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Summary 

The physical process involved in the rubbing of copper on emery paper 
resembles the dry sliding wear of copper against SAE 1045 steel. In both 
cases the top layer of the contact surface, the thickness of which is different 
for the two processes, is heavily deformed. The heavily deformed material 
can recrystallize dynamically in accordance with the Zener-Hollomon 
parameter. When copper undergoes this process at room temperature at high 
strain rate and high strain, very small grains are formed in the top layer of 
the rubbed surface. At liquid nitrogen temperature the copper partially 
recrystallizes dynamically in accordance with the Zener-Hollomon param- 
eter. The occurrence of dynamic recrystallization results in a surface layer 
with very low residual stresses, high toughness and high hardness. These 
qualities are desirable in manufactured surfaces. 

1. Introduction 

The physical process that occurs when a metal is rubbed on abrasive 
paper has often been compared with the cutting process in turning. In tum- 
ing, the metal deforms plastically in two regions (Fig. l), the primary shear 
zone and the secondary deformation zone. The natural strain in the primary 
shear zone is about a factor of 5 greater than that in the forming process, 
and the strain in the secondary shear zone is even higher [l] . The volume of 
the secondary zone is relatively small compared with the chip volume. 
Therefore the energy for the process in this zone is relatively small (about 
30% of the total energy required for the cutting process). 

The process in the secondary zone is assumed to be comparable 
with the dry sliding wear process and with the rubbing process on emery 
paper. The aim of this work was to investigate this assumption. If it is true, 
very highly deformed or dynamically recrystallized material will be present 
in the rubbed contact zone of the metal. Material which has undergone 
dynamic recrystallization has a low residual stress, a very fine structure, a 
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cutting direction 

Fig. 1. Schematic two-dimensional representation of the cutting process in turning: 1, 
primary shear zone; 2, secondary deformation zone. 

high flow stress and a high toughness, i.e. a surface layer with very good 
mechanical properties which are often desired in production. The effects of 
dynamic recrystallization also explain the weak texture, i.e. the orienta- 
tion distribution of the metal grains, of a rubbed surface layer [ 21. The 
occurrence of this process increases in importance with demands for 
improved surface quality in metal working production. 

There is much more information available concerning the initiation of 
dynamic recrystallization under normal conditions than under rubbing 
conditions [ 31. The kinetics have been described [ 4 - 71 and the occurrence 
of the process in a metal is determined by the strain rate, the temperature 
and the strain level. Recrystallization may be either controlled or 
uncontrolled. 

We have estimated the natural strain for rubbing copper on emery 
paper. The determination of the necessary material constants is described 
and carried out in Appendix A. The occurrence of dynamic recrystallization 
as a function of the different parameters is briefly summarized. The 
experimental results are discussed, and it is concluded that the physical 
process involved in the rubbing of copper on emery paper is the same as that 
involved in dry sliding wear. 

2. Computation of the natural strain 

If it is assumed that the specific energy E,, for rubbing of a metal on 
emery paper is that required for the homogeneous plastic deformation of the 
metal, then 

E,, =jmcdr 
0 

(1) 

where G is the effective stress defined by 

2a2 = (u11- 022)~ + (022 -033)~ + (~33 - anI + 6(012~ + (~13~ + 023~) 

(2) 
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and the cij are the components of the stress tensor, E is the effective natural 
strain defined by 

-P7J2 + (i22 --t33)2 + (E33 -G11)2} + 

+ 3(t122 + k132 + k232)] 1’2 (3) 

and the iii are the components of the incremental strain velocity tensor, and 

E* is the maximum natural strain. By using the Nadai relation 

0 = CF” (4) 

where C is the specific stress and n is the strain-hardening exponent we 
obtain from relation (1) 

(5) 

The specific energy Esp for rubbing can be derived by measuring the fric- 
tional force during rubbing and determining the mass loss of the test pieces 
for a given distance. 

Table 1 gives these values as a function of the grain thickness of the 
emery paper. With n = 0.28 and C = 400 N mmm2 (see Appendix A), the 
effective strain can be derived as a function of the grade of the emery paper. 
Table 1 shows that the specific energy increases with decreasing grain size of 
the emery paper. This is in agreement with turning where the specific energy 
increases with decreasing feed. 

