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Abstract
A small series of ring compression tests were performed on BS970:708M40 alloy steel. The samples were tested using a 2-factor
temperature variable, and a 4-factor lubricant variable, as the design parameters. Two differing soak temperatures were used,
namely 1030 °C and 1300 °C respectively. The lubricants applied at the billet to tooling interface were synthetic water–based,
graphite water–based, graphite and molybdenum disulphide viscous grease, and finally, unlubricated samples were tested. The
ring compression tests were performed using a traditional drop forging hammer and induction heating to minimise any uninten-
tional process variability. The impact that the two varying process parameters have upon the compression sample was then
assessed by measuring each sample’s surface hardness and surface roughness prior to and post forging with fully calibrated
equipment. It was demonstrated that the higher soak temperature of 1300 °C yielded a lower surface hardness value and higher
surface roughness than the lower soak temperature, 1030 °C. The two water-based lubricants offered negligible change in results
compared with the unlubricated forging, strongly suggesting that the lubricants were evaporated off the surface prior to forging.
However, the results from the graphite–molybdenum disulphate grease do indicate in particular higher surface roughness than
other lubricants, and a non-symmetric distortion pattern.

Keyword Forging. Ring compression test. Lubricant. Surface hardness. Surface roughness. Deformation. Friction

1 Introduction

Closed die forging operations have been studied comprehen-
sively over many years, to better understand the material flow
and deformation in order to optimise processing routes. Doege
and Bohnsack [8] gave design rules applicable for different
tooling systems to manufacture a variety of components.
Douglas and Kuhlmann [9] further gave guidelines for preci-
sion hot forging applications, capable of matching tolerances
and accuracies of cold forging alternatives. The benefits of hot

forging are cost reduction by reducing material usage, reduc-
ing forging energy and eliminating certain post-forge process-
ing requirements.

In traditional drop forging operations, the surface proper-
ties of the billet, such as hardness and roughness, can be di-
rectly influenced by processing parameters, as shown by
Allam et al. [1]. These parameters dictate how a material de-
forms and ultimately the final surface properties observed
[21]. The processing conditions such as heat, lubrication and
tooling play a major role in this particular area, demonstrated
by Groche et al. [11]. However, although these surface prop-
erties can be controlled to an extent with post forge processes
such as heat treatment [4], it is still good practice to understand
what variation can occur to these properties dependent on
differing forging parameters.

Utsunomiya et al. [30] have reviewed how an oxide scale
film is generated on steel surfaces at elevated temperatures in
the presence of air. Because the scale is located at the interface
between tool and steel billet during hot working processes, it
crucially influences the hot working characteristics [22]. It is
known that the friction and heat transfer characteristics in the
hot working processes are affected by the presence of scale.
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Further experimental analysis and FEmodelling work on steel
during hot forging operations were undertaken by Matsumoto
et al. [23]. Here the steel employed was a chrome steel JIS
SCr420. Under particular conditions the presence of scale—
considered an undesirable consequence of hot forging—
actually has the effect of lubricating the interface and provid-
ing a low thermal conductivity barrier to reduce heat loss to
the tooling.

Jeong et al. [17] examines how forging dies can be proc-
essed to reduce friction, as the metal forming process is always
accompanied by heat generation. This heat, due to plastic
deformation and the friction of the component/tool interface,
results in a complex and changing temperature field. The pre-
diction of these temperature changes is important as they di-
rectly affect lubrication conditions. This material behaviour
during deformation can impact finished parts or the tools life.

Gronostajski et al. [12] discuss how lubrication is critical to
the lifetime of forging tools. In the standard operating proce-
dure during a semi-closed die forging process (upsetting, flat-
tening, etc.), tool lubrication is not utilised as the flow of the
material being deformed is uncomplicated. This is not the case
in typical die forging, during which the use of a lubricating
and cooling agent is required due to the need to minimize the
friction for the purpose of precise filling of the tool’s impres-
sion with the material, as well as insulating the tooling against
direct contact with the hot forged material. This coolant layer
reduces the heat-sink effect that the cool die has when
contacting the hot billet, thus reducing the intensity of the
tempering, oxidation and erosion processes.

