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Properties

ABSTRACT

Purpose: Tip test has been developed to characterize the friction during cold forging process based on a linear 
relationship between the maximum load and radial tip distance measured. In this previous investigation, a 
negative slope of linearity between maximum load and tip distance was observed which was totally opposite 
to the conventional tip test results although the linear relationship was still consistent. The present study 
investigates feasibility to utilize the tip test to differentiate the effect of surface roughness of the punch and dies 
on friction effect.
Design/methodology/approach: For experiments, commercial aluminum alloys of 2024-O and 6061-O were 
used. Lubrication was varied with four different kinds of VG32, VG100, cooking corn oil, and grease. Maximum 
load and radial tip distance of deformed specimens were measured to determine the correlation between the two. 
Finite element simulation was utilized to calibrate and quantitatively determine friction factors at punch/work 
piece and die/work piece interfaces, respectively. Downsized tip test was performed with an experimental set-up 
by employing the punch, lower die, and counter punch working as bottom die.
Findings: It was found that the ratio between these two friction factors and the slope between the tip distance 
and maximum load were dependent on the relative levels of surface roughness of the punch and dies. It was 
found that the tip test can be used to determine the effect of relative surface characteristics on friction behavior 
and material flow.
Research limitations/implications: Interestingly this x ratio obtained in the downsized experiment was similar 
to the values obtained from the conventional tip test with the larger specimens. This recovers the validity of the 
tip test to determine the effect of the surface quality on friction behavior and material flow more scientifically.
Originality/value: According to the present investigation only, the friction factors increased as surface 
roughness increased except for the case of conventional tip test results. The present investigation should be 
extended further to consider the effect of other processing parameters involved with forming processes on 
friction effect.
Keywords: Tip test; Friction measurement; Surface roughness; Finite element simulation; Cold forging
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1. Introduction 
 A major processing parameter in metal forming processes is the 
friction developed between the workpiece and punch or dies. Surface 
finish and dimensional precision of the product are directly related to 
friction. Change in lubrication can alter the mode of deformation 
during forming processes and change the mechanical properties of the 
final product. Since the benefits of friction and lubrication control can 
be immense in metal forming, especially cold forming, considerable 
effort has been directed to the measurement of friction for both 
general metal working conditions and specific metal working 
processes so far. Friction effects are difficult to measure because they 
depend on processing variables such as contact area, speed, and 
temperature during deformation. In addition, they are generally 
difficult to scale down for testing or scale up to production conditions. 
 In metal forming, lubricants are usually selected to decrease friction 
and reduce die wear based on several factors such as ability to retard 
corrosion, ease of application and removal, lack of toxicity or odor, 
adaptability over a useful range of pressure, temperature and velocity, 
surface wetting characteristics, cost, and availability. In view of the 
important aspects of lubricants, it is amazing how little science has been 
applied to their development and selection. Most useful lubricants have 
been developed on the basis of art and experience in industry. 
 Recently, Im, et al. (2002; 2003) [1,2] proposed tip test based on 
backward extrusion process which can be utilized to evaluate the 
lubricants more scientifically. Because of larger free surface 
generation, it can be more suitable than the other friction test method 
such as ring test for characterizing the friction effects for actual bulk 
metal forming processes. The interesting feature of the tip test relies 
on the linearity between the radial tip distance and maximum load 
measured. In this test, the friction factors can be easily calculated 
either by measuring the tip distance or maximum load.  
 The tip was formed by backward extrusion of a cylindrical 
specimen whose diameter was larger than the diameter of the punch 
and smaller than the diameter of the cylindrical die as shown in Fig. 1. 
Because of this, the initial deformation mode was upsetting and then 
changed to backward extrusion later once the bulged surface touched 
the side wall of the bottom die. In this figure the diameter and height 
of the original specimen used were 30x15 and 10x5 mm2 in the 
conventional and downsized tip tests, respectively. Using the 
specimen with the same diameter of the bottom die, the tip can not be 
formed because of lack of upsetting mode at an initial stage [4,5]. 

Also, Im, et al. (2004) [6] quantitatively determined the difference 
of friction factors between the punch and die interfaces using the tip 
test and finite element analyses simulated by CAMPform [7,8]. In 
their works, the ratio x was introduced as x = mfd /mfp, where mfp 
and mfd are the friction factor at the punch/workpiece and 
die/workpiece interface, respectively. Depending on the various 
lubricants and deforming materials, x values were determined as a 
function of the strain hardening exponent of the material [9].  

