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In hot forging of Nimonic 115, it is desirable to determine friction coefficients. Changing magnitudes of
temperature and type of lubricant at the surface of the workpiece and dies influence friction coefficient.
This paper describes an experimental investigation of friction under hot forging conditions using the ring
compression test. The 3D FEM simulations were used to derive the friction calibration curves and to
evaluate material deformation, geometric changes, and load-displacement results. A series of ring com-
pression tests were carried out to obtain friction coefficients for a number of lubricants including mica
plate, glass powder, graphite powder, and dry condition. The experiments show how the variations in
temperature at the interface affected frictional behavior. On the basis of these results, mica is recommended
for hot forging of Nimonic 115 and its friction coefficient is approximately 0.3.
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1. Introduction

The nickel-based superalloys are most widely used in a
variety of high performance applications, at temperatures
ranging from 650 to 1050 �C in aggressive atmospheres
(Ref 1, 2). Nimonic series of superalloys are nickel-chromium
alloys which are strengthened by additions of titanium and
aluminum. The Nimonic alloys possess a superior high-
temperature creep and oxidation resistance and are used for
high temperature, high strength applications, such as gas turbine
hot section components, for hot work tools and forging
hammers (Ref 1-3). Friction between the workpiece and the
tooling plays an important role in many bulk forming processes
such as forging, extrusion, and rolling. Metal flow patterns and
the generation of defects can be strongly influenced by frictional
conditions. As such, several methods have been developed to
quantify interface friction. The ring compression test was
developed to provide a measurement of the interface friction
between the workpiece and dies, but it also can be used to
provide reasonable values for the flow stress in compression. In
the ring compression test, when a flat ring specimen is
compressed between two flat platens, increasing friction results

in an inward flow of the material, while decreasing friction
results in an outward flow of the material as schematically
illustrated in Fig. 1 (Ref 4, 5). For a given percentage of height
reduction during compression tests, the corresponding mea-
surement of the internal diameter of the test specimen provides a
quantitative knowledge of the magnitude of the prevailing
friction coefficient at the die-workpiece interface. If the
specimen�s internal diameter increases during the deformation,
friction is low; if the specimen�s internal diameter decreases
during the deformation, the friction is high. Male (Ref 6) carried
out a study in order to obtain variations in the friction coefficient
of metals during compressive deformation at room temperature.
His results showed that the coefficient of friction tended to
increase with an increasing deformation rate for different metals
under dry conditions and with a solid lubricant. Male (Ref 7)
showed that the coefficient of friction l changes with temper-
ature. As the temperature increased, it was observed that l may
increase to full sticking friction or it may even decrease
depending on the material of the ring. Jain and Bramely (Ref 8)
have made a detailed investigation of the relations between the
coefficient of friction and the forging speed using the ring test at
the constant temperature of 1120 �C. Using various lubricants, it
was concluded that in all cases, as the impact speed increased
the frictional coefficient would be reduced.

Male et al. (Ref 9) conducted a research study in order to see
which one more realistically defines the friction condition in the
metal-forming processes. They showed that m as a quantitative
index for defining friction conditions in upset forging opera-
tions was more realistic than l which underestimated frictional
components of the deformation load. It was also found that the
ring compression test is an accurate technique to determine the
true stress-true strain curve in typical metal-forming operations,
and its accuracy was shown at high temperatures and low strain
rates. Felder and Montagut (Ref 10) carried out ring compres-
sion tests at 1250 �C. They discovered that the tool velocity
had a significant effect on friction, and it was shown that the
friction decreases if the velocity increases.
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Pawelski et al. (Ref 11) considered the effect of the ring
material, scale, lubricant, reduction, strain rate, and temperature
on the resulting changes of geometry and the corresponding
shear factor. They concluded that for unlubricated specimens,
the strain rate and temperature had no effect on the shear factor,
‘‘m.’’ Specimens which had a lubricant applied showed that
increasing strain rate caused the shear factor ‘‘m’’ to reduce.
Increasing the temperature caused an increase in the shear
factor.