Jahazi et al. [15] studied the influence of cooling rate during
hot forging conditions upon the tensile, charpy V-notch, impact
and hardness values for two V-Ti microalloyed steels. It was
found that by increasing the cooling rate both the strength and
toughness increase. This increase is understood to be caused by
the microstructure formed at such conditions, which is mainly
composed of non-ferrite transformation products.

The effect of both heating and cooling rates upon the
resulting microstructure, and subsequent mechanical proper-
ties of steels, has been considered within literature [24, 32].
Heating rates have been demonstrated to play a role in the
formation of particular phases including martensite, with
quicker heating rates tending to yield improved mechanical
properties [32].

For forged 30MSV6 grade steel, the cooling rate was con-
sidered and it was shown that at slower cooling rates of 3 °C/s
acicular ferrite forms which improves strength and ductility.
Whilst at faster rates of 15 °C/s, bainite tends to form which
also increases strength, but has a significant decrease in duc-
tility [24].

Linaza et al. [19] has shown that throughmanipulation of the
final formed microstructure, primarily via thermomechanical
processing at specific rates, mechanical properties including
toughness and hardness can be adapted as required.

The impact that the strain rate induced into the workpiece
through the forging operation can have upon the mechanical
properties of 304L stainless steel was considered by [27]. For
lower strain rate processing, less strengthening occurs, due to
the longer processing time. An increase in the strain rate re-
duces the hardness variation for a given part. The yield
strength of 304L forged at higher strain rates is less sensitive
to temperature variations.

Lastly, modelling techniques such as finite element model-
ling (FE) have been applied to predict certain outcomes of
steel hot forging processes, including the microstructure evo-
lution including recrystallization [16], a prediction of the uni-
formity of the temperature distribution within the workpiece
after forging [7], and a prediction of the quench-induced dis-
tortions within large steel forgings using 3D FE software [3].

The steel alloy 708M40 has a composition as given in
Table 1. The sulphur and phosphorus content are undesirable
impurities; however, the quantities of this controlled manufac-
ture only offer slight embrittlement [29]. 708M40 is a reason-
ably widely used alloy, typically across the automotive indus-
tries, in components ranging from shafts to gears [26]. It offers
reliable high tensile strength in the components it is used to
manufacture. It is a hypoeutectoid steel, as it has a carbon
composition of lower than 0.76 wt%.

When it is cooled at relatively slow cooling rates, such as
air-cooling, it has a microstructure containing proeutectoid
ferrite, formed at higher temperatures as the part cools [2],
and pearlite, which is formed of interlaying laths of eutectoid
ferrite with cementite, which forms at lower temperature dur-
ing the cooling [2]. The resulting mechanical properties of the
formed material, prior to any deformation or forging opera-
tions, are dependent upon the heat treatment condition of the
alloy, however in its T condition, has a typical Brinell
Hardness range of between 248 and 302 [13].

Thus, the intention of this work is to experimentally mea-
sure the impact that the variation of two process parameters,
namely the billet temperature and the lubricant used at the
tooling to billet interface, has on the surface hardness and
su r f ace roughnes s p rope r t i e s o f t he a s - fo rged
BS970:708M40 alloy steel.

2 Experimental work

A series of ring compression tests were performed according
to a full-factorial DOE matrix of a 2-factor test. The 1st

Table 1 Chemical composition range of 708M40 steel

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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variable input was the forging temperature, a 2-level factor
(1030 °C, 1300 °C), and the 2nd input was lubricant material,
a 4-level factor (unlubricated, synthetic water–based, graphite
water–based, graphite molybdenum grease), yielding 8 exper-
imental conditions. Thirty-six samples were machined in total,
allowing for multiple repeat ring compression tests to be per-
formed on samples in the eight differing conditions. The ma-
terial used for the experiment was BS970:708M40 in ‘T’ con-
dition (Bright Bar), as per table 7 within the British Standard
PD 970:2005 [25]. This material was supplied in Ø65 mm
bright drawn round bar and was then sewn to individual
lengths of 23mm. It was then machined on a Feeler FTC 20
New Computer Numerically Controlled (CNC) lathe to fin-
ishedmachine sizes as shown in Fig. 1. The samples were then
engraved to ensure full traceability was maintained through-
out the experiment. Each engraving code is detailed in
Table 2.

