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Abstract: Lubrication and friction conditions vary with deformation during metal forming processes. Significant 

macro-variations can be observed when a threshold of deformation is reached. This study shows that during 

the cold compression processing of #45 (AISI 1045) steel rings, the magnitude of friction and surface roughness 

(Ra) changes significantly upon reaching a 45% reduction in ring height. For example, the Ra of compressed ring 

specimens increased by approximately 55% immediately before and after reaching this threshold, compared to 

an 18% or 25%variation over a 35%−45% or a 45%−55% reduction in height, respectively. The ring compression 

test conducted by this study indicates that the Coulomb friction coefficient μ and Tresca friction factor m are 

0.105 and 0.22, respectively, when the reduction in height is less than 45%; and 0.11 and 0.24, respectively, when 

the reduction in height is greater than 45%. 
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1  Introduction 

Friction has a significant influence on metal forming 

processes. Classic models, such as the Coulomb (Eq. (1)) 

and Tresca (or constant shear friction) (Eq. (2)) friction 

models are often used to describe the friction that 

occurs at a die-workpiece interface: 

p                    (1) 

mK                     (2) 

where   is the frictional shear stress;   is the 

Coulomb friction coefficient; p is the normal pressure; 

m is the Tresca friction factor; and K is the yield stress 

in shear. 

The Coulomb friction coefficient and Tresca friction 

factor are key boundary conditions for the analysis 

of metal forming processes. Thus, it is necessary to 

determine their magnitude under specific lubrication 

conditions. However, these magnitudes are difficult 

to measure when forming bulk metal due to factors 

such as the complex tribological behaviors caused by 

severe plastic deformation, large mechanical loads, 

and various die surface treatments [1−5]. As such, 

friction tests, such as ring compression [6, 7], double 

cup extrusion [8, 9], T-shape compression [10], and 

barrel compression [11] tests have been developed to 

simulate the friction conditions that occur during metal 

forming processes. 

The ring compression test is a proven approach for 

determining   or m for bulk forming process. It is a 

simple, rapid, indirect, and inexpensive approach using 

standard rings and flat dies [12]. All that is necessary 

for friction conditions to be determined is measurement 

of the inner diameter of ring. Thus, it has been widely 

applied to the analysis of friction for bulk metal forming 

processes [7, 13]. Several variations of ring compression 

tests have been developed for specific operating con-

ditions. For example, concave-ring and convex-ring 

tests have been developed for the analysis of friction 
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conditions at ‘low’ and ‘high’ pressures, respectively 

[14, 15]. Furthermore, an incremental ring test [16] 

has been developed to simulate re-loading and re- 

lubricating procedures for spline or thread rolling 

processes [17−19]. 

To determine the magnitude of   or m, experimental 

data from the measurement of changes to the inner 

diameter of compressed rings are compared with 

friction calibration curves. This provides estimates of 

their value under various friction conditions. Commonly, 

calibration curves for ring compression tests predict 

changes to the inner diameter based on a reduction in 

height. Friction calibration curves are elaborated either 

by using analytical methods or the finite element 

method (FEM).  

Pioneering experimental work by Male and Cockcroft 

[6] to determine these curves in the 1960s was 

followed by the implementation of several theoretical 

approaches, such as the slab method [20, 21] and  

the upper-bound method [22] to elaborate friction 

calibration curves for ring compression tests. However, 

these curves did not consider the influence of material 

and compression conditions on metal forming pro-

cesses. Later, Sofuoglu and Rasty [23] used FEM to 

elaborate friction calibration curves for ring compression 

tests on black and white plasticines to enable these 

variables to be analyzed. Since this time, FEM has 

been widely used to elaborate friction calibration curves 

for ring compression tests [24]. It has also been used 

to elaborate curves for double cup extrusion [9], T-shape 

compression [10], and barrel compression tests   

[25, 26].  

Male [27] also found that while a variation in friction 

coefficients during ring compression tests under dry 

conditions for aluminum, titanium, mild steel, and 

alpha-brass was significant, it remained constant for 

alpha-brass ring specimens under lubricated conditions. 

Disc-compression tests conducted in the Ref. [27] 

also confirmed this result. This means that in general, 

friction coefficient or factor used in finite element 

analysis (FEA) for bulk metal forming processes can 

be assumed to be constant. Thus the magnitude of 

friction can also be regarded as constant for friction 

tests under lubricated conditions.  

