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Abstract An investigation of the temperature-dependent

friction behavior of PTFE, MoS2, and PTFE-on-MoS2 is

presented. Friction behavior was measured while continu-

ously varying contact temperature in the range -150 to

175 �C while sliding in dry nitrogen, as well as for self-

mated PTFE immersed in liquid nitrogen. These results

contrast with previous reports of high-friction transitions

and plateaus for pure and composite MoS2 at temperatures

below about -20 �C; instead, we have found persistently

weak thermal behavior between 0 and -196 �C, providing
new insight about the molecular mechanisms of macroscale

friction. The temperature-dependent friction behavior

characteristic of self-mated PTFE was found also for

PTFE-on-MoS2 sliding contacts, suggesting that PTFE

friction was defined by subsurface deformation mecha-

nisms and internal friction even when sliding against a

lamellar lubricant with extremely low friction coefficient

(l * 0.02). The various relaxation temperatures of PTFE

were found in the temperature-dependent friction behavior,

showing excellent agreement with reported values acquired

using rheological techniques measuring energy dissipation

through internal friction. Additionally, hysteresis in friction

behavior suggests an increase in near-surface crystallinity

upon exceeding the high-temperature relaxation,

Ta * 116 �C.

Keywords Solid lubrication � Friction � Friction
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1 Introduction

Solid lubricants are a unique class of friction-modifying

materials that lend themselves to operation in extreme

environments and ultra-high vacuum. Composites of PTFE

and MoS2 are able to provide consistently low friction and

long wear-life across a wide range of operating tempera-

tures and operating environments (e.g., dry air and ultra-

high vacuum), making them ideal candidate materials for

lubrication of mechanical contacts in satellites and aircraft

[1–13]. Previous investigations have revealed remarkably

high-friction transitions for pure and composite MoS2 at

temperatures below about -20 �C [14–16]. For PTFE, a

monotonic increase in friction behavior was observed with

decreasing temperature in the range -100 to 175 �C,
though friction data acquired while immersed in liquid

cryogens (He and N2) were found to produce significantly

lower friction behavior, well below and disjointed from the

measurements using inert gas [17, 18].

There is a gap in the present literature for friction

behavior of PTFE and PTFE-based composites at relatively

low temperatures, between -196 and -80 �C. It is unclear
whether moisture had an effect on the monotonic increase

in friction coefficient with decreasing temperature previ-

ously reported at temperatures approaching these bounds

[17, 18] or whether perhaps temperatures exceeding the

high and low relaxations temperatures of PTFE were not

fully achieved [19, 20]. Previously reported temperature-

dependent friction data have consisted primarily of time-

averaged or steady-state values after prolonged sliding
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periods that may conceal the effects of thermal cycling on

changes in the degree of crystallinity and its impact on

friction behavior, a primary focus of this investigation. By

analyzing time-dependent friction data while contact tem-

perature is progressively and linearly varied, we may gain

greater insight about the molecular mechanisms of mac-

roscale friction. Additionally, we investigated the temper-

ature-dependent friction behavior of two mated solid

lubricants with dissimilar friction behavior, PTFE sliding

on MoS2-coated steel, with the intent of establishing

whether the lamellar solid with the significantly lower

friction coefficient (MoS2) or the higher friction, but low

shear strength material (PTFE) would preferentially

accommodate shear.

2 Materials and Methods

Pure (virgin) PTFE spheres and flat countersamples were

acquired from McMaster-Carr. Pure MoS2 coatings were

deposited via magnetron sputtering onto 440C-PH stainless

steel coupons by Tribologix Inc. (Golden, CO), following

the same process described in Scharf et al. [21], with a target

film thicknesses of 300 nm. The steel coupons were pol-

ished prior to deposition to an average roughness of 12 nm,

verified using a Bruker Contour-GT scanning white light

interferometer (SWLI). The coatings were verified to be

300 nm thick using focused ion beam to mill a trench and

image the cross-sectional view; the as-deposited roughness

was 25 nm. Precision ball bearing 440C steel spheres were

used for the MoS2-lubricated steel-on-steel experiments,

having an average roughness better than 20 nm.