An induction heating loop was used to ensure that for each
forging temperature condition, a repeatable temperature was
achieved for each sample prior to the forging operation, and a
Cyclops L Portable pyrometer (Model C100L) was used to
record the sample temperature immediately after heating, to
verify that the induction heater had correctly heated the spec-
imens. Figure 2a displays the induction equipment, and Fig.
2b the pyrometer. Repeatability and accuracy of well-
maintained induction heaters are reported by Larrabee [18]
to be good, and the addition of a surface measurement reading
from the pyrometer allows further assurance that any internal
non-uniformity would be indicated by surface non-
uniformities.

For the 1st test temperature, 1030 °C, the induction heating
unit was set to deliver a constant 5.4 kW of power over a
duration of 65 s, yielding approximately 350 kJ of energy.
The 2nd test temperature, 1300 °C, had the induction heating
unit set to deliver a constant 5.5 kW of power over a duration
of 75 s, yielding 413 kJ of energy.

The drop forging hammer (Fig. 2d) used for the ring com-
pression tests was aMassey 2.2MSC drop hammer, owned by
W.H. Tildesley Ltd of Willenhall. The hammer operates by
allowing a tup weighing 1150 kg to fall under gravitational

acceleration from a pre-defined height dependent on varying
die thicknesses. In this case, the total drop height when taking
into account the top and bottom die was 1.65 m (bottom die
fixed into the hammers bolster/anvil is shown in Fig. 2c).
Additionally 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 systemwas calibrated to deliver 2200 kgm
falling under gravitational acceleration, giving a blow energy
of E = mg h = 21.5 kJ.

The flat die was measured for its temperature uniformity
and to ensure it was above the required 100 °C. This would
allow for the water in the water-based lubricants to evaporate
off, leaving the layer of either synthetic or graphite lubricant to
be present during the forging. Again this was performed with
a pyrometer. Each specimen was then loaded onto the flat die
using the same manual operator, who used a consistent travel
speed and time to move the sample from induction heater to
forging die. Figure 2e shows the heated sample in place being
sprayed with lubricant. The specimen was then subjected to
one single forging blow.

Both of the water-based lubricants were mixed to a ratio of
one-part lubricant to five parts water as per the relevant tech-
nical data sheet. The density of each lubricant mix was also
measured with a hydrometer to ensure that a like-for-like com-
parison between the synthetic and graphite in water lubricants
was achieved. The graphite and molybdenum disulphide lu-
bricant was in the form of a grease; therefore, it was challeng-
ing to apply an even amount to the die. A small quantity of the
grease, representative of a sensible coating as used in com-
mercial drop-forging activities, was brushed onto the bottom
and top die just to ascertain its effectiveness compared with
the water-based lubricants. The heated sample ignited upon
contact with this lubricant (see Fig. 2f). The complete layout
of the experiment is shown in Fig. 3.

Surface roughness and hardness tests were then performed
using a Mitutoyo Surface Finish – Surftest 211 Roughness
Tester and Proceq Equotip R3 Surface hardness tester respec-
tively. They were both calibrated by an independent test house
to ensure results obtained were accurate. Each sample’s sur-
face hardness and roughness result was recorded onto specific

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

Sample 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
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dimensional reports in preparation for analytical work to take
place. Each measurement was made on a clean inspection
station, and samples were measured in a repeatable manner
to ensure accuracy and fairness of comparison.

3 Theory

As discussed earlier, the method of heating used, and impor-
tantly the rate of heating and cooling of the workpiece, can
have a significant role in the final mechanical properties of the
part. As such, it becomes of interest to understand the thermal
energy imparted, and the time taken, to generate understand-
ing of the heating rate involved within the induction heating
operation carried out within this work. This level of process
understanding also eliminates the dependence upon operator

experience and any operator-related errors that may lead to
unrepeatable process conditions.

In order to prove why the 5.4-kW thermal power for 65 s
yielded a sample heated to a uniform 1030 °C, and similarly
why the 5.5-kW thermal power heated for 75 s yielded a
sample heated to a uniform 1300 °C, one must consider the
fundamental material properties. The thermal energy equation
allows us to calculate the thermal energy required to heat a
known mass of material by a specific temperature, and this is
shown in Eq. 1.

