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Abstract
The flowability problem of a closed forging process in the heavy equipment industry is still widely found. This
problem may affect the quality of the product. To solve this problem, the effect of heating temperature and die insert
draft angle on the characteristic of hot forged SCM435 steel used for undercarriage track roller has been examined.
In the experiment, the workpieces were hot forged at a heating temperatures of 1150 °C, 1200 °C, 1250 °C, and die
to insert draft angles of 3°, 5°, and 7° to form undercarriage track roller products. The mechanical properties of the
specimens taken from the workpieces were characterized through hardness and dimensional changes, whereas the
microstructure was characterized using an optical microscope. The results showed that increasing the heating
temperature and die insert draft angle resulted in good flowability. The best product with the specified diameter of
191.2 mm and height of 53.6 mm was obtained from the heating temperature of 1250 °C at the die insert draft angle

of 7°. This characteristic agreed with the specified forging design for the undercarriage track roller.
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1. INTRODUCTION

The growth of heavy equipment industries
continues to experience ups and downs in line
with its use [1]. To keep this heavy equipment
industry running, innovation is needed in the
production line by continuously improving in the
manufacturing process, both in assembly and
component processes [2]. Heavy equipment
components are generally made through metal
forming technology [3]. One of the metal
forming processes for this purpose is the hot
forging process. Compare to other processes, the
advantage of this hot forging is the strength and
toughness of the product that can be controlled
closely [4]. In this instance, hot forging can be
applied to heavy equipment parts that require
high strength and toughness.

One of the parts in the heavy equipment is a
track roller contained in the undercarriage that
serves as a unit weight divider to the track and a
track link driver [5]. Track roller is one of the
undercarriage components made with the hot
forging process, especially through a closed die
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hot forging [6]. In the process, however, there is
still a problem with an underfilling that results in
the defective product. The effort is necessary to
solve this problem, primarily in avoiding any
losses arising from the defective product.
Underfilling is a condition in which the
material can not to fill the desired die during the
hot forging process. This condition is affected by
many factors, such as improper die forging
design, incorrect forging methods, less material,
and insufficient material heating temperature [4].
In this instance, design is one factor that affects
the material’s flowability during hot forging.
Improving the design, it will also enhance the
flow of the material to reduce defective products.
In their research, Mane and Patil [7] have made
corrections to the die design in the axle beam.
This improved design, it has been proven to
improve product productivity [8]. Furthermore,
the insufficient heating temperature during the
hot forging may cause less flow of the material,
and thus, the material cannot fill the die properly
[9]-[10]. The worst condition could occur
because hot forging at this insufficient

© 2021 Metalurgi. This is an open access article under the CC BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/)
Metalurgi is Sinta 2 Journal (https://sinta.ristekbrin.go.id/journals/detail?id=3708) accredited by Ministry of Research & Technology, Republic Indonesia


http://dx.doi.org/10.14203/metalurgi.v36i1.577
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
https://ejurnalmaterialmetalurgi.lipi.go.id/

temperature may result in crack initiation and
thus, the defective product.

According to the JIS (japanese industrial
standards) [11], this steel is considered high-
strength steel with wide range of applications
such as automobile clutches, shafts, gears,
undercarriage, and flywheels parts [12]-[13].
However, this steel has a drawback in which
during the hot forging process, it cannot fill the
desired die and thus results in the defect after the
process due to an underfilling condition [13].

One of the ways expected to overcome the
underfilling problem found in SCM435 steel is
by optimizing the heating temperature and die
insert draft angle design. In this work, the
material was hot forged at heating temperature
variations of 1150, 1200, 1250 °C and die to
insert draft angles of 3°, 5° and 7° to form
undercarriage track roller products. The results
are presented and discussed in detail.

2. MATERIALS AND METHODS

The material was cylindrical bar steel with a
dimension of 170 mm in diameter and 400 mm in
length provided by PT. Komatsu Undercarriage
Indonesia.

Tabel 1. Composition (wt.%) of the as-received material

C Si Mn p S Ni
0.364 0.318 1.346 0.008 0.012 0.0
Cr Mo Cu Al B Fe

0.517 0.116 0.009 0.033 0.002 Rem

The composition of the as-received material was
tested using optical spectrometry, with the result
given in Table 1.

