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Abstract: Tip test experiments and simulations showed that the relationships between the
tip distance, forming load, and shear friction factor were linear for all tested materials
of aluminium alloys, steel, and copper. The ratio of the shear friction factor of the
workpiece–die interface to that of the workpiece–punch interface was determined to be in
the range of 23–60 per cent depending on the material. Also a logarithmic relation between
the ratio of these two shear friction factors and the strain-hardening exponent of the material
was found in the present investigation. Finally, it was clearly demonstrated that the tip test
can be used to determine effectively the material property with decoupling of the friction
effect in compression tests.
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1 INTRODUCTION

The finite element (FE) method has become an
important analysis tool for bulk metal forming pro-
cesses because of the advantages in time and cost
savings. It is well known that reliability of such FE
simulations depends on accurate material character-
ization and description of friction conditions which
directly affect material flow, forming load require-
ment, die life, etc.

To date, simplified friction models commonly
used for finite element (FE) simulations of metal
forming processes are as follows [1].

1. The Coulomb friction model given by

t ¼ �mp ð1Þ

2. The constant-shear-friction model given by

t ¼ �mfks ð2Þ

In these equations, t, m, p, mf, and ks are the
frictional shear stress, friction coefficient, normal

pressure, shear friction factor, and shear yield
strength respectively of the material.

In general, the Coulomb friction model adequately
represents the friction condition in sheet metal
forming processes with low pressures while the
constant-shear-friction model is commonly used
for a description of the friction condition in bulk
metal forming processes with relative high pres-
sures. Therefore, the constant-shear-friction model
was employed in the current investigation since the
objective of this study is to determine the friction
condition and material property for the cold-
forming processes.

So far, many friction-testing methods have been
proposed through the years. Among these, the ring
compression test [2] has been widely used owing to
its simplicity. However, it relies on non-linear cali-
bration curves to characterize the friction condition,
and shear friction factors obtained by this method
may not always be suitable for simulating actual
metal forming processes. This is because the shear
friction factor varies during the deforming process
depending on the measuring techniques and process
conditions, as found in previous studies.

Thus, extrusion processes such as backward
extrusion [3] and combined forward–backward
extrusion [4] have been introduced to determine
the friction condition for practical cold-forging
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processes owing to the large surface expansion and
high pressure distribution at the workpiece and die
interfaces. However, these methods also require
non-linear calibration curves and the test equipment
is rather complex in design and operation.

Recently, Im et al. [5–7] proposed the ‘tip test’ in
which a radial tip was formed on the extruded end
of the workpiece simply to measure the friction level.
In these earlier studies, it was found through experi-
ments and FE simulations that both the radial tip
distance and the maximum forming load increased
linearly at higher levels of friction for a specimen of
aluminium alloy Al6061-O. The effect of strain hard-
ening on the frictional behaviour in the tip test was
investigated further [8].

In the current study, tip test experiments and
simulations with various aluminium alloys, carbon
steel, and pure copper were conducted. According
to the results, the linearity between the radial tip
distance, forming load and shear friction factor
was maintained for all materials investigated and
the shear friction factor at the workpiece–lower die
interface was in the range of 23–60 per cent of that
at the workpiece–punch interface. In addition, a
logarithmic relation between the ratio of the shear
friction factor of the workpiece–die interface to that
of the workpiece–punch interface and the strain-
hardening exponent of the material was found. It is
clearly demonstrated that the material property can
be determined together with the shear friction factor
by applying the tip test to the aforementioned
materials with decoupling of the friction effect in
compression tests.

2 TIP TEST EXPERIMENTS

Tip test experiments using aluminium alloys
Al2024-O, Al5083-O, Al6061-O, and Al7075-O,
annealed carbon steel AISI 1010, and pure copper
C12100 were carried out to examine the linearity

between the forming load and radial tip distance
measured. The punch and dies used for the tip test
experiments were made of tool steel alloy AISI D2
and polished to 0.08 mm in terms of Ra and coated
with chromium. The dimensions of the punch and
dies used in experiments are given in Fig. 1.
The lubricants used in experiments were grease,
drawing oil, soap, MoS2, industrial oils with viscosity
grades of VG22 and 100, and the household lubricant
WD40. In the cases of tip tests with Al2024-O and
AISI 1010, phosphate-coated specimens were used.