Q1;2 ¼ mcpΔT ð1Þ

where Q1,2 is the thermal energy required to heat from refer-
ence temperature 1 to temperature 2, m is mass, cp is specific
heat (often temperature-dependent function) and ΔT is the
temperature rise. The mass of the cylinder can be found from

Fig. 1 Ring compression sample
sizes

Fig. 2 a Induction heating unit and heated sample. b Pyrometer. c Flat die. dDrop forgingmachine. eWater-based lubricant being sprayed on to sample.
f Steel sample igniting upon contact with graphite molybdenum disulphide grease
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the difference in volume between two circular rings. This
yields a ring sample mass of ~ 0.44 kg.

From the literature [11] a temperature-dependent function
for cp for carbon steels was obtained, given in Eq. 2.

cp ¼ 425þ 7:73� 10−1T
� �

− 1:69� 10−3T 2
� �þ 2:22� 10−6T3

� �
for 20°C < T < 600°C

cp ¼ 666þ 13002

738−T
for 600°C < T < 735°C

cp ¼ 545þ 17820

T−731
cp ¼ 650

for 735°C < T < 900°C
for T > 900°C

ð2Þ

These functions yield a temperature-dependent specific
heat relationship as shown in Fig. 4. Note the broad peak at
approximately 700 to 760 °C, which is the classical latent heat
effect caused by solid state transformations.

One can then mathematically derive the total thermal ener-
gy to heat from room temperature to either 1030 °C or 1300
°C for the steel, with the temperature-dependent specific heat
term, which can be expressed as the integral of Eq. 1:

QTOT ¼ m∫soak20 cp Tð Þ:dT ð3Þ

which, once taking into consideration the different partitions
of the function for specific heat, can be fully expressed as

QTOT ¼ m ∫60020 425þ 0:773T− 1:69� 10−3T2
� �þ 2:22� 10−6T3

� �� �
:dT þ ∫735600 666þ 13002

738−T

� �
:dT þ ∫900735 545þ 17820

T−731

� �
:dT þ ∫soak900 650:dT

� �
ð4Þ

which yields a solution as given in Eq. 5.

QTOT ¼ m 425T þ 0:387T2− 0:563� 10−3T3
� �þ 0:555� 10−6T4

� �� 	600
20

þ 666T−13002lnf738−Tg½ �735600 þ 545T þ 17820lnfT−731g½ �900735 þ 650T½ �soak900


 �
ð5Þ

again where T is the temperature and soak is the upper soak
temperature, either 1030 °C or 1300 °C. The various partitions
of the expression can be integrated to produce (i) a quartic
function, (ii) and (iii) linear term and natural logs and (iv) a
linear term for the four partitions respectively. Upon applying
these functions at the relevant partition temperatures, and
using the ring mass as calculated previously, then this first-
principle methodology yields approximately 317 kJ of energy
to heat the 1030 °C sample and approximately 394 kJ to heat
the 1300 °C sample. If these values are compared with the

those used in practice (350 kJ and 413 kJ respectively), then
an excellent agreement is found for the 1300 °C sample, and a
small error of ~ 33 kJ for the 1030 °C sample, likely caused by
either small variation in the true specific heat function of this
particular steel alloy or thermal inefficiency within the system.
Lastly, given the constant power applied by the induction
heating unit, one can assume that the energy is also constant.
Thus, it is now possible to predict the experimental heating
rate of the two samples accordingly (see Fig. 5). Both condi-
tions produce similar heating rates, suggesting that this is not

Fig. 3 Plan view of the equipment layout (not to scale)

Fig. 4 Specific heat function for steels as taken from the literature [10]
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playing an important role in any observed mechanical proper-
ty difference. Note that a slight slowing of heating rate is
observed as the sample passes through the ~ 700 to 750 °C
regime, due to the latent heat effect.

