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Abstract

The Near Solidus Forming (NSF) process represents a critical method for shaping metallic components under extreme
temperature conditions. When metals deform plastically, significant amounts of heat can be generated, which is due to the
conversion of plastic deformation energy in the material often known is adiabatic heating. In this study, the influence of
the adiabatic heating coefficient (AHC) on temperature distribution and plastic strain during NSF process is investigated.
For this purpose, three industrial benchmarks previously fabricated using NSF techniques are selected to serve as repre-
sentative cases for analysis. To conduct the analysis, sensitivity studies is performed at two key temperatures: 1360 °C and
1370 °C. These temperatures are chosen to capture the range of operating conditions typically encountered in industrial
NSF applications. The simulation tool FORGE NXT® is utilized to investigate the potential effect of AHC on equivalent
plastic strain (EPS). The range of potential AHC values considered is between 85% and 100%, as determined from a
comprehensive literature survey. The study suggests that the AHC has a minimal effect on the deformation behaviour of
42CrMo4 steel at NSF condition for the studied benchmarks. The findings of this study provide the inside to the impor-
tance of AHC in the developing of a reliable Digital Twin (DT) for industrial NSF application.

Keywords Near solidus forming (NSF) - Adiabatic heating coefficient (AHC) - FORGE NxT® - Equivalent plastic strain
(EPS) - Digital Twin (DT)

Introduction

The Near Solidus Forming (NSF) process is performed at
temperatures close to the solidus temperature of the material.
This process offers advantages such as low forming forces
and reduced material waste since it is conducted at high
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across various alloys, as discussed in studies on high-entropy
alloys and medium manganese steel [5, 6]. For example, in
42CrMo4 steel [7], as with other metals at elevated tem-
peratures from adiabatic heating can induce thermal soften-
ing or even dynamic recrystallization, leading to changes in
microstructure and mechanical properties, as seen in similar
studies involving thermomechanical behavior in alloys like
Ti6Al4V [8]. These microstructural changes can alter final
product quality, including dimensional accuracy, surface
finish, and mechanical integrity, which are essential con-
siderations in 42CrMo4 steel applications. Moreover, the
increased temperatures resulting from adiabatic heating can
accelerate tool wear and degradation in hot forming, pos-
ing challenges for tool life and maintenance, as Hartel et
al. noted in their analysis of high-temperature forming [9].

In the NSF process, materials are shaped at temperatures
just below their solidus point, where they remain solid but
are highly susceptible to deformation. The NSF process
involves careful control of temperature to avoid phase trans-
formations that can significantly affect the microstructure
and mechanical properties of the final product. One of the
principal guidelines in NSF is maintaining the temperature
at a controlled level to minimize undesirable phase changes
and optimize formability and final product characteristics
[10]. Adiabatic heating where the increase in temperature
due to plastic work during forming plays a crucial role in
this process. Depending on the extent of heating, adiabatic
effects can either stabilize or destabilize microstructure
development, which directly impacts both the control of the
forming process and the quality of the end product [11].

In high-temperature NSF operations, especially near the
material’s solidus temperature, adiabatic heating can have
pronounced effects. Even minor variations can influence
temperature distribution, flow behavior, and microstructural
evolution, making precise temperature management essen-
tial to prevent localized overheating and ensure uniform
properties in the final component [12, 13]. Thus, controlling
adiabatic heating in NSF processes is critical to achieving
consistent product quality and optimizing process efficiency.

Hodowany et al. (2000) conducted a comprehensive
study on this topic, emphasizing the role of the adiabatic
heating coefficient (AHC) as a key material parameter that
governs the conversion rate of deformation energy into heat
[14]. The AHC value, which varies by material and pro-
cessing conditions, indicates the proportion of mechanical
energy transformed into thermal energy during deforma-
tion. An AHC of 100% signifies full conversion, meaning
all the deformation energy increases the material’s internal
temperature, while an AHC of 50% indicates that only half
the deformation energy is converted to internal heating.
Understanding and controlling AHC in high temperature
forming process is essential for instance, high AHC values
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can lead to rapid temperature increases, potentially causing
unwanted microstructural transformations or weakening in
the material, while lower AHC values may demand addi-
tional energy input to reach optimal forming temperatures.

