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A B S T R A C T   

Amidst the escalating demand for sustainable manufacturing practices aimed at mitigating global emissions and 
waste, industries are actively seeking novel forming solutions to address these pressing global challenges. Near 
Solidus Forming (NSF) processes emerge as a promising alternative to confront such issues, offering the capa
bility to fabricate intricate components reliably while minimizing material waste and energy consumption. This 
promising manufacturing process is still in its developmental stages for industrial applications, necessitating 
further exploration and understanding of various factors such as friction, heat transfer, and others. From the 
literature review, a lack of friction data at these temperatures has been identified. Therefore, this study is 
dedicated to the advanced characterization of the friction coefficient for Near Solidus Forging (NSF) operations. 
With that aim, T-shape experimental tests of 42CrMo4 alloy steel have been conducted at high temperatures (up 
to 1360 ◦C). Additionally, a lack of consensus on the correct T-shape testing and inverse analysis procedure has 
been noted. Consequently, apart from the experimental work, an in-depth analysis of the friction coefficient 
identification procedure has been conducted. As a result, a new geometrical output index is proposed, highly 
sensitive to the friction coefficient and therefore more reliable compared to state-of-the-art indexes. Furthermore, 
the influence of the selected geometrical output index and the consideration of sample-to-sample transfer and 
holding times were studied. Results showed that the increase in workload to consider the sample-to-sample 
transfer and holding times is not worthwhile, as assuming the average values lead to significantly less work 
with little impact in the final results (<5 % of error). The study also concludes that a friction coefficient of 0.25, 
0.45 and 0.6 has been identified at temperatures of 1250 ◦C, 1300 ◦C and 1360 ◦C, respectively. Additionally, the 
result of thermal camera showed good agreement with the thermocouple data. Overall, in this study a robust and 
reliable T-shape testing, and friction coefficient identification procedure is proposed and validated.   

1. Introduction 

Forging at the semi-solid or near-solidus material state, known as 
Near Solidus Forging (NSF), is conducted at a temperature just below the 
liquidus point of a forming material. This process leverages the high 
ductility of the material in its soft-solid state while retaining most of the 
mechanical properties of a forged part. NSF has emerged as a promising 
technology with significant advantages over traditional forging pro
cesses. The process is capable of manufacturing complex parts with close 
to net shape, while reducing the amount of material waste and energy 
consumption [1,2]. However, the deformation behaviour of materials at 
such high temperatures is complex, often requiring a trial-and-error 

approach to achieve a desirable component. Therefore, despite the 
promising potential of the technology, the process lacks detailed 
investigation, thus generating doubt on the reliability of the numerical 
models employed in the finite element model (FEM) simulations of NSF. 
To ensure the accuracy of such model, the characterization of the major 
factors such as material, heat transfer coefficient and friction coefficient 
is necessary. According to the work of Sajjad et al., the friction coeffi
cient (FC) has significant influence on both force and material behaviour 
during the NSF process [3]. Friction plays a pivotal role in determining 
the efficiency, quality, and cost-effectiveness of manufacturing opera
tions, particularly at high temperatures where materials are more sen
sitive to temperature and other boundary conditions [4]. 

* Corresponding author. 
E-mail addresses: msajjad@mondragon.edu (M. Sajjad), jagirreb@mondragon.edu (J. Agirre), gplata@mondragon.edu (G. Plata), jokin.lozares@deusto.es 

(J. Lozares), jmendiguren@mondragon.edu (J. Mendiguren).  

Contents lists available at ScienceDirect 

Journal of Manufacturing Processes 

journal homepage: www.elsevier.com/locate/manpro 

https://doi.org/10.1016/j.jmapro.2024.07.009 
Received 25 March 2024; Received in revised form 21 June 2024; Accepted 2 July 2024   

mailto:msajjad@mondragon.edu
mailto:jagirreb@mondragon.edu
mailto:gplata@mondragon.edu
mailto:jokin.lozares@deusto.es
mailto:jmendiguren@mondragon.edu
www.sciencedirect.com/science/journal/15266125
https://www.elsevier.com/locate/manpro
https://doi.org/10.1016/j.jmapro.2024.07.009
https://doi.org/10.1016/j.jmapro.2024.07.009
https://doi.org/10.1016/j.jmapro.2024.07.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmapro.2024.07.009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Manufacturing Processes 124 (2024) 1259–1272

1260

Therefore, a precise understanding and control of the friction coef
ficient are crucial as it directly impacts various aspects of the process. 
Firstly, it affects the material flow, as it influences the forming force 
required and ultimately determining the shape and dimensions of the 
final product [5]. Secondly, it significantly impacts the wear and tear on 
the forming dies, affecting their longevity and maintenance costs [6]. 
Additionally, the friction coefficient influences the energy consumption 
during the forming process, with higher friction leading to increased 
energy requirements. Moreover, it affects the surface finish and integrity 
of the formed parts, as excessive friction can result in defects such as 
cracks or surface imperfections [7]. Consequently, optimizing the fric
tion coefficient is essential for enhancing productivity, reducing costs, 
and ensuring the quality and integrity of the formed components. 