4 Results and discussion

4.1 General appearance

Once forged, each of the unlubricated, synthetic water–based
and graphite water–based samples displayed a similar, evenly
deformed profile. This is hypothesised to be due to the two
water-based lubricants breaking down prior to the hammer
blow being delivered. This conforms with work in the litera-
ture by Wan et al. [31], where an assessment of graphite only
being effective up to temperatures of around 300 °C and syn-
thetic to even lower temperature (Wan et al. [31]). The heated
billet in this forging experiment would have been significantly
higher than 300 °C when the lubricant was applied. Thus, it is
believed that all water-based lubricant samples were,

unknowingly at the time of forging, in the unlubricated con-
dition (see Fig. 6a).

The sample which was forged using graphite and mo-
lybdenum disulphide viscous grease displayed a signifi-
cantly different deformation pattern. The top of the sam-
ple had a distinctly more rounded edge at the top and a
sharp edge at the bottom (see Fig. 6b). Although there
were no visible difference in surface hardness, it is
thought that the bottom die, upon which the sample was
placed for a few seconds before the hammer blow was
struck, could have been acting as a heat sink on the sam-
ple, therefore delivering a non-symmetric temperature
field across the part and thus facilitating differing
amounts of plastic deformation. However, this effect
would in theory have been observed on the other forged
rings with different lubricants as well, unless the graphite
molybdenum disulphide grease acted as a thermal conduc-
tor. Another factor that may support the non-symmetric
deformation is non-uniformity in grease lubricant applica-
tion. Whilst every effort was made to apply a uniform
coating of grease upon top and bottom dies, any temper-
ature dependence of the grease’s lubrication effect may
play a role, due to the grease’s contact with the heated
dies.

Although nominally at the same temperature at the com-
mencement of the experiment, if the top and base dies are
cooling at fractionally different rates, due to external factors
such as air circulation currents from open doors, or through
elevated atmospheric temperatures at the additional 1.65 m
height that the top die is held, so the grease may impart a
different viscosity and different lubricant effect at the inter-
face. Another possible explanation is that the grease lubricant
brushed to the bottom die may have adhered better than the
top die allowing more flow to occur at the bottom of the
sample.

Visual differences were also apparent when comparing the
surface condition of the top and bottom of each sample. The
bottom of the samples displayed higher amounts of surface
oxidation than the top. This is thought to have occurred be-
cause as the sample was sat on the die the scale was unable to

Fig. 5 Theoretically derived heating rates for the two samples

Fig. 6 Profile of deformed
samples after forging using a
unlubricated and b graphite-
molybdenum disulphide
lubricants
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flake off and disconnect from the sample. Then, once forged,
the scale embedded back into the part. During normal process-
ing conditions air blasts would minimise this issue and dis-
perse the scale; however, they were not switched on during
this experiment to give the applied lubricant the best possible
chance of forming a lubricating film. The operators were con-
cerned that the air blasts could reduce the adherence of the
lubricant.

Samples at the 1300 °C test temperature displayed higher
amounts of oxidation due to the sample being heated to a
higher temperature and for a longer duration during the induc-
tion heating method, being conducted with the sample in stan-
dard atmospheric conditions. The increased propensity for
oxidation at elevated temperate has allowed for easier diffu-
sion of the oxygen in the atmosphere to take place on the
samples surface and significantly more oxide scale to form.
Figure 7 displays these visual differences.

4.2 Microstructure

The microstructure present close to the surface, for a 708M40
steel sample heated by induction methods to 1030 °C, a sam-
ple heated to 1300 °C and an unheated sample, was analysed
using a JEOL 7000F scanning electron microscope (SEM).
Samples were sectioned perpendicular to the upper surface,
and a repeatable location 1.5 mm down from the upper surface
was used. The resulting images are given in Fig. 8. The growth
of the grains caused by the heating operation within the two
heated samples is evident, when compared with the unheated
sample.

There are a number of competing microstructural evolution
mechanisms which influence the mechanical properties. The
longer a sample is heated, and the higher the temperature, the
bigger the grains can grow [5]. Thus, the microstructures have
a lower volume fraction of grain boundaries, which provide
strengthening mechanisms to the microstructure. However, as
the material heats, it also experiences certain chemical ele-
ments precipitating out to form clusters of element-rich pin-
ning sites. The deformation of the grain under impact from the
forge hammer can also strain the material, causing strain-
hardening within the grain, through complex dislocation in-
teractions [6].

