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Abstract
The present work investigates the lubricant capabilities at room and hot-forging temperatures (>1400 K) of three types of
lubricants with two different graphite concentrations (8% and 12%). These lubricants are distinguished by measuring the
percentage of chemical elements and average size of graphite particles. Later, two standardized methods, i.e., pin-on disc and
ring test, are utilized to assess the main friction differences under laboratory and real industry conditions, respectively. The results
exhibit that the friction values at room temperature are lower for lubricant B, no matter which type of graphite concentration is
used, whereas at hot-forging temperatures, greater percentage of graphite enhances lower frictional values when higher defor-
mations are assessed. Additionally, the ring tests performed at hot-forging temperatures show significant tribology differences
when the degree of deformation reaches 50%. Particularly, the lubricant B shows the lowest values of friction coefficients of 0.22
and 0.21 for 8% and 12% of graphite concentration, respectively. Therefore, it can be concluded that the selection of a proper type
of lubricant (regarding chemical composition and size of solid suspension) and the graphite concentration are sensitive param-
eters, when it comes to achieve different bulk deformations combined with extreme temperatures like in hot-forging process.

Keywords Graphitic lubricant . Extreme temperatures . Friction coefficients . Ring test . Hot-forging

1 Introduction

Lubricant properties such as viscosity, stability, and lubricity
are temperature dependent, which are closely related to fric-
tion, durability, and efficiency. Two techniques are commonly
used to assess the lubricant properties, i.e., the pin-on disc to
determine the friction coefficients and wear rate and the ring
test to analyze the behavior of lubricants used in plastic
forming processes [1]. The ring test can be performed at

different temperatures which allows studying the lubricant
behavior in real industry scenarios such as cold, warm, and
hot forging. The tribological analysis of lubricants with the
aforementioned tests is widely investigated to determine the
friction coefficients, where several aspects provide particular
relevance: the influence of operational parameters, environ-
mental conditions (temperature, pressure, chemical compo-
nents...), and type of materials combined with the geometrical
configurations of interfaces to interact.
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At first, the influence of operational parameters can be
observed in a large number of experimental studies, for in-
stance, the relationship between the deformation rate and the
degree of barreling was observed while studying the friction
behavior. Accordingly, four types of curves were found which
strictly depend on the two mentioned parameters [2]. Similar
results were found by Camacho et al. [3] who also introduced
the influence of different metallic alloys. González et al. [4]
predicted the material texture removal of different metallic
alloys based on the previous milling surface characteristics.
The wear coefficient took into account the influence of speed
on the abrasive material, the applied force, type of material,
and the size of abrasive grains to describe the abrasive mech-
anism. As a result, they exhibited linear trend between the
sizes of abrasive grain for each metallic alloy. Additionally,
the speed of application of the load was studied to compare
incremental forces (hammer upsetting) or continuous forces
(mechanical press upsetting) [5]. Experimental and numerical
approximations were found in the case of metal forming under
heavy regimes for low compression (< 20%) scenarios.
Consequently, Camacho et al. [6] reported the possibility of
considering a single friction coefficient. The friction results
will vary due to the compression values, where an average
value should be considered to estimate the friction coefficient
from the steps of different forces. Furthermore, the surface
roughness between the interfaces is a sensitive parameter to
take into account. Some experiments performed with the ring
test showed that the rings with texture of higher surface rough-
ness bring higher friction values [7]. Moreover, the same ex-
periments were performed in aluminum AA6061 T6 by com-
bining two types of lubricants, three forge temperatures, three
deformation speeds, and three degrees of deformation. As a
result, it was observed that one of the lubricants displayed a
constant response independent of the conditions, as described
by Oliveira et al. [8]. Therefore, the type of lubricant is crucial
to reduce the friction coefficient during hot-forging
temperatures.