Different ranges of the coefficient have been considered
by various authors. For instance, Mason et al. examined the
range between 40% and 90% across materials such as steel,
aluminium, and Ti-6Al-4 V titanium alloys subjected to high
strain deformation [15]. Similarly, Kapoor et al. character-
ised the AHC equivalent to 85% during high-speed com-
pression tests with estimated strain rates of approximately
3000 s ! [16]. Hodowany et al. utilized a range between
75% and 100% in their investigation of Ti alloys during
compression tests [17]. In summary, the literature presents
diverse ranges of the AHC, which were selected based on
factors such as the deformation rate and other boundary
conditions.

Furthermore, various authors have used multiple tech-
niques to characterise the AHC. For instance, Gao et al. uti-
lized Differential Scanning Calorimetry (DSC) to measure
heat flow into or out of a sample as a function of temperature
or time during plastic deformation [18]. In DSC analysis,
the heat capacity and thermal conductivity of the material
are characterised, which are crucial parameters for calculat-
ing the AHC. Similarly, high-speed cameras with advanced
image analysis techniques have been implemented for real-
time observation of temperature changes and deformation
during the forming process [19]. Due to the high complexity
of these methodologies, some authors have opted for analyt-
ical modelling to characterise the AHC. For example, Paul
et al. used the approach for the uniaxial tension of a slender
metal rod, where material properties, deformation condi-
tions, and heat transfer mechanisms are considered to derive
equations describing the relationship between mechanical
energy input and temperature rise, thereby estimating the
AHC [20]. As expected, the analytical approach offers a
faster initial assessment but with limited accuracy.

On the other hand, finite element analysis (FEA) is a
prominent numerical tool for simulating hot forging pro-
cesses, providing insights into temperature distribution,
stress-strain behaviour, and energy dissipation within both
the workpiece and dies [21]. Advanced constitutive models,
including those integrating thermal softening and strain rate
sensitivity, enable precise predictions of material behaviour
under high-speed deformation, as demonstrated by Chadha
et al. during ingot breakdown operations at high tempera-
tures [22]. Similar approaches can be found throughout the
literature for the characterization of high temperature form-
ing processes. For instance, Sajjad et al. developed a digital
twin for the NSF process, highlighting the utility of numeri-
cal methods in this domain [23]. These numerical methods
allow for predicting the behaviour of the forming process
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under different scenarios, such as varying temperatures,
pressures, and other boundary conditions, without the need
for costly and time-consuming physical experiments.

It is clear from the literature that the effect of adiabatic
heating in various forming processes is investigated in term
of AHC. Moreover, the effect of the AHC could be signifi-
cant especially at high temperature conditions like NSF,
therefore characterization of its impact for the development
of reliable DT could be critical. Furthermore, the character-
ization techniques such as DCS analysis, high speed cam-
era and analytical modelling is costly and time consuming.
Therefore, prior to conducting experiments to investigate
the impact of AHC, it is essential to develop a strategy capa-
ble of representing the importance of the AHC on the defor-
mation behaviour in the NSF process while employing the
characterised AHC ranges from the literature. In this way,
the impact of the AHC on the NSF process is evaluated prior
to the conducting costly and time-consuming experiments.

Given the gap in the literature, the main objective of this
work is to evaluate the impact of the AHC in the NSF indus-
trial process. To achieve this, three industrial benchmarks
previously fabricated using the NSF process have been uti-
lized. Sensitivity analysis is conducted at temperatures of
1360 °C and 1370 °C, employing 42CrMo4 steel material.
The simulation tool FORGE NXT® is used to investigate
the effect of potential AHC values on equivalent plastic
strain and temperatures. The potential AHC used is ranged
between 85% and 100% based on the literature study. To
ensure a wide range of data, two boundary conditions for
each benchmark, Low-bounds and High-bounds, were con-
sidered. The findings of this study will highlight the impor-
tance of AHC for the future development of an accurate DT
for NSF industrial applications, which will serve as the cor-
nerstone for the development and optimization of the mate-
rial models for the NSF process in the industries.

Research methodology

The complete details of the research methodology are pre-
sented in Fig. 1. In this study, three industrial benchmarks
(previously studied by the authors [23]) are consider. As
from the work it can be stated, different boundary conditions
can be assumed for these benchmarks, e.g. billet geometry,
heat transfer coefficients, material behavior and etc.

