preparation and characterization of CeFs compact
A CeF3 compact (3 mm in thickness) on the substrate of
Hastelloy C was prepared by using the hot-pressing method
in a carbon die set. The processing route to make the CeF 3
compact is shown in Fig. 1. Five steps are involved in the
processing route. The first step is the surface treatment of the
substrate. The sub.~tra..t_e is mechaaically polished to get a
surface roughness of 0.63 itm. This step is used to get agood
adhesion between the compact and the substrate. Step 2 is the
cold-pressing of CeF3 powder in the carbon die set to remove
air in the powder. The operating ~:nessure is 60 MPa. The
third step is the hot-pressing of Cef3 compact. The pressure
is 12 MPa and sintering temperatures are 600 °C and 750 °C
respectively. The sintering lasts 15 rain. To prevent mass
exchange between the CeF3 compact and the carbon die set
during the process, a thin BN film was pre-sprayed on the
surface of the carbon die set. As a result, the CeF3 compact
was finished with a clean and unpolluted surface. Step 4 is
the cooling down of the compact. The finishing step is the
surface polishing of the compact by abrasive paper.
The composition of the compact was analyzed by XRD
and XPS. The structure of the CeF3 compact was characterized by scanning electron microscopy (SEM). The hardness
of the compact was measured on a hardness tester by using a
31.25 kg load.

metallurgy method in the authors' laboratory. The nominal
composition and some mechanical properties of Hastelloy C
are shown in Table 1. Hasteiioy C was chosen as one of the
sliding couples because it is used as a structural material in
some engines that perform at very high temperatures. The
disk was made of the CeF3 compact and was 45 mm in
diameter. The pin was cleaned supersonically to removv contamination on the surface before the tribotest.

2.3.2. Procedures
The tests were conducted by sliding Hastelloy C against
the CeF3 compact. The wear rates of the pin are calculated
by using the formula as follows:
W~-- Aml ( Lt,pt)
where W~ represents the wear rate, Am represents the mass
loss of the pin before and after the tests, L represents the load.
r represents the velocity, 1 represents the duration. In this
paper, the wear rate of the Hastelloy C pin is expressed over
the entire temperature range.

3. Results and discussion

3.1. The oxidation behavior of CeFs powder up w 1200 °C
in air

2.3. Tribological test
2.3.1. Apparatus and specimen
The tribological tests were conducted on a pin-on-disk
tribometer. The schematic diagram of the tribometer is shown
in Fig. 2.
The pin was made of Hasteiloy C, with size of ~ 5 × 15
ram. Hastelioy C is an Ni-based alloy prepared by the powder

The XRD results show that there was a very small amount
of CeO2 existing in the raw material of the CeF3 powder. The
presence of the crystalline phase CeO2 in the material is due
to the preparation of the material.
Fig. 3 shows the DTA and TGA spectra of CeF3 powder
at temperatures to 1200 °C in air. Combined with the results
of DTA and TGA spectra, a reaction at 800°C can be deduced.
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Fig. 2. Schematicof the high temperature tribometer.
Table !
The nominal compositionand some mechanical strengths of HastelloyC
Material

Composition(wt.'~)

HasteltoyC

10

Density ~gcm - ~)

Cr 16. Mo 16. W 5, Fe 4. Co 2.5, Ni balance

8.52

---z%.

-

20-

1" exo
~, endo

~g
800oc

Impact toughness (kJ m -2)

196.1

Compressive strength (MPa)
20 *C

700 °C

1196

550

Table 2 shows the phase contents of CeF3 powder detected
by X R D after heating in a furnace at 600 °C, 700 °C, and 800
°C respectively for an hour. At 600"C, CeF3 had no apparent
oxidation because no crystalline CeO2 was detected. At 700
°t7,, the oxidation of CeF3 was slight. At 800 "12, the oxidation
of CeF3 was completed. Table 3 shows the binding energy o f
Ce, F and O of these powders detected by XPS. These data
proved that CeF3 had no oxidation at 600 °C because the
binding energy of Ors is the same as that of 02 in air. it can
be concluded that CeF3 is oxidation-resistant to 600 °(2 in air.
As such, the appropriate temperature for processing CeF3
compact should be below 800 °C. As seen in Table 3, the
CeF3 did not oxidize by processing the CeF3 compact at 600
°C. With compacting at 750 °C, slight oxidation of CeFs
occurred. So the CeF3 compact prepared at 600 °C was used
as the experimental specimen.

, =

Temperature
Fig. 3. TGA and DTA spectra of CeF~ powder from temperatures to 1200
°C in air.

