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Contact friction during plastic deformation is always variable and it is
highly dependent on the used lubricants. This paper presents the results
of determining the coefficient of friction when cold plastic deformation
by the method of cold ring upsetting with different lubricants. The ring
upsetting process is performed with varying degrees of deformation
with three lubricants used: industrial oil, cooking oil, and zinc sulfate
powder. Based on the deformation and dimension change of the
samples after the upsetting, the coefficient of friction was determined
by correlation comparison with the friction calibration curve performed
by Male and Cockcroft. A process of verifying the experimental results
is carried out on Deform 2D numerical simulation software. Simulation
of the ring upsetting process with the same experimental conditions and
with the coefficients of friction determined. The dimension of the
samples after the deformation simulation is compared with the sample
dimension after the weasel to confirm that the results of determining
the coefficient of friction are reliable.
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Hé s ma sat

Chon ngudi phéi dng

Chat bbi tron

Puong cong hiéu chuan ma sat
Sy bién dang

Ma sat tiép xuc trong qua trinh bién dang déo luon thay ddi va phu
thudc rat nhiu vao viéc sir dung cac cht boi tron. Bai bao trinh bay két
qua khao sat hé s6 ma sat khi bién dang déo ngudi bang phuong phap
chdn phoi dng véi cac chit boi tron khac nhau. Qué trinh chdn phéi dng
duoc thuc hién voi nhidu mic d6 bién dang khac nhau véi ba chit boi
tron dugc sir dung bao gom: diu cong nghiép, dau an va bot sunfat
k&m. Can clr vao su bién dang va sy thay ddi kich thudc cua cac miu
sau chon, xac dinh dugc hé s6 ma sat bang viéc so sanh tuong quan véi
duong cong hiéu chuin ma sat dwoc thyc hién boi Male va Cockeroft.
M6t qua trinh kiém chimg cac két qua thuc nghiém dugc thyc hién trén
phan mém mé phong s6 Deform 2D. M6 phong s6 qua trinh chon phoi
dng Vi cac didu kién twong tu khi thyc nghiém va véi cac hé s6 ma sat
da xac dinh duoc. Kich thudc phoi sau md phong bién dang dugc ddi
chiéu véi kich thuéc mau sau chon dé khing dinh cac két qua xac dinh
hé sb ma sat co tinh tin cay.
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1. Introduction

During plastic deformation, there is always contact between the deformed material and the
tool. This is what causes the resistance against relative sliding on the contact surface. Therefore,
the formation of a pair of contact friction impedes the displacement of the metal elements. The
contact surfaces can be full surface or partial contact and always change during deformation.
Therefore, contact friction during plastic deformation is very different from contact friction in
machine parts or in general engineering [1], [2]. Contact friction during plastic deformation is
generally harmful. The contact friction between the workpiece and the tool leads to increase
resistance to deformation and work of material deformation. It increase wear of the die and
contact temperature thereby reducing the life of the die. At the same time, the increasing stress
associated with the increased strain force affects the surface state of the products and increases
the unevenness of the microstructure and the physical and mechanical properties of the products.
Besides, the complexity of the process increases as well as the production cost due to the need to
lubricate during deformation [3] - [5]. Therefore, it is extremely important to research to
minimize harmful friction during plastic deformation. To do this, the determination of the
coefficient of friction for plastic deformation processes must be performed reliably.

In recently published studies, many methods have been designed and developed for the
quantitative assessment of friction during metal forming. Masatoshi Sawamura et al. [6] have
proposed a new method to determine the coefficient of contact friction during plastic
deformation. The high-pressure backward extrusion method is used to determine the coefficient
of friction. During the forming process, the punch press rotates at a very slow speed. Loads and
torques during the forming process are determined. From there, it is possible to determine the
coefficient of friction in the forming process. In addition, this study also allows us to determine
the coefficient of friction when using different types of lubricant compounds. Q. Zhang et al. [7]
used combined compression and cylindrical extrusion between the flat punch and the V-groove
die to investigate the coefficient of contact friction between the workpiece and the tool. The
research method is carried out by experiment and numerical simulation with two commercial
software, Forge 3D and Abaqus. The Coulomb friction coefficient pu and Tresca friction factor m
are determined through the experimental process and the calibration by numerical simulation of
the T-shape compression test. Da-Wei Zhang et al. [8] studied to determine the coefficient of
friction of the forming process of titanium alloy TA15. The forming process is performed by ring
compression test at high temperatures from 950°C to 970'C. At the same time, the friction
correction curves were built by the finite element method with the application of Deform
software to simulate the deformation process. The parameter of the loading speed is selected to
study its influence on the frictional condition of the forming process. Chengliang Hu et al. [9]
have published evaluations of the use of dry lubricants in cold forging. Isothermal compression
tests are performed with ranges of strain rate and strain temperature. The optimization process is
based on the FE simulation results to obtain the friction calibration curve. On the basis of the
obtained optimal simulation results, conduct experiments and determine the coefficients of
friction. The effectiveness of dry lubricants is evaluated and useful recommendations are made
for lubrication during forging.