However, variable friction models have also been 

developed, such as Wanheim-Bay’s general friction 

model (Eq. (3)) [28, 29]: 

f K                    (3) 

where f is the friction factor; and   is the ratio of real 

to apparent contact area. Generally, these models 

use a variable expression for   to describe friction 

conditions. In this instance, f is evaluated analytically 

using an approach such as the slip-line field method 

[30] or by comparing experimental results with friction 

calibration curves [31]. The ratio of real to apparent 

contact area is then determined analytically using 

several complex analytical expressions [29, 30]. 

The f in Wanheim-Bay’s model is similar to the m in 

the Tresca model, and in some studies f in Eq. (3) has 

been written as m [30]. The corresponding values for f 

and m evaluated by ring compression tests are different, 

however, the shape of the resulting friction calibration 

curves are similar [29]. In barrel compression tests, 

the shapes of curves for the friction area ratio under 

corresponding results for f and m are also similar [32]. 

However, the implementation of the FEM code has 

some limitations for complex processes. For example, 

it was not implemented for some 3D commercial 

codes for bulk forming processes, such as DEFORM. 

Coulomb and Tresca friction models are often adopted 

by commercial codes for FEA of bulk forming processes 

due to their simplicity and numerical rigidity [32, 33]. 

Wanheim-Bay's friction model is much better applied 

at the micro-scale for applications such as micro 

forming [34] and powder compaction [35] processes. 

Thus, the discussion in this study focuses on the 

Coulomb and Tresca friction models. 

Often experimental data from cold ring compression 

tests for medium carbon steel under lubricated con-

ditions cannot be fitted to a single calibration curve, 

while achieving an error below 0.5%. In this case, the 

discrepancy between experimental data and calibration 

curves will be high for some data points. Thus, a 

variable magnitude of friction determined by ring 

compression tests for the cold forming of medium 

carbon steel (AISI 1045) was investigated in this study. 

Friction calibration curves were elaborated using  

the FEM to consider material properties. The results 

indicate that predicting friction conditions accurately 

requires two calibration curves to describe the 

experimental data at former and latter compression 

stages, respectively. The value for surface roughness Ra 

was found to increase in proportion to the reduction 

in the height of the ring. However, this relationship 
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changed sharply once a threshold of a 45% reduction 

in height was reached. At this point, Ra increased  

by more than 50% over a 1% reduction in height. The 

magnitude of friction was also observed to change 

significantly immediately before and after this 

threshold. 

2 Ring compression test 

2.1 Ring specimens 

A standard ring with a rectangular cross-section was 

used for the compression test made from #45 Chinese 

grade steel, which is equivalent to U.S. standard AISI 

1045. Its chemical composition is listed in Table 1 based 

on the Chinese standard. The relationship between 

the stress and strain of #45 steel acquired by uniaxial 

tension is shown in (Eq. (4)) [16]. 

    0.2817
1450 0.0132715           (4) 

where   is the stress;   is the plastic strain. 

Standard relative ring dimensions 
0 0 0

( : :D d h   

6 : 3 : 2)  were adopted for this experiment, where 

0
D , 

0
,d  and 

0
h  are the initial outer diameter, inner 

diameter and height of ring specimen, respectively. 

The values of these variables were 21, 10.5, and 7 mm, 

as shown in Fig. 1. The upper and lower surfaces of 

ring specimen were machined by a turning process to 

a surface roughness (Ra) of approximately 3.2 m. 

2.2 Experimental equipment 

The predicted forming load for a 60% reduction in 

height of the ring specimen described in Section 2.1 is 

larger than 140 tons, as shown in Fig. 2. Thus, a 160- 

Table 1 Chemical composition of #45 steel. 

 C Si Mn P S Cr Ni Cu

wt% 0.42− 
0.50 

0.17− 
0.37 

0.50− 
0.80 

≤ 0.035 ≤ 0.035 ≤ 0.25 ≤ 0.30 ≤ 0.25

 
Fig. 1 Dimensions of the ring specimen. 

ton screw press (J53-160B, Qingdao Forging Machinery 

Factory, China) was used to conduct the ring com-

pression experiment. 

Based on the dimensions of ring specimen and the 

structure of screw press, the dies shown in Fig. 3(a) 

were designed and manufactured as shown in Fig. 3(b). 

The platens of the upper and lower die shown in Fig. 3 

were made from T8 die steel (ASTM Grade: W1A-8), 

while the other components were made from carbon 

steel. 