They have extended their investigation for the downsized 
experimental set-up to investigate a size effect of the test and found 
out that the slope of the non-dimensionalized load and tip distance as 
shown in Fig. 2 [5] was reversed compared to the conventional tip test 
as introduced in Fig. 3. In this downsized experimental work, the test 
was also carried out under the different humidity conditions and with 
corn oil as an environmentally friendly lubricant. Even in a smaller 
scale, the linearity between the radial tip distance and maximum load 
was still valid as seen in Fig. 2.  

It was revealed in the work by Chauviere, et al. (2008) [5] that 
the negative slope in Fig. 2 was induced by higher surface 
roughness of the counter punch than the one of the punch. It 
means tip test was able to distinguish the effect of relative surface 
roughness on friction levels in terms of the ratio x between mfd 
and mfp. For the downsized experiment, x became 2.7 which was 
larger than the value of conventional test of 0.45.Surface 
roughness is known as one of the constitutional factors of friction. 
Sahin, et al. (2007) [10] proposed a ring compression test result 
that workpiece with a finely polished workpiece showed higher 
friction than machined one due to contact area increase. 

Fig. 1. Deformed specimen after the conventional and downsized 
tip tests and definition of the tip distance d 
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Fig. 2. Downsized tip test result in reference [5] and x=2.7 
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from the earlier work by [13] 
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On the other hand, Lee, et al. (2002) [11] proposed a U-shape 
relationship between surface roughness of the workpiece and 
friction factor (μ) obtained by flat die friction tester, and a specific 
range of surface roughness gives relatively low friction. However, 
these results were obtained from experiments varying only the 
surface roughness of the specimen.  
 In the present investigation, surface roughness of the bottom 
die working as counter punch was varied from Ra =0.61 μm to  
Ra =0.08 μm to better understand its role on the friction behavior 
and material flow in the tip test using AL6061-O and 2024-O 
specimens. Four different lubricants such as grease (AMSOIL 
GLC-12), cooking corn oil, VG32, and VG100 (SHELL Tellus 
VG32, 100) were used in experiments. Also a comprehensive 
consideration on various surface topologies of the workpiece, 
dies, and punch was given by employing mechanical and optical 
measurements. Since the dimensional accuracy affects the 
measured data, the punch geometry was measured by coordinate 
measuring machine and the geometry of the specimen was 
carefully checked by measurement to select the proper one.  

2. Experimental 
Downsized tip test was performed with an experimental set-

up by employing the punch, lower die, and counter punch 
working as bottom die as shown in Fig. 4. To apply the force to 
the workpiece, MTS machine (Alliance RT/100) with a maximum 
load of 100 kN was used. The forming stroke applied was 3.2 mm 
and 3.5 mm for AL2024-O and AL6061-O, respectively and 
constant ram speed of 0.1mm/s was applied during the test.  

Fig. 4. Experimental set-up and cross-section of dies and punch 

To prepare the specimen, commercial AL2024 and AL6061 
billets were turned to be a cylindrical bar of 12 mm of diameter and 
150 mm in height. After turning, they were heated from room 
temperature to 415°C and kept at this temperature for three hours. 
Then, the specimens were cooled at a heat extracting rate of 
30°C/hr to 260°C, and finally exposed to air-cooling until reaching 
room temperature according to Metals Handbook (1979) [12]. In 
order to guarantee uniformity of the test results, enough number of 
bars was annealed at the same time to avoid material property 
variation depending on annealing. They were cut off to make a tip 
test specimen of 10 mm of diameter and 5 mm of height after heat 

treatment.The dimension of the specimen was measured with 
vernier calipers (Mitutoyo CD-15CPX) to reduce the influence of 
size difference of the specimen on measurement results of the tip 
test. For AL2024-O and AL6061-O specimens, the cylindrical 
workpieces with the dimension of the diameter of 9.99 mm and 
height of 5.00 mm, and the diameter of 10.00 mm and height of 
5.01 mm were, respectively, selected and used in this study. 