Table 3
Binding energy of Ce. F, O
.-

Sample
Table 2
Phase content of CeF~ powder after heating at 600 °C. 700 °C, and 800 °C
for an hour in air
Crystal phase

CeF~
CeO,

Content
600 °C

7OO°C

8O0 °C

Major
Minor

Major
Minor

Trace
Major

CeF~ powder as received
Standard :;ampleCeO:
Powder after heating at 600 °C
Powderafter heating at 800 °C
Compact prepared at 600 °C
Compact prepared at 750 °C

Binding energy (eV)
C¢.~3t,

F,,

0,,

883.2
881.8
883.2
882
883.2
883.2
881.8

684.2
-684.2
-684.2
684.3

531.2
529.2
53 !.2
529.0
531.2
531.2
529.2

J, Lu et aL ~Wear211 (1997) 15-21

18

Fig. 4. Micrographs ( x ~ O 0 )

o f (a) CeF3 powder, ( b ) CeF.t compacL

the particles was high. The hardness was equal to the moh
hardness of CoP3 according to Ref. [4J. As such, the panicles
can play the same role on the worn surface as powder does.
A mixed layer of Hi, Cr, W, Mo (from the substrate) and
C¢F3 between the CeF~ compact and the substrate formed by
thermal diffusion was observed (see Fig. 5). This layer was
about 50 to 75 Ixm in thickness according to the data listed
in Table 4 obtained by energy dispersive specu'oscopy
(EDS) on SEM. The average thickness of the layer was
estimated by measuring the concemration diswibution of Ni
as a function of the depth. The exis~nce of the layer may
prompt the adhesive strength between the substrate and CeF~
compact. The substrate had a hardness of 280 MPa and can
burden heavy load applied on the compact. Presumably, the
compact can act as a solid lubricant coating on a hard substrate. However, the layer was so sharp and thin that the
bindi,g strength between compact and substrate was weak.
So coating and film techniques, such as PVD or plasma spray,
axe more appropriate than using CeF3 as a compact when
applied CeF3 in a eribo-system.

Fig. 5, Micrograph of mixed layer at interface x 3000.
Table 4
DCl~h disffibution of Ni in CeF~ compact by EDS on SEM
Thick~ss(~m)

Average (%)

0

12.5

25

50

75

27.2

22.9

20.4

12.4

0

3.3. The tribological characteristics of CeF_~compact
3.2. Microstructure o f CeF3 compact

3.3. i. Effect of temperature on the sliding friction behavior
of Hastelloy C/CeF ~compact couple
Fig. 6 shows the tribological characteristics of the CeF3
compact from room temperature to 700 °C. Unlike the Hastelloy C self-mated couple, which provided high and unstable
friction coefficient at evaluated temperatures, the CeF3 compact provided low friction in slid;ng against H,~stelloy C

Fig. 4(a) and 4(b) show the morphology of CeF3 powder
as received and cross-section morphology of the CeF~ compact respectively. Particles in the CeF3 compact grew after
sintering at 600 °(2. The panicles were held together by the
inter-forces among the particles. The compact had a hardness
of 32 MPa, which suggested that the cohesive strength among
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Fig. 7. XRD spectruv+of weardebrisof CeF+compactafter slidingagainst
HastelloyC fromroomtemperatureto 700 °C. Load39.2 N, velocity0.5 m
s- t, heatingrite 10-12°C per rain.
between 400 °(2 and 700 °C. Meanwhile, compared with the
Hastelloy C self-mated couple, the wear rate of the Hastelloy
C pin was significantly reduced due to the lubrication of the
CeF.+ compact. This means the CeF.~ compact was a good
lubricant in the range of 400 °C to 700 °C, it is interesting
that the friction-temperature curve of the Haste+toy C/CeF.,
compact couple can Ix divided into three sections. Section !
is from room temperature to 300 °C, in which the friction
coefficient gradually decreased with temperature. Section 2
is from 300 °C to 400 °C, where the friction coefficient
decreased rapidly with temperature. Section 3 is from 400 °C
to 700 °C, with the friction coefficient maintained at a value
of 0.16--0.18. In sections ! and 2, the wear debris had no
apparent color change while in section 3 the wear debris was
yellow. These results indicated that the oxidation of CeF+
may occur in sliding in section 3. As seen in Fig. 7, the
intensity of CeO2 peaks of wear debris increased compared
to powder as received, which suggested that the content of
CeO2 in wear debris increased, h can be inferred that the
increment of CeO, in wear debris is due to the oxidation of
CeF3 in sliding. According to Ref. 131. CeO2 showed poor
friction reducing ability. So the oxidation of CeF3 in sliding
may have a negative effect on its lubricity. Furthermore,
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planes (002) and (113) of CeF3 wear debris had preferential
orientation, which suggested that the lubricity of CeF3 may
have some connection with the crystal structure. CeF3 has a
hexagonal crystal structure and can be treated as a layer structure. The layers are held together by weak van der Waals'
force. So it is easy to shear in the direction parallel to the
layer. Since the force between plane (002) is weak, it can be
inferred that slipping easily takes place between the layer of
plane (002). By slipping between plane (002), the frictional
force is low. Maybe that is why the friction coefficient is low
in section 3. All these effects are to be studied in detail in
another paper 18 I.
Fig. 8(a) and g(b) show the morphology and cross-sectional morphology of the worn surface of the compact. It is
suggested that the friction took place at the surface of the
compact. The wear debris was slice shaped and some stayed
on the surface+ The slice-shaped wear debris suggested that
the CcF+ powder had plastic deformation in sliding.