 

Fig. 2 Predicted load during ring compression process by FEM. 

 
Fig. 3 Combined die for the ring compression experiments:   
(a) dimensions of the die, (b) photo of the die set. 
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2.3 Implementation of the ring compression test 

The screw press is a forging apparatus. The metal 

forming created by the screw press is implemented 

by a combination of the kinetic energy (E) produced 

by the working mechanisms of screw press including 

the flywheel, screw, and slider, as well as the stored 

energy (E) in the working mechanisms expressed as 

follows [36]:  

2 21 1

2 2
E mv J                (5) 

where m is the weight (kg) of flywheel, screw, and 

slider; J is the moment of inertia (kg·m2) of the flywheel 

and screw; v is the maximum speed (m/s) of the slider 

when the press blows; and   is the maximum angular 

velocity (rad/s) of the flywheel when the press blows. 

The moving parts (the flywheel, screw, and slider) 

are gradually accelerated and the kinetic energy of 

these parts is increased until the upper die contacts 

the billet and they stop rapidly. The billet absorbs 

the energy and yields (plastic deformation). The blow 

energy E consists of both linear and rotary motion 

energy. The reduction in the height of the metal ring 

can be controlled by adjusting the blow energy, which 

affects the amount of stored energy that is released. 

During the ring compression process by the screw 

press, a small reduction in height can be controlled by 

adjusting the gravity energy of slider. A large reduction 

in height can be achieved by adjusting the speed of 

the flywheel. The motion is adjusted by controlling 

the accelerating time and the stroke. 

Prior to the compression tests, the ring specimens 

were cleaned and lubricated with hydraulic oil (HM-46). 

The minimum inner diameters and the reduction in 

height of rings after compression were measured using 

vernier calipers. The inner diameter was measured at 

120° intervals along the circumference and an average 

value was used to calculate the percentage change  

to the inner diameter. The height and percentage 

reduction in height was also measured and calculated 

by this way. 

Confidence intervals for the mean and standard 

deviation were used to evaluate the reliability of the 

experimental data. Equation 6 [37] was used to calculate 

confidence intervals for the mean diameter, where a 

significance level of 0.05 to obtain a 95% confidence 

interval.  

2

x K
n




                  (6) 

where x  is the mean;   is the standard deviation;  

n is the sample number; 
2

K  is the confidence limit; 

and   is the significance level. 

A total of sixteen compression tests were conducted 

and the resulting shapes of the compressed ring 

specimens after different reductions in height are 

shown in Fig. 4. 

3 Friction calibration curves based on the 

FEM  

3.1 FE model of the ring compression process 

An axisymmetric finite element (FE) model of the ring 

compression process was developed using commercial 

software called DEFORM. The model was verified 

and used for both cold ring compression test [16] and 

hot ring compression test [24]. It was then verified by 

comparing the results with the applied load. Thus, 

the numerical results obtained in the present study 

can be deemed valid. 

The #45 steel used in the experiment is a strain 

hardening material under cold forming conditions [16]. 

The data for AISI 1045 steel from the DEFORM material 

database at room temperature indicates that the stress- 

strain curve for a strain rate of 1.5 is almost the same 

as the stress-strain curve for a strain rate of 100. This 

indicates that #45 (AISI 1045) steel is a rate-independent 

material for cold forming processes. A temperature- 

independent material model is often used for cold 

forming conditions [31−33]. Thus, only strain hardening 

materials were considered for modeling by this study, 

enabling Eq. (4) to be used.  

 
Fig. 4 Compressed ring specimens. 
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A quadrilateral element was used for the initial 

meshing and re-meshing of the FE model. For the initial 

meshes, 8130 elements were used, and the minimum 

mesh size was less than 0.03 mm. The von Mises yield 

criterion was adopted within the FE model. Coulomb 

and Tresca friction models were used to describe the 

friction at the interface between ring and the die, 

respectively. 

3.2 Elaborated friction calibration curves by  

numerical results  

Friction calibration curves for the ring compression 

tests are elaborated by either analytical methods or the 

FEM. Curves elaborated by the FEM are more accurate 

than those elaborated by analytical methods [23, 24], 

as the material properties and forming conditions can 

be considered. Thus, the FEM was used to elaborate 

friction calibration curves for this study. These curves 

only have numerical dependency. 