A deadweight load linear reciprocating sphere-on-flat

tribometer was used to perform friction measurements. A

diagram of the tribometer and inert gas flow cell is shown

in Fig. 1a, b, respectively. The tribometer was operated

inside a glove box purged continuously with ultra-high-

purity dry nitrogen. The humidity was monitored inside the

glove box using a chilled mirror and the molecular con-

centration of O2 monitored using an oxygen analyzer; both

H2O and O2 concentrations were maintained below 10 ppm

during testing.

An inert gas flow cell was designed to further reduce the

influx of room-temperature water molecules onto the con-

tact, particularly important to prevent ice formation at low

temperatures. A custom built multistage tube heater was

used to regulate the temperature of a liquid nitrogen (LN2)

supply, including a heat exchanger used to further desiccate

the gas flow; the temperature controlled nitrogen was used

to envelop the contact at a flow rate of 0.4 L per minute,

preventing exposure to ppm levels of warmer H2O mole-

cules in the purged chamber. The LN2 was fed from the

Dewar through a PID-controlled 1.9 kW resistive heating

coil sealed within steel tubing. The PID heater was used to

heat the liquid input sufficiently to output gaseous N2 at

temperatures between -150 and 250 �C. A 1 kHz data

acquisition (DAQ; National Instruments PXI) system was

used to record friction force, the position of the recipro-

cating specimen via a linear variable displacement trans-

ducer (LVDT), and three temperature channels: ambient

chamber temperature, N2 gas temperature at the heater exit

point, and surface temperature of the specimen in contact.

The surface temperature measurement was achieved by

mechanically fixing an unshielded K-type thermocouple

between the upper wave washer and flat specimen (see

Fig. 1a) near the location of contact; this is the same

washer that was used to fasten the specimen onto the

polyamide-imide (PAI; TorlonTM) flow cell.

In all cases, the diameter of the steel and PTFE spheres

was 3.2 mm, the normal force was 1 N, and sliding speed

was 3 ± 0.2 mm/s, corresponding to about 3 cycles/�C
during periods of temperature ramping, which were always

performed at a rate of 10 �C/min. The variability in speed

over the stated range is a result of the cam-driven design

generating a sinusoidalmotion profile.Only themiddle 50 %

of friction data throughout a cycle was analyzed and the
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Fig. 1 a Diagram of variable temperature tribometer showing inert

gas flow cell in cross section; b example of raw data acquired during a

sliding experiment with linear temperature ramps and holds
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average value per cycle reported; 3.2 mm/s is the peak speed,

dropping to about 2.8 mm/s at the extremes of the range of

stroke used to determine friction behavior per cycle. An

example of friction data acquired while using a combination

of temperature ramps and holds is shown in Fig. 1b, and

these data correspond to a self-mated PTFE sliding contact.

3 Results and Discussion

Figure 2 presents friction data for self-mated PTFE and

MoS2 sliding contacts and for a PTFE-on-MoS2 contact, as a

function of temperature, and the corresponding Arrhenius

plots. The data presented in Fig. 2 were acquired using the

following temperature profile for each experiment: hold at

room temperature for 10 min to establish a baseline and

allow run-in to take place, linear ramp down to-150 �C and

hold for 10 min, linear ramp to ?150 �C and hold for

10 min, linear ramp down to -150 �C and hold for 10 min,

and finally linear ramp to room temperature and hold for

10 min. The data corresponding to each heating/cooling

temperature ramp are differentiated using shades of gray.

The MoS2 data in Fig. 2c show that the formation of ice was

successfully avoided using the inert cover gas flow cell

described previously. The data in Fig. 2b reveal a high

hysteresis in the temperature-dependent friction behavior,

most pronounced in the range-75 to 25 �C (Fig. 2a, b) and

after exceeding a temperature of about 100 �C (Fig. 2b).