To investigate the friction behaviour in various forming operations, 
friction characterization tests are performed. These tests replicate the 
contact conditions as closely as possible to hose encountered in the 
actual forming process [8]. This is essential because friction in forming 
processes is greatly influenced by factors such as pressure, surface 
contact, temperature, and lubrication conditions. Therefore, an effective 
friction testing method for individual forming processes should be 
implemented to ensure that the testing conditions closely mirror the real 
industrial scenarios, allowing for a more accurate assessment of fric
tional behaviour during forming [9]. Numerous techniques have been 
proposed in the literature, including ring compression, double-cup 
extrusion, spike forging tests, and T-shape compression tests. Mendi
guren et al. used the ring compression test to characterize the friction 
coefficient of AISI 304 L at hot forging conditions while Galdos et al. 
carried out double-cup extrusion test to evaluate the impact of the 
lubrication layer in Ti64 forging [10,11]. Furthermore, Jeong et al. used 
the spike forging test for the evaluation of friction coefficient at both dry 
and lubricant conditions while Sethy et al. proposed the T-shape test for 
the identification of friction coefficient in aluminium alloy at high 
temperatures [12,13]. 

Multiple studies demonstrated that the ring compression test is 
widely used due to its simple setup and ease of determining the shear 
friction factor (m) or the friction coefficient (FC), which was initially 
developed by Male and Cockcroft in 1964 [14]. The test involves com
pressing of a flat ring specimen, with the change in internal diameter 
reflecting the friction level. However, it is important to note that this test 
induces a relatively uncomplicated deformation path and a relatively 
small surface expansion ratio, therefore, makes it less suitable for pro
cesses with significant surface expansion. Research by Jeong et al. 
(2011) suggests its application should be limited to friction factors 
below 0.3 [15]. 

Initially proposed by Buschhausen et al. in 1992, the double cup 
extrusion method was further developed by Arentoft et al. in 1996 
[16,17]. The setup for double cup extrusion comprises four main com
ponents: upper punch, lower punch, container, and specimen. During 
the process, the upper punch moves downward with the press ram while 
the lower punch and container remain stationary. Due to the relative 
velocity between the container and the upper punch, friction along the 
container's surface can cause relative metal flow into the upper cup 
compared to the lower one. Consequently, the ratio of the height of the 
top cup to that of the bottom cup is dependent upon the friction along 
the container. The cup height ratio increases with greater friction along 
the container/specimen interface. If no friction force is generated along 
the inner surface of the container, the minimum cup height ratio is 
estimated equals to one. However, Schrader et al. (2007) observed that 
the maximum contact pressure between the specimen and the container 
is relatively low (e.g., <700 MPa in his study for low-carbon steel) [18]. 
Additionally, Arentoft et al. (1996) discovered that the strain hardening 
rate of the material significantly influences the cup height ratio and the 
assessment of the friction coefficient [17]. While the double-cup extru
sion test, as highlighted by Buschhausen et al. (1992), provides a more 

accurate friction factor by preserving lubricant in the die-workpiece 
interface, Schrader et al. (2007) found its friction factor estimation 
relatively small due to lower contact pressure. 

Spike test represents an axisymmetric forging technique that in
tegrates extrusion and upsetting processes. First demonstrated by Xu and 
Rao (1997), the test is suitable for evaluating friction in complex 
deformation processes [19]. It serves as a viable method for evaluating 
friction since both the load and spike height increase with friction. The 
spike forging test consist of a bottom die featuring a sharp-cornered 
tapered shape of circular cross-section, along with a flat-top die [20]. 
During the process, a circular billet compressed between these dies 
undergoes both lateral and orifice-directed flow. Higher friction resists 
the lateral flow, resulting in a longer spike extrusion [21]. Similar to the 
ring compression test, in this setup, the ends of the cylindrical specimen 
come into direct contact with the die and punch. However, this test 
exhibits the smallest contact pressure and surface expansion ratio among 
the presented methods. 

Zhang et al. (2009) proposed the T-shape compression test to miti
gate friction variations on round billet surfaces, achieving a surface 
expansion ratio of 24 % and contact pressure up to 2.5 times the flow 
stress [8]. This method has been used by Fereshteh et al. to assess the 
friction factor of magnesium alloys at elevated temperatures with 
promising outcomes [21]. The T-shape compression test stands out as an 
ideal choice for closed die high-temperature forming processes for 
several reasons. Firstly, this method allows for the evaluation of friction 
under conditions closely resembling those encountered in industrial 
processes [22]. By positioning the round billet horizontally, only the 
cylinder surface comes into direct contact with the dies, reducing vari
ations in friction conditions between different surfaces. Secondly, the T- 
shape compression test facilitates a significant surface expansion ratio, 
reaching up to 24 %, providing a more realistic representation of the 
deformation encountered in high-temperature forming processes. 
Additionally, the contact pressure achieved in this test can be substan
tially higher, up to 2.5 times over the flow stress, enabling a more ac
curate assessment of frictional behaviour under high-temperature 
conditions. Consequently, the T-shape compression test offers a reliable 
means of evaluating friction in closed die high-temperature forming 
processes, contributing to improved process optimization and product 
quality. 

The influence of transfer and holding times on the deformation 
behaviour of hot forged steel components has been investigated in 
several studies. Yan et al. examined the effects of forming temperature, 
soaking time, and dwell time on the microstructure and mechanical 
properties of the formed parts. The authors discovered a significant 
change in material behaviour when these parameters were altered [23]. 
Another study by Rooks et al. focused on the hot deformation behaviour 
of 1000 steel billets using flat dies. He concluded that a change in dwell 
time from 5 ms to 1 s had a noticeable effect on material behaviour 
during forging [24]. Additionally, a study demonstrated the effect of the 
holding time on the plastic forming of Ti-6Al-4 V micro-gears at elevated 
temperatures, showing similar results [25]. These findings highlight the 
importance of transfer and holding times in determining the deforma
tion behaviour of hot forged steel components. However, the conven
tional approach to T-shape compression testing typically involves 
conducting multiple repetitions and employing a single averaged 
transfer and dwell time for inverse engineering analysis [13]. 

