
ORIGINAL ARTICLE

Thermo-mechanical forging of 708M40 steel ring samples:
experiments and modelling

Steven Hill1 & Richard P.Turner2

Received: 25 February 2021 /Accepted: 22 June 2021
# The Author(s) 2021

Abstract
A series of ring compression tests using BS970:708M40 alloy steel samples were studied. These tests were conducted using a 2-
factor soak-temperature variable, namely 1030 °C and 1300 °C, and a 4-factor lubricant variable consisting of unlubricated
samples, synthetic water-based, graphite water-based, and graphite and molybdenum disulphide viscous grease. The lubricant
agents were all applied to the tool/billet interface. Process variables such as blow force and heating were controlled with the use of
a gravitationally operated drop hammer and an automated programmable induction-heating unit. This matrix of the experimental
parameters offered a sound base for exploring dominant factors impacting upon bulk deformation. This deformation was
measured using fully calibrated equipment and then systematically recorded. A finite element modelling framework was devel-
oped to further improve the thermo-mechanical deformation process understanding, with finite element (FE) predictions vali-
dated through experimental measurement. Through the combined experimental and FE work, it was shown that temperature
variation in the experimental parameter matrix played a larger role in determining deformation than the lubrication agent.
Additionally, the use of synthetic and graphite water-based lubricants does not necessarily produce greater deformation when
used in high-temperature forgings due to the lubricants breaking down, evaporating, or inducing rapid billet cooling as a result of
the carrier used (water). Graphite-molybdenum disulphate grease far outperforms the other lubricants used in this trial in reducing
friction and allowing deformation to occur across a die-face.
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1 Introduction

1.1 Review of the current literature

Steels remain the most widely used structural material across
industrial sectors [1] due to the raw-material availability, cost,
in-service performance, and its ability to be manufactured,
formed, machined, and shaped. 708M40 (4140) is a 1%
chromium-molybdenum medium-hardenable general purpose
high-tensile steel [2] increasing in its industrial usage. During
metal-forming processes using 708M40 billets, such as rolling
and forging, deformable manganese sulphide (MnS)

inclusions become elongated. Such elongated MnS inclusions
can have considerable adverse effects on mechanical proper-
ties, if the inclusions are not aligned with the loading direction
[3]. Therefore, this must be considered and controlled when
forging this alloy.

Bernd et al. [4] performed a two-stage forging process on
AISI 4140 to deliver excellent mechanical properties. The first
forging stage was conducted at 1200 °C to generate the bulk
deformation and a secondary thermo-mechanical forming op-
eration at 800 °C which resulted in reduced formability and
increased required forming forces, but this was necessary to
prevent grain growth and promote fine grain areas which de-
liver enhanced mechanical properties.

During forging, three types of recrystallization phenomena
can occur: dynamic, static, and meta-dynamic recrystalliza-
tion. The higher the processing temperature is, the more re-
crystallization is forced to occur within the microstructure of
the metal, and the more the metallic billet will deform during
each blow, without compromising the material strain rate [5].
Wan et al. [6] state that hot metal manufacturing processes
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involve high-temperature tribology. A class of high-
temperature lubricants of inorganic polymers has been de-
veloped for hot metalworking operations. Borax-, silicate-,
and polyphosphate additives are polymeric in nature; there-
fore, they deliver the appropriate friction and wear proper-
ties, allowing for a reduction in materials loss, increasing
process stability and meeting ever-increasing surface qual-
ity requirements industrially. Polyphosphate salt is a cost-
effective lubricant that can adapt to a wide range of tem-
peratures, whilst borate can impart very stable friction at
the mating surfaces. Also, the addition of silicate additives
embodies excellent restoration of rubbing surface with less
friction. Within the literature [6], it is understood that
problems can exist amongst graphite-based lubricants.
The lubricating effect often deteriorates at elevated tem-
peratures due to the contamination of water or other con-
densable vapours. Graphite enables the efficient lubrica-
tion at temperatures below 300 °C

Friction effects in forging are usually represented mathe-
matically as an interfacial shear stress using one of two pos-
sible models. The Coulombic model has traditionally been
used in metal forming where friction is proportional to the
normal pressure applied to a surface [7]. The second model
is termed the interfacial friction factor, or shear friction model.
Within the work considered here, friction is represented using
the shear frictionmodel, as a percentage of the material’s shear
yield strength.

Most forging operations require high pressures, due to the
severity of deformation and material flow required [8]. The
high pressures involved with a forging operation often result
in an artificially high value of interfacial shear stress. In a real
forging operation, the maximum shear stress must be less than
or equal to half of the yield strength in order to be consistent
with established yield criteria. This inconsistency explains
why use of the shear model is often preferred in forging as it
is based on the fact that when the material adheres or is
‘welded’ to a surface, the subsurface layers will plastically
deform by shear [9].