Venugopal et al. (Ref 12) compressed unlubricated ring
specimens made of Armco iron and concluded that varying the
temperature between 30 and 1000 �C did not have a significant
effect on the magnitude of the shear factor ‘‘m.’’ Sadeghi and
Dean (Ref 13) investigated the effect of temperature on friction
using the ring compression test. The tests were carried out
using steel specimens with a graphite-based lubricant. It was
shown that in the temperature range of 700-1150 �C, the
magnitude of the shear factor ‘‘m’’ increased with increasing
temperature. Ring calibration curves are dependent upon the
strain rate sensitivity as well as the ring geometry (Ref 14).
Wang and Lenard (Ref 15) studied interfacial friction on the hot
ring compression test in which the strain rate and temperature
were identified as the significant factors affecting the frictional
shear factor at the interface of the die-workpiece. At true strain
rates 0.005-5 s�1 in the temperature range of 900-975 �C using
a glass-based lubricant, the experiments showed that the shear
factor ‘‘m’’ dropped from 0.35 to 0.1 with increasing strain rate.
Rudkins et al. (Ref 16) showed that for steel specimens,
increasing the temperature causes the level of friction to
increase. Sofuoglu and Rasty (Ref 17) recommended although
the ring compression test is an effective method for determining
the coefficient of friction during large deformation processes,
the use of a generalized friction calibration chart regardless of
the material type and test conditions must be avoided. Lee et al.
(Ref 18) investigated the influence of die velocity on the
friction factor for aluminum and bronze, and showed the
friction factor decreases when the die velocity is increased.
Hence, there is a need to determine calibration curves,
estimating the friction factor and suitable lubricant for hot
forging of nickel base superalloys at various high temperatures.
This study proposes an efficient and systematic method to
derive calibration curves for friction between the dies and a
workpiece by means of finite element method simulations that
incorporate the effect of variations in temperature on material
flow and to establish the specific friction factors that pertain to
various experimental lubrication conditions at different tem-
peratures for Nimonic 115.

2. Rigid Viscoplastic Finite Element Formulation

FEM simulation has been used to simulate hot deformation
processes including the hot ring test (Ref 4, 5, 16, 19-24). In
these formulations, a heat transfer model is also coupled to the
material model to account for the thermomechanical effects
(Ref 5, 16, 19-21). In this study, an in house FEM code based
on an updated Lagrangian description using a rigid viscoplastic
material formulation coupled with a heat transfer formulation
was employed to simulate the hot ring test process. This
approach is in line with those reported by other workers and
allows to take into account the thermomechanical history of the
workpiece. The governing equations for solving the rigid
viscoplastic material can be found in the following references
(Ref 4, 5, 16, 19-21) and only the major equation used in the
FEM formulation is provided below:

dp ¼
Z

V

�r d _�edV þ K

Z

V

_eVd_eV dV �
Z

SF

FiduidS ¼ 0 ðEq 1Þ

where �r is the effective stress, _�e is the effective strain rate,
_ev is the volumetric strain rate. Fi represents surface tractions
and K, a penalty constant, is a very large positive constant.

For problems such as ring compression, rolling, and forging,
the unknown direction of the relative velocity between the die-
workpiece interfaces make it difficult to predict the condition of
constant frictional stress. Hence, a velocity dependent frictional
stress is used as an approximation and at the interface, the
velocity boundary condition is given in the direction normal to
the interface by the die velocity (Ref 4, 5, 16, 19-23). Under these
conditions, the traction boundary condition is expressed by:

fS ¼ mkL ¼ mk
2

p

�
tan�1

uSj j
u0

� ��
uS
uSj j

ðEq 2Þ

where fS is the frictional stress, m the friction factor, k the
yield shear stress, L the unit vector in the opposite direction
of the relative sliding velocity, uS the sliding velocity of the
work piece relative to the die, and u0 a small positive number
compared with uS. Thus, the finite element discretization pro-
cedure is based on Eq 1 and 2 in mind for the die-workpiece
interface boundary condition.

When deformation takes place at high temperatures, material
properties can vary considerably with temperature. In fact, at
elevated temperatures, plastic deformation can induce phase
transformations and may result in the occurrence of recrystal-
lization (static, dynamic, and metadynamic) which modify
grain size and morphology. These microstructural changes
affect significantly the flow stress of the material as well as its
other mechanical properties. To consider these effects in this
study, it was assumed that the rigid viscoplastic material is
coupled with heat transfer analysis by the energy balance
equation, expressed as:

k1T;ii þ _r � qc _T ¼ 0 ðEq 3Þ

K1 denotes thermal conductivity, _r is the heat generation rate,
and qc _T is the internal energy rate.