Several studies have investigated the selection of the correct 
parameter output index for the characterization of the friction coeffi
cient, which can lead to different results depending on the testing ma
terial and temperatures. Zhang et al. employed the height of the 
extruded T-shape part for the evaluation of friction coefficient by 
comparing the experiment data with the simulation [8]. Similarly, Deng 
et al. used the same method but rather than using the extruded height as 
principal index they combined the extruded height with the width to 
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conclude his friction coefficient analysis [9]. Furthermore, Galdos et al. 
recently considered other geometric index such as total width and flange 
height for the characterization of friction in titanium Ti64 alloy [11]. 
These findings highlight the importance of selecting the most suitable 
geometric parameter index (GPI) for the individual material and process 
conditions. 

Interestingly, numerous studies have been conducted on the T-shape 
test for various forming process at elevated temperatures. Barati et al. 
employed the T-shape test to characterize the friction in Ti-6Al-4 V alloy 
at elevated temperatures while Ben et al. proposed the same method for 
the analysis of friction behaviour in the oscillating forming process, 
same methods were used by other authors such as Barati et al., Yoon 
et al., for the identification of friction at high temperatures [26,27]. 

From the literature it is clear that the friction coefficient plays a 
pivotal role in the development of reliable material models. Liu et al. 
proved that the friction coefficient significantly influences the heat input 
and material flow characteristics in the process which is vital factor in 
process modelling [28]. Other authors concluded the same remarks such 
as Meyghani and Dialami et al. in the characterization of friction stir 
welding process at elevated temperatures [29,30]. Moreover, friction 
data in the forming process, specifically under NSF conditions where the 
material is formed close to its solidus state is limited [1]. Due to the 
complex behaviour of the material at the NSF conditions, there exists a 
significant lack of data in the literature regarding friction coefficient 
characterization. Furthermore, the transfer and holding time in the T- 
shape test is typically neglected at hot forming conditions. However, in 
the NSF where the temperature loss have a great impact on the process 
the characterization of these factor is necessary [31]. Lastly, the sensi
tivity of the GPI introduced in the T-shape test, such as total height, total 
width, and flange height is not studied previously in the NSF process, 
therefore, necessitate its investigation for the accurate characterization 
of the friction coefficient at these conditions. 

To the best of the authors' knowledge, three primary research gaps 
have been identified in the characterization of friction coefficient (FC) 
for Near Solidus Forging (NSF): ① No literature has been found on FC 
characterization at NSF temperatures; ② there is no consensus in the 
community regarding the optimal geometrical parameter index (GPI) for 
the FC characterization employing T-shape tests, particularly at NSF 
temperatures; and ③ despite the critical importance of transfer time and 
dwell time in hot forging, no studies have been found that evaluate the 
cost-benefit of using exact values for each repetition compared to 
averaged values for T-shape FC characterization. 

To address these gaps, this study aims to characterize the FC at NSF 
conditions by employing the T-shape compression test. The T-shape test 
was conducted at three temperatures: 1250 ◦C, 1300 ◦C, and 1360 ◦C. 
Following the tests, GPI like total width and flange height were 
measured for subsequent FC characterization. A three-dimensional finite 
element model of 42CrMo4 steel for the T-shape compression test was 
constructed utilizing the FORGE NxT® 4.0 FEM software. Inverse 
modelling techniques were employed to conduct simulations at six 

varying FC values ranging from 0.01 to 1.0. Based on the literature, the 
evolution of flange height and total width was continuously monitored 
and compared to experimental results to determine the FC value. 
However, while using this approach, the typical total width and flange 
height introduced uncertainties, hence command the development of a 
new approach for accurate FC characterization. For this purpose, a new 
parameter has been introduced which is more sensitive to friction and 
temperature: the ear width. Furthermore, the influence of transfer and 
holding time has been studied based on the experimental data. 

2. Research methodology 

2.1. Tested sample and description of the T-shape testing facility 

The tested sample were cut from a rod of 42CrMo4 steel by wire 
electrical discharge machining (EDM), resulting in a cylindrical geom
etry with a diameter of 20 mm and a height of 20 mm, with a machining 
tolerance of ±0.1 mm, as depicted in Fig. 1(a). The forging tools were 
made from Uddeholm Alvar 14 tool steel (1.2714/EN 56NiCrMoV7). To 
achieve the desired “T” shape profile in the test, the lower die was 
machined with a V-shaped groove through wire EDM and then hardened 
to a level of 42 HRC. Surface roughness of test-tooling systems is around 
2.70 μm. The groove had a 15◦ angle β, a 2.5 mm entry radius, a total 
depth of 25 mm, and a final radius of 1 mm, following the work of Sethy 
et al. [13]. The detailed dimensions of the groove and T-shape tooling 
are shown in Fig. 1(b). The T-shape die was mounted in a tool-holder to 
fix its movement during the testing. 