19162

Figure 1. Track roller design. The unit is in millimeter (mm)

The product was designed in the form of a
double flange track roller used as an
undercarriage component, as shown in Fig. 1. To
realize the product, the die was also designed
accordingly, which consists of several parts
arranged into a single die forging. The part that
forms the inside and the end of the track roller is
called inner die parts, which are adjustable and
made of SKD61 tool steel.

OIL PRESSURE CYLINDER
USE 130 kg/cm?

Figure 2. Die structure of the double flange track roller
component

In this work, the inner die parts were adjusted
to have a variation die insert draft angles of 3, 5
and 7 degrees. The structure and the inner die
parts of the double flange track roller components
used in this work are given in Figure 2 and
Figure 3, respectively.

Figure 3. Die insert draft angle variations (a) 3, (b) 5, and (c)
7 degrees

The work was carried out at PT. Komatsu
Undercarriage Indonesia. The experiment began
by first installing the die forging on a forging
machine and a trimmer jig on a trimming
machine. This machine was used to cut the
existing flash of the forging products after the
process.

After the installation process was completed,
the die was preheated to a temperature of 150 °C
and left until homogeneous heat was obtained
and the piecework materials were ready. The
workpieces were then heated at temperature
variations of 1150, 1200, and 1250 °C using an
induction furnace (Neturen, 1000 kW and 6.6
kHz), which has a very high uniform heating
distribution with the help of a conveyor passing
through the coil in the induction furnace with a
speed of 2.7 mm/s toward the forging machine.
Temperature control for each step was carried out
using a temperature measuring apparatus before
and after the hot forging process. After the hot
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forging, each workpiece was trimmed, air cooled,
and ready for the next treatment. The sequence of
this experimental procedure is given in Fig. 4.

(d)
Figure 4. Experimental procedure: (a) die installation of the
forging equipment, (b) trimmer jig installation on the
trimming machine, (c) the undercarriage product, (d) and the
undercarriage after trimming

After the hot forging process, the workpieces
were tested for their dimension, hardness, and
microstructure.  The  specimens for the
characterization were taken from the bottom part
of the workpiece after cross-sectioning it as
schematically given in Fig. 5.

The dimension was measured within the
original design’s closest range, which was 191
mm and 54 mm for diameter and height,
respectively. For the mechanical properties,

Rockwell hardness testing was performed in
according to ASTM-E18-16.

For the microstructural analysis, the specimen
was first sand papered up to 1200 grits, then
polishing it using diamond paste. After cleaning
it with alcohol, the specimen was etched by
immersing it in 8 % Nital solution (8 % nitric
acid in alcohol) for 10 seconds.

1

Figure 5. Cross section of the workpiece where the
specimens were taken for the characterization purposes
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Using an optical microscope (Keyence VHX-
5000), the specimen was ready for
microstructural characterization. All
characterizations was performed at an ambient
condition.

3. RESULT AND DISCUSSION

During hot forging, a material undergoes
plastic deformation following the shape of the die.
To obtain the characteristic of the material’s
flowability during the hot forging, the dimension
of the product was measured in terms of the
diameter and height of the track roller product
given in the design. In this instance, the
flowability of the material is limited to the
capability of the material to fill the die during the
hot forging process. The results of the
dimensional change measurement are given in
Fig. 6.

Dimensional change measurement showed
that the closest approximated dimensions
according to the original product design were the
one with a die insert draft angle of 7° and heating
temperature of 1250 °C, i.e., 191.2 mm and 53.6
mm for diameter and height, respectively. Other
workpieces heated at other heating temperatures
using different die insert draft angles experienced
off-dimensions in which the diameter and or
height of the workpiece could not meet the
design specification. At a heating temperature of
1150 °C and a draft angle of 3°, for example, the
resulting product has 193.0 mm and 52.1 mm for
diameter and height, respectively. It is suspected
that the situation could occur because the forging
temperature was still relatively low for the
material to deform. Moreover, the forging
temperature could also somehow decrease during
the forging process, which might cause material’s
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flowability to decrease as the temperature
decreases.

The die inserts draft angles obviously affected
the flowability of the material and, thus, the
material’s ability to fill the die. As can be seen
from the graph, at the same temperature, the 7°
draft angle results in more height as compared to
that of 5° and 3° draft angles. The draft angle of
7° and heating temperature of 1250 °C results in
the highest height at 53.6 mm. This is probably
because a large draft angle makes the material
easy to flow through the die.

