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Abstract

This research aims to present a concept for altering a metal manufacturing process from cold to warm forging thereby reducing
unnecessary steps and energy consumption. This will lower costs and increase production profits. The study explores the impact of
warm forging process parameters on the hardness and microstructure of low-carbon steel for near-net-shape forging in more than two
continuous stages. The material used in this experiment is annealed AIS1 1020 carbon steel with chemical additions of 0.01% Ni, 0.03%
Cr, and 0.044% Al. The study procedure involves: (i) heating slugs with a height-to-diameter ratio (ho/do) of 2.07 to a temperature
range of 200-700 °C and soaking them for 1 hour. The grain size noticeably increases at temperatures above 500 °C. (ii) The materials
were forged at six different temperatures from 200 to 700 °C with both hardness and microstructure examined at each stage. This was
done to determine the recrystallization temperature. The experimental results showed that recrystallization begins at 500 °C in a warm
forging process and becomes more pronounced at 600 to 700 °C. The lowest average hardness value in the transverse direction (TD)
occurs at 500 to 700 °C. This suggests that the suitable warm working temperature range should be below 500 °C, as the primary
microstructure in the forging process has not yet undergone recrystallization. Our research provides valuable insights for manufacturers
aiming to transition from cold to warm forging, emphasizing the importance of precise control over deformation parameters to achieve
desired material properties.
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1. Introduction

In a metal-forming process, one of the crucial factors is the forging temperature. It has significant impacts on the mechanical
properties and energy used in forging. Forging temperatures are divided into three categories. They are cold forging, which involves
forging at room temperature; warm forging, which occurs at a temperature higher than room temperature but below the material's
recrystallization temperature, and hot forging, which is conducted at a temperature above the recrystallization temperature but below
the melting point of the material [1-4]. In recent years, researchers have studied various parameters affecting material behavior in warm
forging processes, especially the impact of composition on the behavior of low-carbon steels with no more than 0.2% C. Low-carbon
steel remains a popular material for forging parts in various industries, including automotive, machinery, electrical equipment, and
other components [4-6]. Forging parameters can have a significant impact on the mechanical properties and microstructure of AlSI
1020 low-carbon steel [2, 6]. Understanding these parameters is crucial for optimizing material properties. For example, the temperature
range during warm forging is important because it affects the flow stress, ductility, and recrystallization behavior of a material [7-9].
Higher temperatures often increase ductility and reduce flow stress, making deformation easier. However, precise temperature control
is necessary to avoid excessive grain growth or phase transformation [10-12]. Important forging factors include the (i) strain rate, which
affects the microstructure by influencing grain size, dislocation density, and texture formation. It also impacts recrystallization by
altering activation energies, nucleation sites, and grain growth dynamics. These factors are crucial in optimizing material properties
and performance in metal-forming processes [13-15]. (ii) Deformation degree is the extent of deformation applied to a material which
affects grain sizes and the distribution of dislocations. Higher deformations typically result in finer grains and a more uniform
microstructure [16-19]. (iii) Holding time is the length of time that a material remains at the forging temperature. It can impact both
grain growth and phase stability. Longer holding times may lead to grain coarsening, while shorter times can preserve fine-grain
structures [6, 20, 21]. The rate at which the material cools after forging impacts phase transformations and the final microstructure.
Rapid cooling (quenching) can result in a martensitic structure in steels, while slow cooling can lead to ferrite or pearlite structures [16,
22-24]. (iv) The initial microstructure of the material before forging plays a role in determining its final microstructure. Pre-forging
treatments, such as annealing, normalizing, or prior deformation history, can influence how a material responds to warm forging. In
addition to the aforementioned forming factors, particularly in cold and hot forging processes, there are various other influencing
factors. These include high force requirements, limited material flow, challenges in forming complex shapes, surface defects such as
cracking, and work hardening. Such factors can complicate subsequent processing steps and necessitate annealing in cold forging.
Scale can form on the surface of a workpiece during hot forging, which can lower the quality of the surface and require extra cleaning
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steps. High temperatures can also cause dimensional errors and change a material's microstructure and mechanical properties. Warm
working widens the range of applicable steel grades that can be forged and allows forming of higher alloyed steels. Therefore, the main
advantage of this method is to attain practically the same tolerances as cold forging and to achieve the same formability as hot forging
[1-4]. For example, cold forging of an automotive part currently involves a three step forging process. The initial material normally
has undergone hot rolling and annealing. Then, it is (i) cut into slugs, (ii) subjected to upset forging followed by annealing at 800-900
°C for 6-8 hours, cleaning with shot blast and soap phosphate coating lubricant before entering the cold forging process. (iii) Cold
forging Step 1 involves backward extrusion to shape the workpiece into a cup-like form. After this process, the workpiece is cleaned
with shot blast and coated with soap phosphate lubricant. (iv) Cold forging Step 2 is when gear teeth are formed at the rim of the
workpiece. The workpiece then undergoes drilling and final surface finishing using a lathe. The current process involves many
production steps and the workpiece has high residual stresses after cold forging, necessitating at least 24 hours to improve the
mechanical properties of the workpiece to enable further forging steps.