Figure 2 shows the position of the radial tip
measured from the inner wall of the lower die and
forming load according to the punch stroke obtained
from the experiment with the Al2024-O specimen
using the lubricant VG 100. The maximum forming
load L and radial tip distance d were defined as the
values when the punch stroke reached 8 mm.

Figure 3 shows the cross-sectional shapes of the
finally deformed workpieces obtained from experi-
ments on the Al2024-O specimen depending on the
various lubricants used. The results clearly show
that the radial tip distance varies depending on
the friction conditions. In the present study, three
experiments were carried out for each lubricant,

 

 

 

 
 

 

 

Fig. 2 Position of the radial tip from the inner wall of
the lower die and the forming load according to
the punch stroke

 

 

Fig. 1 Dimensions of (a) the axisymmetric punch and (b) the axisymmetric die used for the tip test (dimensions in
millimetres) and (c) the deformed shape after tip test and definition of radial tip distance d
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and measurements of the radial tip distance were
made at four locations of each specimen.

Figure 4 shows the plots of L versus d obtained
from the experiments using various materials

and lubricants. As can be seen in this figure, the
linear relationships between L and d were
maintained regardless of the tested materials.
However, for pure copper it can be seen that the

Fig. 3 Measured radial tip distances from tip test experiments with the Al2024-O specimen using lubricants (a) grease,
(b) industrial oil grade VG100, and (c) VG 32

Fig. 4 Plots of L versus d obtained from experiments with various materials and lubricants

  

Fig. 5 Stress–strain curves obtained from compression tests on various materials
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range of deviation of the measured values of
L and d according to various lubricants were
relatively small compared with those for other
materials.

3 EFFECT OF STRAIN HARDENING

FE simulations using CAMPform-2D [9–11] were
carried out for numerical investigations to determine
the shear friction factor and material
properties using the tip test. The flow stress equa-
tions (s ¼ K "n) of the aforementioned materials
were obtained through compression tests carried
out using the cylindrical specimen with the same
dimension for the tip test. The flat dies used in com-
pression tests were made of tool steel alloy AISI D2
and polished to 0.05 mm in Ra and coated with
chromium.

Figure 5 shows the resultant stress–strain curves
for the investigated materials and Table 1 sum-
marizes the characterized flow stress equations
obtained from the compression tests.

Table 1 Comparison of material properties k and n
obtained from the compression and tip tests

Compression test Tip test

Material K (MPa) n K (MPa) n

Al2024-O 330.10 0.140 327.0 0.141

Al5083-O 448.42 0.132 442.0 0.129

Al6061-O 210.62 0.162 212.0 0.167

Al7075-O 309.10 0.140 303.0 0.139

AISI 1010 667.30 0.141 655.0 0.142

C12100 379.50 0.230 379.5 0.230

 

         

 

 

 

         

 

 

          

 

 

 

         

 

 

      

    

          

 

  

         

 

 

    

 

 

 

 

Fig. 6 Comparisons of L/1000 versus d/t plots between experiments and simulations with various x values for different
materials: (a) Al2024-O; (b) Al5083-O; (c) Al6061-O; (d) Al7075-O; (e) AISI 1010; (f ) C12100
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It was found from earlier studies [6, 7] that the
friction condition at the workpiece–punch interface
should be modelled to be higher than that at the
workpiece–lower die interface for the backward
extrusion process. Thus, the shear friction factor
mfd at the workpiece–lower die interface was
assumed to be a certain percentage of the shear fric-
tion factor mfp at the workpiece–punch interface.
That is, the ratio x of the shear friction factors was
defined as mfd/mfp, where 0.0� x� 1.0. The detailed
procedure of obtaining the value of x can be found in
the literature [6].

