













































































































































































































































































































































































































































































































































































































































































































































































204 S. Clyens, C. R. Evans and K. L. Johnson

in figure 4@, b. The time base was set at 200 ps/cm, showing that the pulse duration
was ca. 750 ps as expected. The upper trace is of the input pulse (measuring @,
positive downwards); the lower trace is of the output trace (measuring @,, positive
upwards). The apparent time delay between the pulses is due to the time of passage
of the wave between the two sets of strain gauges. The events at the specimen are,
of course, simultaneous. A reasonably ‘square’ input pulse has been obtained

o

Ficure 4. Oscilloscope traces for typical tests. The upper trace shows the input pulse
(positive downwards); the lower trace shows the output pulse (positive upwards).
(a) 5P4E at low strain rate (191 s~%): output pulse is constant indicating uniform stress;
(b) 5P4E at moderate strain rate (524 s~1): output pulse falls slightly, attributed to viscous
heating ; (¢) 5P4E at moderate strain rate (456 s—) showing fracture: output pulse (stress)
falls to zero during the pulse; (d) 5P4E with reduced-diameter end-cap for modulus

measurement (y = 680 s71).

having a rise time of ca. 40 ps. There is a small overshoot ( < 5 %) and slight oscilla-
tion at the end of the pulse but these perturbations were generally negligible.
Signals following the end of the pulse are due to reflected waves and are of no
consequence. The output trace, which measures the stress in the specimen, shows
an immediate response to the applied strain rate. At low input strain rates the
output is also constant throughout the pulse (figure 4a). At higher strain rates the
output signal decreases to some extent through the pulse (figure 4b). Thisis assumed
to be due to shear heating of specimen. Its effect is most marked at low temperatures
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where the (high) viscosity of the test fluid is most sensitive to changesin temperature.
The temperature rise due to shear heating under different conditions has been
estimated on the basis of uniform adiabatic heating, and values are quoted in
table 1. They are not large and the value of the stress given by the initial response
of the output gauges should not be significantly affected by viscous heating. Thus,
where the output pulse was not uniform, the value at the start of the pulse was used
to calculate the stress.

TABLE 1. ESTIMATED TEMPERATURE RISE DUE TO VISCOUS HEATING
or HVI 650 WITH ANNULAR END-CAPS

temperature rise/°C
A

- A
test at end of
temperature at end of nonlinear region
°C linear region (y = 10*s7)

—23 0.03 1.0
—2b 0.05 1.2
—27 0.14 1.0
—30 0.06 1.4

Fluid was placed in the test cavity and cooled to the required temperature. Tests
were then carried out at increasing strain rates by applying increasing torques to
the torque arm before releasing the clamp. Each test resulted in a photographic
record, such as those shown in figure 4, from which the strain rate and shear stress
in the sample were calculated by using equations (6) and (7). Stress—strain-rate
graphs at various temperatures for polyphenyl ether and the miaeral oil are pre-
sented in figures 5 and 6. Similar results with an annular specimen (see below) are
given in figure 7. There is appreciable scatter in the measurements which is attri-
buted mainly to insufficiently precise temperature control.

At lower shear stresses the relation between stress and strain rate is linear so that
the Newtonian (zero shear-rate) viscosity 7, can be found from the gradient of the
line. The values of viscosity so found are quoted in table 2 and plotted against
reciprocal absolute temperature in figure 8.