In this investigation, the tests were performed in a high-precision 
400 t FAGOR SDM2–400–2400-1200 servo motor-operated mechani
cal press, as illustrated in Fig. 2. The press was programmed to achieve a 
flange height, or press gap, of 4.5 mm during the test, which is 85 % of 
the total height typically used in the T-shape compression test. The 
characteristics of the press are detailed in Table 1. To minimize the heat 
transfer from the billet to the dies, the dies were heated to a temperature 
of 170 ◦C employing a set of 630-watt Hasco cartridge die heaters, which 
were connected to the main T-shape die-set, labelled 6 in Fig. 2. 
Furthermore, it ensured a precise temperature control during the tests. 
Two thermocouples were strategically positioned between the dies and 
the digital temperature control box (labelled as 1 in Fig. 2) in order to 
effectively regulate the dies' temperature. Before initiating the tests, a 
CeraSpray® lubricant was applied using a pistol-spray onto both the 
upper and lower dies, in order to minimize friction and heat loss to the 
dies, replicating the industrial NSF procedure [1]. During testing, the 
forming forces were measured using a 500 tons load cell. 

The kinematics of the mechanical press were acquired by an optical 
displacement sensor (Leuze Electronic ODSL 8/V66–200-S12), labelled 
3 in Fig. 2. A thermal camera was also employed to acquire the sample 
temperature profile during the tests, labelled 2 in Fig. 2. To ensure the 
robustness of the obtained results, three repetitions were carried out per 
tested condition. 

Fig. 1. a) T-shape test sample, b) (left) experimental grooved die, (right) the sectional view of the die.  
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2.2. Test procedure 

The temperature range selected for this test was considered based on 
the Near Solidus Forging (NSF) conditions for 42CrMo4 steel, as utilized 
by other authors in their studies [2,32]. In this study, the experiments 
were conducted at three temperatures: 1250 ◦C, 1300 ◦C, and 1360 ◦C. 
The specimens were heated to the desired temperature in a Hobersal 
CRN-5×/17 electrical furnace and held at the testing temperature for 
five minutes for temperature homogenization. After the holding time, 
the specimen was handled to the testing position with an average 
transfer time of three seconds. The specimen was compressed between 
the dies after a holding time of two seconds. The testing procedure can 
be seen in Fig. 3(a). The press movement was divided into three main 
stages: first, the press started its movement from the top dead centre 
towards the billet with high velocity; second, the deformation took 
place, where the deformation speed was recorded at around 17 mm/s; 
and finally, the press moved back to its starting position for the next test. 

The temperature profile of the test at 1250 ◦C is superposed on the same 
figure. The specimen before and after the test can be seen in Fig. 3(b). 
The testing conditions of T-shape compression tests are summarized in 
Table 1. 

The cylindrical specimens were compressed between the T-shape 
tooling forming a T-shaped profile as shown in Fig. 4(a). After the tests, 
various GPI were measured for the inverse analysis. These variables are 
presented in Fig. 4(b), which include the total height (H), the total width 
(w), the delta height (ΔH), the delta width (Δw), and the flange height 
(h). These variables are vastly used for the characterization of friction 
coefficient in the T-shape test for various metals. The measured di
mensions of the variables in the tested specimen can be seen in Fig. 4(c). 
All the measurements were conducted through a digital vernier calliper. 

2.3. Numerical analysis 

The friction coefficient identification through T-shape testing in
volves an inverse engineering step, wherein the friction coefficient is 
iteratively adjusted numerically until the numerical geometrical 
parameter index (GPI) fits the experimental GPI. In this context, a 3D 
finite element model of 42CrMo4 steel for the T-shape compression 
process was developed in the FORGE NxT® 4.0 finite element software, 
as shown in the Fig. 5. Fig. 5(a) represents the initial stage of the process 
while (b) shows the deformed sample. The employed software is capable 
of numerically simulating large strain thermo-plasticity, contact and 
friction boundary conditions. The visco-plastic behaviour of the material 
was modelled with the Hansel–Spittel hardening model, which 

Fig. 2. Detailed view of T-shape test equipment.  

Table 1 
Boundary conditions of the T-Shape compression test.  

Billet 
temperature 
(◦C) 

Die 
temperature 
(◦C) 

Ambient 
temperature 
(◦C) 

Lubricant 
Type 

Material  

1250 175 20 CeraSpray® 42CrMo4 
steel  1300  

1360  

Fig. 3. T-shape testing: a) punch configuration and its phases, b) deformed test samples; (1) pre-formed, (2,3) post-formed.  
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calculates the flow stress in function of the strain, strain rate and 
deformation temperature [3]. In the simulation the upper and lower 
tools were represented as rigid entities, with the unilateral contact and 
the heat transfer coefficient prescribed at the part/die interface. 
Furthermore, the contact was modelled by a Coulomb limited Tresca 
model implemented from the FORGE database. Based on the previous 
simulation work of the NSF process the heat transfer of 800 W/m2K was 
established between the part/dies interface [2]. Moreover, the lower die 
remained stationary while a vertical displacement acquired experi
mentally was imposed on the upper die, details shown in Fig. 3(a). In the 
simulation, the dies were assigned a temperature of 170 ◦C, with the 
ambient set at room temperature (20 ◦C). The element type of the model 
is first order tetrahedron and the average mesh size employed in the 
billet was 0.5 mm with the minimum value of 0.05 mm. A remeshing 
strategy was employed to minimize the computational time and increase 
the accuracy of the simulation results. As a result, the number of ele
ments is increased from 87,327 to 763,150, due to the remeshing rule at 
the end of the deformation phase. This numerical model corresponds to 
the standard used in previous studies in the literature such as NSF of 
automotive components [32] and thixoforging of low carbon steel tubes 
at a flashless forging process [33]. 

