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Abstract

The article presents research on the analysis of the possibility of
modifying the hot die forging process by replacing cold trimming with
hot trimming. The study examines the effect of this modification on the
precision forgings and the improvement of process efficiency and
reliability. The research focuses particularly on the impact of the
trimming method on overall process reliability, understood as the
stability, repeatability, and robustness of the forging operation in
industrial conditions. The components are made of austenitic stainless
steel and manufactured using a hammer and trimmed using an eccentric
press with a pressing force of 105 tons. The research results enabled the
selection of the optimal solution for flash trimming—whether cold or
hot—taking into account tool durability, the elimination of production
bottlenecks and the achievement of high dimensional and shape
accuracy of the forgings themselves. The conducted studies confirmed
the usefulness and reliability of numerical modelling results for the
analysis of one of the forging and trimming.

Highlights

=  Comprehensive analysis of the precision cold
and hot trimming process.

= Analysis of the impact of the trimming method
on overall process reliability.

=  Macroanalysis combined with 3D scanning.

=  Numerical modeling of the forging and
trimming process.

= Operational durability of cold trimming and

hot trimming tools.
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1. Introduction

Precision hot die forging is one of the oldest and most machinery industries, as well as in the military sector [4,5]. Hot

challenging manufacturing processes [1]. It is a widely used
manufacturing method due to the high performance of the
components produced with it, i.e. forgings. Critical machine and
equipment parts are manufactured using this technology [2].
Due to its high functional properties, including mechanical
strength, high dimensional and shape accuracy [3], repeatability,
favourable fibre orientation, and other advantages, this

technology is widely used in the automotive, aerospace and

(*) Corresponding author.
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die forging processes at elevated temperatures, which enable the
production of components with high operational properties, are
typically multi-stage and consist of raw material cutting, hot die
forging, cold or hot trimming, heat treatment, shot blasting and
straightening of the forgings if required [6]. Developing an
optimal technological sequence for manufacturing a given
product requires an individual approach—each process must be

analyzed separately depending on numerous factors, including
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the complexity of the forging, the type of input material and the
required dimensional and shape accuracy [7,8,9]. Currently, the
most popular methods for analyzing, improving and optimizing
die forging processes are computer simulations performed
through numerical modelling. Numerical modelling software,
which consists of computational packages, allows for the
simulation of hot forging, cold and hot trimming, billet heating
and the cooling of both forgings and billets [10,11]. The most
common applications of FEM/FVM-based computational
packages include the evaluation of material flow, analysis of
contact with the billet by verifying the degree of tool cavity fill,
analysis of stress and strain states, as well as the temperature
distribution in both the tools and the forgings [12,13]. Hot die
forging processes are well known and, due to their complex
nature, are the subject of numerous studies [Blad! Nie mozna
odnalez¢ Zrédla odwolania.,15,16]. These processes are
carried out using forging units, including hammers and presses.
Hydraulic hammers and screw or screw-friction presses are
being used increasingly often [17,18]. The process is strongly

influenced by several key parameters, such as forging

weight,

volume, shape iemperature

temperature, tool temperature, type of lubrication, lubricant
dosage, lubricant ratio and the method of billet heating. The
complexity of the process arises from both the high-temperature
conditions and the many interdependent adjustable parameters.
In such highly complex and dynamic manufacturing
environments, process reliability becomes
a decisive factor in ensuring the reproducibility and
performance of forgings. Reliability-oriented process design
aims to minimize the occurrence of deviations or instabilities
resulting from thermal gradients, lubrication variability, or
inconsistent billet heating. By integrating predictive analytics
and condition monitoring techniques, it becomes possible to
proactively mitigate sources of failure and enhance the
reliability of both equipment and final products [19,20].
Moreover, despite the ongoing development of technology,
including automation and robotics, a large number of forging
processes are still carried out manually or semi-automatically

[21,22]. Figure 1 shows an example of a process flow diagram

for an industrial forging process.
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Fig. 1. View of: a) a process flow diagram of an industrial forging process with cold trimming, b) a process flow diagram of an

industrial forging process with hot trimming.

Most die forging technologies consist of similar
technological process stages, which may differ in sequence,
especially after the main forging operation. As can be observed,

flash trimming often follows the hot die forging process.

Stamp

Forging

Depending on the technology and the available forging
equipment, this operation can be carried out either cold or hot,

i.e. directly after forging. The flash trimming process has been

shown in Fig. 2.

Fig. 2. View of: a) a diagram of the trimming process, b) the forging with flash before trimming, c) the flash after the trimming

process in a single-stage setup.
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This process can be carried out through cold or hot/warm
trimming. The flash trimming process is also physically and
geometrically complex [23]. The purpose of trimming is to even
out the edges of the part by removing the excess material left
over from the previous operation, i.e. forging. The cut-out (inner)
part is the component/forging, while the material outside the
cutting line is the flash—scrap material [24]. Trimming
involves overcoming the material’s cohesion by concentrating
stress along the cutting line. The cutting process itself consists
of several successive phases as the cutting force increases. In
the first phase, mainly elastic deformations and bending of the
cut surface occur. When the stresses become high, they cause
localized plastic deformation of the material. The second phase
involves springback. As the stress continues to increase, the
plastic zone penetrates deeper into the material, and the metal
flows plastically in the area surrounding the cutting surface.
This is the third phase—plastic flow. In the fourth phase, the
material loses cohesion and begins to fracture when the stresses
reach a critical level [25]. When the optimal clearance between
the tools, i.e. the punch and the trimming die, is achieved,
fractures from both cutting edges meet, forming a surface
contour resembling the letter “S” [26]. To ensure high
dimensional and shape accuracy as well as good quality of the
cut surface, it is essential to maintain the trimming tools in good
condition. The cutting plate must not be dull, and the clearance
between the cutting plate and the punch must be optimal.
Excessive clearance leads to significant bending of the cut flash
edges and results in large burrs on the forging. Too small
a clearance can lead to the material jamming between the
cutting plate and the punch, which is an undesirable
phenomenon [27]. Moreover, in both situations described above,
the cutting plate undergoes accelerated wear. For these reasons,
the development of a proper trimming tool design, followed by
regular and appropriate inspections, is a crucial factor in
ensuring the production of high-quality components using these
tools [1].