Among the techniques for determining the coefficient of contact friction during plastic
deformation, the ring upsetting method is widely used because of its obvious advantages. It has a
process that is easily accomplished and saves time and money with the use of standard ring
patterns and flat tools [10] — [14]. The determination of the coefficient of friction is carried out by
assessing the change in the inner diameter of the ring during the upsetting process with different
degrees of deformation. The friction calibration curves were generated by Male and Cockcroft
[15] relating the percentage reduction in the internal diameter of the test specimen to its reduction
in height for varying degrees of the coefficient of friction as shown in Figure 1. Therefore, this
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method is applied to investigate the coefficient of friction for most metal forming processes.
However, as with other methods, the determination of the coefficient of contact friction between
the workpiece and the tool is actually significant under different lubrication conditions.

This paper presents the results of determining the coefficient of friction in cold plastic
deformation process by the method of cold ring upsetting with different lubricants. The ring
upsetting process is performed with varying degrees of deformation with three lubricants used:
industrial oil, cooking oil, and zinc sulfate powder. Based on the deformation and dimension
change of the samples after the upsetting, the coefficient of friction was determined by
correlation comparison with the friction calibration curve performed by Male and Cockcroft. A
process of verifying the experimental results is carried out on Deform 2D numerical simulation
software. Simulation of the ring upsetting process with the same experimental conditions and
with the coefficients of friction is determined. The dimension of the samples after the
deformation simulation is compared with the sample dimension after the weasel to confirm that
the results of determining the coefficient of friction are reliable.

2. Research method
2.1. Material, tools and equipment for experimentation

The tools have a rectangular cross-section which is used for ring upsetting tests made from 45
steel according to GOST 8731-87 standard. The chemical composition of elements (in %wt.)
consists of (0.42-0.50)% C, (0.17-0.37)% Si, (0.50-0.80)% Mn, (< 0.3)% Ni, (< 0.04)% S, (<
0.035)% P, (< 0.25)% Cr, and (< 0.3)% Cu. The ring samples (D,:d,:h,) are machined to meet the
experimental requirements, where D,, d,, and h, are the initial outer diameter, inner diameter and
height of ring samples, respectively. Technical drawings and test samples are shown in Figure 2.
The top and bottom surfaces of the samples are turned to a surface roughness of about 1.25 um.
Commercial lubricants used in the ring upsetting process include industrial oils, cooking oils, and
zinc sulfate powder.
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Figure 1. Friction calibration curves
in terms of u [15]

Figure 3. Pressing device (a) and deformation tools (b)
of the ring upsetting process
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Chemical composition testing was performed on the LAB LAVM11 emission spectrometer at
the General Department of Military Industries and Manufacture. After that, they were annealed in
the LH120/13 Nabthem induction furnace at Metal Forming Department, Le Quy Don Technical
University. The ring upsetting process is carried out on a hydraulic press YH32, with a maximum
pressing force of 100 tons, a press speed range from 5 mm/s to 50 mm/s. The force of each press
is determined through the pressure value applied to the hydraulic cylinder spindle displayed on
the pressure gauges. Deformation tools and pressing equipment and deformed samples are shown
in Figure 3.