193.5
@1150°C B1200 °C O1250 °C
193.0

—
=
[3%)
in

., 192.0

191.0
190.5
190.0
7

3 5
Draft Angle (Deg)

@)

Diameter (mm)

—_
o
—

A

54.0
1150 °C @1200°C O1250 °C

53.5
53.0
520
515
51.0
7

3 5
Draft Angle (Deg)

(b)

Figure 6. The effect of temperature variations at different die
insert draft angles on the dimensional change of the
undercarriage track roller products after hot forging (a)
height and (b) diameter
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During the forging process, plastic
deformation may occur in longitudinal and cross
sectional directions; however, the degree of
change might be differ depending on the
flowability and the die design. As seen in Fig. 6,
the average value of the diameter is greater than
the average height value. In this instance, the
deformation is more dominant in the cross-

sectional direction, and thus, the change in
diameter is larger than that of the longitudinal
direction. This corresponds to the state of the
forging process, i.e., compression, in which the
deformation tends to move freely towards the
frictionless (free) direction [14]. From the picture
in Fig. 6, it can also be seen that with the increase
in temperature and the die insert draft angle, the
deformation increases, which means that the
material can fill the die well. This is because with
the increase of temperature, the more the flow
and thus the easier the material to fill the die will
be, even at a relatively small load [15].

The hardness testing would be helpful to
examine the hardness distribution of the forging
products in line with the changes in the forging
temperature and die insert draft angle. Hardness
distribution from the edge inward at temperature
variations of 1150, 1200, and 1250 °C and
various die insert draft angles is given in Figs.
7(a), 7(b), and 7(c), respectively. In contrast, the
average hardness is given in Fig. 8.

The average hardness of the material after hot
forging seems to be affected by the temperature
[16] and the draft angle, in, which the higher the
temperature and the draft angle, there is a
tendency that the hardness also increases. The
range of the hardness is about 28-29 HRC, which
is statistically insignificant. However, since the
hardness of the material before hot forging is
about 18.7 HRC, this process profoundly proves
that there is an increase of about 54% in hardness
after the hot forging. It is expected that the higher
the heating temperature, the higher the initial
temperature for the air-quenched process. With
the carbon content of 0.364 wt.%, as seen in
Table 1, it would be understandable that the
hardness will also increase with the increase of
heating temperature.

At the same temperature, the hardness
distribution of the workpiece tends to increase
from the edge inward to 1200 °C. This
corresponds to the deformation of the material at
high temperatures. After experiencing high
deformation during the forging, because of high
temperature, the recrystallization and, thus, the
grain growth at the edge take place faster in
comparison to the area inside farther from the
edge and therefore make the hardness increase
inward. At 1250 °C, even though the difference is
insignificant, as mentioned previously, the
distribution is almost constant, and the average
hardness tends to be relatively lower than that of
two other temperatures. This constant hardness
distribution is expected due to a more
homogeneous temperature distribution.
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Figure 7. Hardness distribution from the edge inward at
temperature variations (°C); (a) 1150, (b) 1200, (c) 1250 and
various die insert draft angles. Error bars are given on each
line graph

At this high temperature, it would be much
easier for recrystallization and grain growth to
take place, and thus, compared to two other
temperatures, decrease the average hardness [17].

A microstructural  investigation  was
performed using an optical microscope on the

specimen taken from the bottom of the product.
The observation was performed at a
magnification of 500 x, and the results are given
in Fig. 9.

31

30 | |E@1150°C @1200 °C @1250 °C

20

3 5 7
Draft Angle (Deg)
Figure 8. Average hardness from the edge inward at various

die insert draft angles and temperature variations. Error bar
is given on each bar graph

As can be seen in Fig. 9, the microstructure
shows that the edge of the product has a non-
homogeneous grain size in which large and small
grain sizes are mixed due to a mixture of ferrite
and pearlite grains from austenite transformation
[18]-[19]. Examination of the microstructures
revealed that different heating temperatures result
in different phase structures, as can seen in Fig. 9.
This  microstructure  examination  supports
hardness distribution in which due to more as has
been explained previously.