The values of the ratio x of shear friction factors
obtained for various materials are shown in Fig. 6.
In this figure, the maximum forming load L and
tip distance d have been non-dimensionalized by
1000 kN and by the thickness t of the extruded end
of the workpiece (3.5 mm) respectively. It can be
seen that x¼ 0.30, 0.23, 0.45, 0.30, 0.31, and 0.60
result in the best fit with experimental measure-
ments in terms of the slope for the materials
Al2024-O, Al5083-O, Al6061-O, Al7075-O, AISI 1010,
and C1200 respectively. These results confirm that
the friction at the workpiece–punch interface is
higher than that at the workpiece–die interface in
the backward extrusion process. Also, it can be seen
in this figure that L/1000 and d/t have a linear
relationship depending on the various shear friction
factors determined.

From the current numerical investigation, it was
revealed that the ratio x of shear friction factors can
be related to the strain-hardening exponent n of the
material. For the materials Al2024-O and Al7075-O,
whose strain-hardening exponents n were both
found to be 0.140, it was found that they also shared
a common x value of 0.30. For Al5083-O, Al6061-O,
AISI 1010, and C12100, whose respective n values
were 0.132, 0.162, 0.141, and 0.230, the correspond-
ing x values were determined to be 0.23, 0.45,

0.31 and 0.60. This relationship between x and n is
plotted in Fig. 7. It can be seen from this figure
that x increases logarithmically with increasing n
in equation (3). Thus, once n is determined from
the compression test, x can simply be calculated
from the equation

x ¼ 1:004þ 0:182 · lnðn� 0:118Þ ð3Þ

for the material whose n is larger than 0.118.

4 MATERIAL CHARACTERIZATION
BY THE TIP TEST

Although the graphs obtained from experiments and
simulations shown in Fig. 6 were parallel in terms
of the slope, small gaps exist between the two results.
The overall differences in L/1000 between the experi-
mental and simulation results were about 1.0, 0.6,
0.43, 1.2, 1.8, and 0.0 per cent respectively, and for
d/t the differences about 2.4, 1.5, 0.15, 4.0, 4.8, and
0.0 per cent respectively, for the aforementioned
tested materials. It might be construed that this error
was caused by the friction effect between the platten
and workpiece interfaces during material characteri-
zation using the conventional compression test.

However, it is possible to obtain the strength
coefficient K, strain-hardening exponent n, and
shear friction factor mf simultaneously using the lin-
ear relationship between L/1000 and d/t according
to the present investigation. This approach decou-
ples the friction effect in the material property

 

 

 

Fig. 7 Logarithmic relation between x and n
Fig. 8 Procedure for material characterization by the

tip test
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measurement compared with the conventional com-
pression test.

Figure 8 shows the overall procedure for determin-
ing the material property by using the tip test.
First, a single graph of non-dimensionalized maxi-
mum forming load versus tip distance curves

according to K and n values was prepared. For this,
various FE simulations were carried out with K
in the range 100–800 MPa in increments of
200 MPa and n in the range 0.13–0.29 in incre-
ments of 0.04. The value of x was determined
from the logarithmic relation (3). The resultant

 

 

 

 

 

Fig. 9 Monograph of L/1000 versus d/t plots for material property measurement
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Fig. 10 L/1000 versus d/t plots for material characterization of Al7075-O

 

   

Fig. 11 Comparison of L/1000 versus d/t plots obtained
from experiment with Al7075-O and simulations
with K¼ 300 MPa and n¼ 0.13 and 0.17

 

Fig. 12 Comparison of L/1000 versus d/t plots obtained
from experiment with Al7075-O and simulations
with K¼ 303 MPa and n¼ 0.139
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graph showing L/1000 versus d/t curves is shown
in Fig. 9.

For material characterization of Al7075-O, the
experimentally obtained values of L/1000 and d/t
were plotted in the graph shown in Fig. 10. It can be
seen that the L/1000 versus d/t curve of Al7075-O
was located in between the simulation results
using K values of 200 and 400 MPa. Thus,
simulations with a K value of 300 MPa, which was
the average of these values, and an n value of 0.13
were carried out.