Solving the above equations by assuming that the heat
generated during the deformation of workpiece is only due to
plastic deformation, the temperature distribution of the work-
piece and dies can be obtained. However, due to the
nonlinearity involved in material properties, coupled with

Fig. 1 Variation in shape of ring test specimens deformed the same
amount under different frictional conditions. (a) Low friction and
(b) high friction
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thermal problem and frictional contact conditions, the solution
to the above equation is very complex and in this study an
iterative approach was used to obtain the solution.

3. Friction Modeling

Friction models normally applied in finite element analyses
for bulk metal forming are the following:

3.1 Coulomb Friction Model

Amonton�s law is one of this friction model usually adopted
in finite-element computer programs that can be expressed as
follow:

s ¼ lP ðEq 4Þ

This law is valid for elastic contacts as well as for forming pro-
cesses with low interfacial pressures. In the simulation of bulk
metal-forming processes, the use of Amonton�s law gives occa-
sion for an over-estimation of the friction stresses at the die-
workpiece interface, because the normal pressure often reaches
values considerably greater than the flow stress of the material
(Ref 4, 5, 19, 23). Consequently, the friction stress becomes
greater than the flow stress of the material in pure shear.

3.2 The Constant Friction Model

The constant friction law, which is useful at high pressures,
is stated as below:

s ¼ mk ðEq 5Þ

where ‘‘m’’ is the frictional shear factor, which has a value
‘‘m = 0’’ for a frictionless interface and ‘‘m = 1’’ for sticking
friction. This has great mathematical convenience because s
is defined with the aid of k, the value of which is known
from the outset. In contrast, the use of l can lead to compli-
cations because the value of P has to be found. As discussed
in Avitzur�s work (Ref 19-23), an average Coulomb friction
coefficient, l, may be calculated for measured ‘‘m’’ friction
factors using the relation:

k ¼ r0ffiffiffi
3
p ðEq 6Þ

l ¼ mffiffiffi
3
p r0

Pave

� �
ðEq 7Þ

Avitzur also obtained the relation expressed in Eq 8, which
gives the average surface pressure (Pave) required to deform
solid cylindrical specimens of diameter, d.

Pave

r0
¼ 1þ 2m

3
ffiffiffi
3
p d

h

� �
ðEq 8Þ

3.3 The General Friction Model

The general friction model, which is a combination of two
models mentioned above, is given by the following relationship:

s ¼ f ak ðEq 9Þ

The friction coefficient (l) or shear friction factors (m and f )
are employed as the dimensionless numbers for similarity in
frictional conditions.

The Wanheim-Bay general friction model assumes friction
to be proportional to the normal stress at low normal pressure
P=r0 � 1:5 and going toward a constant value at high normal
pressure P=r0 � 3. Using analytical methods, different sets of
curves called calibration curves are obtained to determine the
values of ‘‘m’’ or ‘‘f’’ for a specific lubricant. The shape of
these curves is mainly influenced by the initial geometry of the
ring used in the analysis (Ref 21). The calibration curves for m
are like those shown in Fig. 2. The main objective of the
present investigation is to find appropriate model lubricants and
frictional conditions for hot metal forging processes with
Nimonic 115 as the model material.

4. Influence of Lubricants

The lubrication processes can take many different forms,
depending on the geometry of the contacting bodies, the
roughness and texture of the sliding surfaces, the contacting
load, the pressure and temperature, the rolling and sliding
speeds, the environmental conditions, the physical and chem-
ical properties of the lubricant, the material composition, and
the properties of the near-surface layer (Ref 21-24). The choice
of lubricant depends on the processing conditions, the charac-
teristics of the tooling and work piece, and the operating or
interfacial temperature, with the latter probably having the
greatest influence on the lubricant selection. The frequency of
application of the lubricant depends directly on the temperature,
size and complexity of the die, and the frequency of the forging
operation. The operating temperature has the greatest influence
on the lubricant selection. At low temperatures, teflon- and
graphite-based lubricants are adequate for most purposes, but at
higher temperatures glass-based lubricants are often used.
There is some overlap in the operating temperature ranges for
the different lubricant types and often a number of different