Finite element modelling of the hot forging of steels has
been studied both academically and industrially for a consid-
erable number of years. Forging is a process that can be sim-
ulated effectively using commercial FE codes, due to the con-
trolled and repeatable nature of the process, even at relatively
fast forging rates. Typically, the modeller must decide prior to
setting up an FE model what aspects are to be studied. This
can be processing conditions, overall shape and deformation,
microstructure evolution, thermal effects, or possibly focusing
upon the tooling rather than the workpiece, to understand die
life. Switzner et al. [10] used the FE code Sierra to predict
thermal fields and as such estimate the microstructure and
strength within stainless steel forgings. This allowed for re-
crystallization and as such flow softening to be included, thus
more accurately predicting deformation behaviour, whilst,

although for the nickel superalloy IN718, Ma et al. [11] stud-
ied FE modelling for global deformation behaviour. This
work used the popular finite element code Deform3D, excel-
lent for simulation of metal-forming operations, to predict
global mechanical fields for a heavy forging of a flat billet in
to a hemispherical shell component. They considered the duc-
tile damage experienced by the billet, predicting this accumu-
lation using the normalised Cockroft and Latham damage
model. Peak damage was confined to edges, as would be
consistent with surface and edge cracks. Kakimoto et al. [12]
used the Cockroft and Latham damage model also to predict
the likelihood of surface cracking within a billet. The Cockroft
and Latham damage parameter is considered the most reliable
out of all available damage models for metallic component
bulk cracking behaviour.

Jang et al. [13] used an unnamed code to predict grain size
evolution within the billet throughout the forging operation.
Interestingly, this work used an arctangent function to de-
scribe the interfacial friction between workpiece and rigid
die. Feng et al. [14] also used the Deform3D code to determine
material flow characteristics within a dual directional hot
forged gear. This work focused upon adjusting process param-
eters to optimise the final forging temperature, whilst also
considering the mechanical fields within the part, typically
using the effective stress, to understand stress distributions
within the gear teeth.

1.2 Motivation

Industrially, drop-forging of steel components is in increasing
demand, given its relatively rapid processing times, the wide
range of geometries capable of being produced, and the
thermo-mechanical work on the component yielding im-
proved and work-hardened material. It is therefore of interest
to industrial users the process to further their understanding of
through-process deformation and temperature that a work-
piece experiences. This can allow for operator prediction of
the required thermal and mechanical best-practices such as if
and when a re-heat is required, intermediate drop-forging
dwell times to eliminate unnecessary cooling, successful op-
erating temperatures, and lubricant agents. However, the cur-
rent improvements and developments for drop-forging pro-
cessing tend to be based upon shop-floor evidence and oper-
ator observations. Thus, there is a risk of identifying optimised
processing conditions for different materials through iterative
trials, often using complex component geometries, without
fundamental understanding of the metallurgy and the mechan-
ics. Furthermore, there is a risk of these best-practice methods
and approaches being lost when a potentially ageing work-
force retires. Thus, a motivation within the industry therefore
exists to formulate a fundamental understanding of the
thermo-mechanical drop-forging operation using a rigorous,
repeatable set of experiments, and potentially through process
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modelling. This set of comprehensive experiments would ide-
ally be performed using simple ring component geometry, so
to better understand the mechanical and frictional effects of
the key process variables, namely the hammer energy, the
soak temperature, and the lubricant used.

The aim of this study is to measure the amount of defor-
mation induced within ringed specimens machined from
BS970 708M40 when a fixed force is applied to them using
a gravity drop-forging hammer. Varying lubricant conditions
(unlubricated, synthetic water-based lubricant, graphite water-
based lubricant, and graphite & molybdenum disulphide
grease) and soak-temperatures (1030 °C & 1300 °C) were
used to assess their overall effectiveness in bulk deformation
amount. FE modelling will allow for a greater understanding
of frictional values at the interface region between the work-
piece and the rigid tooling. Through improved understanding
on the role played by the lubricants upon interfacial frictional
conditions and thermal losses, so the forging process can be
analysed in depth. This can allow engineers and forging ex-
perts to achieve required deformation fields in a controlled and
repeatable fashion.

2 Material

708M40 (4140) is a 1% chromium-molybdenum medium-
hardenable general purpose high-tensile steel [2]. The alloy
composition can been see in Table 1. The additions of the
micro-alloying elements Cr, Ni, and Mo, improve this alloy’s
hardenability compared to low alloy steels [16], giving it a
wider scope for differing applications and uses.

This alloy is used in most industry sectors for a wide vari-
ety of applications. Typical uses include drive shafts, cou-
plings, bolts, and gears, together with many surface and sub-
surface components in the oil and gas industries. This grade
also has reasonably good impact properties at low tempera-
tures and can be good for some elevated temperature uses
when compared to plain carbon steels. These benefits can only
be obtained when in the heat-treated condition [2, 17]. As the
steel has a carbon content below 0.76%, it is categorised as a
hypoeutectoid steel. After forging, when cooling at slow rates
such as air-cooling, this alloy forms a microstructure
consisting of pro-eutectoid ferrite which forms at high

temperatures. At low temperatures, pearlite is formed in
interlaying laths of eutectoid ferrite with cementite [18].