To include the initial temperature distribution prior to the defor
mation stage, the simulation process is partitioned in three main stages. 

In the first stage, the sample cooling is simulated during the billet 
transfer from the furnace to the testing position, while employing the 
exchange of heat with air along the billet's entire boundary surface. 
Next, in the second stage the temperature evolution is simulated for the 
pre-compression holding time, when the billet was placed on the lower 
tool. Finally, the upper tool was subjected to a predefined kinematics, 
explained in the Fig. 3(a) and the deformation took place. It is worth to 
mention that the simulations were conducted employing various friction 
coefficient: 0.01, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0. And the evolution of 
different GPI were continuously monitored by virtual sensors and 
compared with experimental results to calibrate the exact friction 
coefficient. 

Fig. 6 illustrates the detailed methodology employed in calculation 
the FC values, which consisted of three primary steps. First, the exper
imental phase which involved conducting the T-shape test and calcu
lating the GPI such as the w/h ratio. Subsequently, in the second step, a 
numerical simulation of the process was conducted with different values 
of FC to generate geometric parameters index (GPI) curves, as depicted 
on the right-hand side of Fig. 6. Finally, the w/h ratio obtained from the 
experiment was plotted against the simulation curves. Based on the close 
correlation observed between the experimental data points and the 
simulation results, the optimal FC value was determined. If the point is 
directly located on the GPI curve, the exact value of FC will be 

Fig. 4. T-shape testing and GPI definition: a) deformation characteristics of the sample, b) sample dimensions, and c) height and width measurements.  

Fig. 5. Specimen deformation process in FEM simulation: a) initial stage, b) final stage.  
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considered, however if the experimental data point was located between 
two curves, then an estimate value between the range of both curves was 
calculated by linear interpolation. 

Fig. 7 illustrates the samples from the T-shape test; the left side de
picts the samples from the actual test, while the right side shows those 
from the simulations. A clear correlation between both sets of samples 
can be observed, as all the simulation samples. Moreover, at 1250 ◦C, it 
is evident that the simulation sample with a lower friction coefficient 
best represents the actual geometry of the test sample. Conversely, in the 
case of higher temperatures, the simulation sample with a higher FC 
accurately represents the test samples, suggesting an increase in FC 
value with the rise in temperature. 

3. Results and discussion 

As previously outlined, the T-shape compression test was conducted 
on 42CrMo4 steel samples at three temperatures to characterize the 
friction coefficient at NSF conditions. Fig. 8 presents the experimental 
forces observed at all temperatures (1250 ◦C, 1300 ◦C, and 1360 ◦C). 
The x-axis represents the upper die stroke, while the y-axis represents 

the corresponding forces. Each plot comprises three tests conducted 
under similar boundary conditions to assess the test's repeatability. 
Overall, the force curve behaviour exhibits satisfactory similarity across 
all test repetitions. A closer examination reveals that the forming forces 
are notably higher at 1250 ◦C, peaking at 19 t at the end of the process. 
This increase in force is attributed to the material temperature; the 
material at lower temperatures requires higher forces to deform and vice 
versa. Conversely, at 1300 ◦C, the tests demonstrate good repeatability. 
In the tests performed at 1300 ◦C, due to a higher sample temperature, 
the forces are comparatively lower than the previous tests, with peak 
forces noted around 16.5 t. Finally, at the highest temperature of 
1360 ◦C, the peak force is registered around 15 tons, which shows 
further decline in the forming forces. 

3.1. Geometric parametric index sensibility 

Following the state-of-the-art review and gap definition of non- 
consensus on what is the ideal GPI, in this section the sensitivity of 
the total width and flange height is studied as principal index for this 
material and conditions. The total width (w) and flange height (h) of the 

Fig. 6. Inverse analysis process flow chart.  

Fig. 7. Comparison of the deformed samples at all temperature (experimental vs simulation).  
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tested samples were computed. The parameter total width is specifically 
chosen due to their high sensitivity to the friction factor compared to 
other measurements, details of which can be found in the literature [8]. 
Following the T-shape test, the values of these two variables were 
measured, which are documented in Table 2. The results reveal the 
significant influence of the temperature on these two variables. At lower 
temperatures (1250 ◦C), a smaller value of w is observed. Transitioning 
to the next temperature (1300 ◦C), an increase in the material flow can 
be observed, resulting in a higher w value, averaging around 41.26 mm. 
Lastly, at the highest temperature (1360 ◦C), the maximum total width is 
noted, averaging at around 42 mm. 

Theoretical considerations propose that as the friction factor in
creases, there is a sharp rise in the normal pressure. Consequently, the 
formation of extruded height ribs become more pronounced compared 
to lower values, thereby influencing the shape of the total width rib. 
Lower friction values result in a more uniform metal flow across the rib, 
manifesting nearly flat flowing front surfaces. As friction increases, the 
resistance encountered by the metal to flow in the horizontal filling 
direction also increases, leading to a more uniform metal flow pattern 
but shaping the flowing front surface into a distinct drum-like form (see 
Fig. 10(a)). 