TABLE 1 

Test results for copper rubbed on different grades of emery paper 

Grade of emery paper 150 240 320 400 600 

Grain diameter (pm) 
Mass loss (mg) 
Distance (m) 

?a (J mmm3) 
F?iction force (N) 

88 - 105 45 - 53 31- 37 27 -31 18 - 22 
97.7 71.7 78.8 71.7 52.9 
5.25 5.25 5.25 5.25 5.25 

17.6 23.3 20.7 26.5 21.1 26.9 22.4 28.2 22.8 28.5 
36.5 31.6 35.3 34.1 25.6 

Dimensions of the test pieces, 25 mm X 15 mm x 5 mm; dimensions of the rubbing sur- 
face, 25 mm x 15 mm; rubbing velocity, 0.2 m s-l. 

3. Dynamic recrystallization 

Dynamic recrystallization is the process by which the material recrystal- 
lizes during deformation under certain conditions. The theory of this process 
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has been discussed in detail elsewhere [ 4, 51 . This recrystallization process is 
local, and can occur once or several times depending on the test conditions. 
The principal sites for dynamically recrystallized grains are the preexisting 
grain boundaries [4, 61. This local behaviour in hot-working experiments at 
low strains and low strain rates can be expressed by the Avrami relation 

X = 1 - exp(-Ma) (6) 

where X is the fraction of the microstructure consisting of dynamically 
recrystallized grams, k and a are constants and t is the time from the start of 
the reaction. The constants h and a are determined not only by external 
factors which can affect the recrystallization (temperature, grain thickness 
and strain rate) but also by the reaction mode, i.e. the nature of the 
nucleation sites and the time dependences of the nucleation rate and the 
growth rate. The value of the constant h can be influenced by the grain 
thickness. The occurrence of dynamic recrystallization can be influenced by 
the temperature, the strain rate and the effective stress [ 71. These depen- 
dences [4, 51 can be represented by the Zener-Hollomon parameter which 
is defined by 

2 = g exp(Q/RT) (7) 

where Q is the activation energy and R and T have their usual meanings. 
When the Zener-Hollomon parameter is plotted on a double 

logarithmic plot, a linear relation is obtained with the critical stress Gc, 
which is equivalent to the starting stress of the process; a high value of 2 
implies a high value of Gc . From eqn. (4), a high value of 5 implies a high 
value of the effective strain (for values of d In Gc /d In 2 see ref. 5). A 
consequence of this behaviour is that a material with large grains needs a 
higher degree of deformation than the same material with smaller grains 
under the same test conditions (see relation (8)). 

The size of the dynamically recrystallized grains increases monotonical- 
ly with decreasing cc and can be represented by the phenomenological Hall- 
Petch relation 

_ 
cc = ;a + Ad-b (6) 

where Oc, A and b are empirical constants. The value of b is in the range 
0.5 - 0.8 [5]. 

An example of the effect of dynamic recrystallization on a stress-strain 
curve for different strain rates is shown in Fig. 2. Figure 2 shows flow curves 
of a plain 0.25% C steel in the austenitic state (f.c.c.) at 1100 “C. At high 
strain rates they show the typical shape for dynamic recrystallization: strain 
hardening to peak stress followed by work softening to a steady state level. 
The work softening is caused by the onset of dynamic recrystallization and 
the stable flow results from continuous dynamic recrystallization. At low 
strain rates, the flow curve is periodic owing to recurrent cycles of recrystal- 
lization. 
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Fig. 2. The effect of dynamic recrystallization on the stress-strain curves obtained at 
different strain rates for a plain 0.25% C steel in the austenitic state at 1100 “C [3]. 

4. Experimental details 

All the tests were performed on copper, which was always rubbed in 
one direction by hand. Two types of specimen were used. 

(1) Specimens of type 1 were used to determine I&, . They were of 
dimensions 25 mm X 15 mm X 5 mm, and the rubbed surface was of area 
25 mm X 15 mm. They were not vacuum annealed. In order to measure the 
frictional force, the emery paper was stuck to a table placed on springs. The 
frictional force was determined from the bending of the springs which was 
measured with strain gauges. The frictional energy computed from the fric- 
tional force and the total rubbing distance together with the weight loss of 
the samples gives Esp (Table 1). 

(2) Specimens of type 2 were of dimensions 20 mm X 10 mm X 0.1 mm, 
and the rubbing surface was of area 20 mm X 10 mm. These samples were 
vacuum annealed for 3 h at 750 “C. After rubbing on emery paper they were 
used for making thin foils. The rubbed surface was covered by plastic tape so 
that the thinning process only occurred from the opposite side. The thinning 
process was stopped automatically as soon as a hole appeared in the 
specimen. The thinning process has been fully described elsewhere [8]. The 
low temperature rubbing tests were performed in an open box totally filled 
with liquid nitrogen. The emery paper was stuck to a piece of metal lying in 
the open box. The sample was clamped in a pair of tongs for rubbing on the 
emery paper. 