This alloy is generally supplied in the hardened and tem-
pered condition in the tensile range of 850–1000 MPa (T
condition) but can be heat-treated to achieve 700–1200
MPa, dependent on section size (R–W condition) [2].
Austenite grain refinement is critical in achieving all of the
abovementioned benefits [19]. Due to the wide range of sec-
tors that 708M40 serves, global material equivalents have
emerged with differing designations given to this material
dependant on each country’s classification system. It is also
known as E19 (BS 970:1955), 42CrMo4 (European standard),
1.7225 (Werkstoff) or 4140/4142, B7, and L7 (SAE and AISI)
[20]. When forging this material, numerous processing vari-
ables can affect its deformation rate and overall deformation
amount. Three that can be considered the key process vari-
ables (KPVs) are the forging force applied to the object, the
lubricated condition of the die/component interface, and the
components’ temperature.

3 Experimental method

A series of 36 ring compression tests were performed in total,
across 8 varying process parameter conditions. These param-
eters included two billet soak temperatures of either 1030 °C
or 1300 °C. Then four differing parameters based around the
lubricated condition of the component/tool interface were
used. The lubricants used were ‘unlubricated’, ‘synthetic wa-
ter-based’, ‘graphite water-based’ and a ‘graphite-molybde-
num disulphide grease’. All test conditions were repeated five
times with the exception of the grease which was repeated
three times. A breakdown of these tests can be seen in
Table 2 below.

The material used was BS970 708M40 alloy supplied in
the drawn round bright bar and hardened and tempered
condition of ‘T’ (248-302HB). The material was machined
all-over on a computer numerically controlled (CNC) lathe
to ensure all tests pieces were of the same size and surface
appearance. The dimensional tolerance for each specimen
was ±0.2 mm. After machining, each sample was engraved
to ensure full traceability throughout the trial. Ring com-
pression specimen sizes can be seen below in Fig. 1.

In addition to ensuring the test samples were consistent,
other variables were also required to be controlled such as
billet heating, temperature measuring of the heated piece,
lubricant application (amount and location), die tempera-
ture, and the impact force. An induction heating using
350 kJ of energy was used to heat each sample to 1030
°C. This was delivered by a constant 5.4 kW of power for
a duration of 65 s. Alternatively 413 kJ of energy was used
for each sample heated to 1300 °C. A 5.5kW of power was
delivered for 75 s (Fig. 2c). Measurement of the heated

Table 1 Compositional range of chemical elements for 708M40 steel
[15]

Element C Mn Si Cr Mo S P Fe

Min. wt% 0.36 0.7 0.1 0.9 0.15 0 0 Bal.
Max. wt% 0.44 1.0 0.35 1.2 0.25 0.04 0.035
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billet was performed with a fully calibrated pyrometer pro-
grammed at the same emissivity setting and measured from
the same location each time.

The water-based lubricants were applied with automated
spraying equipment (Fig. 2a). These were mixed five parts
water to one part lubricant as per the manufacturer’s data
sheet. The mixtures were then measured using a hydrometer
to ensure comparableness. The grease type lubricant was ap-
plied with a brush; this was performed in a representative
manner similar to how it would be used in usual forging op-
erations. Die temperature was measured with a fully calibrated
pyrometer to ensure it was above 100 °C. This was necessary
as the water-based lubricants work by evaporating the water
carrier away allowing a thin lubricating film at the component/
tool interface. Each billet was placed onto the die in a consis-
tent manner regarding travel time, promptness of blow, loca-
tion, and environment. A consistent impact force was applied,
using a gravity drop hammer, the ‘Massey 2.2 MSC drop
hammer’, (Fig. 2d) owned by W.H. Tildesley Ltd. of
Willenhall. The drop hammer works by allowing a 1150-kg
tup to fall through gravitational acceleration from a pre-
defined height. The drop distance can vary dependant on tool
heights, but in this case, the total drop height when taking into

account the top and bottom die was 1.65 m (bottom die shown
in Fig. 2c). In additional to the tup weight, the flat top die that
was fixed into the tup weighed 184 kg, therefore giving a total
mass of 1334 kg. Thus, the system was calibrated to deliver
2200 kg.m falling under gravitational acceleration, giving a
blow energy of E = mgh = 21.5 kJ. Each deformed billet was
measured using a calibrated vernier caliper. All samples were
measured repeatedly to ensure fair comparison.