When cold trimming processes are used, forging equipment
with significantly higher pressing force is required compared to
hot trimming. Nevertheless, cold trimming provides a more
precise and repeatable process, which, in turn, allows for the
production of forgings with higher dimensional and shape

accuracy. The durability of trimming tools used for cold

processes is considerably lower compared to cutting plates used
for hot trimming. Tools for hot trimming, made from hot work
tool steel, are characterized by much greater operational
durability than those used for cold work [28]. However, hot
trimming results in lower dimensional and shape accuracy and
reduced repeatability of individual products, as the parts cool at
different rates after trimming [29,30,31,32].

Access to modern computer tools also enables the
implementation of multi-variant numerical simulations of both
hot and cold trimming processes. However, numerical
simulations of these processes—particularly in the case of
geometrically complex products—are time-consuming [33].
Additionally, the use of numerical simulations not only
improves process design but also supports reliability
engineering by identifying critical failure modes and sensitivity
to operational tolerances. In particular, trimming simulations
can reveal zones of potential tool overloading or local material
failure, enabling more informed decisions regarding tool
geometry, material selection and preventive maintenance
strategies [34,35].

Conducting a detailed simulation of the trimming operation
for a product with a complex shape is challenging due to the
complexity of shearing mechanisms or the fracture mechanisms
of ductile materials [36]. The available literature includes
numerous scientific studies on the trimming process using
analytical methods [37], industrial case studies [23], as well as
numerical simulations [38]. The wide range of research
conducted highlights the complexity of this issue, and the
presented scientific publications allow for a more in-depth
analysis of the trimming process for various materials and
forging geometries [39], confirming that each technological
process must be analyzed individually.

The maintenance of tools, including those used in forging
and trimming processes, is an inherent element of hot plastic
working processes, in which tools are subjected to intensive
thermo-mechanical load. In practice, this means the maximum
use of dies and cutters in a limited time, leading to their
progressive wear - both partial and total. For this reason, issues
related to the durability of tools in forging and trimming
conditions are widely analyzed in technical literature, and
numerous research and development works focus on identifying

key factors influencing their durability and on developing

Eksploatacja i Niezawodno$¢ — Maintenance and Reliability Vol. 28, No. 2, 2026




material and technological solutions that allow for extending
this durability [40,41].

Ensuring high process reliability is crucial in hot die forging
operations. Factors such as tool wear, material inconsistencies,
and process parameter variations can significantly impact the
consistency and quality of the final products. Implementing
robust maintenance strategies and continuous monitoring can
mitigate these risks, enhancing the overall reliability of the
forging process [42,43]. Moreover, systematic assessment of
equipment readiness and component degradation allows for
early detection of failure-prone stages, which supports decision-
making processes related to tool design, maintenance
scheduling, and technology selection [44,45].

The aim of the conducted research is to analyze the effect
of changing the hot die forging technology from a four-stage
setup with single-stage cold trimming to a four-stage hot die

forging process with single-stage hot trimming on the

a) b)

\(

process efficiency and the dimensional and shape accuracy

of forgings made of stainless steel.
2. Research subject and methodology

The subject of the research is the hot die forging and cold
trimming process used to produce ring segment-shaped forgings.
The forgings are made of AISI 304 austenitic stainless steel. The
ring segment forging process is carried out using a LASCO
hammer with an impact energy of 16 kJ. The forging dies are
made from material 1.2344. The tools are preheated to
a temperature of 200°C. Cold flash trimming is performed on
a MIOS press with a pressing force of 105 t. The flash trimming
tools are made of K110 cold work tool steel.

Fig. 3a,b shows the view of the tools used for the four-stage
forging process in the current technology, while Fig. Ic

illustrates the flash trimming tool used in the single-stage setup.

Fig. 3. The view of a 3D model of forging tools: a) lower die, b) upper die, ¢) deburring tools.

The research was carried out using the following methods
and techniques:— analysis of the currently implemented hot
forging and cold trimming technology;— numerical modelling of
the hot die forging process and both cold and hot trimming using
FORGE NxT 3.0 software;— CAD design (SolidWorks 2024);—
measurement of tool and forging geometry using a Mitutoyo
Strato-Apex 776 coordinate measuring machine, a Mahr XC20

contour measuring device and a TESA height gauge.

2.1. Preliminany analysis of the currently implemented
four-stage hot forging technology and single-stage cold

trimming process

The technological process is carried out according to
a developed and implemented method that enables the
production of forgings in a four-stage setup during hot forging

and single-stage cold trimming. Both the forging and trimming

processes are conducted manually. Forging is performed on
a hydraulic hammer, while trimming is carried out on an
eccentric press. The produced forgings are intended for critical
machine parts in the automotive industry and therefore require
a carefully planned control strategy and strict in-process
inspections to ensure repeatability and stability of the
manufacturing processes. The forgings in question are made
from AISI 304, an austenitic stainless steel. The mass of a single
forging after the trimming process is 37 g. The input material
for the forging process consists of round bars cut to the
appropriate length. In this form, the material is transferred to the
next technological operation, i.e. hot die forging.