On the other hand, the type of material and the geometrical
configurations of the interfaces to interact have been well in-
vestigated to assess the friction for each case. Hence, the fric-
tion tests have been carried out in modern materials, such as
Ti6Al4V alloy [9], micro-alloyed steel with half carbon [10],
and Nimonic 115 [11]. Regarding the geometrical design, the
dispersions of the coefficient of friction were commonly
found during the ring test which derive from the irregular
shape of the inner diameter of the deformed ring. Hu et al.
[12, 13] proposed to add a thin wing at half of its thickness to
measure the material’s deformation. This element is not in
contact with the plates, and subsequently, a lower geometrical
distortion degree is expected. However, although the round-
ness of diameter of the wing was maintained, all the samples
tested showed different degrees of warping, which complicate
the measurements. The same experiments were conducted by

changing the design of the wing to overcome the aforemen-
tioned difficulties. Later, Sánchez et al. [14] proposed an easy
and affordable methodology to estimate the forging capacity
of a mechanical press. The numerical simulation was used to
calculate the bulk deformation of metallic alloy in a single
stroke, which can help to investigate the efficiency of the
lubricants at different compression values.

Moreover, the environmental conditions at the contact sur-
faces will have a relevant importance in the tribology analysis.
So, the oxide film resulting from hot forging should be con-
sidered in the friction scenarios, as well as the surface rough-
ness and the contact areas. Cristino et al. [15, 16] found that
the oxidation increased the friction by 30%, whereas the fric-
tion curve versus the surface roughness exhibited a sigmoidal
adjustment. Moreover, Matsumoto at al [17] did not find any
friction enhancement when the oxide layer formed due to
water vapor in the interface of chromium steels. Despite the
layer is being porous and has low thermal conductivity, these
characteristics did not contribute to reduce friction.
Temperature is another important parameter to take into ac-
count in relation to the friction coefficients. Zhu et al. [18]
analyzed the friction curves and the variation of internal di-
ameters of the tested rings which depend on the heat transfer
coefficient. A review about the tribological effects in metal
forming at elevated temperature defined four aspects to take
into account the interaction between tool and specimen: oxi-
dation, coating, lubricant, and tribometers [19]. Considering
the lubricant effects in tribology, Li et al. [20] described the
tribological effects of graphitic lubricants on Ti6Al4V alloy
for temperature above 1000 K. They found that the graphitic
lubricants reduced the friction coefficient during the ring test,
although the friction coefficient was strictly dependent of the
temperature. At higher temperatures, the lubricant became less
effective since greater friction coefficient values were
witnessed. Additionally, Asai et al. [21, 22] evaluated the be-
havior of several types of lubricants by using thermogravimet-
ric techniques. They found that non-graphite lubricants evap-
orated completely before reaching 700 K, while the graphi-
tized lubricants could achieve temperatures within the range
of 1000 to 1500 K and the 40% amount of the lubricant
remained active in view of the tested configuration at room
temperature.

Following the aforementioned research topics, the present
work focuses on studying the friction behavior of three differ-
ent graphitic lubricants with two concentrations of graphite
(8% and 12%) for room and 1400 K temperatures. Initially,
the three lubricants are characterized to define their chemical
composition and the size of graphite embedded in the matrix.
Then, the pin-on disc and ring test are carried out to determine
the friction coefficients depending on the type of lubricant,
graphitic concentration, bulk deformation, and temperature.
Therefore, the proper lubricant characteristics and operational
forming parameters can be recommended to perform an
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efficient hot-forging process, where extreme temperatures
complicated the use of other types of lubricants.

2 Methodology

The methodology of this work is divided into three subsec-
tions: characteristics of lubricants, pin-on disc test at room
temperature, and ring test at hot-forging temperatures.
Consequently, along these subsections, the protocols, devices,
and facilities utilized to investigate the lubricant efficiency at
different temperatures and bulk deformations are explained.