This research aims to explore alternative production processes to mitigate these drawbacks. Specifically, the study focuses on using
a warm forging process to identify the most suitable parameters for forming AISI 1020 low-carbon steel. The specified material has a
chemical composition (mass fraction) of 1% Ni, 2% Cr, and 3% Al added to the standard AISI 1020. This material is commonly used
to manufacture industrial components in the automotive, machinery, and equipment sectors. By conducting a warm forging process at
temperatures below the Ac: line in the phase diagram, the research seeks to determine the optimal temperature and the effects of warm
deformation parameters on the hardness and microstructure of the material to achieve a near-net shape of the final workpiece.

2. Experimental setup and procedures/methods
2.1 Material testing

The chemical composition of annealed AISI 1020 mild carbon steel specimens compared with the standard is detailed in Table 1.
The specimen preparation process involves cutting the material from a hot rolled coil into a 20+0/-0.05 mm section and using a cut-off

die to form pieces with lengths of 41.40+0.05 mm, as illustrated in Figure 1.

Table 1 Chemical composition of AISI 1020 steel (mass %)

C Si Mn P S Ni Cr Al Fe
AISI 1020 0.18~0.23 0.15~0.35 0.30~0.60 0.03 0.035 - - - Balance
Standard max max
as received 0.2 0.2 0.007 0.02 0.45 0.01 0.03 0.044 Balance

41.40%0.05

Figure 1 Example of the initial slug cut by shearing. Scale in mm.
2.2 Heat treatment

The specimens were drilled in the center forming a 0.6 cm diameter hole to a 1.5 c¢cm depth enabling attachment of Type K
thermocouples for temperature measurement of the test piece, as shown in Figure 2. The specimens were placed inside a Linn High
Therm KS80 high-temperature furnace. They were heated to different temperatures, including 200, 300, 400, 500, 600, and 700 °C, at
a rate of 10 °C/min. Then, they were held at these temperatures for 1 hour [25]. Subsequently, specimens were quenched with water as
shown schematically in Figure 3.

Thermocouples
hole

Figure 2 Workpieces for heat treatment inspection show a thermocouple hole. Scale in cm.
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Figure 3 Temperature versus time for the temperature inspection/recrystallization state
2.3 Forging tests

Figure 4 illustrates a warm forging testing process. The workpieces were machined into cylinders with a diameter of 10 £0.02 mm
and a length of 20.70 mm. Forging used the die shape employed by Jhonthong and Talangkun [26]. Forging temperatures were 200,
300, 400, 500, 600, and 700 °C. Each specimen was held at its target temperature for approximately 5 minutes while the forging speed
was 83.55 mm/s with a strain rate of 4 s, After forging, all specimens were immediately cooled to room temperature using a water
spray and then removed from the die.
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Figure 4 Temperature versus time for the deformation state during forging.
2.4 Microstructural examination

The microstructure of test specimens subjected to various heating temperatures was examined in the rolling direction. The surfaces
were prepared by grinding (grit sizes 200-1200) followed by polishing. The specimen surfaces were etched with Nital (2% nitric acid,
98% ethanol). The microstructural examination was done using an optical microscope (Olympus BX60, Olympus Optical Co., Ltd.,
Tokyo, Japan). The percentage of pearlite and ferrite was measured by the point counting method. Additionally, a field-emission
scanning electron microscope equipped for energy dispersive X-ray spectroscopy (EDS) (TESCAN Model MIRA, Tescan Orsay
Holding, a.s., Brno-Kohoutovice, Czech Republic).