The results are compared with the experimental
results in Fig. 11. As shown in this figure, although
the overall ranges of L/1000 values obtained
from the simulation and experiment are similar, the
error between the slopes needs to be minimized.
Since the slope of the L/1000 versus d/t graphs was
influenced by the strain-hardening exponent n,
the simulation using an n value of 0.17 with a fixed
K value of 300 MPa was carried out and plotted
in Fig. 11. It can be seen that the slope of
the L/1000 versus d/t graph was increased by this

 

 

           

  

          

 

          

 

          

   

 

 

           

 

          

 

 

           

 

           

   

 

 

          

 

           

 

          

Fig. 13 Comparisons of L/1000 versus d/t plots for material properties obtained by tip tests and compression tests:
(a) Al2024-O; (b) Al5083-O; (c) Al6061-O; (d) Al7075-O; (e) AISI 1010; (f) C12100
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adjustment. In a similar manner, by adjusting K and
n values in the simulations, it is possible to obtain
the L/1000 versus d/t graph that matches the experi-
mental results better. For the case of Al7075-O,
simulations with K¼ 303 MPa and n¼ 0.139 were
found to offer the best fit with experiments, as
shown in Fig. 12.

Material characterizations for the other materials
were made in the same way and the results are given
in Fig. 13. It can be seen that these newly obtained
material properties reduce the error of load require-
ment between experimental and simulation results
compared with the simulation results based on the
material properties obtained by compression tests.
The flow stress curves and equations directly mea-
sured by the compression tests and determined by
tip tests due to calibration as previously introduced

are shown in Fig. 14 and summarized in Table 1
respectively.

Since each dimensionless L/1000 and d/t plot in
Fig. 13 has a corresponding shear friction factor
value, these graphs can be directly converted into
shear friction factor versus radial tip distance curves
according to the linearity between these two. This
conversion leads to the linear equations

mfp ¼ 4:37d=t � 0:94 for Al2024-O ð4Þ

mfp ¼ 4:74d=t � 0:99 for Al5083-O ð5Þ

mfp ¼ 4:28d=t � 0:94 for Al6061-O ð6Þ

mfp ¼ 4:38d=t � 0:93 for Al7075-O ð7Þ

mfp ¼ 4:23d=t � 0:93 for AISI 1010 ð8Þ

mfp ¼ 4:11d=t � 0:97 for C12100 ð9Þ

The shear friction factors for the lubricants used
in the current study as estimated by the above equa-
tions are summarized in Tables 2 and 3. Here, the
average values of d/t were used in calculating mfp

for each lubricant, and the values of mfd were calcu-
lated from the relation of x.

For further examination of the material properties
and shear friction factors predicted by the tip test,
the load versus stroke curve for the tip test with
Al7075-O using grease is compared in Fig. 15 with
previous results based on the data obtained by the
compression test. Case A in this figure indicates the
simulation result using K¼ 309.1 MPa and n¼ 0.140
obtained from the compression test, while case B
indicates the simulation result using K¼ 303 MPa
and n¼ 0.139 obtained from the tip test. mfp for
case B was 0.33 given by equation (7) and mfp used
in case A was 0.32 obtained from Fig. 6(d). As can
be seen in Fig. 15, the load prediction of case B is in

 

  

 

Fig. 14 Comparison of material properties obtained from tip tests and conventional compression tests

          

  

  

 

         

Fig. 15 Load versus stroke curves showing improved
accuracy of material properties found by the tip
test
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better agreement with the experimentally measured
load than that of case A. Such an improvement was
found for the other tested materials as well.

5 CONCLUSIONS

Tip test experiments were conducted for various
materials in the present investigation. It was revealed
that the linearity between the non-dimensionalized
radial tip distance and maximum forming load was
maintained regardless of the material types. It was
also found from the present investigation that the
friction at the workpiece–die interface was always
lower than that at the workpiece–punch interface
and that this ratio of shear friction factors increased
logarithmically with increase in the strain-hardening
level of the material. Finally, material character-
ization for various materials was successfully made
using the tip test. It was shown that the newly
obtained material properties led to more accurate
simulation results of load requirement than those
obtained from conventional compression tests.
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APPENDIX

Notation

d distance of the radial tip from the workpiece
sidewall

K strength coefficient
L forming load at a punch stroke of 8 mm
mfd shear friction factor at the workpiece–die

interface
mfp shear friction factor at the workpiece–punch

interface
n strain-hardening exponent
Ra surface roughness
t thickness of the extruded end of the

workpiece
x ratio of the shear friction factor of the

workpiece–die interface to that of the
workpiece–punch interface

" effective strain
s effective stress
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