2.1 Characteristics of lubricants

Three different lubricants were used in the present work: lu-
bricant A, lubricant B, and lubricant C with two different
graphite concentrations, i.e., 8% and 12%, which are the
graphite concentrations used by CRAMFSA in the small-
and medium-sized forging components, respectively. The
three lubricants had 22% of solid suspension in water as a
dilute and the density about 1.10 and 1.20 g/cm3. In order to
characterize and describe the main differences amongst the
three lubricants, a scanning electron microscope (FEI model:
QUANTA 250 FEG) was utilized to measure the particle size
embedded in the matrix for each lubricant. Additionally, a
scanning electron microscope (model: Philips SEM 505)
equipped with the energy-dispersive x-ray spectroscopy mod-
ule (UTW-Sapphire, model: PV7760/79ME) was deployed to
study the chemical composition of the three graphite-based
lubricants. In particular, a standardless quantification analysis
was considered for the quantitative results of x-ray spectra.

2.2 Pin-on disc test at room temperature

The pin-on disc tests were carried out with an in-house ma-
chine at the INTI-Mechanics Center in Argentina. The proce-
dure to do the pin-on disc was the following: firstly, the 20 tips
of the pins made of SAE 1045 carbon steel (with a Φ 6 mm
stem and spherical tip of Φ 4 mm in both ends) were polished
with abrasive papers of grain sizes 100, 600, and 1000. At the
same time, 20 discs of SAE H13 tool steel (external diameter
of Φ 63 mm, internal diameter of Φ 19 mm, and thickness of
6 mm) were grinded by a tangential grinding machine (the
same one used in Sánchez et al. [23]) with a grinding wheel
(model: A46H10V). The force during the pin-on disc test was
recorded with a data logger (Vernier model LabQuest) and a
load range of 50 N. The surface roughness of the specimens
was measured with a portable profilometer (model: Taylor
Hobson Surtronic 3+). Table 1 shows the average surface
roughness of the specimens used in the pin-on discs’ experi-
ments, where the cutoff and the evaluation length were set in
0.8 mm and 4 mm, respectively.

Later, the disc and the pins were allocated in the pin-on
discs’ machine to perform the experiment. Subsequently, the
graphite-based lubricant was added on the disc and verified
the proper dispersion of the lubricant all over the specimen
before running the test. The applied load of the tip on the disc
was set at 6.5 N; the tangential velocity was 0.2 m/s at the
contact area of the tip and disc. The ring test took 20 min and
the friction values were found to be stable after 10 min.
Finally, these experiments were repeated 36 times with the
combination of three types of graphitic lubricants, two graph-
ite concentrations, and six repetitions per combination.
Figure 1 shows the pin-on disc test carried out by in-house
tribometer manufactured at the INTI-Mechanics Center in
Argentina.

2.3 Ring test at hot-forging temperatures

In total, 24 rings made of SAE 1045 carbon steel specimens
previously round turned were used in the ring tests. These
experiments were carried out at the workshop of
CRAFMSA S.A. in Argentina. The compression tests were
assessed with a universal mechanical press of 1300 t
(model: AJAX National Maxipress), and the upsetting
velocity of the hammer was 0.2 m/s. Accordingly,
Table 2 shows the initial configuration of the tested
specimens in the ring test.

To estimate the forging loads during the ring test under
different degrees of deformations and friction coefficients,
several numerical simulations were carried out to study the
compression behavior, similar to the method explained in
Sánchez et al. [14]. A continuous horizontal induction furnace
(model: Newelco 400 kW) was used to achieve temperatures
of 1400 K. The geometrical dimensions were measured with a
digital caliper (model: Tesa 8H242906), whereas the temper-
ature was recorded with an IR camera (model: Minolta Lands
Cyclops 153) with an accuracy of ± 0.5%. The surface rough-
ness of the specimens was measured with the same
profilometer. During the ring test, a total of 24 assays were
carried out with the combination of three types of graphitic
lubricants, two graphite concentrations, and four degrees of
deformation. Figure 2 shows the ring test carried out with the
hot forging press at the CRAFMSA S.A. workshop of
Argentina.