Fig. 2 Theoretical calibration curve for standard ring with an
OD:ID:thickness ratio of 6:3:2
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lubricants can be applied to a particular situation. Table 1, gives
work piece-tooling-lubricant combinations recommended for
different temperatures (Ref 25). However, a particular combi-
nation need not be generically applied as the lubricants have
overlapping operating temperature ranges as given in Table 2.
So, the most important and well-known lubricants used in the
hot forging industry are lubricant combinations, such as
graphite, glass powder, mica, and mineral oils. Among these,
the first three are reported to be the ones used for high strength
alloys as well as Ni base superalloys (Ref 23-25). For the hot
deformation conditions in this research, the lubrication require-
ments for the entire temperature range from 1100 to 1175 �C
for Nimonic 115 superalloy were not available in the research
of Lord and Loveday (Ref 25). Hence, combinations of
lubricants having high temperature stability, namely graphite,
glass, and mica were examined in this study. In forging of
superalloys, prevention of cooling becomes essential when the
ductility of the workpiece drops steeply below the hot forging

temperature range, so an insulating layer of mica, glass, and
graphite reduces chilling. It was determined that through a
combination of graphite powder, glass, and mica at both ends of
the specimens, a controlled friction effect was achieved that
gave the lowest flow stress values and minimized shearing and
barreling of the specimens for the deformation processing
conditions used in this work, as will be explained in the
following sections. In general, the data are generated under
different experimental conditions thereby making it difficult to
conclude on the efficiency of one lubricant versus another. One
of the objectives of this study is to evaluate under identical
experimental conditions, the behavior of these lubricants.

5. Experimental Procedures

5.1 Materials

The dies were made of GTD-111 superalloy. The chemical
composition of Nimonc 115 samples is given in Table 3. The
ring specimens were machined and turned to 11 mm external
diameter, 6 mm internal diameter, and 6 mm height, as shown
in Fig. 3. Solution treatments were carried out on all samples
before being used in the experiments. The specimens were
heated to 1190 �C for 1.5 h, then furnace cooled to 1000 �C,
and finally air cooled to room temperature.

Table 1 Summary of suggested workpiece-tooling-lubricant
combinations

Workpiece
Temperature
range, �C Lubrication Tooling

Al alloys RT-liquidus Glass Al2O3, Glass, Mo
200-450 Graphite H13 Tool steel
300-400 Graphite Quartz
<350 Teflon Tool steel
350-600 Water-based

graphite
Tool steel

400-450 Tallow grease H13 Tool steel
400-450 Synthetic oil H13 Tool steel
<400 PTFE dry lubricant Inco 718
450-550 Graphite foil WC
Ambient-550 Graphite

in water
Inco 718

Fe alloys RT-1500 Glass, graphite foil Al2O3, Mo
>800 Glass Tool steel
750-1200 Graphite foil, BN M22, Sialon
1100 Acheson DPG

3479 Glass/styrene
acrylic

Sialon,
Maraging Steel

850-1100 Water and light oil Chill cast iron,
Chromium alloy
steel

800-1300 Graphite foil WC+ Ta/Ni Foil
Ni alloys 850-1150 Borate glass

+ BN graphite
+ glass + BN

Inconel
M22B TZM
molybdenum

800-1050 Graphite-
Achesons
Deltaglaze 3418

Mar M246

1100 Acheson DPG
3479 glass/
styrene acrylic

Sialon,
Maraging steels

1050-1250 Achesons
DAG 2626

Mar M246 up
to 1150 �C

800-1050 Borate glass + BN Inconel M2213
Ti alloys 1010 Glass-Amlube 1000 Inconel

1000 Glass-Deltaglaze
FB414

Inconel

Cu alloys 450-950 Graphite WC
650-750 Synthetic

graphite-grease
mixture

H13 or H10A
tool steel

Table 2 Summary of lubricant types, applications,
and trade names

Lubricant type Form Trade name
Temperature
range, �C

PTFE (Teflon) Spray film Up to 200
Graphite Foil Rocal X2102 Up to 300

Powder 650-750
Graphite
in water

Liquid Lubeserve Aquagraf B RT-315
Amlube 235
Renite S-45/S-28
Acheson E.G 1403

Graphite
in alcohol

Liquid Acheson DAG 580 250-300
Lubeserve PA580

Graphite/
molybdenum
disulfide

Grease Acheson DAG 1559 Up to 450

Molybdenum
disulfide

Dry powder Amlube 510 (powder) Up to 400
Liquid

(in water)
Amlube 555 (fluid)

Grease Grease Tallow fat 400-450
Lithium 3 grease 650-750

Synthetic oil Oil Thermex 7015 400-450
Boron nitride Liquid

(in water)
Acheson DAG 5710 500-1000

Glass Fluid Amlube 1000 Up to 1010
Amlube 1080 Up to 1310

Table 3 Chemical composition of Nimonic 115* (wt.%)

Ni Cr Co Ti Al Mo Fe C Si Mn Zr Cu

Bal. 14.34 13.3 3.79 4.98 3.26 0.3 0.14 0.14 0.08 0.057 0.02

*Ave. of at least three analyses
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5.2 Test Procedure

A computer-controlled, servo-screw type 250 kN Zwick/
Roell testing machine was used for the hot ring compression
experiments. It can be programed to simulate both the thermal
and the mechanical industrial process variables for a wide range
of hot deformation conditions, and is shown in Fig. 4.