In order to cover deformation at various boundary con-
ditions two case-scenarios were defined depending on the
boundary conditions: ‘Low-bounds’ and ‘High-bounds’.
Both case-scenarios were derived from the design of experi-
ments (DOE) study outlined in the work of Sajjad et al. [23].
From this study, two extreme cases for each benchmarks
experimental data were selected: one representing lower
values (Low-bounds) and the other representing higher val-
ues (High-bounds). The Low-bounds represent the bound-
ary conditions of the test where the plastic strain and forces
are recorded lower during the test whereas higher in the
case of High-bounds. A complete detail of the parameters
and its levels for all benchmark cases are shown in Table 1.
The reason for selecting the Low-bounds and High-bounds
is to investigate the effect of adiabatic heating over a wide
range of temperatures and plastic strain conditions. Fur-
thermore, the adiabatic heating coefficient in the study is
considered 85% ad 100% bsed on the literature survey for
steel materials. Within this range the processes will be eval-
uated assuming AHC of 85% and also AHC of 100% with
Finite Element Analysis (FEA). Lastly, the results from both
boundary values of AHC are compared against each other to
investigate its impact in the NSF process.
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Fig. 1 Methodology schematic representation of the AHC analysis
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Table 1 Configuration of input parameters and AHC of the Hook, H and R- spindle
Boundary condition Low-bounds High-bounds
Industrial Component HS RS HO HS RS HO
Billet Diameter (mm) 64.7 68.8 64.7 65.3 69.3 64.7
Billet Length (mm) 89.5 92.5 92.5 90.5 92.5 93.5
Material 50% 50% 50% 100% 100% 100%
Billet Temperature (°C) 1360 1360 1360 1370 1370 1370
Dies Temperature (°C) 200 200 200 270 270 270
Heat Transfer Coefficient 2000 2000 2000 20,000 20,000 20,000
Emissivity 0.35 0.35 0.35 1.00 1.00 1.00
Ambient Temperature (°C) 50 50 50 70 70 70
Friction Coefficient 0.25 0.25 0.25 0.45 0.45 0.45

HS; H-spindle, RS; R-spindle, HO; Hook

(a) H-spindle

Fig. 2 NSF Industrial benchmarks
Industrial benchmarks

In this paper three industrial components such as R-spin-
dle, H-spindle and Hook components were investigated,
as shown in Fig. 2 [24]. The estimated weight of the com-
ponents is ~2.3 Kg, ~3 kg, and ~2.4 kg respectively. All
these components are fabricated from 42CrMo4 steel. More
details about the components can be found in the work of
Jokin et al., where he investigated the capability of the NSF
process for the fabrication of automobile industrial compo-
nents [10].

Numerical modelling of AHC study

For the simulation study, FORGE NxT® finite element soft-
ware is used to develop the numerical models of all bench-
marks as shown in Fig. 3(a). In the finite element analysis
(FEM), Hansel-Spittel Constitutive model was introduced
in Forge NxT® software and simulation at different bound-
ary conditions were conducted. The Hansel-Spittel model
describes the relationship between flow stress, strain, strain
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(b) R-spindle

(c) Hook

rate, and deformation temperature which was ideal for our
case scenario and expressed by:

= A m1T _m9 ~m3 # msT  mye - Tmgrpmg 1
o = A eMeMee (1 4¢e)st M T, (1)

Where o represents stress, € denotes strain, € is the strain
rate, T is the deformation temperature, and m; to m, are
material coefficients. In the context of NSF process the ther-
mal aspects go beyond just the material’s flow stress behav-
ior such as the heat transfer between the workpiece and dies,
and the surrounding air which plays a critical role in accu-
rately simulating the temperature profile and its impact on
deformation. The heat transfer between the hot workpiece
and the cooler dies is primarily governed by conduction at
the interface known as heat flux q across the die-workpiece
interface and can be represented as:

q= hc<Tworkpiece - Tdies) (2)