Table 1 Surface roughness of the specimens tested in the pin-on disc

Parameter Av. surface roughness
parallel to the
grinding direction

Av. surface roughness
perpendicular to the
grinding direction

Ra (μm) 0.34 0.68

Rt (μm) 2.70 5.50
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3 Results

The results of the present work are divided in three subsec-
tions. Firstly, the properties and the intrinsic characteristics of
each lubricant are described with the purpose of comparing
and highlighting the differences amongst them. Then, the fric-
tion coefficient at room temperature is studied with the pin-on
disc test, and ultimately, the tribology behavior of each lubri-
cant is investigated during ring test at high temperatures (hot-
forging process).

3.1 Lubricant properties and characteristics

The type lubricant and graphite concentration described the
main tribological differences in the present study, so it is nec-
essary to characterize each type of lubricant. Figure 3 high-
lights the size of the graphite embedded in the matrix of each
graphite-based lubricant, whereas Table 3 quantifies the aver-
age grain size and the percentage weight of chemical
composition.

The results indicate that the grain size of the graphite em-
bedded in the matrix of the lubricant B is 4.5 and 4.0 times
smaller in average than the graphite size of lubricants A and C,
respectively. The margin errors represent the standard devia-
tion of ten measurements per each lubricant, which shows the
large variability of the grain size of the graphite embedded in
the matrix. The graphite size can enhance the tribological ca-
pabilities, as described by Gunda and Narala [24] while study-
ing the effectiveness of the particle size of solid lubricants
under extreme temperatures, loads, and speeds. Additionally,
lubricant B exhibits higher percentage weight of silicon and
aluminum, which can promote a larger formation of silicate

compounds and alumina. These compounds have been proven
to reduce the friction coefficient and wear characteristics up to
46%, as stated by Devendra et al. [25] during a four-ball
tribometer experiment. Accordingly, the following sections
focused to investigate the friction coefficients at room temper-
ature using pin-on disc and at high temperatures by using ring
test to describe the characteristics of tribological capabilities
of these graphitic lubricants.

3.2 Friction coefficients at room temperature

The friction coefficient at room temperature has been analyzed
by using the pin-on disc test. The behavior of the lubricant is
assessed in a period of 20 min, in order to ensure a stable
contact between the pin and sample’s surface and, consequent-
ly, determine the friction coefficient. Figure 4 exhibits the
friction behavior at room temperature of the three lubricants
over time for the two types of graphite concentrations.

At the beginning of the test, the friction coefficient tends to
increase in all the cases; then, a constant friction behavior is
reached when the lubricant is homogenously distributed over
the specimen surface and a stable contact between the pin and
specimen’s surface is achieved. However, a dispersion error of
the friction coefficient in each lubricant is observed, which
derived from the surface irregularities of each specimen. In
both graphite concentrations, the lubricant B presents lower
values of friction coefficients with respect to the other two
configurations, emphasizing the concentration of graphite of
8%. Figure 5 presents a boxplot to statistically compare the
friction results found at room temperature. In this way, the
average and error dispersions can be determined to define
the differences amongst the lubricants and their graphite

Fig. 1 Description of the main
components of the in-house
tribometer used to perform the
pin-on disc test at room
temperature

Table 2 Initial geometrical
parameters of the specimen used
in the ring test

Parameter Height (mm) Ext. diam. (mm) Int. diam. (mm) Inf. Ra (μm) Sup. Ra (μm)

Average 18.274 55.054 27.521 2.720 3.257

Error (ST) 0.058 0.216 0.120 0.690 0.491
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concentrations. Horizontal lines of the box plots represent the
median and first and third quartile, squares represent the av-
erage, whiskers represent the tenth and ninetieth percentile,
and crosses below and above the boxplots represent maximum
and minimum sided values.