4 Finite element modelling

In order to improve the understanding of the frictional condi-
tions at the workpiece–tooling interface, the process was sim-
ulated using commercially available finite element (FE) soft-
ware, Deform v11.3. The model was created to replicate the
single-blow drop-forging performed in the experiment. Thus,
a workpiece ring measuring the same size used experimental-
ly, with an inner radius of 16.25 mm and an outer radius
measuring 32.5 mm, and a height of 20 mm, was created,
being forged in between two flat-bottomed dies. In order to
expedite the simulation as much as possible, the model was
calculated in a 2D axisymmetric mode.

Table 2 Process parameters for
the series of 36 forging trials, at 8
different processing conditions

Sample Soak temperature (°C) Lubricant No. of repeats

1U 1030 Unlubricated 5

1S 1030 Synthetic water-based 5

1G 1030 Graphite water-based 5

1GM 1030 Graphite-molybdenum disulphide grease 3

2U 1300 Unlubricated 5

2S 1300 Synthetic water-based 5

2G 1300 Graphite water-based 5

2GM 1300 Graphite-molybdenum disulphide grease 3

Fig. 1 Dimensions for the ring
compression samples
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The model was ran in a fully coupled thermal-mechanical
mode, and the workpiece was discretised using quadrilateral
elements measuring from 0.25-mm edge length at the surface
to 0.75-mm edge length in the centre of the workpiece. The
dies were considered rigid, non-deformable objects. The setup
of the FE simulation can be seen in Fig. 3.

The 708M40 steel material behaviour was represented in
the FE model using a tabular flow stress data set, dependent
upon strain, strain rate, and temperature; a temperature-
dependent tabular data set for the Young’s modulus, thermal
conductivity, thermal expansion and specific heat capacity;
constant density (7850 kg.m−3) and Poisson ratio (0.3).
Further FE simulation parameters were selected as appropri-
ate, including a time-step of 0.001 s, a heat transfer coefficient
between workpiece and rigid tooling of 5 kW/m2.K, a con-
vective heat transfer from workpiece to the atmosphere of 20
W/m2.K and a workpiece emissivity of 0.7. The workpiece is
considered incompressible and follows an isotropic hardening
law.

Thus, the only unknown remaining parameter within the
modelling framework to represent the physical experiment
was the frictional condition at the workpiece to rigid tooling
interface. Malychev [21] states that whilst the coefficient of
friction is often referred to as a simple material parameter, it
should perhaps better be described as a system property, as it
depends on a combination of both the billet and the tooling
materials, and on external factors including velocity or rate of
lateral deformation. By keeping all other conditions within the
FE model the same, a systematic study of varying the shear
frictional value at this interface allowed for an analysis of the
sensitivity of the bulk deformation to the assumed friction
condition. The shear friction law is given in Eq. 1, where m
is the shear factor, k is the shear yield stress, and g vt−vtð Þ is −1

Fig. 2 a Water-based lubricant
being applied. b Bottom fixed
tool. c Sample being heated. d
Drop hammer

Fig. 3 FE modelling setup in the Deform2D/3D software, using a 2D
axisymmetric model
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when vt > vt and is 1 when vt < vt, the relative velocity dif-
ference.

σs ¼ m:k:g vt−vt
� �

ð1Þ

Thus, by matching bulk deformation shape as accurately as
possible, the frictional condition at the interface can be
derived.

5 Results

5.1 Shape

Upon comparison of the forged rings for shape and deforma-
tion, there were negligible notable differences reported in the
deformation observed for the unlubricated, water-based syn-
thetic and the water-based lubricants, for the 1030 °C soak
temperature forgings. All samples deformed to a similar ge-
ometry with the internal diameter decreasing to an average of
Ø17 mm ± 1 mm (for unlubricated), Ø19 mm ± 1 mm (for
water + synthetic lubricant) and Ø18 mm ± 1 mm (for water +
graphite lubricant). The outer diameter of deformed speci-
mens for all lubricant conditions increasing to an average of
Ø80 mm ± 0.9 mm, and the ring specimen height reducing to
an average of 9.5 mm ± 0.2 mm for unlubricated, synthetic,
and graphite water-based lubricants. There is evidence of sym-
metric deformation on both the top and bottom surface of the
sample (see Fig. 4a–c), suggesting that the lubricant condition
was the same at both workpiece to die interfaces. This finding
leads to an important design rule for the manufacturing engi-
neer that the two water-based lubricants considered appear to
have had no influence at all on the deformation at 1030 °C,
when compared to unlubricated condition, whereas the graph-
ite and molybdenum disulphide grease samples deformed dif-
ferently. The internal diameter increased marginally to an av-
erage of Ø34.5 mm ± 0.2 mm, the outer diameter increased to
an average of Ø95 mm ± 3 mm and the thickness reduced to
an average of 8.5 mm ± 0.5 mm. Note that the largest uncer-
tainty by far in the deformation results was for the graphite and
molybdenum grease outer diameter. This would suggest that a
repeatable method of grease application is required, in terms
of quantity and location of grease. This leads to the second

design rule arising from the tests— uniformity and repeatabil-
ity of the grease layer is of critical importance. The deforma-
tion also did not appear symmetric between the top and the
bottom interface; more deformation appeared to be present on
the top surface. Figure 4d displays this. The stochastic analy-
sis of the forging experiment’s deformation mean values is
reported in Fig. 5.