The hot die forging process is carried out in two seats: the
roughing pass and the finishing impression. The technology
involves one blow in the roughing pass (1X) and one blow in

the finishing impression (2X). Manual lubrication of the forging
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tools is applied during both stages—roughing pass (1X) and
finishing impression (2X). The used lubricant is Graphitex 289
in a 1:10 ratio. The forging temperature is 1165°C and the cycle
time is 12 seconds. A detailed analysis of the forging tools and
additional information about the forgi

T

I

ng process can be found

in [41]. The technology for manufacturing forgings intended for
window fitting components (Fig. 2) is carried out on a hydraulic
hammer (Fig. 4) through the process of hot forging in an open
die, across two stages: roughing and finishing dies, and the

forgings are produced in multiple systems.

1=

=

Fig. 4. The photos of a semi-automated production line, consisting of: a) a 125 kW induction heater, b) a double-acting hydraulic

forging hammer with an energy output of 16 kJ, and c) an eccentric press for trimming flash with a force of 1 MN.

This process yields a larger component known as a 'leaf)'
from which six individual forgings with pin-like protrusions,
perpendicular to the main axis, are simultaneously produced.
These forgings are challenging to manufacture due to their
complex shape and the precise dimensional and form tolerances

required (low tolerances of 0.15 mm, radii of 0.5 - 1 mm). The

forged 'leaf' with its individual forgings forms a slender, long,
and thin element. The forging tools are made from steel 1.2344,
with a hardness of approximately 52 HRC, and are heated to an
operating temperature of around 140-180°C. To analyse and
verify the implemented technology, a temperature distribution

analysis of the forging tools was conducted (Fig.5).

R

Fig. 5. Temperature measurement results for the tools include: a) a thermographic image showing the temperature distribution on the

dies immediately after heating for the forging process, b) temperature measurements on the lower die using a pyrometer and

thermocouple to verify the readings obtained from the thermal imaging camera, and a detailed analysis of the temperature field for

both dies c) upper die, d) lower die.
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To verify the temperature measurements obtained using
a thermal imaging camera, a pyrometer and thermocouple were
employed (see Fig. 3a,b,c). These methods showed good
agreement, thereby validating the use of thermal imaging for
temperature assessment. The analysis of the results indicates
that the average temperature of the upper die is approximately
170°C, while the lower tool maintains a temperature of around
140°C. According to the technological assumptions, such
temperature distributions are correct, as there is a tendency over
time for the upper tool to cool and the lower tool to heat up. This
is due to the varying contact durations with the hot workpiece
and forging. The technology stipulates that if the temperature of
the upper die drops to approximately 100°C, the process must
be halted to reheat both tools. Only continuous control of key
parameters of the technological process can ensure stable and
repeatable conditions, which will translate into correct forgings,
which after forging are cooled in air and passed on to further
machining processes, including cold trimming.

The cold flash trimming process is carried out after the
forgings produced during hot die forging have been cooled. The
main purpose of this operation is to separate the flash, which
constitutes scrap, from the final forging. This operation is
performed in a single-stage setup, meaning the operator trims
a leaf (consisting of four individual forgings) by separating the
final products from the flash surrounding the four pieces in
a single step. Since the process is performed cold, it is
characterized by very high repeatability and excellent surface
quality after trimming. The average tool life for the forging
process tooling is approximately 3294 forgings, as shown in
Table 1. Detailed information on the durability of the forging
tools can be found in [41].

Table 1. Durability of forging tools according to the standard
technology [41]

No. of forging tool Looldurabiiy/(pes)
set Standard production process
1% set 3380
2" set 3200
3 set 3150
4t set 3 400
5% set 3340
Average 3294

In the case of cold flash trimming tools, the average tool life

was determined based on five sets of cold trimming tools and

has been presented in Table 2.

Table 2. Durability of cold flash trimming tools

N(t)(.“())lfsfeotrglng Operational durability (pcs)
1% set 15 430
21 set 16 200
314 set 15200
4'h get 15743
5 set 15362
Average 15 587

As the forging tools wear, the geometry of their working
impressions changes, as shown in [23], due to destructive
mechanisms. The most intensive wear that affects the
subsequent technological process occurs in the material
transition zone to the flash, specifically in the bridge area.
Moreover, with ongoing tool use, the flash thickness also
increases. This, in turn, has a significant effect on the
operational durability of the flash trimming tools by enlarging
the trimming contour and dulling the cutting edge. As a result,
dimensional changes in the forging’s outer profile occur, and in
extreme cases, forgings may be produced outside the technical
specification. The first key issue is the increased flash thickness
resulting from wear in the bridge area of the forging tools, where
intensive material flow takes place from the working impression
into the flash cavity. The growing flash thickness leads to
significantly  higher forces during trimming, which
consequently accelerates the wear of the trimming die and, in
extreme cases, causes chipping that renders the tool unusable
for further production. Figure 6a shows the forged complete
element after the four-stage forging process, and Figure 4b
presents the forgings after the trimming process. In the current
industrial process, cold trimming is carried out one forging at
a time by repositioning the forged element and trimming each
piece individually. This approach is dictated by the high cutting
forces involved, which make it impossible to perform cold
trimming on four forgings simultaneously. The flash after the

trimming operation has been shown in Figure 6c.
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Fig. 6. View of the forging: a) after the four-stage forging process (forgings with flash), b) after flash trimming,

c¢) view of the flash after the trimming process of the four-stage forgings.

The analyzed forging process for the automotive industry,
involving the production of ring segment-shaped forgings,
allows for an average operational tool life of approximately 3
250 forgings in the four-impression setup, which corresponds to

about 13 000 individual forgings. The average tool life for

single-stage cold flash trimming tools is around 15 000 forgings.
When initiating the production process with new tools for
forging and cold trimming, the process follows the sequence

shown in Fig. 7.