4.3 Surface hardness

Surface hardness tests were performed to establish any differ-
ences regarding the top and bottom surfaces of each sample,
hardness pre and post forging at the two test temperatures
(1030 °C and 1300 °C) and any variation in hardness between
these samples. The significant effects that heat treatments can
have upon hardness have been considered in the literature
previously by Ismail et al. [14]. The results are presented in
Tables 3 and 4. To assess repeatability for the surface hard-
ness, values were taken at 5 equally spaced azimuthal loca-
tions around the flattened ring, all at the same radial value.
Experimental variations are represented by standard deviation
bars on resulting graphs in Fig. 9.

The average hardness for the as-forged samples conducted
at 1030 °C compared with the pre-forged measurements do
show a slight increase (see Fig. 9a). It is understood that there
are two competing metallurgical phenomena occurring within
the material, to generate these surface hardness values. The
first driving mechanism for evolution of the hardness is the
grain growth occurring in these samples, which has a direct
impact on surface properties such as hardness. The coarser the
grains are allowed to become, the lower the component hard-
ness would be, and conversely the finer the grains the greater
the component hardness would be.

Therefore, as the sample was heated it would soften.
However, the second driving mechanism impacting the grain
size is caused by the deformation due to forging. As the ring
component was forged, the considerable deformation which
took place compressed and refined the grains causing the sam-
ple to work-harden. These two conflicting phenomena can-
celled each other out to the most extent with only a small
residual decrease from the pre-forged sample hardness evident
at the 1300 °C samples where the grain growth softening
marginally dominates, and a small residual increase in surface
hardness for the 1030 °C samples where the work-hardening
marginally dominates.

By comparing the post-forging results for the 1030 °C and
the 1300 °C samples, a significant difference in hardness is
evident. This occurs as the 1300 °C heated ring sample allows
for considerably greater grain growth phenomena to occur,
compared with the 1030 °C sample. This in turn results in
coarser grains leading to a lower hardness. As discussed

Fig. 7 Visual difference
regarding oxide scale on a upper
and b lower surfaces of a
graphite-molybdenum disulphide
forging
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previously, it is believed that the two water-based lubricants
evaporated before the forging occurred, so there was no real
differences observed in terms of the unlubricated and the
water-based lubricants used.

Due to the highly non-uniform deformation characteristic
for the graphite–molybdenum disulphide grease samples, sur-
face hardness tests were performed at locations on both the top
and bottom surfaces of all these samples, in order to establish
if there were any significant differences in hardness measure-
ments. As before, these measurements were taken at the same
radial distance away from the edge of the flattened ring spec-
imens and were equally spaced through the azimuthal angular
co-ordinate, at approximately 72 °C. Figure 9b displays the
resulting hardness values.

It becomes evident from the results that at both tem-
peratures for this lubricant, the post-forged samples had a
slightly lower surface hardness value than before forging.
Thus, it is assumed that the grain coarsening mechanism
caused by the initial induction heating process is domi-
nating the grain size competing mechanisms. The soak
temperature has a much weaker effect than for the
unlubricated and water-based lubricant experiments, with
the mean upper and lower surface hardness values only
reduced by ~ 1.5 to 5 HB, compared with the ~ 25 to 30
HB reduction experienced for the other lubricants. This

may suggest at an improved thermal insulation property
of the graphite molybdenum disulphide grease as an un-
expected side effect.

4.4 Surface roughness

Surface roughness (Ra 0.8) tests were performed to es-
tablish any differences within the samples, regarding
their (i) surface roughness pre-forging and post forging
for samples as a function of the soak temperature used
and (ii) surface roughness pre-forging and post forging
for samples as a function of their lubricant agent. These
are summarised in Table 5. Figure 10 illustrates the mean
surface roughness results taken from the series of forging
samples. It is evident that a significant increase in sur-
face roughness is observed between the pre-forged and
all post-forged samples. The deformation and shear
mechanisms present within a bulk forging operation due
to contact with tooling are the primary mechanism for
increasing surface roughness.

