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Abstract

A perfectly plastic material has been employed as a model material in simulation to analyze numerically the ring compression process,
especially to examine the deformation patterns along the die/workpiece interface, which is strongly related to the frictional condition at
the contact boundary. The main objective is to provide the deformation characteristics in detail in ring compression, especially at the
tool/workpiece interface. The surface flow patterns at the contact boundary in ring compression are summarized and analyzed in terms of
surface expansion, surface expansion velocity, pressure distributions exerted on the die surface, relative sliding velocity between die and
workpiece, and sliding distance along the die surface. Movement of neutral positions and folding phenomenon are also investigated to
see the effect on the deformation patterns at the interface, that is, geometrical change, which is important to measure the frictional condi-
tion at the interface using calibration curves. Finite element (FE) simulation using rigid-plastic finite element code has been performed
for analysis. The results of this study reveal that surface expansion as well as other surface flow patterns, such as sliding velocity and so
on, shows different and distinctive characteristics between low and high frictional conditions at the interface. This is directly related to
the movement of neutral positions and folding, which affects the sensitivity of dimensional changes to tribological conditions at the inter-

face.
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1. Introduction

In ring compression, the internal diameter in the middle sec-
tion of the specimen may increase, decrease or remain con-
stant, depending on the amount of frictional retardation
stresses imposed by tools and the lubricants at the
tool/workpiece interface [1]. Due to the sensitive change in
internal diameter of the compressed ring to interfacial friction,
the ring compression test has been widely used to evaluate the
friction condition in metal forming processes [2]. When
evaluating these tests, the tribological condition at the inter-
face of the ring specimen does not remain the same through-
out the tests. Furthermore, interfacial friction has a significant
effect on material deformation, forming load, component sur-
face finish and tool wear and also an essential input parameter
for FE analysis in forming process design and production [3].

In analysis of metal forming processes, Coulomb’s law or
Amonton’s law of friction [4-6] and constant shear friction
law [7-9] have traditionally been assumed to simulate forming
processes. The frictional stress is proportional to the normal
stress, T = uP, in the Coulomb friction law, while the frictional
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stress is a certain fraction of shear yield stress of workpiece
material, p = mk, in constant shear friction law. Since fric-
tional stress depends on the normal stress, the Coulomb fric-
tion law seems to describe the real behavior of friction better
than the constant shear friction. However, the constant shear
friction law is widely used in simulation of bulk metal form-
ing processes due to its theoretical simplicity and numerical
rigidity. In reality, the two laws give nearly the same results
for ring compression since the normal stress distribution in
this case is relatively uniform. However, for complex forming
processes, such as backward extrusion in which the normal
stress may vary widely across the tool-workpiece interface,
the two friction laws may give quite different results [10].

In the present study, the ring compression test has been nu-
merically analyzed in order to investigate the deformation
characteristics at the tool/workpiece interface in detail. The
constant shear friction is assumed as a single parameter in
order to see the effect of friction factor on the surface defor-
mation patterns. Surface expansion and normal pressure dis-
tributions along the tool/workpiece interface are predicted
under selected frictional condition for qualitative analysis of
the lubricant conditions. Relative sliding velocity distribution
is also calculated at the contact boundary, which is considered
as one of important parameters for evaluation of hydrody-
namic lubrication together with normal pressure distribution.
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Fig. 1. Effect of friction on metal flow in ring compression test.
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Fig. 2. Material points used as an abscissa in analysis.

Predictions are also made in terms of sliding distance of the
material on the die surface, which is essential to the assess-
ment of the wear behavior of tools. Due to the advantages of
there being no need of force measurement during the test, or
the knowledge of the flow stress of the material, this method
has been widely used in metal forming [11]. A perfectly plas-
tic and rate-insensitive material was employed as a model
material for simulations such as the yield strength Y = 100
MPa. A commercially available FEM tool, Deform2-DTM
[12], has been used for numerical analysis, which is pro-
grammed in rigid plasticity theory [13].

2. Method of analysis

In a ring compression test, the internal diameter of the ring
at the middle section increases when the friction factor is low,
while increasing friction results in an outward flow of the
material as schematically shown in Fig. 1. The method uses
the finite element technique with assumed friction value pre-
scribed and includes fitting or calibration curves to the ex-
perimental data for evaluating a current friction value based
on measured changes of the ring dimensions.