The electron micrographs were prepared using a Philips EM 200 
electron microscope. 
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5. Results 

The electron micrograph of a thin foil of the surface of copper rubbed 
on grade 240 emery paper reproduced in Fig. 3 shows dynamically recrystal- 
lized grains and heavily deformed material. A number of electron micro- 
graphs made under the same conditions show that most of the copper is re- 
crystallized, i.e. X is almost unity, in relation (6). If it is assumed that the 
grains have an elliptical form and axes a and b are both measured, the 
average surface area nab/4 is 0.0216 pm2. The distribution of these values is 
shown in Fig. 4 as a relative cumulative frequency diagram of the logarithmic 
value of the grain surface. A straight line means that the distribution of the 
quantity described is log-normal. The number of measurements was 101. 

The recrystallized grains in the middle of the rubbing track appear to be 
smaller than those at the boundaries, but the number of measurements was 
too small for confirmation. Figure 5 shows a typical electron micrograph of 
a thin foil of the copper surface rubbed on 320 emery paper in liquid 
nitrogen. In all micrographs obtained from this foil the number of recrystal- 
lized grains is small. In most cases heavily deformed rather than 
recrystallized copper was found. Measurements made under the same condi- 
tions as in Fig. 3 gave an average grain surface area of 0.0065 pm2, i.e. 
appreciably different from the grain surface area of copper rubbed at room 
temperature. The distribution of the grain surface is also presented in Fig; 4. 
A comparison of both distributions in Fig. 4 shows that the distributions are 
the same but the averages are different. This supports the assumption that 

Fig. 3. Electron micrograph of a thin foil of the surface of copper rubbed on emery paper 
240. 
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Fig. 4. The log-normal distribution of the grain surface of a copper sample rubbed on 
emery paper. 

Fig. 5. Electron micrograph of a thin foil of the surface of copper rubbed on emery paper 
320 at liquid nitrogen temperature. 

the process is the same. The electron diffraction pattern (Fig. 6) of the area 
shown in Fig. 5 confirms that the grains in Fig. 5 are real. Figure 6 is from an 
area of 3 pm2. 
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Fig. 6. Electron diffraction pattern of a part of the surface shown in Fig. 5. This pattern 
was obtained from an area of 3 pm2. 

6. Discussion 

The almost total recrystallization of copper rubbed at room temper- 
ature demonstrates that the effective stress was just high enough for the test 
conditions, quantified by the Zener-Hollomon parameter, to allow dynamic 
recrystallization of copper. When the copper is rubbed under liquid nitrogen 
under the same test conditions, a higher Zener-Hollomon parameter 2 is 
obtained from eqn. (6) which implies a higher critical stress for dynamic re- 
crystallization. If the stresses necessary for rubbing at room temperature and 
at liquid nitrogen temperature are equal, then no recrystallization occurs at 
liquid nitrogen temperature. It can be concluded from electron micrographs 
of thin foils of rubbed copper at this temperature that only local dynamic re- 
crystallization takes place, which is understandable. A decrease in the temper- 
ature produces an increase in the stress for a given strain. This increase is 
smaller than that caused by increasing 2 so that only a small part of the 
volume recrystallizes dynamically at liquid nitrogen temperature. The local 
and temperature-dependent behaviour shown in the electron micrographs of 
rubbed copper supports the hypothesis that the operative process is dynamic 
recrystallization. 

At higher values of 2 a higher critical stress for dynamic recrystalliza- 
tion is required, and hence, from relation (8), the grain diameter or the grain 
surface area will be smaller. Such behaviour is characteristic of dynamic re- 
crystallization. Figure 4 confirms this behaviour, and hence provides addi- 
tional support for the occurrence of dynamic recrystallization. 

If it is assumed that the electron micrographs are arbitrary cross sec- 
tions of the rubbed copper and that the grains are balls of the same diameter 
D, we obtain 

D = (60/7r)1’2 (9) 
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where d is the average of the measured elliptical surface of the grains. These 
grains were assumed to be elliptical rather than circular only in order to 
account for the different lengths of the two perpendicular axes in the grains. 
For 0 values of 0.0216 and 0.0065 at room temperature and at liquid 
nitrogen temperature respectively, relation (9) gives the grain diameter of 
rubbed copper as 0.2 pm and 0.1 pm respectively. These values agree well 
with grain diameters measured in the dry sliding wear of copper against SAE 
1045 steel [ 21. 