To check the validity of the torsion bar for measurements of dynamic shear in
fluids, the low-strain-rate viscosity was also measured by more conventional
methods. First a capillary viscometer provided by Shell Thornton Research Centre
was used. It was found that the mineral oil HVI 650 began to waxify below — 6 °C
owing to the precipitation of a small percentage of paraffinic hydrocarbons. In
consequence, viscosity measurements with the capillary viscometer had to be
abandoned at —6 °C: the ‘waxy pour point’. It seems probable that some wax
was present with this fluid in the torsion bar experiments at low temperature, but
there seems no way of assessing its effect. This difficulty prevented a direct com-
parison between the capillary viscometer and the torsion bar for HVI 650. The
polyphenyl ether, on the other hand, showed no phase change down to the lowest
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shear stress/MPa

Ficure 5. Experiments on polyphenyl ether 5P4E with a conical end cap (8 =

16

Freure 6. Experiments on mineral oil HVI 650 with a conical end cap (f = 1.0°).
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temperature. The use of the capillary viscometer became impracticable below 0 °C
(7, > 600 Pa s), so that a simple ‘falling ball’ viscometer was constructed with a
7.58 mm diameter ball. With this apparatus viscosities up to 3.5 x 10 Pa s (at
— 1.8 °C) were measured. The values are plotted in figure 8 for comparison with
the results from the torsion bar. There is good agreement between the different

12 1 l T T I I T I T I T I
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—25
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2 %o —23 |
5 —o—0
=t
3
o4 _
w2
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Ficure 7. Experiments on mineral oil HVI 650 with an annular end cap
(h varies between 0.127 and 0.635 mm; 7, = 11 mm).

TABLE 2. MEASURED VALUES OF VISCOSITY 7, AND EYRING STRESS 7,

(@) HVI 650 (b) 5P4E
cone and plate annulus cone and plate

9 A === s R 3 = R
temp. Mo To temp. Mo To temp. No To

°C Pas MPa °C Pas MPa °C Pas MPa
—30 =~ 8x10° =~ 3.5 —30 4.8x10% 3.7 -5 3.0x10* =~ 8
—25 2.6x10° 2.4 —27 3.6x10® 3.1 -3 1.0x10* = 6
—-25 1.9x10° 1.8 —25 2.25x10° 2.8 0 225x1030 = 4
—20 8.0x10% 1.95 —23 1.8x10® 2.0 3 7.7% 102
—15 3.6x10* =~ 1.0 10 7.5x10

—-10 1.26x102 < 1.0

methods of measurement in the general trend of the results. However, the values
of viscosity found by the torsion bar are consistently higher by an amount corres-
ponding to a temperature difference of about 3 °C. This is not a large discrepancy,
but it is thought to be outside the limits of experimental error. The discrepancy
has not so far been accounted for.

Returning to figures 5-7, at higher shear stresses, in excess of ca. 5 MPa, there
is a clear evidence of nonlinearity, particularly with the mineral oil HVI 650.
However, attempts to obtain high strain-rates in samples at low temperature
frequently resulted in complete fracture of the specimen. This was accompanied
by an audible crack. The stress in the specimen fell to zero during the pulse as

the

>lied
t 1s
-ight
TOom
n it
rior




208 S. Clyens, C. R. Evans and K. L. Johnson
10°

/ >
103 V - I/
: >
=
2
'é’ J
s Fp
E /f
£ ¥
10'

A)

£
107

3.0 34 3.8 4.2
reciprocal absolute temperature, 1031{/ T

Ficure 8. An ‘Arrheniu splot’ of viscosity as a function of reciprocal absolute temperature.

fluids
€« A N

viscometer type 5P4E (Santovac 5) HVI 650 (Vitrea 79)
Hopkinson bar (cone + plate) ® O
Hopkinson bar (annulus) X
falling ball v
capillary @) ot
manufacturer’s data o (Monsanto) A (Shell)

shown in figure 4¢ and, if unsupported, the lower bar fell away. In all cases the
fracture took place in the body of the lubricant specimen and material was left
adhering to the end of each bar. Incidentally this observation provided comforting
evidence that ‘slip’ was not likely to be occurring at the interface between the
specimen and bar end during a normal (unfractured) test.