The deformed specimen can be used for measuring the tip 
distance d as shown in Fig. 1 with an optical microscope 
(OLYMPUS B201) which has a special feature of extended focal 
imaging function to integrate pictures of different focuses. In tip 
test, centering should be implemented very carefully. Once the 
specimen was not located in the right position to maintain the axi-
symmetry of deformation, tip distances at the four different 
measuring points will be varied. Therefore, it becomes imperative 
that the axi-symmetry of the deformed specimen should be 
maintained during the forming process as pointed by Im, et al. 
(2003) [2]. However, it is not easy to maintain the axi-symmetry 
perfectly in experiments, the deformed tip distance was measured 
at four different points because of measured scattering data. 

Another important issue for controlling the lubrication is the 
quality of  surface cleanliness. Before applying four kinds of 
lubricants such as grease (AMSOIL GLC-12), cooking corn oil, 
VG32, and VG100 (SHELL Tellus VG32, 100), the following 
surface cleaning process was used. At first, the surface of the punch 
and dies was cleaned by a wiper (KIMTECH Wipers) soaked with 
acetone (JUNSEI ASSAY (GC) min. 99%) to avoid adulteration 
among the lubricants. Acetone is a solvent for lubricants, hence if 
there is a residue of acetone on the surface of the punch and dies, it 
can unexpectedly affect lubrication performance. To remove this 
residual acetone after surface cleaning, forced air blow was applied on 
their surfaces by employing a hair dryer. After cleaning, the lubricants 
were brushed manually.  

According to the earlier investigation, the environmental 
factors affect the measured data, the same experimental condition 
of surface conditions of the specimen and dies, lubricant, 
temperature, humidity, and deformation speed was maintained 
during the test. Six experiments were carried out for each 
lubricant. The maximum stroke was limited up to 3.5 mm in each 
experiment because of capacity of the testing machine. 

Additionally, the cross-section of the punch was measured by 
a 3D coordinate measuring machine as shown in Fig. 5.  

Fig. 5. Ideal punch geometry as designed and manufactured punch 
geometry measured by coordinate measuring machine 

2.  Experimental
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In order to minimize the gap between measured and simulated 
tip distances the measured punch geometry was used for finite 
element simulations. 

It was found that the real manufactured punch was not the 
same as the one as designed in Fig. 5(a). According to simulation 
results, the manufactured punch shape increased the tip distance 
compared to the one  produced by the designed punch geometry. 

The flow stress of the material was determined by applying 
the compression test as summarized in Table 1 in the form of 
power law as represented by Eq. 1. This table shows that the K 
and n values for AL6061-O were varied because of the difference 
in purchasing the material although the chemical composition was 
the same. 

nK    (1)                                                                                    

Table 1.  
Material properties obtained from the compression test 

Workpiece Material K (MPa) n

Previous work [5] AL6061-O 228 0.30
AL6061-O 252 0.28 

Present 
AL2024-O 411 0.24 

3. Numerical 
 Numerical analyses by using CAMPform were used to 
determine the value of friction factor mf in the constant shear 
friction model. Based on thermo-rigid-viscoplastic approach 
proposed by Kobayashi, et al. (1989), this program was developed 
at the laboratory. Since the detailed finite element formulation is 
available in the same reference, it is omitted here. 
 As mentioned earlier in the experimental section, the 
dimension of specimens was carefully controlled in experiments. 
Therefore the same dimension of the specimen for each material 
was applied for simulations of the two different materials. The 
total number of quadrilateral elements used in simulations was 
2000 ~ 2500 and five or six automatic remeshings were made to 
prevent the die penetration during the simulation.  
 After simulations, the tip distance and maximum load values 
were acquired from the simulation results to compare with and 
calibrate the experimental results. A specific slope which is 
formed by experimental tip distance and maximum load can be 
determined by introducing the ratio x between the friction factor 
at the punch/workpiece interface mfp and the one at the 
die/workpiece interface mfd in simulations as introduced in earlier 
section. 