Continuous hot ring compression tests were conducted at a
strain rate of 1 s�1 at constant temperatures of 1100 and
1175 �C (shown schematically in Fig. 5).

The experiments were completed with four different forms
of lubrication:

1. Graphite powder
2. Glass powder
3. Mica plate
4. Dry

A lubricant covered all surfaces of a specimen, except for
mica plate which was applied only on the active end surfaces of
the specimen. The chemical compositions of the glass and mica
lubricants used in the present investigation are given in Table 4
and 5, respectively. The hot ring compression was performed
with 24 specimens at three different height reductions (25, 40,
and 55% reduction).

5.3 Material Behavior

During hot deformation of the workpiece, strain, strain rate,
and temperature have a great influence on the flow and
behavior of the material, which can be expressed as the
equation:

r ¼ rðe; _e; TÞ ðEq 10Þ

In this paper, the material flow behavior can be realized
by inputting the flow stress data, gained in the thermo-
mechanical simulation experiments. Stress-strain responses of

Fig. 3 Ring specimens

Fig. 4 Hot compression test machine

Fig. 5 Schematic diagram of hot compression test

Table 4 Chemical composition of glass powder

Composition Wt.% Composition Wt.%

Na2O 3.51 CeO2 0.27
S 0.054 Al2O3 1.52
Cr2O3 0.009 CaO 1.32
ZnO 0.52 Fe2O3 0.42
MoO3 0.035 SrO 7.7
Sb2O3 0.49 CdO 0.016
La2O3 0.052 HfO2 0.039
MgO 0.57 SiO2 54.1
K2O 6.1 TiO2 0.44
MnO 0.012 NiO 0.011
Ga2O3 0.007 ZrO2 2
PdO 0.37 In2O3 0.18
BaO 9.4 PbO 10.9

Table 5 Chemical composition of mica plate

Composition Wt.% Composition Wt.%

Na2O 0.24 Al2O3 33.9
SO3 0.016 K2O 11.1
TiO2 0.62 Fe2O3 4.8
ZnO 0.011 GeO2 0.0017
SrO 0.0019 Nb2O5 0.031
BaO 0.0058 L.OÆI 4.2
MgO 0.33 SiO2 44.3
Cl 0.028 CaO 0.015
MnO 0.043 CuO 0.0016
Ga2O3 0.013 Rb2O 0.16
ZrO2 0.0016 SnO2 0.024
La2O3 0.072 ÆÆÆ ÆÆÆ
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the materials were measured in several uniaxial compression
tests on circular cylindrical specimens. Figure 6 shows the
flow stress curves under different temperatures at constant
strain rate of 1 s�1.

5.4 Dimension Measurement

The accuracy in the measurements of the specimen dimen-
sions before and after testing has a significant effect on the
accuracy of the results of ring compression tests. Measurements
of height and internal diameter (ID) were made utilizing digital
calipers and micrometer, whereas details of the geometrical
profile of the deformed specimens were obtained on a profile
projector equipped with an X-Y micrometer table connected to a
PC-based data-logging system (Fig. 7). Furthermore, the
method devised for measuring the ID of the specimens involves
placing a ball-bearing of known diameter onto the specimen so
that it projects slightly into the inner hole, as depicted in Fig. 8.
From the dimensions shown in Fig. 8, all of which can be
measured accurately (±0.01 mm) using a standard micrometer,
the ID is simply calculated from:

ID ¼ 2

ffiffiffiffiffiffi
D2

4

r
� OH � h� D

2

� �2

ðEq 11Þ

6. Finite Element Simulation

The friction calibration curves were derived using a FEM
simulation. The simulations have been made using a thermal
mechanical coupled analysis, where all material data are given
as function of the temperature (Fig. 6). This was carried out to
model the dimensional changes of the inner diameter corre-
sponding to height reduction under different friction conditions.
FEM simulations also provided detailed information on the ring
deformation, so that a comparative study between FE simula-
tions and experiments of the ring compression tests may be
possible. The friction factor ‘‘m’’ at the workpiece and tool
interfaces can then be calculated from the stress tensors using
the law of constant friction Eq. 5. The thermal physical
properties of specimens are given in Fig. 9.