2.2. Experimental process

The ring upsetting process is performed with varying degrees of deformation with three
lubricants. The degree of deformation of the upsetting process is selected between 10% and 60%
to fit the friction correction curve performed by Male and Cockcroft [14]. The degree of
deformation is determined through the amount of reduction in the height of the deformed
samples. The experimental steps of the process of ring upsetting with different lubricants are
presented in Figure 4.
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Figure 4. The experimental steps of the process of ring upsetting

Various lubricants were selected for the experiments including industrial oils, cooking oils,
and zinc sulfate powder. The lubricants selected are common lubricants, relatively inexpensive,
and easy to use. For each lubricant compound used, there will be six tests with a degree of
deformation. Thus in total, there are eighteen test samples corresponding to three lubricants. The
height h (mm) and inner diameter d (mm) of the deformed samples are determined. Dimension A
is defined as the dimensions at the smallest position and is measured at 4 points equally spaced
around the circumference. Then, the values of the aggregated dimensions in the study are the
average values. Then a reduction in height ¢h (%) and a reduction in inner diameter &d (%) could
then be predicted by using Equation (1) and Equation (2).
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On the basis of the changes in the dimensions of the samples after upsetting, determine the
relationship between &d and oh. From this will determine the coefficient close to the friction
calibration curve created by Male and Cockcroft [14] and developed and normalized by
Wanheim-Bay's [10 ].

2.3. Numerical simulation of the ring upsetting process

Commercial software Deform 2D was used to numerically simulate ring upsetting processes.
This leads to the friction conditions in the simulation problem on the software that will be set up
corresponding to the coefficients of friction determined from the experimental process. Based on
the relationship between height reduction and inner diameter reduction, this paper will evaluate the
deviation of the friction calibration curve between experimental and simulation results.
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The geometric model of the upsetting process is built on the software and is shown in Figure
5a. The material model used in simulations that hardening plastic material of 45 steel are shown
in Figure 5b and Equation (3) [10]. For the initial meshes, the number of mesh elements to be
constructed is 3000 elements. The initial element size is less than 0.1 mm for the ring (Figure 5a
is based on the two-dimensional model). The coefficient of friction between the tool and the
sample is taken by experimentally determined values. The speed of the punch is 15 mm/s.
Corresponding to the strain rate of the deformation process is less than 5 (1/s).

o=K.&" =1000." (3)
where o is the effective flow stress (MPa), K is the strain hardening coefficient (MPa), € is the
effective strain, n is the strain hardening exponent.
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Figure 5. The geometry model (a), the material model (b)
3. Results and discussion
3.1. Experimental determination of coefficient of friction

Figure 6. The deformed ring samples

A total of eighteen upsetting tests were conducted and the resulting shapes of the compressed
ring samples after different reductions in height are shown in Figure 6. The results of the
dimension survey of the samples after upsetting are summarized in Table 1. Figure 7 shows the
test calibration curve results. These curves are compared with the friction calibration curve
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(Figure 1) to determine the coefficient of friction. Through experimental results, the coefficient
of friction of cooking oil, industrial oil, and zinc sulfate powder is 0.07, 0.08, and 0.09,
respectively. Thereby, it is found that the friction coefficient of cooking oil is the smallest. This
confirms that the lubricating ability of cooking oil is the best among the three selected lubricants
in the study. That means, with the increase of the degree of deformation (reduction in the height),
the reduction in the inner diameter of the test samples is small. The dimensions of the samples
after deformation meet the technical requirements of the forming process. However, because
cooking oil has a higher cost, the choice of lubricant in many cases must be based on economics
to ensure the cost of shaping products.

Table 1. Geometric parameters of the sample after deformation

Samples  Lubricants Height (mm)  Inner diameter (mm)  &h (%) Jdg, (%)

1 6.02 10.44 14.00 0.57
2 5.22 10.32 25.57 1.62
3 Cooking 4.82 10.26 31.14 2.21
4 Qil 4.16 10.22 40.57 2.67
5 3.44 10.08 50.86 4.00
6 2.78 9.98 60.29 4.95
7 6.00 10.46 14.29 0.38
8 Zinc 5.58 10.36 20.29 1.33
9 Sulfate 4.76 10.16 32.00 3.23
10 Powder 4.20 9.98 40.00 495
11 3.52 9.52 49.70 9.33
12 2.76 8.90 60.57 15.23
13 6.02 10.48 14.02 0.19
14 5.60 10.40 20.04 0.95
15 Industrial 4.86 10.22 30.62 2.67
16 oil 4.22 10.02 39.78 4.60
17 3.48 9.76 50.25 7.04
18 2.76 9.32 60.56 11.20
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Figure 7. Experimental results and correlation with the friction calibration curve