However, there was a more notable difference between the
unlubricated samples and the two water-based lubricated sam-
ples at 1300 °C. The unlubricated sample (Fig. 6a) actually
deformed by a greater amount, its outer diameter increased to
89.8mm± 8mm, its internal diameter decreased to 13.4mm±
7 mm and its overall thickness reduced to 7.6 mm ± 1 mm.
Note the considerably greater variation in results for repeat
trials. This would suggest strongly that the repeatability of
the experiment at the higher temperature is significantly less.
This may be caused either by a poor repeatability of the
induction-heating coil at these elevated billet temperatures or
due to an uncertainty in the thermal monitoring for such high
temperatures. A monitoring uncertainty would cause incorrect
feedback within the induction coil control-system, and so po-
tentially causing overheating of samples. As such, the third
design rule generated by this experiment is to limit soak tem-
peratures as much as possible.

The stochastic analyses of deformation measurements for
1300 °C soak temperature are presented in Fig. 7. There was
negligible change between the mean deformation amounts
and patterns for the two water-based lubricant samples at
1300 °C. For both the water + synthetic lubricant and the
water + graphite lubricant, the mean outer diameters increase
to 86.1 mm (± 2 mm), the internal diameter decreases to
11.2 mm (± 4 mm) for the water + synthetic lubricant and
10.7 mm (± 4.5 mm) for the water + graphite lubricant. The
ring samples’ overall height reduces to 8.1 mm ± 0.2 mm for
the water + synthetic lubricant, and 8.0 mm ± 0.1 mm for the
water + graphite. The resulting deformation trends are given in
Fig. 6b and 6c. It is hypothesised that the water present in the
lubricant is rapidly vaporising at these billet temperatures,
which has potentially induced a different cooling rate caused
by the agitated air during vaporisation, and ultimately, this
additional cooling yields lower overall deformation. These
samples’ deformation outline was more consistent with the
graphite-molybdenum grease sample (Fig. 6d).

Fig. 4 1030 °C deformed samples: shape and outline
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The graphite-molybdenum disulphide grease was again the
most effective lubricant (Fig. 6d), evidenced by the additional
deformation. In the other lubricant conditions at 1300 °C, the
internal diameter reduces, whereas for the graphite-
molybdenum grease forgings, the internal diameter remains
largely unchanged, with a mean of Ø32.5 mm ± 0.2 mm.
The outer diameter of these samples increased much more
than for other lubricants, with a mean of Ø97.6 mm ± 1 mm,
and the sample height reduced to an average of 7.8 mm ± 0.2
mm. As with the 1030 °C graphite-molybdenum grease trials,
the deformation again was not symmetric on top and bottom
interfaces. However, as expected, all 1300 °C samples did
deform to a greater amount than those samples deformed at
1030 °C.

5.2 Lubricant application

A further hypothesis concerning a manufacturing process de-
sign rule is considered. Is the forging deformation sensitive to
any operator-related delay between applying lubricant and
forging? To explore whether this had any effect on the defor-
mation, a test was performed on a further two samples. Both
samples were heated to 1030 °C; one then had synthetic

lubricant constantly applied whilst given one hammer blow.
The other sample had graphite in water lubricant constantly
applied. All other variables were kept in line with the previous
trials. The arising deformation for these constantly applied
water-based lubricants, compared to the deformation for the
main experiment, where lubricant was applied once only, just
prior to the forging, are shown in Fig. 8.

Figure 9 illustrates that between the singular graphite with
water and synthetic with water applications, and constantly
applied lubricant samples, the outer diameter remained relative-
ly consistent. However, the internal diameter changed quite
considerably from a mean of 18 mm on the singular lubricated
sample to 20.5 mm on the constantly lubricated sample. The
overall sample thickness varied from 9.5 to 11.5 mm respec-
tively. One must therefore consider the role that temperature is
playing on the forging behaviour of the steel. The constant
application of lubricant does in theory increase the ability of
the material to deform along the tooling interface. However, the
lubricant is cold, being sprayed on to the heated billet. This
allows for rapid cooling at the billet surface, an experimental
variation when compared to the single-application lubricant
tests; thus, by applying the cold lubricant, this may have actu-
ally hindered overall deformation.