The same material properties were used as for the analysis of
the ring compression of the specimens. In FEM modeling, the
top and bottom dies were represented as rigid. During ring
compression tests, the bottom die speed changes with the ram
movement of the press, which can significantly affect the
average strain rate. The velocity of the moving ram was kept
constant, producing on average strain rate of 1 s�1. Figure 10
illustrates the stages of deformation during ring compression
test simulation. In the finite element discretization, the sample
was divided into 18,563 elements and 4472 nodes.

7. Results and Discussion

The deformed rings for each lubricant at two different
temperatures (1100, 1175 �C) from the experiments are shown

Fig. 6 Flow stress curves under different temperatures

Fig. 7 The measurement technique by profile projector

Fig. 8 Diagram illustrating the measurement technique used, show-
ing the cross section of the deformed sample with ball in place

Fig. 9 Thermal physical properties curves under different tempera-
tures
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in Fig. 11. The comparison of experimental and computed
load versus stroke diagrams in Fig. 12 shows reasonable
agreement.

From the hot ring compression experiments and simulations,
it is clear that the application of different lubricants at various
temperatures produced different deformed profiles and surface
roughness of the rings. When using lubricants with low friction
coefficients such as Mica and glass, enlarged inner diameters of
specimens were obtained, while reduced inner diameters were
obtained for lubricants with high friction coefficients such as
graphite and the dry condition, as shown in Fig. 11. Such
dimensional changes of ring specimens are confirmed by the FE
simulations. In Fig. 12, the load versus displacement data are
shown for the two numerical simulations and for the experi-
ments. The numerical values obtained with m = 0.307 and
m = 0.313 are closer to the experimental data for glass lubricant
at 1100 �C and mica lubricant at 1175 �C, respectively.

Based on the friction calibration curves derived from FEM
simulations and the hot ring compression experiments, friction
coefficients for different lubricants at various temperatures were
obtained as shown in Fig. 13. Mica plate has friction coeffi-
cients of m = 0.289, m = 0.313 at temperatures 1100 and
1175 �C, respectively. Glass powder has higher values of
m = 0.307 and m = 0.381 at these temperatures. In the case of
graphite, a higher friction condition was observed at above
mentioned temperatures (m = 0.499, 0.601), respectively. But
the dry condition gave friction coefficients of m = 0.528 and
m = 0.851 at temperatures of 1100 and 1175 �C, respectively.
Therefore, the case of mica used in the hot ring compression
tests for Nimonic 115 superalloy at elevated temperatures

Fig. 10 FEM simulation of the ring compression test. (a) Unde-
formed elements; (b) deformed elements, 60% reduction in height

Mica; T=1175 °C

(a) (b)

(d)

(f)(e)

Graphite; T=1100 °C Graphite; T=1175 °C

(c) Glass; T=1100 °C Glass; T=1175 °C 

Mica; T=1100 °C

Dry; T=1100 °C Dry; T=1175 °C(g) (h)

Fig. 11 Samples of compressed rings using different lubricants at
various temperatures; (a) graphite; T = 1100 �C; (b) graphite; T =
1175 �C; (c) Glass; T = 1100 �C; (d) glass; T = 1175 �C; (e) mica;
T = 1100 �C; (f) mica; T = 1175 �C; (g) dry; T = 1100 �C; (h) dry;
T = 1175 �C

Fig. 12 Experimental and computed load-displacement curves of
ring compression test; (a) glass lubricant at 1100 �C; (b) mica
lubricant at 1175 �C
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provided best lubrication. The average values of ‘‘m’’ and the
corresponding ‘‘l’’ values are given in Table 6. The current
results show that for the dry condition where the test
temperature is 1100-1175 �C, interfacial friction strongly
increases with temperature. It was observed the friction
coefficient ‘‘m’’ increases to nearly full sticking. This is
evidenced in Fig. 14, giving temperature versus friction factor.
The present investigation has also shown the temperature
variations have no strong effects on the friction factor of mica
lubricant. The friction coefficients remain nearly constant for
the mica lubricant.

Within this range of temperature, the graphite lubricant
behaves as a solid, so shearing would occur in the lubricant
film. The shear strength of a lubricant film ss was observed to
vary with temperature as follows:

ss ¼ s0 exp �
Q

RT

� �
ðEq 12Þ

where s0, Q, R are a constant, the activation energy (negative
value), and the universal gas constant, respectively.