4. Results and discussion 
 The measured load and stroke curves for AL2024-O and 
AL6061-O obtained from the tip test are given in Fig. 6, 
respectively. This Figure clearly shows that the maximum load 
values were dependent on the type of lubricants applied.  
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Fig. 6. Load-stroke curves obtained from the tip test for AL2024-O 
and AL6061-O, respectively 

 In Fig. 7, the measured tip distance was plotted with the 
measured load values for various lubrication conditions in the 
downsized tip test. In this figure the tip distance and maximum 
load were non-dimensionalized by the tip thickness t=1.21 mm 
and 1000 kN, respectively. This test result shows a slope shift 
from the negative as shown in Fig. 2 to the positive which is 
corresponding to the conventional one. This conversion was 
obtained by changing surface roughness of the counter punch 
from Ra = 0.61 μm to 0.08 μm for AL6061-O specimen. This is 
valid for the AL2024-O tip test result as shown in Fig. 7 b.  
 Thus, Ra reduction in the counter punch relative to the punch 
influenced the slope of linear relationship between the non-
dimensionalized tip distance and maximum load. Friction factor 
ratio (x= mfd/mfp) was determined to be dependent on the surface 
roughness ratio between the punch and counter punch as 
summarized in Table 2. These values for AL6061-O and AL2024-O 
were 0.45 and 0.60, respectively. In order to characterize friction 
factors at both interfaces at the punch and counter punch, the 
friction at the sidewall was assumed to be the same as the one of 
the counter punch in the present investigation. 

4.  Results and discussion

3.  Numerical
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Fig. 7. Non-dimensionalized maximum load versus tip distance 
for a) AL6061-O and b) AL2024-O 

Table 2.  
Variation of x values depending on Ra ratios between the counter 
punch and punch 

x
(mfd / mfp)Scale 

Ra ratio 
(Ra counter / Ra

punch) AL6061-O AL2024-O 
Downsized  
(negative) 2.54 2.70  

Downsized  
(positive) 0.33 0.45 0.60 

 Since the value of x governs the slope of the linear 
relationship between the non-dimensionalized tip distance and 
maximum load, the proper x value which would produce the 
parallel slope between the experiment and simulation was 
determined in numerical simulations. 
 According to the data of AL6061-O, the x values were 
increased as Ra ratio increased. Thus present investigation clearly 
demonstrates that depending on the relative magnitude of surface 

roughness between the punch and counter punch, the slope of the 
non-dimensionalized maximum load versus tip distance measured 
by the tip test will vary. In other words, the tip test can be used for 
determining the friction effect due to relative surface quality 
between the punch and bottom dies.
 In Fig. 7, the friction factors in the present condition were in 
the same range of the values determined in the earlier work by Im, 
et al. (2006) [13] for both materials. This represents the validity 
and reproducibility of the tip test for two different sizes of the 
specimens. Thus, it was found that the tip test can be utilized for 
characterizing the friction behavior in a smaller scale as well. 

a)

b)

c)

Fig. 8. Measured surface roughness of a) punch, b) counter punch, 
and c) side wall of conventional tip test tools by mechanical 
device

 In order to understand the slope change between the present 
and earlier investigation by Chauviere et al. (2008) [5], surface 
quality was carefully measured by utilizing mechanical and 
optical measuring devices.  
 Fig. 8 shows representative Ra values for the counter punch, 
side wall, and punch used in the conventional tip test measured by 
a probe type tester (Mitutoyo SURFTEST 301). Due to the 
specimen size limit (100 mm in height) of the optical device, only 
mechanical device was used to measure the surface roughness in 
the conventional test case. In this Figure, the surface roughness at 
the punch and counter punch was similar. Instead, its value for the 
side wall was relatively higher than that for the punch and counter 
punch in the conventional case.   
 Fig. 9 shows comparison of Ra values of the counter punch 
used for the downsized tip test before and after fine grinding. For 
measuring the surface roughness of the counter punch, a confocal 
microscope (OLYMPUS OLS-3000) was also used to make sure 
the accuracy of surface quality.  
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a) Before                                         b) After 

Fig. 9. Comparison of Ra of the counter punch before and after 
fine grinding by a) mechanical and b) optical device 

Since the difference of measured surface roughness before 
(0.61 μm) and after fine grinding (0.075 μm) was rather great, a 
reference specimen with Ra=3.0 μm was tested with both 
measuring devices again in Fig. 10 to check the accuracy of two 
measuring devices. For the reference case of surface roughness 
measurement, the gap between the mechanical and optical devices 
was only 0.4 μm. Thus, both measured data might be acceptable 
within a limited tolerance level. Thus, it was construed that the 
surface quality was quite different before and after fine grinding. 
This means that the friction behavior might be quite different 
before and after fine grinding as expected. 

a) Mitutoyo SURFTEST 301       b)  OLYMPUS OLS-3000

Fig. 10. Reference surface roughness measurements by 
mechanical and optical device 

 Each side of the specimen was measured with OLS-3000 to 
acquire the surface roughness data. According to the 
measurement, surface roughness of top and bottom surfaces were 
the same as 0.65 μm for both materials and its value for the lateral 
surface was 1.05 and 0.93 μm for AL2024-O and AL-6061-O 
specimens, respectively. 