Fig. 5 Stochastic analysis of the
deformation amounts measured
for experimental trials at 1030 °C;
error bars show experiment
standard deviation

Fig. 6 Deformed sample shape and outline for forging experiments at 1030 °C.
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5.3 Frictional interface condition

Within the FEmodelling framework, the shear friction param-
eter m was varied across a range of 0.08 to 0.7, based upon
prior work on the tribology and wear effects of metal to metal
contact and lateral dragging, within the literature [21, 22].
Upon best-matching deformation shape, the unlubricated FE
model was shown to correlate well with a frictional condition
of 0.6~0.65 on both the upper and the lower die interface, see
Figure 10. This value does agree well with the coefficient of
friction measured for steel-to-steel interactions in an
unlubricated system arrangement [23].

For the forging using the graphite disulphide paste as a
lubricating agent, the frictional interface conditions on the
top and bottom surfaces clearly are not the same, hence the
unequal amount of lateral sliding along these surfaces (if as-
suming equal die temperature). The optimal matching for the
deformed shape was achieved with a coefficient of 0.5 applied
to the top surface to upper die interface, indicating a slightly
more lubricated interface than in the unlubricated model,
whilst a coefficient of 0.2 on the bottom surface to lower die
interface was used (see Fig. 11). The matching gradual arc of
the outer wall of the ring was nicely matched, although the
gradient of slope on the inner wall was not quite correct. This

Fig. 7 Stochastic analysis of the
deformation amounts measured
for experimental trials at 1300 °C;
error bars show experiment
standard deviation

Fig. 8 Graph comparison
between singularly applied and
constantly applied lubricant
deformation at 1030 °C
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shape was improved further by increasing the lubricant effect
experienced at the inner wall, using a coefficient of 0.05— a
highly lubricated condition. In reality, a non-uniform friction
coefficient may still be plausible, for example, if a non-
uniform coating of the paste was applied, or if the frictional
value is temperature-dependent, and if any obvious differ-
ences can be seen in the temperature at inner and outer walls.

Due to the role that it will play in determining the interface
frictional behaviour, surface roughness measurements were
taken. It can be seen from Table 3 that the forging of these
samples increased the surface roughness in the impression
area by 36.79% for the bottom die and by 43.92% for the
top die. Again, variation of roughness with location over the
surface of the die may further suggest why a frictional coeffi-
cient may vary over an interface.

5.4 Temperature

Once the relevant frictional conditions at the interface, for the
upper die to workpiece and lower die to workpiece interac-
tions, were established through a systematic study, the forg-
ings at an initial billet temperature of 1030 °C were interro-
gated further, to understand the thermal and mechanical fields
generated within the thermo-mechanically processed billet.
For the model representing the water-based lubricants, which
were believed to have been effectively forged in an
unlubricated condition due to vaporising of the lubricating
agent, peak temperatures are clearly illustrated to be seen close
to the internal surface of the ring specimen.

A temperature difference of approximately 60 °C was ob-
served from outer to inner surface, with the billet heating due
to shearing and internal work preferentially close to the inner
surface (see Fig. 12), whereas for the FE model representing
the graphite disulphide paste lubricant, a different thermal
profile is observed, whereby the internal shearing and work
heats a band of material propagating from close to the base on
the specimen on the inner wall, to close to the top of the
sample on the outer wall. This heating profile follows the
typical strain bands that would be observed within a sample
forging.

Whilst the temperature profile on the cross-sectional cut of
the ring forging will be responsible for the bulk behaviour of
the ring during forging, questions remain as to how the inter-
facial (upper and lower) surfaces of the billet impact the plas-
tic deformation characteristics. There are a number of com-
plex heating and cooling mechanisms influencing the surface
temperature of the ring forging. The mechanical work, shear-
ing the metal, wants to heat the component at various internal
locations. The frictional heating as metal slides over tooling
heats the exterior. The thermal conductivity of the steel sees
the hot centre and tries to balance the component temperature
by heating the surface from the centre, accordingly, whilst the
surface cooling includes the heat loss to cold atmosphere, with
a relatively low-heat transfer coefficient, and the die (heated
but significantly cooler than the workpiece) applying a die-
chill constraint when in contact.

The duration that each of these heat-transfer mechanisms is
applied for is also an important consideration. Internal heating
through mechanical work and heat loss via upper die chill

Fig. 9 Image comparison between singularly applied and constantly applied lubricant deformation at 1030 °C

Fig. 10 (Top) FE simulation of
global deformation and shape,
compared to the (bottom)
experiment, for 1030 °C billet
with unlubricated surface
conditions
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seem important, but the hammer is only in contact for a short
time, compared to lower die chill, or to the thermal conduc-
tivity of the material constantly trying to rebalance the heat.
The FE model was studied for these surface profiles, for the
1030 °C soak temperature forging, for an unlubricated and
grease lubricated model, to get a better understanding of the
surface temperatures at the interface regions (see Fig. 13).