When the shear strength of the lubricant (ss) decreases with
the increase of temperature, the interfacial friction factor
decreases simultaneously. Mica may be regarded as an
inorganic thermoplastic polymer of a spatial network structure.
On cooling from a high temperature at the usual rate, its
viscosity increases sufficiently for it to behave like a solid, yet
without acquiring a crystalline structure. It is similar to a
Newtonian liquid. It has no boundary lubrication properties and

Fig. 13 Friction calibration curves and experimental results at different temperatures; (a) 1100 �C, (b) 1175 �C

Table 6 Corresponding average friction factors
for the applied lubricants

Mica Glass Graphite Dry

m 0.30 0.35 0.55 0.69
l 0.16 0.18 0.28 0.34

Fig. 14 Dependence of the friction factor on the temperature using
different lubricants
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therefore its most important property is viscosity. The viscosity
decreases with the temperature according to an exponential law:

g ¼ A exp
E

RT

� �
ðEq 13Þ

where A is a constant, E is the activation energy, and R is the
universal gas constant.

The viscosity of a typical glass lubricant at different
temperatures is presented in Fig. 15 (Ref 23, 26). It can be
seen that the shear strength of the glass and mica lubricants is
directly proportional to viscosity. Therefore with the decrease
of glass and mica lubricants viscosity, its shear strength and
friction factor decrease. At high temperatures, the mica
lubricant possesses liquid characteristics. At a strain rate of
1 s�1, there is not sufficient time for the lubricant to be
squeezed out, resulting in favorable lubrication conditions and
low values of m, as shown in Fig. 13 and 14. However, when
glass or graphite lubricant is used at temperatures higher than
1100 �C, the deformation strain rate could be adjusted even
higher than 1 s�1 value to potentially reduce friction. Due to
the existence of the effects of other parameters, it is not possible
to introduce a suitable equation to express the relationship
between the friction factor ‘‘m’’ and the temperature at the
present strain rate.

8. Conclusions

Based on the findings presented in this study, the following
conclusions are made:

(a) Using the ring compression experiment results, it is rec-
ommended to carry out the hot forging process of
Nimonic 115 with mica, glass, and graphite as a lubri-
cant, listed in order of decreasing performance and
increasing friction coefficient.

(b) The mica plate is an excellent lubricant for hot forging
of Nimonic 115, as increasing the temperature causes
the friction coefficient to be nearly constant and its
value is approximately 0.3.

(c) The value of friction coefficient increases with an
increase in temperature.

(d) Under the dry condition, the friction coefficient in hot
forging process is high, near 0.7.

(e) With increasing friction coefficient, the adhesion of dies
and specimen increases.

(f) Flow stress curves indicated that the optimum hot ductil-
ity of Nimonic 115 was observed at temperature
1175± 5 �C at the strain rate of 1 s�1.

Acknowledgments

The authors sincerely thank Prof. M. Jahazi, Prof. A.
Akbarzadeh, Prof. M.J. Nategh, Dr. G. Ebrahimi, and Engineer
M. Cheraghzadeh for their valuable assistances in this research.
The present investigation has been carried out with the financial
support of Mapna group-Mavadkaran Eng. Co.

References

1. M.J. Donachie and S.J. Donachie, Chap. 1, 3, 6, Superalloys a
Technical Guide, ASM International, Materials Park, OH, 2002

2. C.T. Sims, N.S. Stoloff, and W.C. Hagel, Chap. 3, 4, 9, 16, Superalloy
II, Wiley, New York, 1987

3. N.K. Park, I.S. Kim, and Y.S. Na, Hot Forging of a Nickel-Base
Superalloy, J. Mater. Proc. Technol., 2001, 111, p 98–102

4. G. E. Dieter, Chap. 1, 4-6, 8,Workability Testing Techniques, American
Society for Metals, Metals Park, OH, 1984

5. T. Altan, G. Ngaile, and G. Shen, Chap. 1-9, 11, 20, Cold and Hot
Forging, ASM International, Materials Park, OH, 2004

6. A.T. Male, Variations in Friction Coefficients of Metals During
Compressive Deformation, J. Inst. Metals, 1966, 94, p 121–125

7. A.T. Male, The Effect of Temperature on the Frictional Behavior of
Various Metals During Mechanical Working, J. Inst. Metals, 1965, 93,
p 489–494

