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Abstract 

The coefficient of fiiction of Araldite CT200 on Araldite CT200 has been 
determined using a technique in which an interference-fitted disc was caused to slip 
on a circular shaft under the action of an applied torque. The normal contact force 
was determined from photoelastic observations in the fitted disc. The coefficient 
of friction of O.24 was found to be independent of the normal contact force. 

I .  INTRODUCTlON 

The photoelastic stress analysis technique [ 1 ,2] is widely used for the determination of 
the stresses in loaded engineering components. The technique depends on the observation of 
the optical interference effects produced by applied loads in stress-birefiingent models. The 
model material generally used is  the cured epoxy resin AraIdite CT 200 [3 ] .  

Interfacial friction i s  a feature of  a number of stress analysis problems. A typical 
example is the pin-Ioaded lug [4, 5 ]  in which the distribution of the contact forces at the pin-Iug 
interface is directly dependent on the fiictional characteristics at the interface. It is therefore 
important that techniques are developed for the determination of the coefficient of friction of 
Araldite CT200. The paper describes the design and use of a test rig for this purpose. 

2 .  THE TEST APPARATUS 

The apparatus incorporated a CT 200 disc (outer diarneter 80 mm, inner diameter 25 
mm, thickness 5 . 0  mm) shrink-fitted onto a slightly over-size CT 200 shaft (Iength 1 25 mm, 
nominal diameter 5 mm). The fitting of the disc onto the shaft was effected by reducing the 
diameter of the shaft by cooling it in liquid nitrogen. The contact pressure at the disc-shaft 
interface was calculated from polariscope readings of the optical interference fringes produced 
in the disc as a result of the shrink-fitting. A torque loading was then applied to the disc until 
slip occurred. The coefficient of fiiction, Jl, was then obtained as the ratio of the derived shear 
stress at the disc-shaft interface to the interfacial pressure. 

A diagram of the apparatus is shown in Fig 1, in which the specimen disc is  positioned 
at the centre of the shaft; the shaft axis was horizonta1 . The torque was applied to the 
specimen disc via two vertical wires attached to an annular collar fitted to the disc periphery. 
The applied torque was reacted by two opposite torques developed at the ends of the shaft 
where wires were attached to steel discs (or "pulleys") titted to the square-sectioned ends. The 
three descending wires were secured into a steel plate in such a way that when the wires were 
taut the p late was horizonta1. The ascending wires were similarly secured into a second steel 
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plate. The assembly was suspended from the upper plate and weights were applied to a 
weight-hanger attached to the centre of the lower plate. Mercer dial gauges (with 0 .0 1  mm 
divisions) were used to measure the downward displacements of the shaft and the lower plate 
as the applied load was increased until slip occurred. 

3. THEORY 

3 . 1  Determination of contact pressure at disc-shaft interface 

By combining the plane stress equilibrium equation for the case of rotational symmetry 
and the stress optic law equation [ I ]  relating the isochromatic fringe order in the disc to the 
radial and circumferential stress difference, it can be shown that 

( I )  

where cr 'j i s  the radial stress a t  the inner surface, p i s  the interfacial pressure, F i s  the material 

fringe value of the disc material [ 1 ] , t is the disc thickness, r is the radial coordinate, and rj and 
ro are the inner and outer radii respectively. Using equation ( 1 )  p is readily determined from 
measured values of n at a series of r positions by graphical integration of the quantity (nlr) 
between rj and ro . (The material fringe value F was obtained from simple calibration tests on 
the disc materia1 . )  

Using an alternative approach based on the Lamé equations [6]  i t  can be shown that 

(2) 

where b/r2 = Fnl2t (3) 

The constant b is readily obtained from the gradient of a linear plot of n versus l ir; p 
then follows from equation (2). 

In practice the differences in the p values obtained from equations ( I )  and (2) were 
insignificant . 

3 . 2  Forces and displacements 

A schematic diagram of the discs-shaft arrangement, with load applied, is shown in Fig 
2. The symbols used are shown in the figure; the subscripts p and c denote the steel end 
pulleys and the collar fitted around the CT200 disc specimen respectively. It follows readily 
from the force and moment equilibrium requirements that 

and (4) 

The difference in the angular rotations 8p and 8., prior to slipping, is due to the twisting 
of the portions of the shaft (Iength ť) between the disc specimen and the end pulleys i .e .  

(5) 
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where G is the shear modulus of the shaft material and J is the polar second moment of area of 
the shaft. (Shear deformations of the end pulleys and the disc specimen are considered 
negligible.) 

From the condition that the three upper (and lower) wires remain the same in length, 
using equation (5), the following equation can be derived 

(6) 

where E and A are the Young's modulus and cross-sectional area of the supporting wires. The 
descent of the shaft relative to the fixed support (MI) and the descent of the lower plate 
relative to the shaft (M2) can then be evaluated from the equations 

M = Weť l  _ d eS e 
I EA 2 

and M = Wcf.2 - d S 2 EA 
C C (7) 

A1though the foregoing theory (section 3 .2) is not required in the interpretation of the 
experimental data, the outline is inc1uded for completion. 

4.  EXPERlMENTAL PROCEDURE AND RESULTS 

There were three stages in each test : - (i) fitting the shaft into the disc, (ii) determining 
the isochromatic fringe distribution in the disc and (iii) the torque-slip testing. 