Considering the samples forged at 1030 °C, for each lubri-
cant a significant increase in surface roughness was measured.
This is due to the surface layers of the samples oxidising, thus
resulting in the increased surface roughness. This trend agrees
with the findings of Markov et al. [20] for a different forging

Fig. 8 Microstructure of 708M40
steel close to the surface, in a
sample before Induction heating,
b sample heated to 1030 °C and c
sample heated to 1300 °C [28]

Table 3 Results of surface hardness measurements, pre- and post-forging, for all 5 repeats, for the unlubricated, synthetic water-based and graphite
water based lubricants, at 1030 °C and 1300 °C

_1 _2 _3 _4 _5

Temperature
(°C)

Lubricant HB (pre-
forge)

HB (post-
forge)

HB (pre-
forge)

HB (post-
forge)

HB (pre-
forge)

HB (post-
forge)

HB (pre-
forge)

HB (post-
forge)

HB (pre-
forge)

HB (post-
forge)

1030 Un-lubricated 257 245 254 267 250 274 248 268 250 264

1030 Synthetic
water–base

255 268 265 274 261 257 256 251 249 251

1030 Graphite
water–based

262 271 260 260 261 272 257 273 243 284

1300 Un-lubricated 253 206 248 236 245 210 252 235 251 249

1300 Synthetic
water–based

249 235 243 226 257 237 262 245 245 235

1300 Graphite
water–based

264 243 245 237 240 235 261 241 244 223
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operation. The increase in surface roughness measurements
for samples using all lubricants was even more pronounced
for the 1300 °C soak temperature samples; for example, the

unlubricated samples increased from a pre-forging roughness
value of 0.5 μm, to 1.5 μm for the 1030 °C soak, to 2.0 μm for
the 1300 °C soak temperature.

Table 4 Results of surface hardness measurements, pre-forging, and post forging top and bottom surfaces, for all 3 repeats, for the graphite
molybdenum disulphide grease, at 1030 °C and 1300 °C

_1 _2 _3

Temperature
(°C)

Lubricant HB (pre-
forge)

HB Top
(post-forge)

HB Btm
(post-forge)

HB (pre-
forge)

HB Top
(post-forge)

HB Btm
(post-forge)

HB (pre-
forge)

HB Top
(post-forge)

HB Btm
(post-forge)

1030 Graphite–molyb.
grease

245 230.8 253.6 245 258.2 228.8 245 227 232.2

1300 Graphite–molyb.
grease

251 230 232.8 251 237.6 225.6 245 214 232.6

Fig. 9 (a) Mean pre-forge and
post-forging surface hardness
measurements, within each ex-
perimental group, for the
unlubricated, synthetic water-
base and graphite water-base ex-
periments, at both 1030 °C and
1300 °C. (b) Mean pre-forge,
post-forging top surface and post-
forging bottom surface hardness
measurements, for the graphite–
molybdenum disulphide grease
samples, at both 1030 °C and
1300 °C
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As for the surface hardness results, there are only very
small variations in the data for unlubricated, synthetic
water–based and graphite water–based lubricants. With no
clear trend evident, it again points to the conclusion that the
two water-based lubricants were evaporated off the sample
prior to forging. However, the graphite–molybdenum di-
sulphide grease sample illustrates a significantly higher in-
crease in the post-forged surface roughness values, at both
soak temperatures This suggests that the greater the deforma-
tion within the sample, facilitated by a lower frictional value at
the tooling to billet interface, the greater the increase in surface
roughness.

5 Conclusion

A series of compression tests were performed on
BS970:708M40 steel ring specimens measuring 32.5 mm
ID, 65 mm OD and 20 mm in height. The resulting com-
pressed samples were analysed for surface hardness and sur-
face roughness properties. The following conclusions are
drawn from this study.

& Oxide scaling is more prevalent on the surface of forging
induction heated to higher temperature. This is due to the
increased oxygen diffusion of steels when at elevated

Table 5 Results of surface roughness measurements, pre- and post-forging, for all repeats, for the unlubricated, synthetic water-based and graphite
water based, and graphite molybdenum disulphide grease lubricants, at 1030 °C and 1300 °C.