Where, h.is the contact heat transfer coefficient between
the die and the workpiece, Tworkpiece is the temperature of
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(a) Simulation model
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Fig. 3 Numerical analysis of the AHC study: (a) Simulation model (b) Benchmarks results (Equivalent Strain)

the workpiece surface and Ty;.s is the temperature of the
die surface. The value of h. vary significantly depending on
factors like contact pressure, surface roughness, and lubri-
cant conditions. However, in our case prior research on the
NSF process, a heat transfer rate of 2000/or 20,000 W/m?K
was established. To incorporate the heat transfer with the
air the following equation were used which is expressed as:
q= hair (Tworkpiece - Tair) (3)
In this equation, h,; is the convective heat transfer coef-
ficient to the surrounding air and 7;; is the ambient air
temperature. In high temperature forming process, h;,is
always lower than h,, as air is a poorer conductor compared
to direct metal contact. Therefore, in the case of NSF the
value is considered based on the study conducted prior for
the characterization of the heat transfer at NSF testing con-
ditions [25]. Furthermore, as the material undergoes plas-
tic deformation, part of the work done on the material is
converted into heat, raising its internal temperature. The
rate of heat generation per unit volume noted as () can be
expressed as:

Q=poc 4)

Where, B is the Taylor-Quinney coefficient (typically
around 0.85-1), representing the fraction of plastic work
converted to heat, 0 is the flow stress, ¢is the strain rate.
Finally, the heat balance in the workpiece during deforma-
tion is represented by the heat conduction equation (assum-
ing isotropic material properties):

or :
pergr = EV2T 4+ Q (5)

Where, / is the material density, ¢, is the specific heat
capacity, k is the thermal conductivity of the material, 7 27
is the Laplacian of the temperature field, () is the internal
heat generation term due to plastic deformation (from the
adiabatic heating equation). Overall, the equation represents
the temperature distribution in the workpiece during defor-
mation by considering heat conduction within the material,
the adiabatic heat generation, and the heat loss at the bound-
aries due to conduction (with dies) and convection (with
air). In conclusion while using the FORGE NxT®, the soft-
ware often automatically incorporates these thermal rela-
tionships. However, the contact heat transfer coefficient h,
, the convective coefficient h,;,, and setting accurate mate-
rial properties (e.g., thermal conductivity, specific heat) as
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per real-world conditions were specified to ensure a realistic
simulation result.

The Fig. 3(b) represents the post deformed specimen of
all benchmarks in the NSF process. In the simulation, the
upper and lower tools were treated as rigid bodies, with uni-
lateral contact and a prescribed heat transfer coefficient at
the part/die interface. Furthermore, the lower die remained
stationary, while a vertical displacement, determined experi-
mentally, was applied to the upper die. Both dies were main-
tained at a temperature of 200/or 270 °C with the ambient
temperature set at 50 and 70 °C, recorded at the industrial
NSF process. Moreover, the billets were divided into two
separate mesh zones (fine/coarsen mesh) to improve the
simulation results while reducing the computational time,
the average mesh size utilized in the billet was 1 mm. To
further optimize computational efficiency and enhance sim-
ulation results, a remeshing strategy were implemented.

To incorporate the initial temperature distribution inside
the billet before the deformation stage, the simulation pro-
cess was divided into three main stages. Firstly, the cooling
of the billet while transferring was simulated reproducing
the movement from the furnace to the testing table. This
stage accounts for the heat exchange with the surrounding
air along the entire boundary surface of the billet. Follow-
ing this, in the second stage, the evolution of temperature is
simulated during the pre-compression holding time, when
the billet is positioned on the lower die. Finally, in the third
stage, the upper tool undergoes a predefined kinematic
motion, and deformation occurs. The temperature distribu-
tion map for all components at the final stage of deforma-
tion is shown in Fig. 4. It is apparent from the Fig. 4 that
maximum temperature can be recorded at the centre of the
specimen throughout the process.

Test results

The adiabatic heating coefficient plays a crucial role in
determining the amount of heat generated within the mate-
rial during plastic deformation. This generated heat, in com-
bination with heat transfer to the dies, surrounding air, and
other factors, significantly influences the temperature of
the workpiece throughout the forming process. As a result,
variations in workpiece temperature can impact the required
forming load and the flow behaviour of the material during
the deformation. Additionally, the material flow during the
deformation process can induce different levels of plastic
deformation, consequently affecting the magnitude of heat
generation. Therefore, understanding and accurately charac-
terizing the AHC is essential for predicting and controlling
temperature variations, forming loads, and material flow
dynamics in the high temperature forming process.