Forging, 2" set
13,000 pcs (3,250 leaves)

Forging, 1% set
13,000 pcs (3,250 leaves)

13,000 pcs (3,250 leaves)

Forging, 4" set
13,000 pcs (3,250 leaves)

Forging, 3" set

Cold trimming, 1% set
15,000 pcs

15,000 pcs

Cold trimming, 2™ set

Cold trimming, 3™ set

th
15,000 pos CAERU

—

No. of produced forgings

Fig. 7. Manufacturing process using new tools for forging and cold trimming.

As seen in Fig. 7 above, the operational durability of cold
trimming tools is significantly higher than that of hot forging
tools—by more than 15%. As a result, the process must be
halted to replace the tools with new ones—both forging and cold
trimming tools—at different time intervals. This leads to
interruptions during the production process, which reduces its
efficiency and affects the stability and repeatability of the

manufacturing process.

2.2. Numerical analysis of the currently implemented
four-stage forging technology and single-stage trimming

process

At this stage of the study, a numerical analysis of the hot die
forging process and cold flash trimming was conducted. The
numerical simulations were performed using FORGE NxT 3.0

software and the assumed initial and boundary conditions. The

forging tools used in the forging process were subjected to
numerical modelling. The forming conditions are consistent
with the parameters of the LASCO HO-U 160 hammer and the
process specifications outlined in the technological sheets.
Detailed parameters in this regard can be found in [41]. The
tribological conditions were set according to the Tresca friction
model with a factor of 0.35 for all working surfaces of the tools.
The Forge program utilizes the following equation for the
advanced Tresca friction model:

- Av
T=mzo (2.1)

|2

where:
T - shear traction vector (also referred to as the frictional
shear stress vector)

m — is the friction factor ranging from 0 to 1;
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09 —von Misses stresses;

||Av7]| - relative sliding velocity.

The heat transfer coefficients between the charge material
and the tool, as well as with the environment, were set at 25 and

0.35 kW/m?K, respectively. The Forge software employs the

Norton-Hoff viscoplastic flow law as its constitutive equation36.

The general form of this law is as follows.
-t

o =2k (V3 EE) é 2.2)

The coefficient m can take the following values: - m = 1
corresponds to a Newtonian fluid with viscosity n =K, -m =0
gives the law of plastic flow for a material that meets the Huber-
Mises-Hencky plasticity criterion

0 <m <1 for steel deformable on hot.
Where:
o — true (or effective) stress, [MPa]

K - material strength coefficient (a temperature-dependent
material constant), [MPa]

&, - equivalent plastic strain rate (also called the effective
strain rate), [1/s]

& - strain rate, [1/s]

m - strain rate sensitivity exponent (describes how stress
changes with strain rate), dimensionless

V3 - coefficient resulting from the von Mises yield criterion
in plasticity theory

For most metals, the parameter m falls within the range of
0.1t00.2.

The material model for forging (AISI 304 steel) was sourced
from the Forge software database "FPD Base 1.3" and is

represented using the Spittel equation in the form (2.3):
mq
op = Ae™TTMogM2e"e (1 + g)MsT eMreeMagMmsT 2.3)

The specific coefficients in the equation for the cold and hot

process are calculated and selected automatically in the program.

2.2.1. Initial and boundary conditions adopted for the

numerical calculations of the forging process:

e Charge material diameter: 912 mm, charge material
length: 276 mm;

e Number of blows: 2, blow parameters: 1X (roughing
pass): 12.5 kJ — 1 blow, 2X (finishing impression): 5.5
kJ — 1 blow;

e Forging temperature and cycle time: 1165°C; 12 s,
operations during the cycle: cooling — 6 s, forging in
the roughing pass — 3 s, forging in the finishing
impression — 3 s, tool temperature: 200°C; lubrication:
water-based graphite solution;

e  Heat transfer: average 10 kW/(m?-K);

e Forging temperature and cycle time: 1165°C; 12 s,
operations during the cycle: cooling — 6 s, forging in
the roughing pass — 3 s, forging in the finishing
impression — 3 s, tool temperature: 200°C; lubrication:
water-based graphite solution;

e Heat transfer: average 10 kW/(m?*-K).

2.2.2. Numerical analysis of the single-stage cold trimming

process

The flash trimming tools used in the single-stage cold trimming
process were subjected to numerical modelling. The forming
conditions are consistent with the parameters of the MIOS
T105TR press with a pressing force of 105 tons and the process
specifications outlined in the technological sheets.

Initial and boundary conditions adopted for the numerical
calculations of the forging process:

e forging temperature: ambient temperature, 20°C;

e tool temperature: ambient temperature, 20°C;

e friction coefficient for hot forging: u=0.25; m=0.45,
and for cold trimming: p=0.15; m=0.3;

e heat exchange: average of 10 kW/(m2-K);

e clearance during trimming: nominal.

In the case of cold trimming, the Coulomb friction model
with a coefficient of 0.4 was adopted, as recommended by the
software. The Forge NxT program allows for simulating the
material separation process according to two fracture criteria:
Oyane and Cockroft-Latham. In the simulations of the flash
trimming process, the normalized Cockroft-Latham criterion

was used, which is expressed by the formula:

C=Cy+ [ Tde @4
Y = M (2.5)
Where:

C — cumulative damage or tool wear indicator (e.g.,
accumulated fatigue, volumetric wear).

Co — initial damage/wear value (often assumed to be zero at
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the beginning of the process).

&— effective strain (sometimes referred to as equivalent
plastic strain).

Y~ a degradation function or parameter reflecting local
process conditions; it may depend on temperature, stress, strain

rate, or microstructural state.
foe Y. d& — the cumulative damage or wear resulting from

plastic deformation, integrated over the effective strain.