The impact that these competing heating and cooling
mechanisms have upon the surface of the ring workpiece be-
comes much more evident. Note that in the unlubricated con-
dition (Fig. 13), the symmetry of the upper and lower surface
is clear. Whilst there is a fraction more cooling against the
lower surface due to fractionally longer contact, particularly
at the inner diameter, this 25 °C difference has negligible
influence upon flow stress. Whereas for the graphite-
molybdenum disulphide grease model (Fig. 14), where fric-
tion coefficients were set differently on top and bottom dies,
the thermal profile has become almost completely reversed.
Instead of having some of the highest temperatures at the outer
radius, there are now some of the lowest temperatures in the
billet on the outer radius. The uneven friction conditions sig-
nificantly affect the plastic deformation and therefore the
shape of the ring forging, due to highly localised shear and
associated heating.

5.5 Cockroft and Latham normalised damage

Lastly, the damage parameter used most frequently in the
literature, the normalised Cockroft and Latham, was examined

to determine whether any significant surface cracks or defects
are predicted by the FE model. The resulting fields are
displayed in Fig. 15. Note that in the unlubricated model, the
distribution is fully symmetric, whereas in the model which
simulated varying amounts of graphite disulphide lubrication
on upper and lower surfaces, there is a thin region of more
highly susceptible material to damage along the bottom sur-
face, where the deformation, and so the strain, has been con-
siderably greater than for the top surface of the billet.

6 Discussion

Visible differences in the deformation outline between the
unlubricated and water-based lubricants were minimal. This
is suspected to be due to the lubricants breaking down prior to
the hammer blow being delivered. This conforms with litera-
ture [6], an assessment of graphite and the synthetic lubricants
used was reported to only be effective up to temperatures of
around 300 °C. The heated billet would have been significant-
ly higher than 300 °C when the lubricant was applied. In
essence, all of the water-based lubricant samples were un-
knowingly at the time of forging in the unlubricated condition.

The graphite and molybdenum disulphide grease displayed
higher deformation at the top of the sample when compared to
that at the bottom of the sample. It is believed that the bottom
die could have been acting as a heat sink on the sample there-
fore delivering a different temperature field across the part and
facilitating differing amounts of plastic deformation.

Fig. 11 (Top) FE simulation of
global deformation and shape,
compared to the (bottom)
experiment, for 1030 °C billet
with graphite disulphide paste
applied to surfaces

Table 3 Measured surface
roughness of the forging tooling
prior to, and following, a single
forging blow.

Die Pre/post-forging Surface roughness value (Ra) Increase in die surface roughness due to
forging blow

Absolute increase (Ra) % Increase

Bottom Die Pre-forging 1.06 0.39 36.8%
Post-forging 1.45

Top Die Pre-forging 1.48 0.65 43.9%
Post-forging 2.13
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However, if that reasoning were sound, it is therefore un-
known why this deformation characteristic was not displayed
on all samples. Further investigation into this phenomenon is
required. A further hypothesis to explain this different defor-
mation against the top and bottom dies is that the grease lu-
bricant brushed to the bottom die adhered better than the top
die allowing more flow to occur at the bottom of the sample.

The FEmodelling predicted similar deformation variants at
the top and the bottom with just frictional interface values to
be varied. These variable top and bottom interface tempera-
tures were studied in greater detail, with the annular thermal
profiles being very similar in the symmetric distortion case,
whereas a significant variation in annular thermal profile is
observed in the non-symmetric graphite-molybdenum grease
experiment. It would be of interest to further study different
heat sink effects to better understand that effect, with a formal
in situ thermal monitoring activity, which may prove useful to
better identify the underlying mechanisms. However, it be-
came evident that when considering the cross-sectional tem-
perature profiles, for the intentionally and unintentionally
unlubricated conditions, there is a greater temperature on the
inner wall of the ring, with a difference of around 30–40 °C

predicted. Whereas for the forging with an assumed uneven
frictional coefficient top and bottom, caused either by lubri-
cant application or by heat sink effects, a band of hotter ma-
terial emanating from low down on the inner wall to high in
the ring on the outer wall may lead to a softer material with
lower flow stress and so there is preferential deformation at
specific points.

The total deformation amount for 1030 °C was reasonably
consistent amongst the unlubricated and water-based samples,
due to the assumed vaporisation of the water in the water-
based lubricant tests, thus leaving the graphite or synthetic
agent unable to be transported across the surface, and as such
yielding a relatively unlubricated interface in each test, where-
as, at 1300 °C, the variation across the unlubricated and water-
based lubricant conditions was more considerable. This could
suggest that the vaporising of the lubricant media at the higher
temperature creates additional thermal barriers, potentially
through bubble formation, to change the heat transfer into
the tooling. An alternative explanation for this difference in
trend for the 1300 °C forgings is that at the higher workpiece
temperature, a greater temperature measurement uncertainty
using the pyrometer leads to increased inaccuracies regarding

Fig. 12 Temperature distribution within the billets for the 1030 °C pre-heat, for (top) unlubricated, and (bottom) graphite disulphide grease lubricant.