To investigate the deformation characteristics of the ring
compression process and then determine the frictional calibra-
tion curves of the model material, i.e., a perfectly plastic mate-
rial, Deform2-DTM finite element code was used in the simu-
lation of simple compression of a cylindrical ring, 50.8 mm in
outer diameter, 25.4 mm in internal diameter, and 16.9 mm in
height, which is known as a ‘standard’ specimen. Due to the
nature of symmetry, one quarter of the ring specimen was
represented to construct a 2-D model. A total of 2000 quadri-

10.5
Friction factor (m)
10.0 m=03 &
—_ m=05 =
E m=08 a
> 9.5
=
£
£ . R /
= 90
<
£
=
o
2 35 .—.—/—'
8.0 ~
7.5
0 10 20 30 40 50
Reduction in height [%]
10.5
Reduction in height : 50%
10.0
H
= 95
@«
=
£
I
= 90
£
s
o
Zz 85
8.0
7.5

00 0.1 02 03 04 05 06 0.7 08 09 1.0
Friction factor (m)

Fig. 3. Locations of neutral position as functions of reduction in height
(top) and friction factor (bottom).

lateral elements were employed to model the specimen. The
top and bottom platens were modeled as a rigid body. The die
velocity was kept constant at 1.0 mm/sec., and the simulation
was performed over the whole range of friction factor from
0.0 to 1.0, that is, from frictionless to sticking condition. The
compression process ended when the reduction in height
reached at 50%, for which 100 to 150 time steps were required.
In Fig. 2, the geometry of the test specimen before and after
deformation is schematically illustrated. Figure 2 also depicts
the material points on the surface of die and workpiece used
for horizontal coordinate as an abscissa in figures in the pre-
sent study.

3. Results of analysis
3.1 Neutral positions and folding

Movement of the neutral radius in the ring compression test
is shown in Fig. 3 as a function of the reduction in height (top)
and as a function of the friction factor (bottom), respectively.
It is revealed in the figure that the location of the neutral posi-
tion for higher friction tends to remain constant until the re-
duction in height reaches 30% and then moves outwards. Af-
ter 30% reduction in height, the neutral radius increases ab-
ruptly and then remains constant. This trend is amplified with
increasing the friction factor. For relatively low friction, the
location of the neutral position moves outward in the begin-
ning of the process, remains constant, and finally expands
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Fig. 4. Mesh distortions (top) and relative nodal velocity distributions
(bottom) at 50% reduction in height for various friction factors.

outward near the end of the process. Note that under low fric-
tional conditions, i.e., below 0.2 of the friction factor, at the
contact boundary the neutral radius vanishes and the internal
diameter increases as the deformation proceeds.

At the final stage of the process for different frictional con-
ditions, at 50% reduction in height, the neutral radius is de-
scribed as a function of the friction factor in the figure (bot-
tom), in which it is seen that the neutral radius increases al-
most linearly as the friction factor increases. It can be also
seen in the figure that the interfacial friction is proportional
directly to the neutral radius and can therefore be estimated by
measuring the changes of internal or outer diameter and using
the calibration curves, which are usually plotted as friction
factor versus reduction in ring height and decrease in internal
diameter.

The deformation patterns of selected cases are shown in Fig.

4 in terms of mesh distortions (top) and relative nodal velocity
distributions between die and workpiece (bottom). In the fig-
ure, it is easily seen that folding occurs more easily as the
friction factor increases. Folding occurs at the inner surface as
well as the outer surface for high friction. It is also revealed
that the folding phenomenon is seen only for high friction, that
is, m > 0.2, and is amplified with increasing friction factor.
For m = 0.2, the internal diameter at the interface and at the
middle of the specimen is almost the same, and both diameters
at the middle and at the interface do not change during the
process. However, the ‘barreling’ or the decrease in internal
diameter at the middle of the specimen is more than that at the
contact inter-face for friction factor greater than 0.2.
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Fig. 5. Folded area as functions of reduction in height for various fric-
tion factors (top) and friction factors at 50% reduction in height (bot-
tom).