The results show that the lubricant A with 8% of
graphite concentration presents the highest average fric-
tion coefficient value of 0.47, whereas the lubricant B
with 8% of graphite concentration shows the lowest
average friction coefficient value of 0.40. Additionally,
no clear differences in the average friction coefficients
are found amongst the three lubricants with a 12% of
graphite concentration. However, lower dispersion is
found while using lubricant B and higher dispersion
for lubricant C. According to these results, the lubricant B
exhibits lower average friction coefficient values which en-
sure a lower wear between elements in contact at room tem-
perature. Regarding the friction coefficient differences found
amongst the lubricants with different graphite concentrations,
it is noted that a greater density of solid suspensions (graphite)
tends to increase the friction coefficient, at least for the lubri-
cants B and C.

3.3 Tribology behavior for temperatures over 1400 K

The properties of the lubricant at extreme temperatures are
difficult to control, due to the fast matrix evaporation of the
lubricant. At these high temperatures, the lubricant distribu-
tion on the selected surface is crucial to reduce the friction
coefficient values at the interfaces [26], which directly affect
the forging load and energy. Subsequently, the ring test is
performed to determine the bulk forming of the specimen
and the friction coefficient under hot-forging temperatures.
To achieve that, a mechanical press equipped with an induc-
tion furnace and a lubrication system is used to perform the
ring test at temperatures over 1400 K, as described in Fig. 2.
Table 4 shows the temperature of the material during compres-
sion, the preheating temperature of the upper and lower dies,
and radius and height differences of the specimen at the end of
the stroke, which are associated with the degree of deforma-
tion under compression.

Then, the tribological behavior of the lubricant varies de-
pending on the percentage of bulk compression. Accordingly,
Fig. 6 exhibits the relationship between the height and radius
differences after the forging process, which shows the bulk

Fig. 2 Schematic of the mechanical press equipped with the induction furnace used for the ring tests at hot-forging temperatures
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deformation by using three types of lubricants (A, B, and C)
and two graphite concentrations (8% and 12%).

The behavior of the lubricants with 8% of graphite
concentration presents tribological differences when the
degree of bulk deformation reaches 50%; the friction
coefficient values are more significant for the lubricants
A and C as compared to those for B. Looking at the
curve for lubricants with 12% of graphite concentration,
the smaller tribological differences are found between
the lubricants even for low degree of deformation. In
particular, the lubricant B with 12% of graphite concen-
tration exhibits the lowest friction for the highest degree
of deformation. Therefore, the lubricants become more
effective when greater graphite concentrations are

combined with higher degree of deformation at hot-
forging temperatures. Consequently, the solid suspension
becomes crucial to improve the friction coefficient,
since the lubricant’s matrix quickly evaporates at ex-
treme temperatures [21, 22]. Figure 7 describes the tri-
bological behavior of the same type of lubricants for
different graphite concentrations to emphasize the char-
acterization of the lubricants. Subsequently, the effec-
tiveness of using higher percentage of graphite (solid
suspensions) in the three lubricants can be analyzed.

Regarding the graphite concentration for each type of lu-
bricant, greater axial and radial deformations are found, when
a larger degree of compression deformation is assessed.
Additionally, smaller deformations are observed when higher

Fig. 3 Matrix distribution and size measurements of the graphite embedded in the matrix for used lubricants as-received from the supplier without
diluting

Table 3 Percent of the chemical
elements and the average size of
the graphite embedded

Type of lubricant Chemical composition (%wt) Av. graphite size (μm)

C O Na Al Si

Lub A 79.06 16.01 2.45 0.1 2.38 10.86 ± 5.45

Lub B 78.41 13.97 2.08 0.29 4.95 2.41 ± 0.67

Lub C 81.44 12.98 1.17 0.2 3.89 9.85 ± 4.72
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percentage of graphite is embedded in the lubricant’s
matrix, independently of the lubricant type. Lubricants
A and B exhibit a higher dispersion in the tribological
behavior between the two graphite concentrations, what
tend to remain constant for medium and high degree of
deformations. In particular, for bulk deformations of
30% are found the biggest tribological difference be-
tween the two concentrations, 35% for lubricant A and
19% for lubricant B. On the other side, lubricant C does
not show significant tribology differences between the
graphite concentrations and the bulk forming configura-
tions. Then, the friction coefficient for each configura-
tion is studied from the relationship of the percentage of
reduction of the height and the internal diameter of the
specimen after hot-forging test. Accordingly, the friction

coefficient can be calculated by using the well-known
Male and Cocroft [27] equation:

μ ¼ 1
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where Rn is the average radius of sample, Ri is the inner radius
after deformation, R0 is the external radius after deformation,
ΔRi is the difference of the internal radius during the process,
ΔR0 is the difference of external radius during the process, h is
the height of the sample, and μ is the friction coefficient.
Therefore, the estimated friction coefficient of each configu-
ration is listed in Table 5.

The friction coefficients obtained from the Male and
Cocroft equation denote a decrease of the values when a larger
degree of deformation is applied. In particular, when the bulk
deformation increases, the friction coefficient decreases and
the lubricant effectiveness increases. Besides, lower friction
values are found when higher concentration of graphite is
embedded in the lubricant matrix. However, lubricant C does
not follow the same trend, since the percentage of graphite
seems to not have an influence on reducing the friction coef-
ficient. Figure 8 denotes the theoretical friction coefficients for
each configuration calculated with the Male-Cocroft Eq. (1).

Fig. 4 Time-dependent friction curves for the three types of lubricants and concentration of graphite of 8% (left side) and 12% (right side)

Fig. 5 Boxplot of the friction coefficient at the stable zone of friction
curve for the three types of lubricants and concentration of graphite of
8% and 12%
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First of all, a greater degree of deformation in the hot-
forging process seems to decrease the friction coefficient, in-
dependently of the lubricant type and graphite concentration.
Furthermore, lower values of the friction coefficients are de-
noted when higher concentrations of graphite are used, as it is
observed in lubricants A and B. The decrease of friction coef-
ficient is emphasized when the largest degree of bulk defor-
mation (50%) is applied. In particular, lubricant B with 12% of
graphite concentration shows the lowest friction value of 0.21.

The greatest friction coefficient is found when low bulk de-
formations are used combined with the lubricant C and 12%
of graphite concentration. In this case, the friction coefficient
increases up to 0.41. Therefore, lubricants embedded with
finer particles and combined with higher density of some
chemical elements, that increase the chances of formation of
silicate compounds and alumina (Na2SiO3, SiO2, and Al2O3

amongst others), seem to have an influence on reducing the
friction coefficient, while the percentage of graphite

Table 4 Measurements of
temperature and height and radius
difference during the ring test at
the hot-forging temperature for
the three lubricants and two
graphite concentrations

Lubricant type Graphite (%) Tª (K) Tª lower die (K) Tª upper die (K) R0–Rf (%) h0–hf (%)

A 8 1501 433 378 3.7 14.8

1506 423 368 9.5 28.2

1497 428 368 17.9 35.4

1485 408 358 30.8 50.4

12 1503 438 363 2.2 13.9

1453 423 363 6.1 27.8

1497 438 383 14.0 33.1

1509 453 353 27.6 50.2

B 8 1473 433 378 2.4 13.1

1523 418 373 8.5 26.7

1473 448 368 14.1 34.5

1519 418 363 24.2 50.2

12 1487 433 373 2.5 15.0

1483 423 373 6.9 29.3

1499 400 358 13.2 36.0

1473 438 373 21.9 49.9

C 8 1510 418 368 3.9 14.3

1493 423 363 10.1 27.3

1503 418 363 14.2 34.3

1523 408 358 32.3 50.8

12 1509 438 368 4.0 14.0

1493 418 368 9.6 28.2

1483 418 378 13.5 33.4

1489 448 363 29.1 48.8

Fig. 6 Tribology behavior over the degree of bulk deformation for the three types of lubricants with two concentrations of graphite: 8% (left side) and
12% (right side)
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concentration can noticeably reduce the friction coefficient
when larger deformations are assessed during hot-forging
temperatures. Accordingly, Gunda and Narala [24] described
the enhancement of the tribology capabilities when smaller
size of particles is embedded in the matrix, due to it is favored
the formation of a continuous and effective film thickness at
the interfaces. Finally, Bratz [28] stated that finer particles
facilitate a better surface distribution of the lubricant which
helps to reduce the wear of the interacting surfaces by

promoting sliding mechanisms and, consequently, ensure a
longer lifespan of those surfaces.