3.2. Numerical simulation results

The change in sample geometry during the cold ring upsetting process is shown in Figure 8.
Figure 8a is the first step of the simulation problem, where the sample has meshed and boundary
conditions are set up corresponding to the experimental process. Figure 8b and Figure 8c show
the next and final steps of the upsetting process. As shown in Figure 8, when compressing the
ring sample between the top die and bottom die, the contact friction between the sample surfaces
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and the tools increases. As a result, the material flows in unequal directions affecting the shape and
dimension of the samples after deformation. Both the inner diameter and outer diameter of the test
samples change with the compression deformation. Both the inside diameter and outside diameter
of the test piece change with the mink deformation compression deformation The outer diameter of
the test piece usually increases during deformation smallest. If the inner diameter of the sample
increases during the ring upsetting process, the contact friction has a low value. If the inner
diameter of the sample decreases during the ring upsetting process, the contact friction has a high
value [15]. The dimensions of the samples are easily measured directly on the Deform 2D software.

Step -1

Step 100

a)

Figure 8. Geometry of ring sample in upsetting process

The dimension of the samples after upsetting processes is shown in Table 2. The deviation
between the reduction in the inner diameter of the test samples between the experimental and
simulation processes is also evaluated in Table 2 and Figure 9. This deviation has a small value,
not exceeding 1% indicating that the coefficient of friction is determined by the cold ring
upsetting method with high reliability. It was found that, when setting up the problem of
simulating the upsetting process with the coefficient of friction of 0.07 (corresponding to the
lubricant being cooking oil), the deviation of the reduction in inner diameter of the test samples
compared with the experiment is smallest. It shows that using lubricants with good properties
will ensure the results of determining the coefficient of friction including experimental and
simulation results.

Table 2. Geometric parameters of the sample after deformation simulation

Inner diameter of Inner diameter

Samples coe;‘ll—‘?ceient Height the experimental of the simulation Sh (%) od | o —5ds| (%)
of friction (mm)  processes, deyp processes, ds (%)
(mm) (mm)
1 6.02 10.44 10.42 14.00 0.73 0.16
2 5.22 10.32 10.32 2557 175 0.13
3 0.07 4.82 10.26 10.27 31.14 220 0.01
4 ' 4.16 10.22 10.15 40.57 3.38 0.71
5 3.44 10.08 10.11 50.86 3.70 0.30
6 2.78 9.98 9.94 60.29 5.36 0.41
7 6.00 10.46 10.42 1429 0.75 0.37
8 5.58 10.36 10.38 20.29 115 0.18
9 0.09 4.76 10.16 10.20 3200 288 0.35
10 ' 4.20 9.98 9.93 40.00 5.42 0.47
11 3.52 9.52 9.48 4970 9.75 0.42
12 2.76 8.90 8.87 60.57 155 0.27
13 6.02 10.48 10.46 14.02  0.40 0.21
14 5.60 10.40 10.38 20.04 113 0.18
15 0.08 4.86 10.22 10.26 30.62 2.30 0.37
16 ' 4.22 10.02 10.06 39.78 4.23 0.37
17 3.48 9.76 9.70 50.25 7.65 0.61
18 2.76 9.32 9.38 60.56 10.7 0.50
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Figure 9. Deviation between the friction calibration curve of the simulation and the experimental process
4. Conclusion

This paper has achieved the following specific results:

- The ring upsetting method was chosen to determine the coefficient of friction with different
used lubricant compounds. This is a suitable method for estimating the coefficient of friction of
bulk-forming processes.

- The relationship curve between the reduction in inner diameter and the reduction in height was
built from the experimental results. By comparison with the friction calibration curve according to
Male and Cockcroft, the coefficient of friction is determined when ring upsetting with lubricants
including cooking oil, zinc sulfate powder, and Industrial oil. The results show that cooking oil has
the best lubricating effect (corresponding to a coefficient of friction of 0.07). The reduction in inner
diameter in upsetting processes with different degrees of strain is of small value.

- Commercial software Deform 2D is applied to simulate the deformation process. The friction
calibration curve is controlled in both experimental and numerical simulations. The results show
that the deviation is not significant, thereby showing the reliability of the studied method.

- Subsequent studies focused on key issues including: the determination of the coefficient of
friction for the forming process of high-strength alloys; the coefficient of friction during hot
forming; effect of forming process parameters on friction and lubricating efficiency.
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