2.5 Hardness test

Initial specimen hardnesses were measured on a Rockwell hardness scale B using a Rockwell hardness testing machine
(ERGOTEST DIGI 25 RS, GALILEO Durometria, Antegnate, Italy). Randomly selected specimens underwent testing at ten points.
The points were 2 mm apart, as illustrated in Figure 5(a). Hardness values are presented as the average of two specimen measurements.

After-forging, specimen hardnesses were measured using a micro Vickers hardness test (HMV-G31S ENG 230V, SHIMADZU,
Kyoto, Japan). Randomly selected specimens underwent testing in the vertical and horizontal directions in four of the deformation
zones, as illustrated in Figure 5(b), including zone | (the hard deformation zone) zone Il (the severe deformation zone) zone 111 (the
free deformation zone) and zone 1V (the sticking deformation zone). The hardness values are presented as the average of two specimen
measurements.
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@ (b)
Figure 5 Hardness testing positions across the rolling direction of the specimens (a) Initial specimen, and (b) Forged specimen.
3. Results and discussion
3.1 Microstructure before forging

Figure 6(a) schematically shows the microstructure of the initial and test specimens produced by hot rolling and annealing. It was
found that the microstructure of the AISI 1020 test specimen exhibited elongated ferrite grains along the rolling direction and pearlite
phases in a banded structure also along the rolling direction, as shown in Figure 6(a). The grains still had a characteristic alternating
«-carbide band structure, typical of the pearlite phase. When exposed to thermal energy, atom rearrangement occurred through a
recovery mechanism, as depicted in Figures 6(b) at 200 °C to 6(e) at 500 °C. The ferrite phase maintained a similar structure to that at
room temperature. However, at temperatures between 600 and 700 °C, dislocation movement and recrystallization of the ferrite grain
boundaries increased. The stereological data of the microconstituents depicted in Table 2 is consistent with the theory that
recrystallization of low-carbon steel occurs at approximately 0.4Tm (Tm: melting temperature) [27]. The original grains grew
significantly and the pearlite phase diffused into pro-eutectoid ferrite, with FesC transformed from a flat shape to a more rounded form,
while still maintaining the rolling direction texture [24, 28], as shown in Figure 7.
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Figure 6 Initial microstructure and after heating to various temperatures.

Rolling direction
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Figure 7 Micrographs of the characteristics of recrystallization and texture according to the rolling direction of 600 °C and 700 °C.
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Table 2 Stereological data of the phases

Phase Room Temp. 200 °C 300 °C 400 °C 500 °C 600 °C 700 °C
Ferrite (%) 80 76 69 67 62 59 57
Pearlite (%) 20 24 31 33 38 41 43