To achieve this objective, it is important to evaluate the
plastic deformation and temperature distribution through-
out the entire forming process, considering not only the
final outcome but also the evolution of these parameters
over multiple strokes. Therefore, a comprehensive study
is conducted, and the results are presented illustrating the
‘temperature-plastic deformation’ state of each point within
the material at different stages of the process. By com-
paring scenarios under varying AHC such as 85AHC and
100AHC, insights into the influence of AHC on temperature
and deformation profiles can be gained. This comparative
analysis enables a deeper understanding of how changes in
AHC affect the material behaviour and the temperature evo-
lution during forming operations.

Adiabatic heating coefficient (AHC) specific analysis
After conducting all the simulations at the desired bound-
ary conditions as stated in Table 1, the relation between the

plastic strain and the deformation temperature is recorded.
Given the study’s focus to investigate the influence of the

[°C]
= 1365

B 2
[

1143

Fig.4 Simulated temperature distribution map of 42CrMo at deformation temperature of 1360 °C (all benchmarks)
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AHC throughout the process, various time steps were con-
sidered from the commencement to the end of each defor-
mation stroke. As example, in the case of the H-spindle, the
punch descended a stroke of 96.67 mm. This process was
segmented into 10 strokes, evenly spaced from the start to
the end of the process, denoted as ‘strokel0’ to ‘stroke100’.

Low-bounds scenario

Figure 5 illustrates the relationship between temperature
and equivalent plastic strain at different strokes, aiming to
evaluate the proportion of plastic work converted into heat.

H-spindle

The overall results for the H-spindle are depicted in Fig. Sa,
with the left figure showing the 3D view and the right
one displaying the collapsed form. The initial observa-
tion reveals an expected trend: as the stroke of the process
increases, the material undergoes progressively more defor-
mation, resulting in a corresponding increase in equivalent
plastic strain. The attained plastic strain value reaches up
to 8, with some peak values slightly exceeding this thresh-
old. Notably, considering that the billet was heated to 1360
°C prior to transfer to the press, deformation occurs across
a range of temperatures, spanning from 1100 °C to 1350
°C, with the majority of material deformation occurring
between approximately 1200 °C and 1320 °C. Analysis of
the data across the strokes reveals a consistent pattern: as
the stroke increases, the temperature also tends to rise. This
observed temperature increase could be attributed to the
transfer of plastic work to adiabatic heating. This phenom-
enon becomes evident when examining the evolution of the
minimum temperature values, which rise from 1100 °C at a
stroke of 20 to at least 1200 °C at strokes of 100. Addition-
ally, for this component, and likely related with the forming
of the part, the evolution of plastic strain demonstrates an
almost proportional relationship to the stroke.

When analysing the impact of the AHC, it’s essential to
compare the data obtained using 8SAHC (represented by
green dots) with that of 100AHC (depicted by red dots), con-
sidering that data points in where both simulations (§SAHC
and 100AHC) overlap are shown in light grey. A primary
observation is that the majority of the deformed material
exhibits a consistent pattern between both AHC values, as
indicated by the overlapping areas in Fig. Sa-right. Notably,
assuming a higher coefficient (100AHC) results in slightly
higher temperatures in certain areas, particularly evident
in strokes beyond 40, with an impact of approximately 10
°C at most. However, the increase in temperature does not
correspond to a significant increase in material flow, as the
equivalent strain remains nearly unchanged for both AHCs

values. While a larger deformation can be observed under
100AHC (indicated by red dots reaching up to 8 of plastic
strain at 1325 °C), larger outlier green points (§85AHC) are
also observed exceeding value of 9. Therefore, for the case
of the H-spindle, assuming a low-bounds scenario, no sig-
nificant impact is observed between assuming 8SAHC and
100AHC.

R-spindle

The results for the R-spindle are illustrated in Fig. 5b. The
maximum plastic strain value is recorded 15, at the last
stroke of the deformation. Moreover, the minimum temper-
ature value rise from 1030 °C at the beginning of the process
to 1100 °C at the final stage. However, while evaluating the
impact of the AHC, there is no noticeable difference across
both AHC values, as can be seen from the overlapping
areas in Fig. Sb-right. Although, at 85AHC slightly higher
temperatures in certain areas are recorded while 100AHC
is higher in some other areas, however this temperature
increase does not result in a significant change in material
flow, as the equivalent strain remains almost constant for
both AHC values. Although for few points the greater defor-
mation is observed, such as at 100AHC presented with red
dots reaching up to the plastic strain value of 15 and for the
85AHC outlier in green reaching to 14. However, similar to
H-spindle there is no major effect recorded due to change in
AHC factor.