3.2. Determination of the friction coefficient 

Using the flange height as the GPI the FC was calibrated using the 
previously explained methodology. Fig. 9 presents the measurements of 
the total width (w) evolution against flange height (h) for different 
friction factors obtained by numerical simulation and experimental tri
als at a temperature of 1250 ◦C. In this case the experimental tests were 
repeated three times (#1-#3) to provide different flange heights with 
different width in order to produce a data scatter from which a 
conclusion can be made. In the inverse modelling, various FC values 
(ranging from 0.01 to 1) were employed to calibrate the ratio of total 
width to flange height. Observing the figure, it is apparent that in the 
experimental trials, the ratio (w/h) highlights an area corresponding to a 
coefficient of friction around 0.15, which lies between the green line and 

(a) Forces at 1250 °C (b) Forces at 1300 °C

(c) Forces at 1360 °C

Fig. 8. Forces at three different temperatures (Experimental).  

Table 2 
Test results (total width and flange height).  

Temperature (◦C) Test No. Total width (w) [mm] Flange height (h) [mm] 

1250 #1  40.6  4.0 
– #2  41.9  3.8 
– #3  40.6  4.1 
1300 #1  41.0  4.0 
– #2  41.7  3.8 
– #3  41.1  3.9 
1360 #1  41.8  3.8 
– #2  42.0  3.6 
– #3  42.2  3.7  
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the other plotted lines (see Fig. 9(a)). Although one test slightly deviates 
from the other two in terms of how much it was pressed, the overall 
results indicate that the final value of the friction coefficient at a tem
perature of 1250 ◦C averages around 0.15. 

Similarly, at 1300 ◦C, a similar representation is depicted, with the 
plot revealing a correlation between the simulation and experimental 

values, as illustrated in Fig. 9(b). At 1300 ◦C, the (w/h) ratio lies again 
between the green and orange lines, a distinction clearly visible in the 
zoomed plot. The estimated value is calculated around 0.13 with a small 
difference in value from the previous temperature conditions. However, 
in the experiments one test diverges from the others (test = #3), possibly 
due to incorrect billet placement during testing. Nevertheless, a deeper 

(a) 1250 °C

(b) 1300 °C

(c) 1360 °C

Fig. 9. Calibration curves of the T-shape test at 1250, 1300 and 1360 ◦C temperature.  
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analysis of the data suggests that the coefficient of friction value at 
1300 ◦C and 1250 ◦C are different by a small margin. Finally, at 1360 ◦C, 
a similar procedure for calculating the friction coefficient is employed, 
this time the experimental points fall between the grey and green lines, 
as depicted in Fig. 9(c). This indicates that the coefficient of friction at a 
temperature of 1360 ◦C is estimated to be around 0.08. 

In summary, it is evident that there exists a minimal difference in GPI 
curve once the FC increase above 0.1 value, see Fig. 9. This suggests that 
the GPI employed so far may lack the necessary sensitivity for this ma
terial within the given temperature range. To further investigate this, a 
sensitivity analysis was conducted, examining the variation in GPI cor
responding to temperature and FC, as illustrated in Fig. 10. Fig. 10(a) 
shows the results of parameter total width w. Firstly, the temperature 
exhibits a mixed influence on the w value. However, the most significant 
observation is the marginal difference in the w value due to an increase 
in the FC value, ranging from 38.75 mm to 40 mm, representing a total 
effective change of 1.25 mm. Similarly, Fig. 10(b) displays the results for 
the parameter h. Here, the effective difference attributed to the FC value 
is estimated to be around 2.25 mm, noticeably larger than that observed 
for the parameter w. Nevertheless, this small change in values could 
introduce uncertainty in the calculation of accurate FC value. 

3.3. Development of a new approach 

As concluded in the previous section, the GPI previously considered 
demonstrate minimal sensitivity to both temperature and FC values, 
indicating uncertainty in the accuracy of the proposed method. To 
address this challenge, a novel GPI is proposed, introducing a new 
geometric parameter index termed “ear width” (we), as depicted in 
Fig. 11(b). In this approach, the distance between two ears on opposite 
sides of the T-shape geometry is taken into account for the FC charac
terization. Initially a sensitivity analysis similar to the other parameters 
is conducted to verify its sensitivity to the temperature and FC values. 
The results are presented in Fig. 11(a), revealing a minor variation 
attributable to changes in temperature. Interestingly, a notable differ
ence is observed due to changes in the FC value. In the presented case, 
the effective change is approximately 6.3 mm, significantly higher 
compared to the 1.25 mm and 2.25 mm observed for previous GPI. 
Hence, it suggests that this parameter is more sensitive to FC and can be 
utilized effectively for accurately characterizing FC values in this test. 

The parameter we value at different testing temperature is presented 
in the Table 3. The measured values show that at lower temperatures the 
we is higher and vice versa in contrast with the w that is higher at higher 

temperatures. This suggests a more homogeneous deformation of the 
sample at lower temperatures as the difference between w/ we is smaller. 

Fig. 12 presents the evolution of the ear width (we) against flange 
height (h) for various friction factors obtained through numerical 
simulation and experimental results at 1250 ◦C. Notably, the influence 
of FC on the calibration line is prominently visible this time, contrib
uting to an overall improvement in the accuracy and a reduction in the 
uncertainty in the results. Specially towards the latter stages of the 
process, the differences become more visible, which is the desired area 
of interest for this analysis. 