3.3.2. Effect of hmd and velocity on friction coefficient of
Hastelh,y C/CeF.~ compact couple at evaluated temperatures
As seen in Fig. 9, the friction coefficient increased with the
inc,"casing load, while in case of increasing velocity, the friction coeffictent tended to decrease, XPS results show that the
wear debris at 700 °C was mainly composed of CeO:. So it
is evident that the increasing friction coefficient with the
increasing load is due to the oxidation of CeF3 in sliding. In
the case of increased velocity, the composition ofweardebris
was not affected by the oxidation. Furthermore, the wear
debris was more easily worn away from the worn surface at
high velocities. So the worn surface of the compact is replenished by fresh lubricant. That is why the friction coefficient
tended to decrease with increasing velocity. It can be concluded that CeF3 prefers high velocity and low load.
3.3.3. Tranffer fihn of CeF~ compact on Hasteiioy C
By putting CeF++powder on the surface of Hastelloy C and
heating at 600 °<2.uncompleted CeF3 film formed by physical
adsorption can be detected (.see Fig. !0). So it can be
assumed that transfer film of CeF3 is readily formed on the
worn surface, in fact, transfer film of CeF3 can be found on

.

.

+.

.

.

.,

.( ~

4a+

°

.'iF~:~

+++

.+++..

:

.+

~.+ ~~ : :+:+(. .~ +~,' ~,. "~+ + •' +++++,-++++~~+++:
+ "+
Fig. 8. Micrographsof (a) wornsurface x 3000: (b) cross-~ctionof wornsurfaceof CeF~compact x 2000.

+

J. Lu et aL / Wear 211 (1997) 15-21

20

o.~

0,4

i

i

i

~r

~mme

,:- o.t5

li

ii

~ |

0.1

o.1

(a)

i

-m-'-I

O.25
~" 0,.15

i

0.3

.~

19.6 ~.2

~.0

78.4

(b)

90

0.25 0.5 0.75 1 1.25 1.5

I.md~
(14

I 035

0,4

L.~

~

03

,m~
.x

"'

"l
,r 0.15

~

0,2

. . . .

"

",,"

0.15

(11

(c)

I--~,ml

o.25

o25 o.5 o.~

,

'v,etcxa~rn~)

1.z; 1.5

0.1

(d)

o.25 0.5 0.75

1

1.~ 1.5

v~(mCt)
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Fig. 10. Micrographs ( x 200) of (a) CeF3 film and distribution of (b) Ce and (c) F.
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the surface of Hastelloy C by sliding CeF.~ against ltastelloy
C at different temperatures. At 400 °C, the transfer film was
mainly composed of CeF.~. While at 700 °C, the transfer film
was CeO2. Obviously, the composition of the transfer film
was influenced by the oxidation of CeFa. According to Ref.
[4], CeO~ can prevent the Ni-based alloy from suffering
severe wear. So the transfer film on the worn surface had the
beneficial effect of reducing wear of the counterpart.

4. Conclusions
Based on the discussion above, the following conclusions
can be drawn:
1. The maximum oxidation-resistant temperature of CeF:~
powder in air was 600 °C. At 800 °C, the oxidation of
CeF.~ was completed. By compacting CeF~ at 600 °C, a
CeF.~ compact free of oxidation with a good structure can
be obtained.
2. The CeF.~ compact provided low friction in sliding against
llaslell,,,y C between 4o0 ~t; and 700 °C at high velocity
and low load. The preferential orientation of plane (002)
and oxidation of CeF 3 are the two factors that affect the
friction-reducing property of CeF3. The former factor had
a beneficial effect on reducing friction while the latter may
have a negative effect on reducing friction.
3. The wear rate of Hastelloy C was very low due to the
transfer film provided by the CeF~ compact. At 400 °C,
the film was composed of CeF3 while the transfer film of
CeO2 can be detected at 700 °C.
4. CeFx can be used as solid lubricant for use from 400 °C
to 700 °C.
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