Hook

Lastly for Hook the same behaviour is noted, at the initial
phase of the deformation, plastic strain values are observed
to be low, gradually increasing as the deformation pro-
gresses. In Fig. Sc, it is evident that different AHC factors
exhibit minimal effects. In short, the peak plastic strain
value is recorded around 10. Although, a large difference
is recorded between the minim temperature at initial and
final strokes, however despite varying AHC factors, the
minimum and maximum values of temperature and plastic
strain remain almost identical, Fig. Sc right side. Overall,
the results presented in Fig. 5 suggest that there is a minor
effect of adiabatic heating on plastic strain and deformation
temperatures during NSF testing conditions.

High-bounds scenario

H-spindle. Similarly, in the High-bounds scenario, Fig. 6
illustrates the relationship between plastic strain and tem-
peratures. Unlike the Low-bounds scenario, these tests
showcase a broader range of temperature data, spanning
from approximately 400 °C to a peak value of around
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1390 °C. Additionally, plastic strain values are recorded at
higher levels due to the different boundary conditions of the
tests. For the H-spindle, the minimum temperature of the
elements was recorded around 420 °C at stroke 10, increas-
ing to 530 °C at the end of the deformation process (stroke
100). Conversely, elements with maximum temperatures
either maintain or lose some heat throughout the process.
Overall, at 100AHC the maximum equivalent plastic strain
value was recorded approximately 10, whereas in the case
of 85AHC, this value was slightly lower, as depicted in
Fig. 6a, on the right side. Despite the minor effect of the
AHC on the plastic strain, minimal to no effect was noted
on the temperature profile in both testing conditions. This
suggests that the AHC has little to no effect on the material
behaviour during the forming process.

R-spindle. For the R-spindle in Fig. 6b, both AHC condi-
tions exhibit a similar effect on the process, with the maxi-
mum value of plastic strain recorded around 15. While a
few elements exceed this threshold, the majority behave
similarly. Interestingly, unlike previous cases, the minimum
temperature in the process increased from 350 °C to 450 °C
at the end of the deformation stroke, indicating significant
adiabatic heat generation. However, elements with the max-
imum temperature remained consistent. Additionally, the
global temperature rise due to variation in the AHC value
is minimal, with the maximum difference recorded around
10 °C. Importantly, the impact of AHC on material behav-
iour is negligible, as there is no significant difference in
plastic strain value and temperature recorded during the test.

Hook. Finally, the results of the Hook benchmark are pre-
sented in Fig. 6(c), revealing a peak plastic strain value of
11.8 recorded during the final strokes of deformation. Addi-
tionally, adiabatic heating significantly increases the mini-
mum temperature in the Hook benchmark compared to the
other two benchmarks. The temperature rises from 400 °C
at the initial strokes to 750 °C at the end of the process.
However, despite this considerable variation in the mini-
mum temperature, the average temperature remains consis-
tent throughout the process. Most importantly, the variation
in temperature values due to the AHC factor is negligible, as
depicted in the figure on the right side.

Overall, in all benchmarks case despite the higher values
of peak temperatures and peak plastic strain, the effect of
the adiabatic heating coefficient is found to be negligible
in both cases. This observation suggests that the amount of
heat generated (adiabatic heating) during the NSF process
is minimal, and consequently, the amount of plastic work
converted into heat is also negligible.

@ Springer

Adiabatic heating coefficient (AHC) global analysis

As explained before, the AHC test is conducted in three
phases, and during the transfer phase the billet can lose some
amount of heat due to the heat transfer with the air and also
to the dies during deformation. Hence adiabatic heating dur-
ing the process can be affected, therefore a global analysis
is conducted to investigate the effect of adiabatic heating in
areas of the billet where minor temperature loss is recorded
during the initial phases of the process. Figure 7 represents
the plastic strain and delta temperature plots at the centre
of the billet. In the analysis the centre of the billet has been
selected due to the fact that the other part of the billet loses
it temperature quite fast once it comes in contact with the
surrounding air and forming dies, while the temperature
remained the same at the centre of the billet. Figure 7(a)
presents the plastic strain data for all benchmarks at Low-
bounds, where the peak plastic strain value is recorded 0.45,
1.35 and 2.1 for HS (H-spindle), RS (R-spindle) and HO
(Hook) respectively. However, it is evident from plot that
there is very minimal difference observed when the AHC
factor is changed from 85AHC to 100AHC. Furthermore, a
slight rise in the plastic strain value is noted at High-bounds
Fig. 7(b), although the effect of AHC remained the same.
Despite variations in the AHC factor, the differences in plas-
tic strain are negligible, emphasizing the limited impact of
AHC even at the centre of the deformed benchmarks.