Processes involving dry sliding friction such as dry sliding wear [2], 
rubbing and cutting [l] produce heavily deformed or dynamically recrystal- 
lized material with grain diameters of the same order of magnitude in the 
contact surface. All these processes appear to be the same. As a result of 
dynamic recrystallization the hardness of the upper layer of these materials 
will be higher than that of the static recrystallized material but lower than 
that of the subsurface material. This may be the reason for the concentration 
of deformation in this layer. The top layer also has low residual stresses and 
high toughness. These phenomena are usually found in ground surfaces [ 91 
and can be explained by dynamic recrystallization. If it is possible to control 
the dynamic recrystallization process, it could be important in metal- 
working production since it would allow a surface layer with different 
qualities to the bulk material to be produced. 

When using eqn. (5) to calculate E for the rubbing process it is assumed 
that the values of C and n, which are determined at room temperature and 
for strains which are large for tensile tests but small for rubbing tests, are 
also valid under the conditions used here, i.e. high strains and high strain 
rates. The effect of dynamic recrystallization on the stress-strain curve is 
neglected. When both these effects are taken into account an estimation of 
the variation in f shows that their influence on its value is relatively small. 

It is assumed in the derivation of relation (5) that E is homogeneous in 
the chip. It is more likely that, as with cutting, the largest strain is in the fric- 
tion zone, i.e. the secondary shear zone in the cutting process. This means 
that the deformation energy in the secondary shear zone is higher than that 
in the rest of the chip. This is supported by the increase in Esp with decreas- 
ing chip thickness. 

The determination of the effective strain by measurements of the grain 
diameter as proposed by Dautzenberg and Zaat [lo] is not applicable to 
dynamically recrystallized material. 

The computed effective strains of the upper part of the rubbed surface 
layer and of the rubbed material appear to be the same. This may not be 
strictly true, but suggests that they are of the same order of magnitude. 

7. Conclusions 

When copper is rubbed on emery paper the grains in the top layer are 
heavily deformed and new very small grains can be created during this 
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process. The creation of these grains can be explained by a dynamic 
recrystallization process. The temperature dependence and the quantity of 
material correspond to a first approximation to dynamic recrystallization 
behaviour. Under normal conditions this behaviour can be described by the 
Zener-Hollomon and the Avrami relations. However, the rubbing test condi- 
tions deviate substantially. This process can explain the low residual stresses 
and relatively high hardness compared with the static recrystallized material 
in the top layer. The friction in dry sliding wear may be the same physical 
process as that involved in rubbing. 
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Appendix A 

Determination of the material constants C and n 
The material constants C and n are usually determined using the tensile 

test. In order to extrapolate the effective strain area to higher values (the 
tensile test is normally constrained to homogeneous deformation), the 
approximation method described by Bridgman [Al] is used. This method 
enables the stress and strain in necking to be calculated. 

Under these conditions the effective stress is [Al] 
F 

o=CB - 
A 

(AlI 

where F is the tensile force, A is the minimum cross-sectional area of the test 
bar and 
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CB = (1 + 2R/a) ln(1 + a/m) 
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(A8 

where a is the smallest radius of the test bar (Fig. Al) and R is the minimum 
necking radius of the test bar (Fig. Al). From relation (3), the effective 
strain in the necking area is 

E = 2 ln(a,/a) (A3) 
where 2a is the diameter of the undeformed test bar. 

The two quantities 6 and T are related to each other by the Nadai 
relation 

0 = CF” 
(A4) 

C and n are determined by plotting these values on a double logarithmic 
scale on the y and the x axes. The strain-hardening exponent n is given by 
the gradient of the line of closest fit, and C is the value of a at which the 
extrapolated line cuts the line E = 1. 

Figure A2 shows a log-log representation of the experimentally deter- 
mined relation between 6 and E for copper, and it can be seen that there are 
two areas with different values of C and n. Because of the high strains 
involved in rubbing, the values of 5 and F in the second area are taken, i.e. 
C = 400 N mm-’ and n = 0.28. 

lo37 

10 

1 
-3 

10 IO2 II 1 10 

Fig. Al. The necking of a tensile bar with its dimensions. 

Fig. A2. Experimental representation of the 6-P relation derived from the tensile test for 
copper. 
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