Fig. 13 Upper and lower forging
interface surface, showing
thermal profile immediately after
forging, for the 1030 °C
unlubricated model
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the true temperature of the workpiece; thus, greater tempera-
ture differences exacerbated the deformation variability.

The molybdenum graphite grease displayed a far higher
deformation percentage at both 1030 °C and 1300 °C indicat-
ing it was far more effective in allowing the samples to plas-
tically flow. For both the synthetic and the graphite water-
based lubricants, deformation amounts decreased compared
to the initial experiments. Therefore, although it was believed
that applying additional lubricant would allow additional ma-
terial flow, this proved not to be the case. The reason for this
result was as the water-based lubricant was being applied to
the sample, it was inducing more rapid cooling than those
samples in the original test, therefore increasing the material’s
yield strength and reducing its plastic flow amount under the
same hammer blow impact.

To complete the study, an optimal lubricant condition is to
be proposed, for further use during the drop-forging manufac-
ture of this 708M40 steel. Given the negligible difference
between the two water-based lubricants and an unlubricated
condition at 1030 °C, and even worse material flow for the
water-based lubricants than for an unlubricated condition at
1300 °C — hypothesised to be due to vaporisation of the

water — the graphite-molybdenum grease gives the best lu-
bricating conditions at these hot forging temperatures.
However, the considerable process variance observed in the
measured deformation, the non-symmetric deformation on top
and bottom surfaces, and the operator time taken to apply the
grease significantly slowing down the process suggest that
even if this is a sensible lubricant for use and research, a
reliable application procedure is still required to be formally
established.

7 Conclusion

A series of experimental forging trials using 708M40 ring
specimens were performed, using different lubricant agents
at the tooling to workpiece interface. Additionally, a 2D axi-
symmetric finite element model was created, to simulate the
forging trials. Themodels systematically studied different fric-
tional coefficients at the interface, in order to allow for global
deformation and shape matching so to determine frictional
coefficients in experiment. The following conclusions are
drawn, which will help guide forging experts and

Fig. 14 Upper and lower forging
interface surface, showing
thermal profile immediately after
forging, for the 1030 °C graphite-
molybdenum grease model

Fig. 15 Normalised Cockroft and Latham damage distribution within the billets for the 1030 °C pre-heat, for (top) unlubricated, and for (bottom)
graphite disulphide grease lubricant
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manufacturing engineers toward an optimised drop-forging
process for the 708M40 steel.

& The workpiece soak temperature from the induction-
heating is the dominant factor in determining the
amount of workpiece plastic deformation during a
forging operation, with the hotter material deforming
substantially more. However, the repeatability of the
deformation was markedly worse at 1300 °C. This is
due to temperature control and monitoring limitations
of the induction heater.

& The use of the two water-based die lubricants at 1030 °C
does not appear to be effective in reducing friction at the
tool/billet interface, as indicated by the negligible varia-
tion in deformation for the samples using these lubricants,
compared to unlubricated conditions. In fact, at 1300 °C,
the use of water-based lubricants gives worse material
flow than the use of unlubricated ones, due to water
vaporisation and changing heat transfer characteristics.

& Applying more water-based lubricant throughout the forg-
ing operation does not necessarily lead to increased work-
piece deformation per each hammer blow, due to addition-
al cooling effects at the surface. Thus, of these two com-
peting mechanisms, the increase in flow stress at cooler
temperatures proves the dominant influence in preventing
deformation, despite a reduced friction coefficient.

& The use of graphite-molybdenum disulphide grease does
effectively reduce friction at the tool/billet interface as the
ring internal diameter grows from its original size. This
was the most effective lubrication method considered.
However, the frictional coefficient appears significantly
different on top and bottom dies, which is likely due to
insufficiently repeatable application methods.

& FE modelling has allowed for a validation of the frictional
coefficients at the tooling to billet interface. In an
unlubricated condition, a coefficient of 0.6–0.65, and for
the graphite-molybdenum disulphide paste, a value of
0.08 to 0.2 on the more lubricated bottom surface gives
well-matched shape.

& FE modelling has illustrated the complex relationship that
frictional coefficients at the workpiece interface have upon
the internal shear, arising heating and cooling, and plastic
deformation. Non-symmetric and non-uniform friction co-
efficients in the graphite-molybdenum grease forging
model give rise to highly localised regions of shear, which
has significant influence over all thermo-mechanical
fields.

& Tool wear is shown to occur relatively rapidly, demon-
strated by a significant increase in surface roughness Ra
values measured before and immediately following drop-
forging. Thus, effective lubricants suitable to the forging
temperature and materials should be sought to address this
issue.

Code availability The Deform v11.3 Software code was commercially
licenced.

Data availability FE modelling results are available.
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