After the hot forging process, some forged
products experienced oxidation and
decarburization at the tip of surfaces resulting in
coarse microstructure [20]. With the increasing
temperature, the workpiece becomes susceptible
to scale formation and decarburization.

Steel materials with heating temperatures
higher than 1150 °C have high sensitivity to
decarburization. In this instance, good control is
required for the forging process [21]. The depth
of the decarburization may affect the material’s
properties leading to fatigue failure during
service if it is not properly handled.

The formation of this scale needs to be
considered to determine the appropriate tolerance
so as not to reduce the dimensions of ready-made
products. This would be primarily true because
the uneven surface may lead to an undesired
heavy machining process.
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Figure 9. Microstructure of the workpieces heated (°C) at (a)
1150 with die insert angle of 3°, (b) 1200 with die insert
angle of 5°, and (c) 1250 with die insert angle of 7°. Bar
scale is 100 um

4. CONCLUSION

Plastic deformation of the largest after-
wrought product occurs at a temperature of
1250 °C and a die draft angle of 7° with a
diameter of 191.2 mm and height of 53.6 mm,
very close to the desired dimensions for diameter
and for height. The distribution of hardness is
affected by the temperature and the draft angle in
which the higher the temperature and the draft
angle, there is tendency for the hardness also
increases after the hot forging. The heating
temperatures of 1150, 1200, and 1250 °C do not
significantly affect the hardness statistically.
However, the hot forging process does increase
the hardness by about 54% as compared to the

original material. The characteristics of the
obtained hot-forged material agreed with the
specified forging design for the undercarriage
track roller. Thus could be further tested for
large-scale production.

ACKNOWLEDGMENT

The authors would like to thank PT. Komatsu
Undercarriage Indonesia for providing the sample
and equipment during the research.

REFERENCES
[1] M. Gobetto, Operations Management in
Automotive Industries. Dordrecht:

Springer Netherlands, pp. 1-43, 2014.
Doi: 10.1007/978-94-007-7593-0.

[2] Siemens, “Heavy equipment & off
highway vehicles,” 2022.
https://www.plm.automation.siemens.com
/global/en/industries/heavy-equipment/
(accessed Jun. 05, 2022).

[3] M. Kleiner, M. Geiger, and A. Klaus,
“Manufacturing of lightweight
components by metal forming,” CIRP
Annals, vol. 52, no. 2, pp. 521-542, 2003.
Doi: https://doi.org/10.1016/S0007-
8506(07)60202-9.

[4] S. Kalpakjian, S. R. Schmid, and H. Musa,
Manufacturing Engineering and
Technology. 6 Ed. Singapore: Prentice
Hall, pp. 335-357, 2009.

[5] H. L. Nichols Jr. and D. A. Day, Moving
the Earth: The Workbook of Excavation,
6th ed. New York: McGraw-Hill
Education, pp. 15.1-15.9, 2010.

[6] O.C. Duffy, S. A. Heard, and G. Wright,
Fundamentals  of  Mobile  Heavy
Equipment. Burlington, MA: Jones &
Bartlett Learning, LLC, pp. 991-1025,
2019.

[71 A. H. Mane, “Design and analysis of
secondary up setter die to correct under
filling problem for forged front axle
beam,” International Engineering
Research Journal, vol. special issue, no. 2,
pp. 4590-4593, 2015.

[8] M. G. Rathi and N. A. Jakhade, “An
overview of forging process with their
defects,” International Journal  of
Scientific and Research Publications, vol.
4, no. 6, pp. 1-6, 2014.

[9] S.-W. Lee, J.-W. Jo, M.-S. Joun, and J.-M.
Lee, “Effect of friction conditions on
material flow in FE analysis of Al piston
forging process,” International Journal of
Precision Engineering and Manufacturing,
vol. 20, no. 10, pp. 1643-1652, 2019. Doi:

62 | Metalurgi, V. 37.2.2022, P-ISSN 0126-3188, E-ISSN 2443-3926/ 57-64



[10]

[11]

[12]

[13]

[14]

[15]

[16]

10.1007/s12541-019-00189-8.