3.2 Microstructure after forging

Figure 8 shows the microstructure of the AISI 1020 test pieces after forging at different temperatures (200-700 °C). This analysis
aids in the decision-making process for applying or referencing continuous warm forging processes in production design. The study
considers the deformation behavior in 4 zones (I, Il, Ill, IV) at 7 positions (P1-1 to P7-1V) from the three test piece directions
(compression direction (CD), transverse direction (TD), and normal direction (ND) [1, 29]. It was found that in Zone | at position P1-
I and 200 °C (Figure 7(a)), the grains exhibited deformation and indicated flow of elongated grains along the TD plane due to
compression. At 300-400 °C (Figures 7(b)-7(c)), the flow of elongated grains along the TD plane increased. However, as the
temperature increased to 500-700 °C (Figures 7(d)-7(f)), newly recrystallized grains appeared, indicating a more pronounced
occurrence of recrystallization. In Zone P1-I, grain formation from compressive forces became more evident, with prominent small
round grains observed at 600-700 °C (Figures 7(e)-7(f)). In Zone | at position P3-1, the grains remained aligned in the initial rolling
direction due to the lower applied deformation forces. At 300-400 °C, the grains in this region deformed more effectively due to the
higher temperature, resulting in increased grain flow along the TD plane. Newly recrystallized grains, larger than those in Zone P1-I,
became more prominent as the temperature increased to 600-700 °C. In Zone I, at 200-700 °C, the most severe deformation occurred
due to the action of triaxial compressive stress. Newly recrystallized grains began to appear at 500 °C and became more prominent at
600-700 °C. In Zone I11 at positions P4-111 and P6-111, the material flow was influenced by bidirectional forces, i.e., compressive force
in the CD and tensile force in the transverse direction (TD). This is referred to as "the free deformation zone" [25, 30]. At 200-400 °C,
deformed grain structures were visible, increasing with higher temperatures (500-700 °C) along the radial direction of the workpiece,
controlled by the die boundaries. The microstructure of Zone IV at 200-400 °C, as shown in areas P5-1V and P7-IV, exhibited
increasingly irregular grain shapes due to compression against the die walls in all three directions. As the temperature increased, newly
recrystallized grains appeared at 500-600 °C and became more distinct at 700 °C. In these experiments, no internal cracks were
observed because the initial workpiece underwent annealing and was forged at temperatures higher than room temperature with low
effective stress. This finding is consistent with the research of Jhonthong and Talangkun [26] and Dalbosco et al. [30].
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Figure 8 Transverse microstructure of warm forged specimens from various areas. Upset at (a) 200 °C, (b) 300 °C, (c) 400 °C, (d)
500 °C, (e) 600 °C, and (f) 700 °C.
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Figure 8 (continued) Transverse microstructure of warm forged specimens from various areas. Upset at (a) 200 °C, (b) 300 °C, (c)
400 °C, (d) 500 °C, (e) 600 °C, and (f) 700 °C.
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Figure 9 shows high magnification of the microstructure in Zone Il to study the 3-dimensional structure subjected to forging
process forces at temperatures ranging from 200 to 700 °C, compared to the structure forged at room temperature, as done by Jhonthong
and Talangkun [26] The results of this experiment can be divided into three levels. At the first level, at a temperature of 200 °C, the
grain structure still resembles that of a room-temperature forged specimen, with elongated grains aligned with the compression force.
FesC in pearlite exhibited globule carbide instead of a laminar form as found in pearlite. As the temperature was increased to 300—
400 °C, carbides broke up and were dispersed due to the flow induced by the applied compression force. When forged at 500 °C, pro-
eutectoid ferrite deformed recrystallized ferrite grains at the eutectoid ferrite phase, which was previously pearlite. When subjected to
higher thermal energy and semi-closed die compression at 600 °C, new eutectoid ferrite phases recrystallized, and carbide was
distributed throughout the structure. At 700 °C, the recrystallized grains grew.

Deformed grain

(a) Room Temp.

Deformed grain

(b) 200 °C (c) 300°C
Ferrite

ST

Deformed grain

’ - 20 pm. ] ¢
Recrystallization grains

(€) 500 °C

Recrystallization grains
(f) 600°C (g) 700°C

Recrystallization grains

Figure 9 SEM images showing microstructure after warm forging at various temperatures.
3.3 Hardness of the forged specimen

Figure 10 shows the average hardness of the forged specimens at temperatures ranging from 200-700 °C, following the procedures
outlined in section 2.3 under Experimental Setup and Procedures/Methods. Hardness values are critical in determining the appropriate
temperature for warm forging. From experimental findings in the x-axis "large deformation zone" (Zone P2-11) at 700 °C, the lowest
average hardness was 236 HV. In contrast, in contact with the punch and die, Zone I, known as "the hard deformation zone", position
P1-1 exhibited higher hardness than P3 -1 due to increased surface contact and concurrent strain hardening. At 700 °C, the lowest
average hardness was 228 HV at position P1-1and 174 HV at position P3-1. At 200 °C, as shown in Figure 10(a), Zone Il (P2-11)
remains a large deformation zone, while Zone 111 is "the free deformation zone" (P4-I11, P6-111) with the lowest average hardness, 213
HV. On the y-axis, Zone IV (P5-1V, P7-1V), subjected to die wall compression, remains in a tri-axial strain-hardened state with an
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average hardness ranging from 220-227 HV at 600-700 °C, as shown in Figure 10(b). The findings of three to four deformation zones
are consistent with the studies of Jhonthong and Talangkun [26] and Lei et al. [29]. Furthermore, higher hardness is attributed to
increased effective strain in Zone Il [1-3, 31]. In addition, during the forging process, the material is compressed, resulting in
microstructural changes, which cause the accumulation of stress energy within the material. The increased density of dislocation hinders
the movement of crystal planes within the material, the interaction of dislocations resulting in increased strength and hardness of the
material.
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Figure 10 Average hardness of the forged specimens on the x-y axis.
3.4 Benefits of a warm forged specimen microstructure