4 Conclusions

The present paper evaluates the friction capabilities of three
different graphitic lubricants with two graphite concentrations

Table 5 Friction coefficients for
each type of lubricant and
graphite concentration during a
ring test under hot-forging
temperatures

Lubricant Graphite
(%)

Degree of deformation
(%)

Geometrical measurements Rn
(mm)

μ

Di

(mm)
D0

(mm)
h
(mm)

A 8 14.81 26.54 58.10 15.59 16.29 0.372

28.24 24.97 61.99 13.16 16.22 0.326

35.37 22.56 64.83 11.86 16.26 0.370

50.38 19.01 71.45 9.11 15.34 0.279

12 13.92 26.95 58.39 15.71 15.28 0.280

27.76 25.34 62.31 13.22 15.15 0.257

33.08 23.68 64.30 12.26 16.12 0.331

50.22 19.94 71.66 9.11 15.29 0.253

B 8 13.09 26.87 57.81 15.80 15.71 0.311

26.66 25.17 62.36 13.34 15.86 0.308

34.52 23.49 64.71 11.91 15.92 0.311

50.17 20.85 72.02 9.05 15.05 0.218

12 15.02 26.88 58.35 15.56 15.49 0.290

29.27 25.70 62.91 12.95 15.47 0.251

35.96 23.93 65.18 11.70 15.82 0.282

49.92 21.52 71.93 9.16 15.17 0.214

C 8 14.29 26.48 58.01 15.66 16.39 0.398

27.34 24.77 61.94 13.29 16.32 0.360

34.28 23.69 64.65 12.02 16.06 0.318

50.82 18.67 71.62 9.00 15.30 0.284

12 14.04 26.48 58.11 15.73 16.47 0.410

28.17 24.94 62.23 13.16 16.13 0.322

33.42 23.84 64.53 12.17 16.00 0.318

48.85 19.25 70.50 9.31 15.46 0.292

Fig. 7 Tribology behavior of the three types of lubricants, i.e., A, B, and C, and the two concentrations of graphite, i.e., 8% and 12%
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at room and hot-forging temperatures. To this end, the follow-
ing aspects can be withdrawn:

& The main differences found between the three types of
lubricants are attributed to the percentage weight of alu-
minum and silicon, which can help to reduce the friction
coefficient due to the formation of silicate compounds and
alumina at the interfaces. Additionally, the size of the
graphite particle is another key parameter that can enhance
the friction capability of the lubricant under extreme
temperatures.

& At room temperature, the lubricant B with 8% of graphite
concentration exhibits the lowest friction coefficient, 0.40
in average, while lubricant Awith 8% of graphite concen-
tration shows the greatest friction coefficient, 0.47 in av-
erage. The lubricants with 12% of graphite concentration
do not show any obvious trend on reducing the friction
coefficient at room temperature.

& At hot-forging temperatures, the friction coefficients no-
ticeably decrease, independently of the lubricant type and
graphite concentration, when larger degrees of deforma-
tions are applied. Furthermore, lubricant B with higher
graphite concentration exhibits the lowest friction coeffi-
cient when the largest bulk deformation is used. In gener-
al, higher graphite concentration and larger bulk deforma-
tion reduce the friction coefficient, at least for lubricants A
and B. Lubricant C does not show an obvious trend.

In future work, it will be analyzed different types of coat-
ings and surface textures in the hot-forging tools with the
purpose to reduce friction coefficient and enhance the lifespan
of the dies under extreme temperatures. The surface degrada-
tion will be also addressed to describe the interaction of the
coated surface and different sizes of graphite embedded in the
lubricant’s matrix.
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