Appreciable time and trouble was taken trying to avoid the phenomenon of
premature fracture to permit a more extensive coverage of the nonlinear régime.
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With the cone and plate arrangement, if the point of the cone touches the plate,
the separation between the faces of the specimen is fixed. A specimen of viscoelastic
material subjected to large shear strains may then develop some tensile stress
which might lead to fracture. Measurements of longitudinal strain in the bars

/7,

| | 1 | l |
0 4 8 12

1Y/7o

Ficure 9. Non-dimensional plot of results given in figure 7, obtained by using the values of
7, and 7, given in table 2, compared with the Eyring equation: 3,y /7, = sinh (7/7).

showed that a small component of longitudinal stress could also accompany release
of the clamp. Accordingly a different design of specimen cavity, shown in figure 20,
was tried. Here the specimen is an annulus of uniform thickness. With this change
larger strain rates could be applied before fracture, and the results of such experi-
ments on HVI 650 are presented in figure 7. The values of viscosity measured from
the linear part of these graphs are also given in table 2 and plotted in figure 8.
There are some differences in viscosity between the experiments with the two
different forms of specimen which are rather random and, again, most likely arise
from true temperature differences.

The main purpose of these experiments is to examine the nonlinear behaviour.
Itisreadily apparent that nonlinearity sets in for both fluids and at all temperatures
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at a stress in the range 2-7 MPa which, as we have seen earlier, is the order of
magnitude predicted by the Eyring theory and also found from disc machine
experiments. To extract values of the representative stress 7,, the ‘sinh’ relation
of equation (3) has been fitted to each of the curves in figures 5-7 by using the
values of viscosity #, deduced from the linear part of the curves and quoted in
table 2. The values of 7, so found are also quoted in table 2. To show the fit of the
stress—strain rate results with the ‘sinh’ relation, the values of viscosity 7, and
the representative stress 7, from table 2 have been used to plot the results of HVI 650
with annular end caps (figure 7) in non-dimensional form in figure 9, where they
are compared with equation (2).

5. MEASUREMENTS OF ELASTIC MODULUS G,

We discussed in the Introduction how viscoelastic effects have been shown to
arise with viscous fluids under conditions of transient strain. In the experiments
described in the previous section the highest viscosity measured (5P4E at —5 °C)
was 3.0 x 10* Pa s. Taking the elastic shear modulus to be of order 10° Pa gives a
relaxation time of 30 ps. The rise time of our strain rate pulse was ca. 40 ps so that
a delay in the rise in stress due to viscoelasticity would not be visible in those
experiments.

In an attempt to measure the elastic modulus it was decided to carry out experi-
ments at lower temperatures and at reduced strain rates. The lower temperature
would result in a higher viscosity and longer relaxation times; it was hoped that
the lower strain would avoid fracture, yet to be acceptable since measurements of
modulus are confined to the linear régime. T'o maintain sensitivity of measurements
in spite of reduced strain rates, the fluid sample was contained between ‘cone and
plate’ end-caps of reduced diameter as shown in figure 2¢. The clamp was repo-
sitioned between the two strain gauges to reduce the time delay between the input

and output traces to 90 ps. This permitted an extension of the time base by a -

factor of ten so that the variations of stress and strain with time at the beginning
of the pulse could be measured from the same oscillogram (figure 4d). Unfortunately
the low strain rate, which had to be used to avoid fracture, resulted in more noisy
signals. A typical oscillogram is shown in figure 4d.

With this arrangement experiments could be performed without premature
fracture up to viscosities of ca. 10° Pa s. The relaxation times of the fluid then
approached 300 us compared with the rise time of ca. 40 ps. If it is assumed that
the fluid is in its fully elastic state, a value of the apparent elastic shear modulus
G can be obtained by relating the output trace (stress) to the integral of the input
trace (strain). Such values are quoted in table 3. It was evident that the ratio of
the relaxation time of the fluid to the rise time in most of these experiments was
not sufficiently large to ensure fully elastic behaviour, and hence the experiments
must have been operating in the viscoelastic régime. The apparent elastic modulus
will then underestimate the true modulus G,. We have made a correction for
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viscoelastic relaxation in the measurement of @, by the procedure outlined below.
For a linear viscoelastic material the variation of shear stress resulting from a
given imposed strain rate y(t) is given by