The Cockcroft-Latham criterion is a widely used model for
assessing the risk of fracture during plastic deformation of
a material, based on the analysis of tensile stresses and total
strain. The normalized value of the Cockroft-Latham criterion,
which influences the shape and profile of fractures, the
maximum force, and local deformation, can be set between 0
and 1. For cold cutting processes, the Forge program
recommends a value between 0.2 and 0.4. Based on numerous
simulations corroborated by industrial observations, it was
determined that the best results for the trimming process were
achieved with a Cockroft-Latham criterion value of 0.7 (hot)
and 0.3 (cold). This was accompanied by adjusting node
positions near the cutting line and mapping state variables from
the original mesh to a new mesh3. For accuracy in material
separation simulations, it is crucial that elements along the
cutting line are minimized. Tetra elements were used in
modeling, with an average count of approximately 438 000
elements for each modeled variant, considering increased local
density. The average computation time on an §-processor
license on a standard PC workstation was about 105 hours. The
trimming simulation was carried out for the current technology,
where this process is performed cold. Therefore, the geometry

of the forging after the shaping process was transferred to the

cold trimming simulation. The temperature in the simulation
was 20°C. All external loads, as well as the stress and strain
fields, were reset. The tools for hot flash trimming used in the
single-stage trimming process were designed and subsequently
subjected to numerical modelling. The forming conditions are
consistent with the parameters of the MIOS T105TR press. The
initial and boundary conditions adopted for the numerical
calculations of the trimming process are as follows:

o forging temperature: the temperature after the finishing
forging operation was assumed, without any inter-
operational cooling;

e tool temperature: 250°C;

e friction coefficient for hot forging and hot trimming:
pn=0.25; m=0.45;

e heat exchange: average of 10 kW/(m2-K);

e clearance during trimming: nominal.

In the hot trimming model, the geometric results after
forging were transferred along with the temperature field
distribution—assuming that the trimming process would be
carried out immediately after forging without inter-operational
cooling. Since the material is more ductile at higher
temperatures, a fracture criterion of 0.7 was applied for the hot
trimming process, whereas for the cold trimming operation, it
was 0.3. These assumptions were derived from literature
regarding simulations of material cutting processes at different

temperatures using the Cockcroft-Latham criterion.
3. Results and discussion

Figure 8 shows the upper and lower forging tools used in the
four-stage forging process, along with the sample results for
pressure distribution during forging (Fig. 8a and 8d) and
temperature distribution (Fig. 8c).

Pressure [MPa]
I2000
' 1760

1520
1280
1040
I800

Eksploatacja i Niezawodno$§¢ — Maintenance and Reliability Vol. 28, No. 2, 2026




Temperature [C] FORGE Pressure [MPa]

255 2000
I254 I1 760

253 " 520-

252 1280
I251 1040
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c) d)

Fig. 8. Numerical modelling results: a) view of the four-stage forging process setup; b) pressure distribution over the entire lower

die; ¢) temperature field variation 2 seconds after the end of forging for 1X; d) pressure distribution on the lower die in cross-section.

To fully analyze the stress distribution in the dies, finite after forging (Fig. 8c), the temperature in the entire tool drops
elements were applied to the tools to better reflect the internal by about 50-60°C, which, in an industrial process, can
pressure distribution acting on the forging dies as well as on significantly affect the surface layer of the tool. Figure 7 shows
individual impressions (Fig. 8b,d). In the working impressions, the successive steps of the forging process during the roughing
the highest temperatures occur at the bridges (310°C), while pass operation: Fig. 9a — 10 mm before die closure, Fig. 9b — 1
within the impressions themselves, the temperature reaches mm before die closure, Fig. 9¢ — die closure.

approximately 240°C. It is important to note that just 2 seconds

Contact [mm] ‘Contact [mm]
W 0,270667 20,270667
Io,237974 Io,237974
0,205282 0,205282
0,172590 0,172590
013987 0130857
0,107205 0,107205

0,0745127
. 0,0418204
0,00912803
-0,0235643
-0,0502566

0,0745127
. 0,0418204
0,00912803
-0,0235643

-0,0502566

a) b)
s710-wst 1

¢)

Fig. 9. Successive steps of the S710 forging process simulation — roughing pass operation (blue color indicates contact with the tool),

height to contact upper with lower die a) 10 mm, b) Imm, ¢) 0.1 mm.
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Fig. 10. Forging force in the process: a) roughing pass operation 1X, b) finishing impression operation 2X.

Figure 10. shows the forging force courses in the process for
both impressions: Fig. 10a for the roughing pass (1X) and Fig.
8b for the finishing impression (2X).

The maximum load in the roughing pass operation (1X) and
the finishing impression operation (2X) is similar and amounts
to approximately 600 tons, which should not pose a problem for

the overall stress resistance of the tools. The results obtained

Forging with flash *

Stamp

| Trimming plate

a)

from the numerical simulations—regarding die cavity fill,
temperature distribution, and force curves for the actual forging
process—were confirmed under industrial conditions. Fig. 11a
shows the geometry setup in the trimming process, i.e., the knife,
cutting plate and forging, while Fig. 11b presents a sample
distribution of plastic deformation just before the material

separation.

b)

Fig. 11. FE numerical results: a) tool setup for cutting the part, b) forged part.

Due to the long computation time during the cold trimming
simulation, a symmetrical setup was adopted by dividing the
forging along the symmetry plane along the longer, curved axis

of the forging, thus creating 4 of the forging in a longitudinal

o

I50
I47

a4

42

I 38
35

w
N

N
©

a)

cieci~ <710sym-zim2 FORGE

cross-section.