The height (h) and inner diameter (d) of metal 

ring during the compression process could then be 

predicted with numerical simulations. Then, a reduction 

percentage for both the height (h) and inner diameter 

(d) could be calculated using the following equations: 


  0

0

100%
h h

h
h

             (7) 


  0

0

100%
d d

d
d

             (8) 

According to the numerical results, the friction 

calibration curves for both the Coulomb and Tresca 

friction models could be elaborated, where the minimum 

inner diameters from the FEM are used. A loading 

speed of v = 1 mm/s was adopted for the FEA to 

generate calibration curves. The height and inner 

diameter of ring obtained from the experiment in 

Section 2.3 was calculated by Eqs. (7) and (8). Figure 5 

illustrates the friction calibration curves and experimental 

results, where the curves were generated through FEA, 

while dots were obtained experimentally. 

4 Discussion 

4.1 Friction conditions 

The Coulomb friction coefficient and Tresca friction  

 
Fig. 5 Friction calibration curves and experimental data (curves 
are generated with FEA while dots are obtained experimentally): 
(a) with the μ calibration curves and (b) with the m calibration 
curves. 

factor were determined by comparing experimental 

results with the friction calibration curves, as shown 

in Fig. 5. However, there is no clear standard for 

determining how to match the experimental results 

with the most appropriate calibration curve, which is 

the key to evaluating friction conditions. 

To determine the relationship between Coulomb 

friction coefficient and Tresca friction factor, Eq. (9) 

was defined as a standard [38]. If the inner diameters 

of the ring specimens at a 50% reduction in height 

correspond with Eq. (9), then the value for μ is deemed 

to be a match with the value for m. 

0

m
d d

e
d

                 (9) 

where dμ is the inner diameter of metal ring under the 

Coulomb’s friction model; dm is the inner diameter of 
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ring specimen under the Tresca friction model; d0 is 

the initial inner diameter of ring specimen, and e is a 

smaller positive number. 

The FEM results in the study [38] indicate that 

when e < 0.005, the inner diameter remains the same 

with only a slight variation in friction condition due 

to accuracy of FE model. Thus, e = 0.005 is a suitable 

value for determining whether the reduction in the 

inner diameter of the metal ring matches with the 

correct calibration curve. Based on Eq. (9), Eq. (10) 

was defined to evaluate the friction conditions and 

e = 0.005 or 0.5% was adopted as the small positive 

number. 





    

Exp ,

Exp ,

0

m

m

d d
d d e

d
         (10) 

where dExp and δdExp are the inner diameter and reduction 

percentage for the inner diameter, respectively. With a 

small change in μ or m, changes to the inner diameter 

are insignificant for a small reduction in height; 

however, they are significant after a 30% reduction in 

height. Using Eq. (10), the differences between the 

experimental results and appropriate calibration curves 

were calculated and listed in Table 2. It was found that 

the experimental data were difficult to fit to only one  

Table 2 Differences between the experimental results and the 
calibration curve. 

Exp ,md d   (%) 
h  

(%)  = 
0.105 

 = 
0.1075 

  = 
0.11 

m =  
0.22 

m = 
0.23 

m = 
0.24 

37.00 0.350 0.483 1.934 0.240 0.537 1.845

37.43 0.240 0.627 1.662 0.169 0.468 1.553

38.57 0.325 0.734 1.783 0.056 0.603 1.672

39.67 0.195 0.606 1.982 0.058 0.519 1.883

40.38 0.236 0.783 2.042 0.061 0.638 1.948

42.33 0.103 0.873 1.893 0.140 0.762 2.010

44.14 0.073 0.921 1.873 0.337 0.932 1.927

45.95 2.552 1.054 0.489 2.361 1.163 0.458

48.19 2.024 1.135 0.163 2.135 1.046 0.032

50.24 1.967 0.844 0.089 2.077 0.934 0.396

52.38 2.225 0.972 0.572 2.236 0.982 0.305

54.62 1.864 0.452 0.109 1.973 0.723 0.389

56.00 1.776 0.692 0.216 1.867 0.697 0.105

57.24 1.953 0.788 0.406 1.962 0.779 0.125

calibration curve accurately and several errors were 

greater than 0.5%. For example, when the reduction 

in height of the ring specimen was less than 45%, the 

difference between the experimental data and FEM 

data for μ = 0.11 or m = 0.24 was much higher than the 

results for μ = 0.105 or m = 0.22. However, the opposite 

was true, when the reduction in height was greater 

than 45%. 