It is also known easily from the figure that the relative ve-
locity in the normal direction, i.e., upwards, on the lateral sur-
face of the specimen increases with increasing friction, which
leads to folding. It is easily noted that a unique boundary is
defined with the magnitude of friction factor for m = 0.2. For
friction factor less than 0.2, the neutral radius vanishes
and *mushrooming’ phenomenon occurs. Note that the num-
ber of elements used is a total of 204 only in this case for clear
view of velocity vectors in the figure and no remeshing is
experienced even if a proper criterion is provided in the pro-
gram under severe frictional condition. It should be also noted
the ring compression process, during simulations with a La-
grangian mesh, does not have any difficulties in incorporating
the die boundary shape into the FEM mesh with increasing
relative displacement and in accommodating the considerable
changes of deformation mode with the mesh system provided.

Fig. 5 shows the folded area as a function of reduction in
height for various friction factors (top) and friction factors at
50% reduction in height (bottom), respectively. It is easily
seen that folding just starts to occur for m = 0.2 at 50% reduc-
tion in height. The folded area increases as the friction factor
and reduction in height increase, and this trend is intensified
with increasing friction factor. At sticking friction, the folded
area is almost equal to the initial contact area at the end of the
process. For a friction factor greater than 0.5, folding occurs in
the beginning of the process and the folded area expands fur-
ther throughout the process. It is also known in the figure that
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Fig. 6. Surface expansion for various friction factors.
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Fig. 7. Surface expansion velocity for various friction factors.

the folded area at the end of the process increases more sharp-
ly at low friction than at high friction.

3.2 Surface deformation patterns

Surface stresses have been predicted in terms of surface ex-
pansion, surface expansion velocity, contact pressure, relative
velocity between die and workpiece, and sliding distance of
workpiece on the die surface. These values constitute surface
load profiles which describe the severity of surface deforma-
tion.

The relationship between surface expansion (A/Ay) and the
distance from the center in the original billet for various fric-
tion factors at 50% reduction in height is shown in Fig. 6. It is
seen that the surface area of the workpiece increases more
easily as the friction factor decreases, and the surface expan-
sion increases sharply near the inner periphery of the work-
piece at low friction. However, the location of maximum sur-
face expansion moves outward and its peak value decreases as
the friction factor increases. The surface area does not expand
significantly over the whole surface except near the outer pe-
riphery at high friction. It is also noted in the figure that for
friction factor m = 0.2, which is moderate frictional condition,
the maximum surface expansion is almost the same as that for
m = 0.1, while its location moves away from the center.

For medium friction, the greatest surface expansion occurs
in the middle of the contact surface. Also, the surface expan-
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Fig. 8. Sliding velocity for various friction factors.
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Fig. 9. Sliding distance for various friction factors.

sion is greatest at the region near the inner periphery at low
friction and near the outer periphery at high friction, respec-
tively.

It is interesting to see the surface expansion velocity
(Sev/|Vpie|) normalized by the die speed at various positions on
workpiece surface as shown in Fig. 7. As in Fig. 6, the surface
expansion occurs widely over the whole contact surface at low
friction except the region near the inner periphery. The loca-
tion of maximum surface expansion velocity moves outward
and its peak value decreases gradually as the friction factor
increases, while the difference between peak values for vari-
ous friction factors is not remarkable. The surface expansion
velocity seems almost the same at the region near the outer
periphery over the whole range of frictional condition.

Fig. 8 shows the relative sliding velocity (Vg/|Vpi|) of
workpiece on the die surface, which is also normalized by the
die speed. It is easily known in the figure that the relative slid-
ing movement increases as the location of die surface moves
in the radial direction, and this trend is intensified with de-
creasing friction factor. The relative sliding movement near
the center seems not so significant over all range of friction.

Sliding distances (Dg/ Dgyoke) Of the workpiece on the par-
ticular location of the die surface are predicted and shown in
Fig. 9, which is normalized by the punch stroke. Sliding dis-
tance together with sliding velocity and contact pressure is an
important surface stress and can be used to measure tool life
and/or failure in terms of wear. It is easily known in the figure
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Table 1. Surface stress profile in ring compression test.