 In addition, surface roughness of each part of the punch, side 
wall and counter punch working as bottom die used for downsized 
experiments whose positions are given in Fig. 11 was measured 
and summarized in Table 3. 

Fig. 11. Measuring points for surface roughness comparison at 
various regions of 1 - punch, 2 - counter punch, and 3 - side wall 

Fig. 12. Comparisons of deformed shapes at the upsetting and 
backward extrusion stages in the tip test of AL6061-O 

 In this Table, calibrated friction factors at the punch and 
counter punch are summarized as well. According to these results, 
friction factors were dependent on the level of surface roughness 
of the forming tools for the downsized experimental results. It 
was found that tip test was sensitive enough to determine 
variation of frictional effect depending on the change of surface 
roughness in the present investigation conditions. 



333

Properties

Effect of surface roughness on friction in cold forging

Table 3.  
Surface roughness data and friction factors of the punch and counter punch 

Average Ra (μm) Friction factor 

Scale 
1

Punch

(Ra punch)

2
Counter
punch

(Ra counter)

3
Side
wall

(Ra side wall)

Lubri 
cant 

Punch

(mfp)

Counter
punch
(mfd)

VG32 0.71 0.32 
VG100 0.48 0.22 Conventional 0.13 0.12 0.20 
Grease 0.29 0.13 
VG32 0.11 0.30 
VG100 0.081 0.22 
Corn oil 0.06 0.16 

Downsized
(negative) 0.24 0.61 0.24 

Grease 0.02 0.05 
VG32 0.70 0.32 
VG100 0.50 0.23 
Corn oil 0.40 0.17 

Downsized
(positive) 0.24 0.08 0.24 

Grease 0.10 0.05 

 In Fig. 12, local deformation was compared in detail at the 
upsetting stage and final stage of backward extrusion for two 
different cases of surface roughness in the counter punch. This 
Figure explains why the tip distance was smaller for the case of 
higher surface roughness in the counter punch. In this case, the 
bulged free surface tried to hold the tip position until free surface 
disappears at the bottom surface of the specimen. In the case of 
smaller surface roughness, the tip position was moved toward the 
punch side at the earlier stage of deformation. That is why the tip 
distance becomes higher in this case.  
 This was clearly confirmed in Fig. 13 by plotting the change 
of tip distance as deformation continues. At the same stroke of 
deformation, the tip distance was higher for the case with the 
smoother counter punch (Ra =0.08 μm) compared to the one with 
Ra =0.61 μm in the present investigation.

5. Conclusions 
 Downsized tip test was carried out with commercial 
aluminum alloys of AL2024-O and AL6061-O with four different 
kinds of lubricants of grease (AMSOIL GLC-12), cooking corn 
oil, VG32, and VG100 (SHELL Tellus VG32, 100). According to 
the present investigation, the following conclusions were 
obtained. 

The effect of surface roughness change of the counter punch 
was observed by the change of x ratio and slope between the tip 
distance and maximum load. With higher surface roughness in the 
counter punch (Ra =0.61 μm) compared to the surface roughness 
of the punch (Ra =0.24 μm) the slope became negative and the x 
ratio became larger than 1. However, with relatively smoother 
surface roughness of the counter punch (Ra =0.08 μm) compared 
to the one of the punch (Ra =0.24 μm) the slope was positive and 
the x ratio became smaller than 1. Interestingly this x ratio 
obtained in the downsized experiment was similar to the values 
obtained from the conventional tip test with the larger specimens.  

This recovers the validity of the tip test to determine the effect 
of the surface quality on friction behavior and material flow more 
scientifically. According to the present investigation only, the 
friction factors increased as surface roughness increased except 
for the case of conventional tip test results. The present 
investigation should be extended further to consider the effect of 
other processing parameters involved with forming processes on 
friction effect. 
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