Thus, different friction conditions should be used 

to describe the experimental data both before and 

after the threshold reduction in height. When 35% < 

δh < 45%, the experimental data is best fitted to a 

calibration curve with m = 0.22 or μ = 0.105. Alternatively 

when δh > 45%, the experimental data is best fit to   

a calibration curve with m = 0.24 or μ = 0.11. This is 

shown in Fig. 6, where the experimental data is plotted 

with confidence intervals, presented as error bars. The 

short confidence intervals for most of the experimental  

 

Fig. 6 Experimental data and matching calibration curve: (a) with 
the μ calibration curves and (b) with the m calibration curves. 
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data indicate that the average measured inner diameter 

is precise. This also demonstrates that the ring com-

pression tests produced accurate results, with no 

abnormal data. The friction conditions change sharply 

at a 45% reduction in height. This finding is similar to 

results obtained for the compression of aluminum discs 

under dry friction [27], where conditions changed 

significantly at a 37% reduction in height. 

4.2 Surface topography 

Friction conditions during the ring compression 

process changed significantly when a 45% reduction 

in height for the ring specimens was reached and 

could be divided into two specific stages. A laser 

confocal microscope (OLS4000, Olympus®) was used 

to investigate changes to the surface topography of 

the compressed metal rings at a resolution of 0.12 m 

as these conditions changed.  

According to the analysis in Section 4.1, five com-

pressed ring specimens (A, B, C, D, and E) were selected 

for measurement, as shown in Fig. 6. The reduction 

in height of the chosen metal ring samples was 5.57%, 

37.43%, 44.14%, 45.95%, and 54.62%, respectively, 

and the corresponding shapes are shown in Fig. 4. 

Considering the data listed in Table 2, these five ring 

specimens, particularly specimens B, C, D, and E, were 

chosen to evaluate the continuity of the curves 

described by the experimental data in Fig. 6. To observe 

the topographical characteristic along the radial 

direction, two surface zones were observed from the 

inside and outside of upper surface of the compressed 

ring specimen, respectively. The inner zone was 

approximately 0.5 mm from the inside edge of surface, 

and the outer zone was approximately 0.5 mm from 

outside edge of the surface. The area of the observed 

zones was 256 m × 256 m. Figure 7 illustrates  

the surface topography from each of these five ring 

specimens. 

Surface fluctuations were found to be larger in the 

outer zones than in the inner zones and increased 

as the height of the rings decreased. The changes in 

surface fluctuation that occurred within 1% of a 45% 

reduction in height were significantly greater than the 

changes observed between a 35%−45% and 45%−55% 

reduction in height. Similar changes were observed 

for the results obtained for surface roughness (Ra).  

 

Fig. 7 Surface topography of the compressed ring specimens 
(Unit: m), with a reduction in height of: (a) 5.57% (compressed 
ring A), (b) 37.43% (compressed ring B), (c) 44.14% (compressed 
ring C), (d) 45.95% (compressed ring D), and (e) 54.62% (com-
pressed ring E). For each set of images, the first image is for the 
inner observation zone and the second is for the outer observation 
zone. 

Figure 8 illustrates the changes to surface roughness 

of the ring specimens during the compression tests. 

Five sampling lines from the observed 256 m × 

256 m zones were used to measure surface roughness, 

as shown in Fig. 9. The surface roughness (Ra) was 

calculated for one sampling line. Then, five values of 

surface roughness could be obtained for each observed 

zone, before Eq. (6) was used to calculate the value. 

To obtain accurate results, the sampling lines needed 

to be perpendicular to the region experiencing large  
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Fig. 8 Surface roughness of the compressed ring specimens. 

 

Fig. 9 Sketch of sampling line in the observed zone. 

surface fluctuations and the five sampling lines 

needed to be distributed as evenly as possible within 

the observed zone. Figure 7 shows that the surface 

fluctuations in the observed zone are distributed 

irregularly along the x or y-axis. This means that there 

are large fluctuations along each sampling line. Thus, 

compared to Fig. 6, wide confidence intervals can be 

observed for the results shown in Fig. 8, despite using 

more measuring times.  

It was found that the values for surface roughness 

in the outer zone of each of the five samples were 

greater than measured for the inner zone. However, 

the difference in Ra between inner and outer zones 

was smaller. The value for Ra varied notably with an 

increasing reduction in height of the ring specimen. 