The immersion of the shaft into the liquid nitrogen had to be done slowly in order to 
avoid thermal shock cracking in the CT200 materia!. After a soaking period in the nitrogen the 
shaft diameter was sufficiently reduced and the shaft could be entered and positioned in the 
disc without difficulty. Both shaft and disc were carefully c1eaned before the fitting operation. 
(The maximum attainable reduction in the shaft diameter was approximately 0 .25 mm.)  

When the temperature of the fitted disc and shaft had retumed to  room temperature the 
isochromatic fringe order (n, see equation ( I )  at a series of marked radial positions a10ng eight 
equi-spaced radii of the disc was determined using a diffused-light polariscope fitted with a 
trave1ling microscope. Tardy compensation [ I ]  was used for fractional fringe order 
determination and care was taken to align the axis of the shaft with the axis of the polariscope. 
Values of the mean isochromatic fringe order at each radial position were used in determining 
the interfacial pressure (p, see equations ( 1 )  and (2» . 

Finally the collar was fitted to the disc, the end pulleys were fitted to the shaft, wires 
were attached to the collar and pulleys, and the arrangement shown in Fig 1 was assembled for 
testing. The wire lengths were adjusted so that shaft axis and the upper and lower plates into 
which the wires were fitted were horizonta!. The displacements or the shaft and the lower 
plate were recorded as the load (W, see Fig 2) was applied, initially in increments of 1 kg but 
in much smaller increments as the slip condition was approached. Care was taken to follow 
the same form ofloading procedure for each test and to avoid any form of shock-Ioading. 

The disc specimens were machined from a single plate of Araldite CT200. The material 
fringe value of this material (F, equation ( 1 » , obtained from tests on a disc specimen (20 mm 
diameter) loaded in diametral compression, was 9.99 N/mmlfringe. 

The inner diameter or each disc specimen was machined to 25 .00 mm; the shaft 
diameters were greater than this value, the difference being the diametral interference. Five 
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disc-shaft assemblies were tested with nominal diametral interferences of O.05, 0 .07, 0. 1 0  and 
0. 1 5  mm. Having taken the isochromatic fringe readings for the determination of the 
interfacial pressure (p), each disc-shaft assembly was loaded until slip occurred (this was 
indicated by a continuous increase in the displacement gauge readings with no increase in 
load) . The value of W (see Fig 2) for which slip occurred (W

'
) was noted and the 

corresponding value of We (W:) was calculated from equation (4). (Note : since the diameters 
of the end pulleys and the collar around the disc specimens were the same (i .e .  dp = de), then 
W: = W'

/2. )  The coefficient offriction, �, was then calculated from the relationship 

(8) 

where d is the shaft diameter and g is the acceleration due to gravity. (NB. W
· is in 

kilograms.) Each disc-shaft assembly was tested ten times. 
The results are summarised in Table I in which, for each assembly, the � value obtained 

from the first test is given and then the average value úl) obtained from the other nine. 

Table 1 Summary of results 

Specimen Interference p � (jl) 
number (mm) (MPa) ( 1 st test) (average) 
1 0 .05 3 . 86 0 .3 1 6  0.234 
2 0 .05 5 . 03 0 .3 12  0 .306 
3 0 .07 6 .98 0.287 0.237 
4 0 . 1 0  7 .35  0.263 0.23 8 
5 0 . 1 5  8 . 7 1  0.257 0.232 

Examples of the graphs used in the determination of the integral in equation (1) and the 
constant b (equation (3» are shown in Figs 3 and 4 for the 0. 1 0  mm interference assembly. 
The p va1ues obtained were 7 . 35  MPa and 7 . 36  MPa respectively. The load-displacement 
behaviour of a typical assembly (0. 1 5  mm interference) can be seen in Fig 5 where sample plots 
of the displacement of the lower end plate (M2, equation (9» versus the applied load (W) are 
shown. 

5. DlSCUSSION 

For each disc-shaft assembly tested the � value derived from the first test was greater 
than those derived from the other nine tests, which generally differed by no more than a few 
percentage points. This effect has been attributed [7] to the microscopic asperities which are 
present on the original machined surface and which are removed when slip first occurs. lt has 
been c1aimed [7] that molecular-Ievel bonding can occur at these asperities. The consistency of 
the � values obtained after tl:1e first test was most impressive. Except for specimen no. I ,  the 
individual values differed from the appropriate mean value by no more than 2 . 6%; for specimen 
no. I the second test result of O.2 1 6  differed from the mean (0.234) by 8%. 

The jl value obtained from specimen no. 2 was c1early not consistent with the other 

values. lnvestigation showed that this was due to a badly fitting collar assembly on the disc 
which had increased the contact pressure significantly above the value obtained from the 
photoelastic observations. 

lt is noteworthy that whilst the "first slip" � value decreased with increasing interfacial 
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pressure, the mean of succeeding values, jl ,  (excluding that for the second 0.05 mm 
inteďerence specimen) showed no dependence on the inteďacial pressure over the range 
covered in the tests. The average value of jl (excluding the 0 .306 value) was 0 .23 5 .  

I t  was observed during the development o f  the test method that the frictional behaviour 
of the disc-shaft inteďace may be dependent on the loading rate and that long dwell periods at 
loads lower than that required for slip may affect the subsequent slip load. There are dearly 
opportunities for further study here. The use of the technique with other materia! 
combinations might also be worthwlůle. 
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