Moreover, regarding change in temperatures due to adi-
abatic heating, at Low-bounds the maximum rise in tem-
perature due to adiabatic heating is noted to be 6.3 °C for
H-spindle, 4 °C for R-spindle and 8 °C for Hook, respec-
tively. Similarly, in High-bounds these values were nearly
double when compared to the Low-bounds. However, the
difference in temperature at the centre of the billet due to
the variation in AHC factor is again minimal. Although the
maximum rise in temperature is noted for HS, where the
temperature difference of 2.5 °C is found. Based on this
data, it is concluded that the adiabatic heating coefficient
has a very small effect on the material behaviour during
NSF process. One major contributing factor to this obser-
vation could be the rapid cooling of the billet under NSF
testing conditions. Hence as a result no excessive heat is
generated and thus a minor portion of the plastic energy is
converted heat.

The analysis presented in Figs. 5, 6 and 7 provides
insights into the relationship between temperature, equiva-
lent plastic strain, and the adiabatic heating coefficient in
the context of the NSF testing conditions. For the H-spin-
dle, R-spindle, and Hook benchmark, observations reveal
a consistent trend: as the stroke of the process increases,
there is a corresponding increase in material deformation
and equivalent plastic strain. This is accompanied by a rise
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Fig. 7 Temperature change At and EQ strain recorded at the center of the billet (all benchmarks)

in temperature, attributed to the transfer of plastic work to
adiabatic heating. While a higher AHC leads to slightly
higher temperatures in some areas, the impact on material
flow remains minimal. The behaviour is consistent across
different AHC values and testing conditions, with negligi-
ble differences observed in plastic strain and temperature
profiles. Even in the High-bounds scenario, where tempera-
ture and plastic strain values are higher, the effect of AHC
remains insignificant. This suggests that the amount of heat
generated during the NSF process, and consequently the
conversion of plastic work into heat, is minimal. Overall,
these findings highlight the negligible impact of AHC on
material behaviour during NSF process, providing valuable
insights for process optimization and control.

Conclusion

Prior to conducting experiments on the AHC, it is crucial to
understand its effect during the NSF process. To achieve this
goal, a sensitivity analysis of the AHC is conducted using
FORGE NxT®. This analysis aims to numerically charac-
terise the impact of adiabatic heating on the deformation
behaviour of the material, focusing on plastic work. Three
industrial benchmarks, namely the H-spindle, R-spindle,
and Hook geometry are selected for this analysis. Each
benchmark represents a unique geometry and material
behaviour under NSF conditions. The sensitivity analysis
is performed at two different levels of AHC to capture its
varying effects on the deformation behaviour of each indus-
trial component. The outputs of the sensitivity analysis are

@ Springer
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successfully studied, and the results are presented in terms
of temperature and equivalent plastic strain plots. These
plots provide insights into the temperature distribution and
plastic strain evolution throughout the NSF process under
different AHC conditions. Under the scope of the studied
three benchmarks, the main conclusions drawn from this
study include:

1. The Adiabatic Heating Coefficient has a minimal effect
on the deformation behaviour of 42CrMo4 steel at NSF
condition for the studied benchmarks.

2. Despite variations in the AHC, the temperature and
plastic strain profiles exhibit minor differences, indicat-
ing the robustness of the NSF process against adiabatic
effects.

3. The rapid cooling of the billet under NSF testing condi-
tions mitigates excessive heat generation, resulting in
only a minor portion of the plastic energy being con-
verted into heat.

4. Lastly the rise in temperature values is almost doubled
in the case of High-bounds compared to Low-bounds,
which is to be expected.

In summary, for the studied benchmarks, results suggest that
the AHC has a minor effect on the process. Therefore, it
does not seem necessary to invest resources in AHC char-
acterization. It has to be considered that the present study
is limited to the studied benchmarks and further studies are
necessaries to extend this work to future geometries.
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