Fig. 12 shows the results of the cold trimming simulation for
half of the model, including the temperature field distribution
before the process (Fig. 12a) and after cold trimming (Fig. 12b).

cieria-<710sym-zim2 FORGE
Fod

(&)

LS

©

b)

Fig. 12. Numerical simulation results with temperature field distributions: a) before trimming, b) after flash trimming.
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As can be observed in the results of the trimming process,
both friction and plastic deformation occur, causing a slight
increase in temperature (about 20°C), particularly along the
cutting line at the ends of the forging. Fig. 12a presents the

simulation results for the distribution of equivalent stresses (von

separation, while Fig. 12b shows the results related to the
applied fracture criterion, illustrating the geometric changes and
the moment of material separation. These assumptions were
derived from literature concerning simulations of material

trimming processes at different temperatures, using the

Mises) at the final stage of cutting—just before material Cockcroft-Latham criterion.

Latham Cockcroft N lized Criteri D FORGE
Von Mises Equivalent Stress [MPa] FORGE ao 7237(')2:30 croft Normafized Ll erion (Damage)
1000
0,162219
900 I
I 0,144195
800
0,12617
700
0,108146
600 i
0,0901217
500
_ 0,0720974
]\ 400 r
U . 0,054073
300
I 0,0360407
200
0,0103243
I 100 ’
0 9.12813e-12

§

a) b)
Fig. 12. Numerical simulation results with distributions: a) equivalent stresses at the final stage of cutting, b) temperature field: a)

before cutting, b) after flash trimming.

The analysis of the obtained results showed that the highest
values of equivalent stresses during the cold trimming process
are located along the cutting line, especially at the ends of the
forging, where they exceed 1000 MPa. Similarly, the
distribution of the CL coefficient shows that the highest values

Force along Z Axis [TOMNAES]

Force along Z Axis [TOMNMES ]

are also located along the cutting line. The cutting force, as
shown in Fig. 13, in the cold simulation is 13 tons for a single
forging. This result should be treated as an indicative qualitative

measure rather than a quantitative one.

=
1

55 L] 4,5 ? s

Piloting Height [mm]

a)

r T T T T T T
a 0,1 0,2 0,3 0.4 0.5 05

Time [Seconds]

b)

Fig. 13. Cold cutting force course for the part, a) piloting height, b) time.

The peak value rises and falls around 6.5 mm, which
corresponds to the time of maximum force for 0.2s in the
numerical simulation. A hydraulic press was assumed for the
trimming process. High force values during cold trimming can

lead to premature wear of the trimming tools.

3.1. Verification of numerical simulations under industrial

conditions — technological trials

In order to confirm and verify the obtained results, a hot
forging and cold trimming process was conducted under
industrial conditions. The forging process was carried out on a

hammer with an impact energy of 16 kJ, and the flash trimming
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was performed on an eccentric press with a pressing force of
105 tons. From the produced trial series, 5 pieces of forgings in
the form of leaves were collected after the forging process,
selected every 20 pieces, and then measured after flash

trimming (a total of 20 final forgings).

3.1.1. Qualitative measurements of forgings after the hot

forging process

In order to create a representative image of the deformation of

the analyzed group of forgings, a measurement process was

The results shown in Fig. 14 demonstrate the shape
repeatability of the forgings. Analyzing the 3D scanning results
of the forging for the selected seat measured on the leaf, it can
be observed that there are very small surface deformations on
each of these forgings compared to the nominal target value.
A closer examination reveals a deviation ranging from 0.05 mm
to a maximum of 0.46 mm (which results from the leaf warping
during cooling after forging). It is important to emphasize that
the observed deformations are minimal and remain within
acceptable standards. Therefore, it is recommended to conduct

additional measurements for selected geometric features to

[mm]
|8,00

6,00
4,00
2,00

I0,00

1-2,00

c)

Fig. 14. 3D scanning result of the forging before trimming - top view (a,b,c).

carried out for the test batch of forged leaves and individual
forgings after the trimming process.

As a result of 3D scanning of the leaves, measurement data
was obtained and analyzed using GOM software. To show the
deformation, the measurement data alignment process was
performed, and the data was aligned on the second seat of the
leaf. Fig. 14 shows three sample results of 3D scanning of

arepresentative forging leaf in the form of a color deviation map

describing the geometry deformation.

,[mm]
ls,oo
6,00

4,00

[mm]

ls,oo
6,00

better understand the effect of this deformation on the
functionality and usability of the forgings under specific

operating conditions.

3.1.2. Qualitative measurements of forgings after the cold
trimming process

The forgings taken from the same process were subjected to the
cold trimming process Fig. 15a, and next 3D scanning
measurements were performed, and example results for the first

three forgings are shown in Figs. 15b—15d.
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Fig. 15. The view of: a) forging after cold trimming, b) selected 3D scanning results of forgings after cold trimming compared to the

nominal model: b) forging no. 1, ¢) forging no. 2, d) forging no. 3.

The results presented in Fig. 15 for the 3D scanning of
forgings from the selected seat after trimming show that each of
these forgings exhibits minimal surface deformations compared
to the nominal target value. An interesting aspect is the positive
effect of the trimming process on the obtained results. A more
detailed analysis reveals a deviation ranging from -0.14 mm to
a maximum of 0 mm. It should be emphasized that the observed
deformations remain within acceptable standards. Additional

microstructural tests performed for comparison purposes

revealed a fine-grained austenitic structure (Fig. 16). The
structural inhomogeneity is minimal. Various types of
secondary particles were present, which were analyzed and
identified as particles rich in Cr, Ti, and Mo, with an average
size of up to 5 um. The structure also contains relatively large
particles rich in Ti, identified as titanium carbonitrides (TiCN),
with an average size of 10-15 pm. No additional layer was
observed on the surface of the forgings, indicating a properly

conducted hot forging process followed by cold trimming.

Fig. 16. Microstructure of a stainless steel forging.