t
T(t) = f Yt —t')y(t') dt, (9)
0
TABLE 3. ELasTIC MODULL G AND Gy
(a) 5P4E (b) HVI 650
r - N fa A—— p
Hopkinson bar Hopkinson bar
(4° cone and plate) oscillatoryf (1° cone and plate)
temperature —_— shear temperature ——
_q (e G Gy 0 Q (¢
°C MPa MPa MPa °C MPa MPa
-6 114 400 1087 —25 32 70
-7 125 500 1093 —28 40 90
—8 128 470 1099 —-31 42 64
—8.56 195 570 1102 —33 32 50
-9.5 201 600 1108

1t From Harrison 1976.

where ¥(¢) is the relaxation function of the fluid and v(¢) is the imposed variation
in strain rate. It has been assumed that the fluid follows the B.E.L. (Barlow,
Erginson and Lamb) relaxation function given by equation (1). To simplify the
calculation, however, we have taken

W(t) = Goexp {— (5t/A)1), (10)

which is a very good approximation to the B.E.L. relaxation function for times
not in excess of the relaxation time A. The viscosity of the fluid at the temperature
of each test has been taken from the aforementioned ‘Roelands chart’, with extra-
polation where necessary. In this way the stress response 7(t) to the imposed strain
rate y() can be calculated from equation (9), with trial values of the elastic modulus
@.. Then, by comparing the calculated response with the stress measured from the
output trace, a value of G, to give a best fit can be selected. The values of G,
found in this way for both 5P4E and HVI 650 at different temperatures are quoted
in table 3. They are appreciably higher than the apparent values found without the
correction for relaxation.

6. DISCUSSION AND CONCLUSIONS

The measurements of viscosity of polyphenyl ether shown in figure 8 suggest
that the split Hopkinson torsion bar provides a reasonably reliable method for
investigating the shear properties of supercooled liquids. The viscosity measured
by the Hopkinson bar is consistently higher than that measured by capillary or
falling ball viscometers, but the discrepancy corresponds to a temperature difference
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212 S. Clyens, C. R. Evans and K. L. Johnson

of only 3 °C. The viscosity of the mineral oil HVI 650 falls on a straight line on a
Roelands plot, as expected, but the viscosity of the polyphenyl ether shows an
increased sensitivity to temperature at high viscosities (low temperatures). Measure-
ments of the variation of viscosity of 5P4E with pressure (Bair & Winer 1979)
also show an increasing sensitivity to pressure above about 10 Pas. The glass
transition temperatures at atmospheric pressure quoted by Alsaad et al. (1978) for
5P4E and for a mineral oil similar to HVI 640 are — 25 °C and — 80 °C respectively,
so that all the viscosity measurements on both fluids were made above the glass
transition.

In the nonlinear régime the non-dimensional plot of shear stress against strain
rate shown in figure 9 approximates to the Eyring ‘sinh law’ within experimental
error. The values of the ‘ Eyring stress’ 7, deduced from fitting the sinh law (equation
(3)) to the measurements are quoted in table 2; for HVI 650 they lie in the range
1.0-3.7 MPa and tend to increase with decreasing temperature. Rolling-contact-
disc-machine experiments on HVI 650 at higher temperatures (50-150 °C) and
high pressure (726 MPa), yet in roughly the same viscosity range (102-10° Pa s),
yielded values of 7, in the range 3.5-6.5 MPa. Since the Eyring theory in its simple
form predicts that 7, should have a value of ca. 5 MPa proportional to absolute
temperature and independent of pressure, the average value of 7, found from our
experiments with the Hopkinson bar is consistent with the disc machine experi-
ments. Our detailed finding that 7, increased with decreasing temperature in the
small range of our experiments (— 10 to —30 °C) does, of course, conflict with the
Eyring prediction, but this may be caused by the variation of a with both pressure
and temperature.