Fig. 2 (Left) Friction coefficient data as a function of temperature for

uninterrupted thermal cycles and (right) corresponding Arrhenius

plots of the same data; steady-state room-temperature values from

prolonged sliding experiments (not shown) are used for normalization

(i.e., l0 at T0 = 20 �C); data are presented for bulk, self-mated pure

PTFE contacts with maximum thermal cycle temperatures of

a 100 �C and b 175 �C, for c pure sputtered MoS2-lubricated steel

contact, and d PTFE sliding against an MoS2-coated steel flat
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We see evidence of non-monotonic friction behavior as

a function of temperature for self-mated PTFE at temper-

atures below about -100 �C and above 120 �C where low-

(c) and high-temperature (a) relaxations occur [19, 20], as
well as significant hysteresis upon exceeding the high-

temperature a-relaxation during uninterrupted thermal

cycling implying a significant change in the degree of

crystallinity of near-surface material. Sliding of bulk

PTFE-on-MoS2-coated steel led to a temperature-depen-

dent friction curve characteristic of the higher-friction

PTFE rather than MoS2, redefining our conceptual model

of the molecular-scale origin of friction for PTFE. While

previous studies [3, 7, 10, 22] have shown that it is possible

to modify friction and wear behavior of PTFE by intro-

ducing fillers that effectively limit near-surface deforma-

tion and wear-particle formation through crack formation

and propagation, this study presents compelling evidence

that friction behavior is also primarily determined by near-

surface shear and deformation of PTFE. A high-friction

transition for pure MoS2 was notably absent at tempera-

tures as low as -150 �C in this work, contrasting with

recent reports on pure and composite MoS2 [14, 15], and

suggesting that the origin of high-friction transitions in

those investigations was not associated with temperature-

dependent variability in the shear strength of MoS2. Gen-

erally, we found that the temperature-dependent friction

behavior of pure MoS2 showed remarkably different

behaviors than previously reported for pure and MoS2-

based composites [14, 15]; in the range of temperatures

where previous AFM investigations found monotonic and

relatively large increases in friction for pure MoS2 [15], we

instead observed consistently weak thermal behavior below

about 0 �C and athermal friction behavior at temperatures

above about 0 �C, with an activation energy similar in

magnitude to weak van der Waals interactions character-

istic of basally oriented lamellar MoS2 surface films that

form under sliding shear [23].

A comparison of contact stresses for self-mated PTFE

and MoS2 corroborates the hypothesis that the lower shear

strength PTFE must be accommodating sliding by near-

surface deformation based on the recovery of PTFE friction

behavior in sliding against MoS2. We use the simplified

expression proposed by Hamilton [24, 25] for sliding of a

sphere-on-flat contact to determine the surface maximum

von Mises stress (rs,max), rs;max ¼ 3Fn

2pa2
1�2m
3

þ 4þmð Þ
8

pl
h i

,

where Fn is the normal force, l is the friction coefficient, v

is the Poisson ratio, and a is the Hertz (frictionless) contact

radius, a ¼ 3FnR
4E0

� �1=3
, which is a function of reduced

modulus E0, defined for contact between bodies A and B as

E0 ¼ 1�v2
A

EA
þ 1�v2B

EB

h i�1

.