Comprehensive tests of cold-trimmed forgings have shown
that they are within the specified dimensional tolerances and
have the required parameters related to the microstructure.
Based on the positive results obtained, it was decided to proceed

with numerical simulations for the hot trimming process.

3.2. Numerical simulations of hot flash trimming in

a single-stage setup

Fig. 17 shows the results of the cold trimming simulation for

half of the model, including the temperature field distribution
before the process (Fig. 17a) and after cold trimming (Fig. 17b).
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Fig. 17. FEM results with temperature field distributions: a) before trimming, b) after flash trimming.

In the case of hot trimming, similar to cold trimming, both
friction and plastic deformation are observed, which should
promote an increase in temperature. However, the amount of
energy supplied in this way is too small, and in the hot trimming
process, the temperature decrease and heat dissipation dominate,

especially in the thin flash, where the temperature drops from

Von Mises Equivalent Stress [MPa]

500
H450
400

350

FORGE

a)

1050°C at the beginning to around 800-850°C along the cutting
line. Fig. 18a presents the simulation results for the distribution
of equivalent stresses (von Mises) at the final stage of cutting—
just before material separation, while Fig. 18b shows the results
related to the applied fracture criterion, illustrating the
geometric changes and the moment of material separation.

Latham Cockcroft Normalized Criterion (Damage)
I0,67O445

IO,603414

FORGE'

0,536382
0,46935

0,402319
0,335287
0,268256

l0,201224
|0134392

0,0671609
0,0001292

L

b)

Fig. 18. Numerical simulation results with distributions: a) equivalent stresses at the final stage of cutting, b) temperature field: a)

before trimming, b) after flash trimming

The analysis of the obtained results showed that the highest
values of equivalent stresses during the hot trimming process,
similar to those observed in the cold cutting process, are located
along the cutting line. However, in this case, they reach
maximum values of around 400 MPa. The distribution of the CL
coefficient is similar, with the highest values located along the
cutting line. Fig. 19 presents the cutting force courses for the

hot trimming process.
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Fig. 19. Cutting force course for the part, hot trimming variant
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The force diagrams show a significant difference in the
maximum force values. The cutting force shown in Fig. 19 for
the cold simulation is around 13 tons, while for the hot
simulation, it is 4.2 tons. The cutting force in the hot simulation
is three times lower than in the cold simulation for the adopted
material models and fracture criterion. When comparing the
maximum pressure values observed during hot and cold
trimming, where the pressures for the cold process exceed 1000
MPa, it can be assumed that the 2.5 times lower pressure values
and the 3 times lower cutting force should lead to a reduction in
both energy consumption and tool wear. This will also
positively affect the durability of the forging tools.

The conducted numerical simulations confirm the positive
effect of using the hot trimming operation in terms of lower
forces during the hot trimming process compared to the cold

trimming process. This makes the process suitable for

1st cavity
o

verification under industrial conditions for the single-stage
setup, and even for the four-stage hot trimming setup after

forging, which will be the subject of further studies.

3.3. Verification of the hot trimming process in a single-

stage setup under industrial conditions

The tools for the hot trimming process in a single-stage setup
were then manufactured based on the previously developed
CAD models. These tools were made from hot work tool steel,
specifically 1.2344. The forgings were produced through the
four-stage forging process followed by the hot trimming process
in a single-stage setup. From the process, 28 forgings were
collected, with 4 pieces (from one leaf) sampled every 100 units,
and their measurements were taken. Fig. 20 shows the 3D
scanning results from the bottom view for 4 representative

forgings after trimming.

2nd cavity

4th cavity

Fig. 20. 3D scanning result of forgings from individual seats — bottom view.

Based on Fig. 20, it can be observed that the largest shape
errors occur for the forging from seat no. 3, reaching up to 0.2
mm. For seats 1, 2, and 3, the deviation does not exceed 0.18
mm for seat 1, 0.19 mm for seat 2, and 0.19 mm for seat 4,
respectively. During the analysis of the deformations of the
forgings after trimming from the top, no deviations greater than
0.05 mm were observed for all 4 seats.

In order to verify the developed heating system in terms of

quality, the adverse effect of scale and decarburization on the
surface quality of forgings after hot trimming (directly after
forging) at a temperature above 1100°C was examined and
analyzed. Stainless steel is usually resistant to decarburization
and scale formation under normal conditions. However, in
certain extreme conditions, such as high temperature, it is
possible to intensify these phenomena or other undesirable

changes on the surface, which may be undesirable for elements
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such as forgings intended for tank clamps. Therefore, in order

to verify the dependencies in relation to the developed (new)

solution, tests were carried out on the weight of scale on the

material surface, its type and the microstructure of the input
material (Fig. 21) for 3 randomly selected forged elements

(leaves).

Fig. 21. Analysis of surface oxidation and decarburization of forged elements: a) the view of scale (oxide) from forged part (with for

individual forgings), b) the view of sample with representative areas A and B, c) results of microstructural tests for A — area, d) for

arm: B — area.

Then, the scale was removed from the entire forged element
(containing 4 single forgings) before hot trimming in order to
estimate the mass changes due to surface oxidation. The
conducted test showed a surface-integrated scale with
a thickness of 0.02—0.03 mm, where an average of 3—5 g of
oxides was obtained, which was 0.3% of the total mass of the
charge. The test was repeated twice, and the mass and thickness
differences did not exceed 0.5% discrepancy. Microstructural
tests of the surface were also carried out in two areas: (A) — in
the longitudinal symmetry axis of the forging (Fig. 21¢) and (B)
— in the thickest part of the forging (from the inner radius in the
transverse direction to the side surface — trimming line). The
obtained results showed that the decarburization in the area (B)
in the extreme case amounted to 120 um (Figure 21d), while in
the longitudinal axis in the area (A) the decarburization at the
maximum point amounted to 70 um. This phenomenon is
extensively described and well-documented in the literature
concerning high-temperature processing of stainless steels
[46,47]. The values of the obtained decarburization are
relatively small and within the permissible tolerance, so they do
not pose a threat to the introduction of the hot trimming
technology. As can be observed, the results of the hot trimming
process in a single-stage setup achieved the intended effects,
with products meeting the technical specifications and falling

within the established dimensional and shape tolerances.