Similar to the previous case, all the repeated tests for each temper
ature are considered, which provides different we/h ratios for the FC 
analysis. For the inverse modelling, again various calibration lines were 
generated based on the simulations with different FC values. As shown 
in Fig. 13(a), it is evident that the experimental trials position the ratio 
(we/h) points in the region between the green and olive-coloured lines. 
The average FC value for this temperature (1250 ◦C) is estimated to be 
around 0.25, as indicated in the zoomed plot in Fig. 12(a). 

The same methodology was employed for the tests at 1300 ◦C and the 
FC value based on the experimental data is found to between 0.2 and 
0.6. Here it is visible that the experimental points are not lying on a one 
single calibrating curve, however by taking the average of all points, the 
final value of FC is estimated around 0.45, shown in the Fig. 12(b). 
Finally at 1360 ◦C, the FC increases further, the average value is esti
mated around 0.6. Which is a 15 % increase in the FC value compared to 
the previous test condition. 

3.4. Effect of transfer and holding time 

To streamline the process of identifying friction coefficients through 
inverse analysis, a state-of-the-art approach was adopted by utilizing the 
averaged transfer time and holding times. At 1250 ◦C, averaged transfer 
and holding times were measured to be 3.3 s and 2.54 s, respectively. 
Similarly, at 1300 ◦C and 1360 ◦C, the averaged transfer and holding 
times are 3.23 s and 3.16 s, and 2.82 s and 3.3 s, respectively. As delin
eated in the preceding section, to compare the experimental results with 
six potential friction coefficients, it is imperative to conduct six distinct T- 
shape numerical analyses, each corresponding to a unique friction coef
ficient. These individual analyses collectively contribute to the develop
ment of the master numerical curve set. Furthermore, this process needs 
to be iterated for each temperature under consideration. In the context of 
this study, this results in the creation of three numerical curve set (one per 
temperature), each requiring 6 T-shape numerical simulations. 

Fig. 10. Friction coefficient analysis: a) parameter total width w, b) parameter total height H.  
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Nonetheless, as indicated in Table 4, minor time discrepancies be
tween tests are evident, on the order of 0.5 s for both transfer and 
holding times. These variations result in each billet (from the three 
repetitions) attaining a slightly different temperature during the forming 
process. Consequently, it is crucial to recognize that the averaged time 
hypothesis introduces an unknown error into the friction coefficient 
calculations. Fig. 13 visually represents the temperature differences 
observed from billet to billet in the experiments conducted in this study. 
The emissivity value of ~0.95 were considered in all tests. 

In the event that precise transfer and holding times for each billet are 
taken into account, it implies that master numerical curve set would be 
valid only for the specific billet from which the data is derived. This 
necessitates the creation of a distinct master numerical curve set for each 
individual billet. As one can imagine, this significantly escalates the 
workload for the identification process, leading to a notable increase in 
the required number of T-shape numerical simulations—from 18 to 54, 
in this particular scenario. 

To ascertain whether the additional workload is justified, an evalu
ation of the error introduced by the hypothesis will be conducted. For 
this assessment, two billets with transfer and holding times significantly 
deviating from the averaged values were selected. Subsequently, friction 
coefficient identification was executed using individual master numer
ical curve set for each billet. The resulting friction coefficients were then 
compared with the averaged value. This comparative process was 
executed for both the higher temperature, 1360 ◦C, and the lower 
temperature, 1250 ◦C. For 1250 ◦C test numbers #2 and #3 were used 
while for 1360 ◦C test numbers #1 and #2 were used. 

Fig. 14 presents a comparison of values for the selected test samples, 
showcasing the contrast between employing the state-of-the-art aver
aged time simplification and utilizing the individual numerical curve set 
based on the actual real times. 

Considering the marginal differences (< 5 %) observed in the ob
tained friction coefficients (FC), coupled with the exponential increase 
in workload associated with incorporating real transfer and holding 
times, the authors posit that the cost-benefit ratio does not warrant their 

inclusion. Therefore, the authors advocate for the use of averaged 
transfer and holding times in future studies, particularly when the var
iations between tests fall within the ranges demonstrated in this study. 

3.5. Discussion 

Based on these findings, notable variations in the friction coefficient 
(FC) are observed depending on the chosen geometrical parameter index 
(GPI). Following a sensitivity analysis of various GPIs, the authors 
contend that the use of the ‘ear width’ GPI is more appropriate for the 
studied conditions. Additionally, it was observed that the FC value in
creases with the temperature of the sample [34], indicating that material 
flow encounters greater resistance at higher temperatures, resulting in 
smaller values of ear width (see Fig. 7). Moreover, the thermal camera 
results showed that the cooling rate at the surface of the billet is high at 
higher temperatures and vice versa. Furthermore, the effect of transfer 
time is more noticeable on temperature compared to the holding time, 
which might be due to the interaction with cold air during transfer, 
whereas dies are kept at higher temperatures (Fig. 13). 

The study reveals distinct interactions between the deformed mate
rial and dies under hot forging (1250 ◦C) and NSF (1360 ◦C) conditions. 
As elucidated in preceding sections, deformation inhomogeneity be
comes more pronounced at elevated temperatures, as evidenced by the 
w/ we ratio. Despite established evidence indicating that transfer and 
holding times have minimal impact on results, it is important to 
recognize the existence of variables beyond friction that may contribute 
to the observed behaviour. Notably, the Heat Transfer Coefficient (HTC) 
emerges as a significant factor, as suggested by Sajjad et al. [35]. Thus, 
this investigation underscores the pivotal role of friction in shaping the 
deformation behaviour of the NSF material. 