We now calculate and compare the maximum surface

shear stress for the case of self-mated PTFE sliding with a

friction coefficient of l = 0.1 and for an MoS2-lubricated

steel contact with a friction coefficient of l = 0.02. We

assume for PTFE a Young’s modulus of E * 500 MPa,

Poisson ratio v * 0.46, and for steel values of E * 200

GPa, v * 0.3. Using a normal force of 1 N, the maximum

surface stress for bulk, pure self-mated PTFE sliding is

then rs,max * 4.0 MPa, for an MoS2-lubricated steel slid-

ing contact it is rs,max * 163 MPa, and for a PTFE-on-

MoS2 contact it is rs,max * 6.3 MPa. It is evident that

PTFE, the lower shear strength material in the PTFE-on-

MoS2/steel experiment (in agreement with shear strength

measurements of pure PTFE in sliding in the range

1–5 MPa [26]), does not generate sufficient surface shear

stress to drive MoS2 deformation. Instead, PTFE deforms

preferentially at a significantly lower shear stress than the

MoS2-lubricated steel-on-steel contact. Based on the

observed run-in friction behavior, it is unlikely that the

initial state of the sputtered MoS2 is basally oriented in the

sliding direction; these films were deposited using mag-

netron sputtering, which tends to generate initially amor-

phous MoS2 [21]. Accordingly, the initial shear strength

and friction coefficient of the as-deposited MoS2 is likely

to be higher [27, 28]. Even though there is an order of

magnitude greater friction coefficient, it was PTFE defor-

mation that determined the friction behavior of the PTFE-

on-MoS2 contact, indicating that shear stress must be

accommodated by the PTFE through subsurface deforma-

tion processes. Electron microscopy and energy dispersion

spectroscopy of the worn PTFE ball did not reveal MoS2
transfer to the PTFE surface, though a few flakes of PTFE

were found on the MoS2 wear track surface.

Figure 3a shows the self-mated PTFE data from Fig. 2b,

as well as overlaid literature values for normalized friction

coefficients as a function of temperature, as well as an

additional steady-state measurement of friction coefficient

for self-mated PTFE immersed in liquid N2. In Fig. 3b, we

show data adapted from McCrum [20] of internal friction

as a function of temperature for PTFE of varying crys-

tallinity based on temperature-dependent rheology and

materials characterization.

Three distinct temperature-dependent friction regimes

are observed in Fig. 2 for self-mated PTFE, with bound-

aries that correlate well with three characteristic relaxation

temperatures identified for PTFE: alpha (Ta), beta (Tb), and

gamma (Tc). Calleja et al. [19] and McCrum [20] both

determined these phase transitions for PTFE are a function

of the degree of crystallinity. Also based on temperature-

dependent rheological experiments and materials charac-

terization, Calleja et al. [19] further proposed that location

and intensity shifts for the alpha and gamma relaxations
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correspond to a change in the dominant energy dissipation

or plasticity mechanism. In other words, they proposed that

changes in internal friction during deformation at variable

temperature should be attributed to a fundamental shift in

the mobility of the amorphous and crystalline regions in

PTFE. The a and c relaxations were found [19] at tem-

peratures of Ta * 116 �C and Tc * -103 �C, though

these temperatures were shown earlier to shift as a function

of annealing time by McCrum [20]. Calleja et al. [19] also

proposed that the two-part b relaxation with increasing

temperature is associated with the untwisting of molecular

chains at about 19 �C, associated with a change from 13/6

helical conformation (13 CF2 groups per 6 turns) to a 15/7

helix structure, and then further untwisting at 30 �C to a

15/6 helix; this progressive untwisting of the PTFE chains

is associated with increased mobility of the crystalline

phase. In Fig. 2a, we observed a small but rapid decrease in

friction behavior at about the location of Tb. Calleja et al.

[19] generally associated characteristic changes in internal

friction as a function of temperature to shifts in the regions

where deformation is primarily accommodated from

amorphous to crystalline, and also to changes in the degree

of crystallinity (annealing) at relatively higher temperature.