The only comparable investigation of the viscosity of lubricants in the high-
stress régime is that by Bair & Winer (1979). They use a pressure cell in which they
shear a sample at very low strain rates (10-3-102 s~). Results for 5P4E are quoted
for temperatures of 40 and 60 °C and pressures in the range 230-550 MPa, which
spans the glass transition. The viscosity at small strain rates in these experiments
varied from 10 to 1010 Pa s. These viscosities are much higher than those in our
experiments with the Hopkinson bar, but Winer found thatnonlinearity setin ata
shear stress of ca. 10 MPa. This is not very different from the indication of non-
linearity in our results (figure 5) at ca. 8 MPa.

We may conclude, therefore, that the nonlinearity in the variation of traction
(i.e. friction) with sliding speed observed in a lubricated rolling and sliding experi-
ment arises from a fundamental nonlinearity in the shear-stress—strain-rate relation
of the lubricant when the shear stress exceeds a critical value 7, of order 5 MPa.

Finally we have measured the effective elastic shear modulus of both fluids over
a range of temperatures and have assumed that they relax according to the B.E.L.
equation to estimate values of their modulus &,,. The values of ¢, for 5P4E lie in
the range 400-600 MPa at temperatures — 6 to — 10 °C. Comparable values by the
high-frequency oscillating shear techniques are about 1100 MPa (Harrison 1976)
and about 90 MPa extrapolated from disc machine measurements (Hirst & Moore
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1974). Using pressurized samples (275 MPa at 38-22 °C) Bair and Winer obtained
values of G, in the range 600-1200 MPa. Our values for HVI 650 are in the range
50-90 MPa at temperatures —25-33 °C compared with an average of 300 MPa
for HVI oils obtained by oscillating shear (Hutton 1968).

It should be borne in mind that the strain amplitude in the oscillating shear
technique is very small compared with the unidirectional shear strains in our
experiments, although it is not clear why the shear modulus should be affected by
the strain amplitude in the linear elastic régime.

The main aim of our work has been to investigate under equilibrium conditions
the non-Newtonian properties of lubricants ((a) viscoelasticity and (b) shear
thinning) which had been revealed previously under the highly transitory condi-
tions of elastohydrodynamic lubrication. A novel technique has been developed
which enables supercooled samples of fluid to be sheared at a high rate without
encountering the usual difficulties of shear heating. The only comparable experi-
ments at the present time are those of Winer, which are complementary to our own
since they are conducted at high pressure and room temperature. Unfortunately,
the expected occurrence of premature fracture of the specimen limited the range of
temperature and strain rate which we have been able to explore. Nevertheless, the
results shown in figure 6 and 7, for HVI 650 with both ‘cone on plate’ and annular-
shaped specimens, clearly demonstrate the nonlinear relation between shear stress
and shear strain when the stress exceeds a value of ca. 3 MPa. Further, viscoelastic
effects have been shown to arise when the viscosity is sufficiently high and values
of the elastic shear modulus have been found which are within a factor of two of
those obtained in oscillatory shear.

We gratefully acknowledge assistance from Mr G. D. Galvin for making the
capillary viscometers and other facilities of the Thornton Research Centre available
for the low-temperature viscosity measurements.
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ArPrENDIX A. TEST FLUIDS
(a) Polyphenyl ether 5PAR
Source: Monsanto Corporation 05124 Santovac 5.
Relative density = 1.198.
Molecular mass = 446.
Pressure viscosity index o = 1.39 x 10-8 m?/N at 100 °C.

(b) HVI 650
Source: Shell Oil Company Vitrea 79.
Relative density = 0.886.
Average relative molecular mass ~ 800.
Pressure viscosity index o = 1.78 x 10~ m?/N at 100 °C.
Viscosity of both fluids as function of temperature is shown in figure 8.
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