The needle-like microstructure observed on the surface of
the tested samples (Fig. 21c,d) most likely resulted from local
transformations occurring during the hot forging process and
immediate hot trimming. Microhardness studies have shown
that the hardness of this needle-like layer is close to or slightly
lower than the core hardness, indicating that phase
transformations do not lead to significant surface hardening.
The hardness of all analyzed samples (15 pieces) was in the
range of 171-188 HV. The condition of the analyzed forgings
confirms the stability of the production process.

The following Table 3 presents the results obtained in terms
of operational durability using hot trimming tools. The average
durability is approximately 31 000 pieces, which is twice as
long as for cold trimming tools. This further confirms the
validity of implementing this solution under production

conditions.

Table 3. Durability of hot flash trimming tools

1% set 31120

2m set 30950

In the case of starting the production process with new tools

for cold forging and cold trimming as well as hot trimming, the

process is as shown in Fig. 22.
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Forging, 2™ set
13 000 pcs (3250 leaves)

Forging, 15t set
13 000 pcs (3250 leaves)

Forging, 3™ set
13 000 pcs (3250 leaves)

Forging, 4" set
13 000 pcs (3250 leaves)

Cold trimming, 1% set

15 000 pcs 15000 pcs

Cold trimming, 2™ set

Cold trimming, 3™ set

th
15 000 pes e

Hot trimming, 15t set
31 000 pcs

Hot trimming, 2™ set
31 000 pcs

No. of produced forging

Fig. 22. Comparison of the operational durability for new forging, cold trimming, and hot trimming tools.

As shown in Fig. 22, it can be observed that the use of hot
trimming tools, compared to cold trimming, not only offers
significantly greater operational durability (i.e., 2 times higher)
but also reduces preparation and finishing times. In the case of
hot trimming tools, it is necessary to overhaul the flash
trimming equipment half as often as for cold trimming, as
illustrated in Fig. 22. This, in turn, leads to a reduction in both
time and costs associated with implementing this solution.

In Table 4 below, both technologies analyzed in the study
are compared, with particular emphasis and focus on cold

trimming (current process) and hot trimming.

Table 4. Comparison of cold trimming and hot trimming.

Cold trimming
(current
technology)

Hot trimming

Analyzed parameter (e emnnot)

Tool material K110 1.2344
Cutting forces 13t 4,2t
Dimension and
shape accuracy

Average operational
durability of the tool

As can be seen from the above Table 4, the new technology

Max. 0.14 mm Max. 0.2 mm

15 587 pes 31 035 pes

of hot trimming has two main advantages: lower cutting forces
required during the process and significantly higher operational
durability, approximately 2 times longer. In the case of hot
trimming, we observe slightly wider dimensional deviations
compared to cold trimming. However, these still fall within the

established dimensional tolerances.
4. Summary and conclusions

The paper presents the research results regarding the possibility
of modifying the hot die forging technology with cold trimming

to a process of forging followed directly by hot trimming for a

clamp-type component. The research was mainly conducted to
analyze the effect of the technological change on the
dimensional and shape accuracy of the forgings, as well as to
increase process efficiency and enhance the operational
durability of the trimming tools. The starting point was the
forging process carried out in a four-stage setup and cold
trimming in a single-stage setup. Both processes were
performed manually. Therefore, numerical simulations were
conducted for these processes, which allowed for a more
comprehensive analysis of the forging and trimming
technologies. These simulations confirmed that the existing
technology (hot forging and cold trimming) was correctly
planned. Furthermore, the numerical simulation results for
direct hot trimming showed that the forces during trimming
were 4.2 tons, while for cold trimming, they were
approximately 13 tons. Von Mises stresses also indicated that
the maximum cutting force in the hot trimming process was 400
MPa, which is 2.5 times lower compared to the cold trimming
process. Additionally, it was determined that both the forging
unit and the cold trimming press had sufficient power reserves,
which were also confirmed under real conditions. Based on this,
tools for hot trimming in a single-stage setup were developed,
and technological trials were conducted. As a result of the
industrial tests, forgings were produced, which were
subsequently subjected to quality tests in the form of
measurements of their dimensional characteristics. The
measurement and analysis results showed that all the parameters
for the forgings trimmed hot directly after the forging process
were in compliance with the product's technical specifications.
The accuracy slightly worsened by about 0.05 mm compared to

cold trimming, but still remained within the tolerance field. At

the same time, operational tests showed that the change in
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technology allowed for an increase in the tool life from 15 000
to over 31 000 forgings. The key aspects of the technological
modification have been presented in Table 4. The presented
research results confirm that the hot trimming technology was
correctly developed.

The conducted research and obtained results allowed for the
formulation of the following conclusions:

- The study confirmed that alternative hot trimming,
replacing cold trimming, does not negatively affect the
dimensional and shape accuracy of the forgings.

- The operational durability of hot flash trimming tools is
significantly greater than that of cold forging tools, as it
increased more than twofold (compare Figures 7 and 22).

- It should also be noted that there are tangible aspects of
production efficiency, as conducting the hot trimming process
directly after forging increases productivity and shortens the
overall manufacturing time. The increased durability of
trimming tools reduces unit production costs and the need for
more frequent tool changeovers.

- In the long term of operation, it is necessary to take into

account the control of the extent of possible decarburization of
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