Specifically, they proposed that internal deformation of

PTFE at low temperatures (T\ Tc) primarily takes place

within amorphous regions, at moderate temperatures

(T * Tb) primarily in crystalline regions and at sufficiently

high enough temperatures (T[ Ta) primarily at the

boundary region between amorphous and crystalline. This

conceptual framework basically relies on differences in the

temperature-dependent mobility of amorphous (randomly

oriented) and crystalline (oriented) regions in the PTFE,

where mobility of amorphous zones is relatively athermal

compared to crystalline zones. We see that two additional

features in the friction data that may be explained in the

context of this description of variable mobility of two-

phase PTFE. The first is the observed difference in friction

behavior when temperature was allowed to exceed

Ta * 116 �C (Fig. 2b), contrasting with friction data

where the temperature approached but did not exceed Ta
(Fig. 2a). The hysteresis in friction behavior upon cooling

after exceeding Ta is then assumed to indicate a significant

increase in crystallinity through annealing, where friction

coefficient increased to values similar to those at room

temperature, in agreement with the high-crystallinity data

of McCrum [20] (Fig. 3b).
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temperature) data as described by and adapted from McCook et al.
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On the Arrhenius plots in Fig. 2, wherever linear

behavior is observed the slope of the line is directly pro-

portional to the frictional activation energy. For the MoS2-

lubricated steel contact, there is clearly a consistent and

repeatable thermal friction behavior below a temperature of

about 0 �C, with a negative activation energy

QMoS2 * -0.8 kJ/mol, and athermal behavior above about

0 �C. For PTFE, strong thermal behavior was only found at

temperatures near Tb, where the activation energy was also

negative and approximately Qb - PTFE * -10 kJ/mol.

The wear rate of MoS2-lubricated steel contacts was

determined using SWLI at the end of 500 sliding cycle

experiments at constant temperatures between -150 and

100 �C using 50 �C steps, again using a normal force of

1 N and 10 mm/s sliding speed. Wear volumes were

determined following the procedure described in Bares

et al. [29], with a calculated uncertainty of 4 9 10-8 mm3

that is several orders of magnitude below the measured

wear rates for pure MoS2. Wear behavior was found to be

athermal and in the range 2 9 106–1 9 105 mm3/N-m,

with a notable increase in wear rate to 1 9 10-4 mm3/N-m

only at the highest temperature of 100 �C. A more detailed

dedicated investigation of the friction and wear behavior of

MoS2 as a function of temperature is the subject of a fol-

low-on publication, though it serves to mention the friction

and wear behavior for MoS2 to corroborate the claim that

we were successful in mitigating the formation of ice on

the sliding surface using the method described, which is a

critical part of this investigation of temperature-dependent

PTFE friction behavior.

4 Concluding Remarks

The results of this investigation may be summarized as

follows:

• The temperature-dependent regimes of PTFE friction

behavior were mapped by systematically varying

contact temperature across a range that includes the

three known relaxation temperatures; three distinct

friction regimes were found that correlate well with

established molecular descriptions of plastic deforma-

tion as a function of temperature [19, 20]. Evidence of a

double relaxation peak assigned to a two-part b
relaxation was also found in the form of a small but

sharp change in friction behavior in the range

20–30 �C.
• Hysteresis in the friction behavior of PTFE with

additional thermal cycles also indicates a change in

the degree of crystallinity, most pronounced when the

high-temperature alpha relaxation was exceeded. The

data suggest that annealing resulted in an increase in

near-surface crystallinity, manifested as a shift toward

higher-friction behavior.

• Sliding of PTFE-on-MoS2 revealed that, due to the

relatively lower shear strength of the PTFE, it was in

fact the higher-friction PTFE that sheared preferentially

and defined friction behavior.

• The friction behavior observed for PTFE and MoS2
contacts suggests that the formation of ice from

moisture present in the heated liquid cryogen, further

desiccated using a heat/cool cycle prior to releasing the

gas on the contact, was sufficiently reduced to prevent

confounding low-temperature friction measurements.

• The temperature-dependent friction of pure MoS2-

lubricated steel contacts was shown to follow Arrhenius

behavior between -196 and 0 �C, transitioning to

athermal behavior at higher temperatures, and having

an activation energy of *-1 kJ/mol.
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