_1 _2 _3 _4 _5

Temperature
(°C)

Lubricant Ra0.8
(pre-
forge)

Ra0.8
(post-
forge)

Ra0.8
(pre-
forge)

Ra0.8
(post-
forge)

Ra0.8
(pre-
forge)

Ra0.8
(post-
forge)

Ra0.8
(pre-
forge)

Ra0.8
(post-
forge)

Ra0.8
(pre-
forge)

Ra0.8
(post-
forge)

1030 Un-lubricated 0.32 1.64 0.65 1.33 0.68 0.88 0.45 1.49 0.48 1.36

1030 Synthetic
water-base

0.56 2.34 0.47 2.42 0.66 1.45 0.75 1.71 0.32 1.35

1030 Graphite
water-base

0.88 1.61 0.44 1.06 0.36 1.34 0.3 0.9 0.44 1.59

1030 Molybdenum
disulphide.
grease

0.56 3.38 0.44 3.31 0.47 2.85 N/A N/A N/A N/A

1300 Un-lubricated 0.68 1.23 0.64 1.13 0.78 2.21 0.54 3.6 0.47 1.74

1300 Synthetic
water-base

0.45 1.21 0.53 2.5 0.36 3.1 0.7 4.04 0.75 2..29

1300 Graphite
water-base

0.64 2.49 0.74 2.22 0.4 2.23 0.39 3.46 0.46 1.79

1300 Molybdenum
disulphide.
grease

0.45 4.67 0.43 3.96 0.44 4.31 N/A N/A N/A N/A

Fig. 10 Mean pre-forge and post-
forging roughness measurements,
for the unlubricated, synthetic
water-base, graphite water-base
and molybdenum disulphide ex-
periments, at both 1030 °C and
1300 °C
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temperature. Scale also had a tendency to form in greater
quantity on the bottom surface. This may be due to the
significantly longer contact time with the bottom-die base
than the top die.

& The drop forging operation, which induces significant
strain within the workpiece, can cause strain hardening
effects within the steel, through dislocation interactions.

& Surface hardness decreases with increasing temperature
and longer soak time. This metallurgical phenomenon oc-
curs because the short tempering heat treatment operation
which the induction heating can be considered as, allows
for dissolution of precipitates in the microstructure. Whilst
the 1030 °C induction heating has allowed for the classical
precipitation hardening at the surface, the additional
heating to 1300 °C has led to excessive precipitate disso-
lution which results in reduced hardness.

& Surface roughness of a machined specimen increases
through bulk forming operations, due to the frictional con-
tact with heavy tooling, and due to large deformation
mechanisms acting upon the billet. At higher temperatures
the increase in the surface roughness is exacerbated.

& Water-based lubricants appear to be relatively ineffective
as forging lubricant agents when used in high-temperature
applications when there is a delay between lubricant ap-
plication and forging blow. This is because the dwell time
of the lubricant resting upon the 100°C flat die and ham-
mer after spraying evaporates the water base.

6 Recommendations

& As water-based lubricants have shown to break down
when in contact with high temperature billets it is critical
to establish timescales of which forging needs to occur in
relation to the lubricant being applied.

& Extending out the temperatures under investigation to
cover a wider range of forging temperatures, and with
smaller steps, would further populate the scientific under-
standing on the impact that forging temperature plays on
property.

& Dependant on sample chemical composition frictional
values could be radically different. Low carbon material
will not oxide scale asmuch as those materials that contain
higher amounts of carbon. This is due to carbon having a
high affinity for oxygen. This lower displayed oxide scal-
ing could produce differing deformation amounts. Testing
could be performed using different materials to gauge a
good working practice guide to aide forging operatives.

& In the same way the sample surface roughness could affect
the tribological nature of the process, the tool surface
roughness could also impact as highly. Tests could be

performed to establish the impacts surface roughness of
tooling has on tribology in forging.

& As it is expected that the lubricant vaporises at the sample
heated surface, perhaps SEM-EDS could be performed on
samples where lubricant was applied to the sample with it
then being deformed. This could lock in place some of the
additional carbon atoms into the sample’s substrate
allowing the SEM-EDS to identify the additional carbon.
This is a thought that could easily be concluded with ad-
ditional testing performed on the already forged samples.
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