M. Hawryluk, D. Dobras, M. Kaszuba, P.
Widomski, and J. Ziemba, “Influence of
the different variants of the surface
treatment on the durability of forging dies
made of Unimax steel,” The International
Journal of Advanced Manufacturing
Technology, vol. 107, no. 11, pp. 4725-
4739, 2020. Doi: 10.1007/s00170-020-
05357-z.

C.-Y. Chen, F.-Y. Hung, T.-S. Lui, and
L.-H. Chen, “Microstructures and
mechanical properties of austempering
Cr-Mo (SCM 435) alloy steel,” Materials
Transactions, vol. 54, no. 1, pp. 56-60,

2013. Doi: 10.2320/matertrans.M2012317.

C. Ji, L. Wang, and M. Zhu, “Effect of
subcritical annealing temperature on
microstructure and mechanical properties
of SCM435 steel,” Journal of Iron and
Steel Research, International, vol. 22, no.
11, pp. 1031-1036, 2015. Doi:
10.1016/S1006706X(15)30108-4.

K. Tanaka, D. Shimonishi, D. Nakagawa,
M. Jjiri, and T. Yoshimura, “Stress
relaxation  behavior of cavitation-
processed Cr—Mo steel and Ni—-Cr—Mo
steel,” Applied Sciences, vol. 9, no. 2, p.
299, 2019. Doi: 10.3390/app9020299.

N. C. Cho, S. H. Lee, S. S. Hong, and J. S.
Lee, “Experimental verification of
preform design for axisymmetric heavy
forging on a model hammer,” Journal of
Materials Processing Technology, vol. 47,
no. 1-2, pp. 103-110, 1994. Doi:
10.1016/09240136(94)90088-4

G.E. Dieter, Introduction to Workability,
in J. R. Davis and S. L. Semiatin, ASM
Metals Handbook, Vol 14: Forming and
Forging, 9th ed., vol. 14. Ohio: ASM
International, pp. 363-372, 1989.

I. P. Nanda, Z. Ali, N. F. B. W. Anuar, M.
H. Idris, and A. Arafat, “Effect of forging

[17]

[18]

[19]

[20]

[21]

temperature on biodegradable Mg-
0.7%Ca alloy properties for Implant
application,” 1OP Conference Series:
Materials Science and Engineering, vol.
1062, no. 1, p. 012047, 2021. Doi:
10.1088/1757-899X/1062/1/012047.

D. Li, L. Chai, Z. Chen, T. Jin, G. Shi, Y.
Jin, and Z. Feng, “Effects of forging
temperature on  microstructure  and
mechanical properties of 650 °C high
temperature titanium alloy,” in High
Performance Structural Materials,
Singapore: Springer Singapore, pp. 477-
483, 2018. Doi: 10.1007/978-981-13-
0104-9 51.

M. Miiller, D. Britz, L. Ulrich, T. Staudt,
and F. Micklich, “Classification of
bainitic ~ structures  using  textural
parameters and  machine learning
techniques,” Metals (Basel), vol. 10, no. 5,
p. 630, 2020. Doi: 10.3390/met10050630.
H. Kim, J. Inoue, and T. Kasuya,
“Unsupervised microstructure
segmentation by mimicking metallurgists’
approach to  pattern  recognition,”
Scientific Reports, vol. 10, no. 1, p. 17835,
2020. Doi: 10.1038/s41598-020-74935-8.
M. Irani and A. K. Taheri, “Effect of
forging temperature on homogeneity of
microstructure and hardness of precision

forged steel spur gear,” Materials
Chemistry and Physics, vol. 112, no. 3, pp.
1099-1105, 2008. Doi:

10.1016/j.matchemphys.2008.07.044.

C. Zhang, li-yao Xie, G. Liu, lie Chen, Y.
Liu, and J. Li, “Surface decarburization
behavior and its adverse effects of air-
cooled forging steel C70S6 for fracture
splitting connecting rod,” Metals and
Materials International, vol. 22, no. 5, pp.
836-841, 2016. Doi: 10.1007/s12540-016-
5657-X.

Effect of Heating Temperature and Die Insert Draft Angle .../ Nofrijon Sofyan | 63


https://doi.org/10.1016/09240136(94)90088-4
https://doi.org/10.1016/09240136(94)90088-4

64 | Metalurgi, V. 37.2.2022, P-ISSN 0126-3188, E-ISSN 2443-3926/ 57-64