Furthermore, for a comprehensive assessment of the genuine and 
independent influence of friction, additional analyses should be con
ducted to evaluate other possible contributing factors, such as HTC 
under NSF conditions. Also, the authors are fully aware of the limitation 
of the current study which focused on a specific temperature range, 

Fig. 11. New GPI index: a) sensitivity at different temperatures and friction values, b) sample measurement location.  

Table 3 
Test results (ears width we).  

Temperature (◦C) 1250 1300 1360 
Test no. #1 #2 #3 #1 #2 #3 #1 #2 #3 
Ears width we (mm) 36.7 37.6 36.4 37.2 35.4 36.2 34.5 35.8 34.5  
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billet dimensions and other boundary conditions. Further investigation 
is required to fully develop the process for vast variety of boundary 
conditions. Nevertheless, the proposed methodology is successfully 
implemented to characterize the FC at high temperatures. The new 
methodology is applicable to characterize the FC in majority of the 

deformation process employing 42CrMo4 steel at the temperatures 
(1250–1360 ◦C). In the present study the FC value of 0.25, 0.45 and 0.6 
is calculated at temperature of 1250 ◦C, 1300 ◦C and 1360 ◦C, respec
tively. With all these results in hand, the authors proposed a novel 
calibration strategy for the friction coefficient characterization in NSF. 

(a) 1250 °C

(b) 1300 °C

(c) 1360 °C

Fig. 12. Calibration curves and the experimental data of the T-shape test at 1250, 1300 and 1360 ◦C temperature.  
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The authors believe that the conducted study and the proposed cali
bration strategy will be a key factor for the future NSF material-model 
validation/development. 

4. Conclusions 

Aimed at characterizing the friction coefficient under Near Solidus 
Forging (NSF) conditions, the T-shape compression test was conducted 
on 42CrMo4 steel samples at temperatures of 1250 ◦C, 1300 ◦C, and 
1360 ◦C. A 3D finite element model of the 42CrMo4 steel for the T-shape 
compression test was developed using FORGE NxT® 4.0 finite element 
simulation software, employing six different FC values. Results suggest 
that the conventional GPI, the total width and flange height introduced 
uncertainties in the FC estimation. Therefore, a new approach was 
developed to accurately characterize the FC value. Overall, the 
following findings were made based on the current results addressing 

Fig. 13. Thermal camera analysis: a) surface temperature of the billet in the beginning of each test condition, b) thermal camera result at different strokes (1250 ◦C).  

Table 4 
Billet transfer and holding times in the test (experimental and singular).  

Temperature 
(◦C) 

Test 
No. 

Singular 
transfer 
time (s) 

Experimental 
transfer time 
(s) 

Singular 
holding 
time (s) 

Experimental 
holding time 
(s) 

1250 #1 3  3.2 2  2.52 
– #2 –  3.6 –  2.63 
– #3 –  3.2 –  2.48 
1300 #1 –  3.1 –  3.00 
– #2 –  3.2 –  2.96 
– #3 –  3.4 –  2.52 
1360 #1 –  3.0 –  3.52 
– #2 –  3.5 –  3.00 
– #3 –  3.0 –  3.48  

Fig. 14. Friction coefficient values at both hypotheses (average vs real; transfer and holding time).  

M. Sajjad et al.                                                                                                                                                                                                                                  



Journal of Manufacturing Processes 124 (2024) 1259–1272

1271

the research gaps identified in the introduction:  

• A lack of consensus in the T-Shape compression testing and inverse 
analysis procedure at NSF process has been characterized and solved.  

• A novel geometrical parameter index based on “ear width” has been 
identified, as more sensitive and reliable for the friction coefficient 
characterization through T-shape testing under Near Solidus Forging 
conditions. 

• As expected, in the T-shape compression test, due to thermal soft
ening high forces are recorded at low temperatures conditions 
(1250 ◦C), whereas low force is recorded at higher temperatures 
(1360 ◦C).  

• The friction coefficient was determined to be 0.25 under 1250 ◦C 
conditions, while values of 0.45 and 0.6 were observed for temper
atures of 1300 ◦C and 1360 ◦C, respectively.  

• The utilization of averaged transfer and holding times resulted in an 
error below 5 %, prompting the authors to advocate for their 
implementation in future studies. 

With all these conclusions in hand, the authors put forth a novel 
calibration strategy for friction coefficient characterization under NSF 
conditions. The authors are confident that this study and the proposed 
calibration strategy will serve as pivotal information for future NSF 
material model calibration, which serve as a key role for the de
velopments and industrialization of NSF process. 
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[10] Sethy R, Galdos L, Mendiguren J, Sáenz de Argandoña E. Investigation of 
influencing factors on friction during ring test in hot forging using FEM simulation, 
2016, p. 130009. doi:https://doi.org/10.1063/1.4963528. 

[11] Galdos L, Saenz de Argandoña E, Mendiguren J, Sethy R, Agirre J. Characterization 
of Ti64 forging friction factor using ceramic coatings and different contact 
conditions. Procedia Eng 2017;207:2239–44. https://doi.org/10.1016/j. 
proeng.2017.10.988. 

[12] Kim J-H, Ko B-H, Kim J-H, Lee K-H, Moon Y-H, Ko D-C. Evaluation of friction using 
double cup and spike forging test for dry-in-place coating and forming oils. Tribol 
Int 2020;150:106361. https://doi.org/10.1016/j.triboint.2020.106361. 
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