8. S.C. Jain and A.N. Bramley, Speed and Frictional Effects in Hot
Forging, Proc. Inst. Mech. Eng., 1968, 182, p 783–798

9. A.T. Male, V. Depierre, and G. Saul, The Relative Validity of Concept
of Coefficient of Friction and Interface Friction Shear Factor for Use in
Metal Deformation Studies, ASLE Trans., 1973, 16, p 177–184

10. E. Felder and J.L. Montagut, Friction and Wear During the Hot Forging
of Steels, Tribol. Int., 1980, 13(2), p 61–68

11. O. Pawelski, W. Rasp, and C. Hoerster, Ring Compression Test as
Simulation Test for the Investigation of Friction in Hot Metal Forming,
Steel Res., 1989, 60(9), p 395–402

12. S. Venugopal, G. Srinivasan, S. Venkadesan, and V. Seetharaman,
A Note on the Determination of the Friction Factor by Means of the
Reduction-Capacity Test, J. Mech. Work Technol., 1989, 19, p 261–266

13. M.H. Sadeghi and T.A. Dean, Analysis of Ejection in Precision
Forging, Int. J. Mech. Tools Manuf., 1990, 30(4), p 509–519

14. R.L. Goetz, V.K. Jain, J.T. Morgan, and M.W. Wierschke, Effects of
Material and Processing Conditions Upon Ring Calibration Curves,
Wear, 1991, 143(1), p 71–86

15. F. Wang and J.G. Lenard, An Experimental Study of Interfacial
Friction-Hot Ring Compression, J. Eng. Mat. Technol., 1992, 114(1),
p 13–18

16. N.T. Rudkins, P. Hartley, I. Pillinger, and D. Petty, Friction Modelling
and Experimental Observations in Hot Ring Compression Tests,
J. Mater. Proc. Technol., 1996, 60, p 349–353

17. H. Sofuoglu and J. Rasty, On the Measurement of Friction Coefficient
by Utilizing the Ring Compression Test, Tribol. Int., 1999, 32(6),
p 327–335

18. C.D. Lee, C.I. Weng, and J.G. Chang, A Prediction of the Friction
Factor for the Forging Process, Metall. Trans. B, 2001, 32(B), p 137–
143

19. S. Kobayashi, S.I. Oh, and T. Altan, Chap. 1-9, 12, 14, Metal Forming
and the Finite Element Method, Oxford University Press, New York,
1989

20. A. Stuzalec, Chap. 1-6, 9-13, 15, 16, Theory of Metal Forming
Plasticity Classical and Advanced Topics, Springer, Berlin, Germany,
2004

Fig. 15 Variation of viscosity with temperature for typical glass
lubricant

Journal of Materials Engineering and Performance Volume 19(5) July 2010—641



21. E.M. Mielnik, Chap. 1-4, Metal Working Science and Engineering,
McGraw-Hill, New York, 1991

22. B.Avitzur,ForgingofHollowDiscs, Israel J.Technol., 1964,2(3), p295–304
23. J.A. Schey, Chap. 1-5, 9, Tribology in Metal Working: Friction,

Lubrication and Wear, ASM International, Metals Park, OH, 1983
24. G.E. Cheng, ASM Handbook, vol. 18, 9th ed., ASM International,

Warrendale, PA, 1999, 79 pp

25. J.D. Lord and M.S. Loveday, Tools and Lubricants for High
Temperature Metalworking Laboratory-Scale Tests, Centre for Mate-
rials Measurement and Technology, National Physical Laboratory,
Queens Road, Teddington, Middlesex, UK TW110LW, CMMT (MN)
050, March 2001

26. J.F. Shackelford and W. Alexander, Chap. 1, 2, 5, 6, Material Science
and Engineering Handbook, CRC Press, New York, 2001

642—Volume 19(5) July 2010 Journal of Materials Engineering and Performance


	Study on Hot Ring Compression Test of Nimonic 115 Superalloy Using Experimental Observations and 3D FEM Simulation
	Abstract
	1. Introduction
	2. Rigid Viscoplastic Finite Element Formulation
	3. Friction Modeling
	3.1 Coulomb Friction Model
	3.2 The Constant Friction Model
	3.3 The General Friction Model

	4. Influence of Lubricants
	5. Experimental Procedures
	5.1 Materials
	5.2 Test Procedure
	5.3 Material Behavior
	5.4 Dimension Measurement

	6. Finite Element Simulation
	7. Results and Discussion
	8. Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