The current research studied the effect of warm deformation parameters on the hardness and microstructure of AISI 1020 low-
carbon steel to minimize the number of steps in a multi-step cold forging manufacturing process. This material is widely used in
automotive parts manufacture. The proposed process reduces the number of production steps and required processing time. It also
improves the mechanical properties of parts after the forging process. Figure 11 shows a comparison of the current process for cold
forging and warm forging. In a warm forging process, slugs are heated to a temperature below the recrystallization temperature. After
that, forging is continuously done until the final step with no reheating or process annealing. Throughout the forging process, graphite
lubricant is sprayed to lubricate the workpiece and the die, preventing sticking. This also extends the die life. From this research on
warm forging of AISI 1020 low-carbon steel, the microstructure began to recrystallize at 500 °C and became more pronounced at 600—
700 °C. The hardness value in the upset stage had a minimum average hardness of 174 HV and a maximum average of 265 HV after
water cooling. Compared with current cold forging processes, the average hardness was 171 HV in the upset stage. In cold forging
Step 1, the maximum average hardness was 189 HV. However, in cold forging Step 2, without annealing after forging, the maximum
average measured hardness was 251 HV. The hardness of the workpiece before warm forging was approximately 29 percent higher
than in cold forging processes. However, in the warm forging process, the workpiece remains warm throughout all stages of forging.
Thus, the hardness of the in-process workpiece would be lower than measured when the workpiece has been cooled. Additionally, one
of the advantages of warm forging is that it reduces the number of production steps from 9 in the current process to just 3. Furthermore,
these 3 steps are part of a continuous production process, eliminating the waiting time needed for softening adjustments before
subsequent forging steps.

Production processes become more efficient with machinery operating with sequential sub-processes (Figures 12(a—b)) equipped
with devices for adjusting material temperature before forging and a graphite lubricant spraying system. Figure 12(b) shows the
characteristics of a warm slug in a multi-station machine press forging process, which leads to reduced machine energy consumption
and lower production costs, as discussed by Lee et al. [32].
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Figure 12 Characteristics of warm slugs using mechanical continuous forging.
4. Conclusions

From the experimental results, the following conclusions can be drawn:

1. Before forging, it has been observed the string of pearlite along the roll direction with grain growth. When thermally stimulated,
the recovery mechanism rearranges atoms slightly. From 200 to 500 °C, there is an increase in grain growth. As more thermal energy
is added, the ferrite structure's grain boundaries re-crystallize and grow, as seen in the 600 to 700 °C temperature range. Meanwhile,
pearlite decomposes into carbide and retains its rolling direction.

2. After forging at 700 °C, the lowest average hardness, 236 HV, was found along the x-axis in the "large deformation zone" (Zone
P2-11). In the "hard deformation zone" (Zone 1), especially at position P1-1, hardness was higher due to three-dimensional compressive
stress. The lowest average hardness was 174 HV at 200 °C. It was 228 HV at 700 °C and position P1-1.

3. After forging, along the y-axis, Zone Il (P2-1I) remains the largest deformation zone. However, Zone III becomes the “free
deformation zone” (P4-I11, P6-111), with the lowest average hardness, 213 HV at 200 °C. In Zone IV (P5-1V, P7-1V), specimens
compressed against the die wall experience triaxial compressive stress, with an average hardness of 220-227 HV at 600-700 °C. The
observed microstructure shows deformed grains indicating grain flow, with elongated grains along the TD plane at 200-400 °C. Newly
recrystallized grains appear at 500 °C. As the temperature increases to 600-700 °C, more prominent grain growth is observed.



Engineering and Applied Science Research 2025;52(2) 197

4. Considering the application of warm forging processes, the most suitable temperature range for AISI 1020 is below 500 °C, as
the primary microstructure in the forging process has not yet undergone recrystallization.
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