The surface roughness (Ra) of the inner and outer 

zones increased by 18% and 20%, respectively, over a 

reduction in height from 35% to 45%; and increased 

by 25% and 23%, respectively, over a reduction in 

height from 45% to 55%. However, the value for Ra 

changed dramatically around a 45% reduction in height, 

where the Coulomb friction coefficient (μ) and Tresca 

friction factor (m) also changed. The Ra for the inner 

and outer zones increases by approximately 53% and 

59%, respectively, from a 44.14% to a 45.95% reduction 

in height. 

The interaction between surface roughness and 

friction conditions has previously been proven in  

Ref. [39]. With an increase in the reduction of height, 

the weight of liquid lubricant reduces as it is squeezed 

away from the interface [16, 40]. In this case, lubrication 

is less effective, while there is an increase in surface 

roughness. The interface area between die and ring is 

enlarged and this further reduces the effectiveness of 

lubrication. As the surface fluctuations increase, the 

increase in the outer interface area is larger than the 

inner interface area. This may be one reason why 

surface roughness in the outer zone is larger than 

the inner zone. Additionally, pressure at interface also 

plays an important role in changing surface roughness. 

Figure 10 illustrates the changes to the contact stress 

(δz) (z-axis is the compressed direction) at the interface 

between the ring and die. The δz is shown to increase 

with a reduction in the height of ring specimen and 

an increasing magnitude of friction. The δz at the 

inner and outer edge is an extremum, which means 

that the change closest to the edge of each region of 

the interface is most significant. Comparatively, the 

change in the middle region of the interface between 

inner and outer zones is gentle. However, the δz 

distributed along radial direction in the middle region 

also fluctuates significantly at a large reduction in 

height, particularly after a 45% reduction in height 

occurs as shown in Fig. 10. High contact stress com-

bined with less effective lubrication increases the 

surface roughness. The δz for the inner region is less 

than for that of the outer region. This may be another 

reason why the outer surface is rougher than the inner 

surface. 
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Fig. 10 Contact stress at the interface predicted by the FEM:  
(a) μ = 0.1, (b) μ = 0.15, (c) m = 0.2, and (d) m = 0.3. 

With an increasing reduction in the height of the 

ring specimen, the lubricant present at the interface is 

reduced and the interface area enlarges. In this case, 

the surface topography is changed by the deformation 

of the metal and the surface roughness increases. Under 

a small deformation, such as a 5.57% reduction in 

height, the observed surface topography is flat, as 

shown in Fig. 7(a). The surface roughness (Ra) is also 

small, as shown in Fig. 8. These results support the 

above-mentioned conclusions. When less effective 

lubrication combined with increased stress reaches  

a threshold, the magnitude of friction changes. The 

threshold in cold ring compression tests of #45 (AISI 

1045) steel is a 45% reduction in height according to 

the results of this study. However, the material pro-

perties and friction conditions (such as a dry condition, 

or with lubrication by different materials) have a 

significant impact on this threshold. For example, the 

friction coefficient changes under dry conditions but 

remains constant when lubricated in the study [27].  

5 Conclusions 

In this study, a cold ring compression test was 

conducted on medium carbon steel and the friction 

conditions were evaluated to a low error (0.5%). Then, 

the compressed ring specimens for specific height 

reductions were selected according to variations in 

friction conditions and their surface topography was 

measured. The following conclusions were drawn: 

(1) During the compression process of the ring 

specimen, the surface topography changed and the 

value for surface roughness increased. The surface 

topography and surface roughness underwent a 

significant change of more than 50% at a height 

reduction of 45%. A difference in the surface topography 

or surface roughness between the inner and outer 

surface of the compressed ring specimen was observed, 

however, this difference was found to be negligible. 

(2) The surface roughness (Ra) of the compressed 

ring specimen increased by approximately 20% and 

25% between a 35% and 45% and a 45% and 55% 

reduction in height, respectively. However, the surface 

roughness (Ra) of the compressed ring specimen 

increased by approximately 55% over a 1% variation 

from a 45% reduction in height. 
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(3) Experimental data are difficult to fit to a single 

calibration curve accurately. To fit the data within  

the specified error of 0.5% using Eq. (11), a Coulomb 

friction coefficient (μ) of 0.105 was determined when 

h < 45% and 0.11 was determined when h > 45%. A 

Tresca friction factor (m) of 0.22 was determined when 

h < 45% and 0.24 was determined when h > 45%. 
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