Sg Sev/ Vil | Vs/[Vbil | Ds/Dyroke P/Y

m | Avg. | Max. | Avg. | Max. | Avg. | Max. | Avg. | Max. | Avg. | Max.
0.0 {1.985% 1.985 0.404* 0.405 |1.538*[2.025%/0.920%|1.210% 1.000 | 1.000
0.1{1.951{2.131]0.374|0.561|0.792|1.4280.585]0.943 | 1.146 | 1.576
0.2]1.8422.140% 0.28510.585% 0.551 | 1.177]0.380|0.744 | 1.254|2.259
0.311.706|1.940{0.274|0.537|0.548 | 1.156 | 0.265| 0.590 | 1.436 |5.114*
0.4]1.564(1.769|0.2380.512|0.487|1.050|0.173|0.419| 1.549|4.755
0.511.392|1.668|0.214|0.506|0.406|0.967 [ 0.126 | 0.316| 1.670 | 4.758
0.6(1.315]1.564|0.192|0.494|0.347|0.890|0.097|0.261| 1.777| 4.804
0.7]1.259]1.463|0.168|0.469|0.276|0.811]0.073|0.213 | 1.884 |4.781
0.8]1.205[1.353|0.144|0.413|0.220|0.739|0.051]0.164 | 1.995 | 4.804
0.9]1.143]1.237|0.109|0.329{0.152|0.611|0.030|0.108 | 2.088 | 4.917
1.0{1.000 | 1.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 [2.158%| 4.842
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Fig. 10. Contact pressure for various friction factors.

that tool stress in terms of sliding distance increases as the
distance of location of the die surface increases away from the
center and this trend is amplified with decreasing friction fac-
tor. More intensive sliding movement is also seen in the figure
at low friction at the regions away from the center.

Fig. 10 shows the normalized contact pressure (P/Y) distri-
butions on the die surface. It is seen that pressure exerted on
the die surface is relatively low and uniformly distributed over
the whole contact surface at low friction. However, the contact
pressure goes up sharply at the region near the inner periphery
of the workpiece for friction factors greater than 0.3.

4. Discussion

The analysis results in this paper are summarized in Table 1
in terms of averaged and extreme values. It is clear from the
table that the friction value at the interface is influenced much
by surface expansion, contact pressure and sliding speed, and
the tool wear mainly by contact pressure and sliding distance,
respectively. It is interesting to note in the table that the max-
imum values of the surface stresses in terms of average and
extreme occur at low friction, that is, for friction factor less

than 0.2, except for the contact pressure of which average and
localized maximums occurs at friction factors of 1.0 and 0.3,
respectively. Clearly, the ring compression test can be used
efficiently to measure frictional condition at the interface only
for low friction, say friction factors less than 0.2 or 0.3 which
is the case for cold forming processes, and for the forming
processes which are not experiencing severe deformation. The
difference between averaged values over the whole contact
surface and its localized maximum is relatively high such that
homogeneity of the surface stress over the contact surface
decreases as the friction factor increases.

5. Conclusions

The main results of this study in terms of stress profiles,
which are in good agreement with experimental results [14],
can be used as a guideline to restrict the application of the ring
compression test for friction calibration curves, since friction
condition at the interface would be influenced much by sliding
speed, pressure, surface expansion and so on. For example, the
ring compression test may not be a good method to obtain a
frictional condition at the interface for backward extrusion,
which is one of the most critical cold-forging processes due to
very high surface expansion, extremely severe contact pres-
sure, and relative sliding velocity between tool and workpiece
which exceed 10, 10, and 6, respectively. Following conclu-
sions can be drawn as results of this study in detail.

(1) Contact surface generated by folding may have great in-
fluence on the dimensional changes of the ring specimen by
decreasing drastically the sensitivity of conventional friction
calibration curves in ring compression test at high friction
greater than m = 0.2, above which the conventional friction
calibration curves lose much sensitivity to friction condition
due to severe folding.

(2) Location of maximum surface expansion velocity is
predicted to move outward and its peak value decreases grad-
ually as the friction factor increases, while the difference be-
tween peak values for various friction factors is not remark-
able.

(3) Relative sliding movement gradually increases as the lo-
cation of die surface increases in the radial direction. The slid-
ing movement occurs more widely on the contact surface at
low friction. Relative sliding movement in the direction of
center is predicted insignificant and this trend is intensified
with increasing friction factors.

(4) Predicted tool surface stress through sliding distance in-
creases as the distance of die surface increases away from the
center and this trend is amplified with decreasing friction fac-
tor.

(5) Pressure exerted on the die surface is predicted relatively
low and uniformly distributed over the whole contact surface
at low friction. However, the contact pressure goes up sharply
at the region near inner periphery of workpiece for the friction
factors greater than 0.3, except where more or less uniformly
distributed over the whole contact area.
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