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Induction hardening (IH) is a popular choice for automotive components such as camshafts
for its ability to harden portions of a component selectively. The camshaft will contact the
tappet, connected to the rocker arm, to open and close the valve whenever the engine is
running. This contact between the camshaft and the tappet causes wear on the camshaft
surface. IH of the camshaft is required to improve wear resistance and service life, as well as
core elasticity to absorb high torsional stresses. It is known that studies about IH on camshafts
are still very limited. This study aims to determine the effect of the induction hardening and
tempering treatment on the mechanical properties of the camshaft made of HQ 705 steel. The
induction hardening carried out in this study uses different parameter settings such as heating
time and output current. The camshaft specimen is hardened by static induction and then
quenched in oil. The specimens are tempered after induction hardening with different
temperatures and holding times to adjust the hardness level and reduce brittleness. Hardness,
macro photographs, micrograph, and wear tests were conducted to determine the mechanical
properties of the camshaft specimen after the induction hardening and tempering process. This
study indicates that induction hardening with an output current of 747 A for 15 seconds
followed by tempering at 150 °C for 15 seconds on specimen 1 produced the best mechanical
properties. On the surface of these specimens found more martensite content while there was
no microstructural change on the inside. The surface hardness of these specimens is 44 HRC
(Rockwell C Hardness), while the inside is 26 HRC. Meanwhile, specific wear decreased by
45.45%.
Keywords: Surface hardening; Camshaft; Induction; Quenching; Tempering

1. Introduction
The overhead-valve train system in the diesel
engine consists of a camshaft, tappet, pushrod,
rocker arm, upper retainer, valve spring, fixed
retainer, valve guide, valve, and valve seat [1]. The
camshaft is used to open and close the intake and
exhaust valves of the diesel engine at certain

intervals. They work under high speed, variable
load,
and
complex
elastohydrodynamic
lubrication conditions. The camshaft will be in
direct contact with the tappet, connected to the
pushrod and rocker arm to open and close the
valve when the engine is running. This contact
between the camshaft and the tappet causes
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surface scuffing, pitting, and abnormal wear on
the camshaft surface. To prevent the occurrence of
surface scuffing, pitting, and abnormal wear, the
camshaft surface is treated using the induction
hardening method to enhance the surface
hardness, wear resistance, and service life of the
cams, specifically in the area related to cam lobe
and journal [2], [3].
Induction hardening is a popular method for
surface treatment of a variety of automotive
components, including camshafts. Induction
hardening is when the heat is generated directly
in the workpiece with preheating, heating,
quenching, and tempering stages. This method is
more economical and environmentally friendly
because heat energy is created using electricity
without burning fossil fuels. Additionally,
induction heating can be precisely controlled via
the number and design of coil, specimen diameter,
input current, frequency, heating time, and
temperature. This minimises deformation in the
workpiece and ensures the hardening process's
efficiency and hardness depth [4], [5]. The use of
the induction hardening method to increase
automotive components' hardness and wear
resistance has been widely studied. The increased
wear resistance of camshaft material made from
ductile cast iron with the induction hardening
method has been studied by Karaca et al., 2017.
The wear resistance of the camshaft increases with
increased austenitisation temperature, time, and
induction hardening. The best wear resistance of
the camshaft has been obtained in a combination
of austempering (900 °C, 90 minutes) and the
induction hardening process [6].
The increase in temperature and duration
during the induction hardening process on gear
were made from S45C steel causes a large amount
of heating propagation throughout the gear
specimen. After quenching, the austenite phase
transforms into martensite phase with very hard
and brittle properties. This causes the surface
hardness of the material to increase, but the
distortion is getting more prominent [7].
The surface hardness of the crankshaft material
made of 50CrMo4 steel increases with induction
hardening. In addition, fatigue strength is

increased by 45% after the induction hardening
process [8]. The studies about the induction
hardening process on camshafts material made of
HQ 705 steel are still very limited. Therefore, this
study aims to determine the effect of induction
hardening and tempering on surface hardness
and wear resistance of the camshaft material made
of HQ 705 steel. Induction hardening treatment
was carried out using the static method to obtain
the minimum hardness required on the camshaft
surface without changing the material's inner
hardness. The minimum hardness required on the
surface of the camshaft is 45 HRC [9].
Furthermore, the parameters used in this study
will be evaluated for application on camshafts for
rural cars with a 990-cc engine capacity by the
Agency for The Assessment and Application of
Technology (BPPT), Indonesia.

2. Method
In this study, HQ 705 steel with a cylindrical
rod shape was provided by the Agency for the
Assessment and Application of Technology
(BPPT), Indonesia. The chemical composition of
HQ 705 Steel was tested using an Optical Emission
Spectroscopy Switzerland QTD-127. Table 1
shows the chemical composition of the HQ 705
steel used in this study. HQ 705 steel is a high
strength low alloy steel which has an excellent
combination of toughness, fatigue resistance, and
ductility, making it suitable for use in applications
requiring very high levels of strength, such as
aircraft landing gear, high strength bolts, power
transmission gears, shafts, and airframe part [10]–
[12].
The wire cutting machine is used to cut the
cylindrical rod of HQ 705 steel into a camshaft
specimen (cam), as shown in Figure 1 and Figure 2.
The annealing heat treatment was carried out at a
temperature of 870 °C for 30 minutes using the
Thermolyne F6010 furnace and then left to room
temperature in the furnace. The annealing process
is performed on the camshaft specimen to increase
its flexibility and reduce its hardness [13]. The
hardness of the camshaft specimen made from
HQ 705 before and after the annealing process
were 33 HRC and 25 HRC.

Table 1. Chemical composition of HQ 705
Element
Percentage
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C
0.37

Si
0.4

Mn
0.72

P
< 0.020

S
< 0.005

Cr
1.41

Mo
0.22

Ni
1.29
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Figure 1. Camshaft dimension design (mm)

In this study, the induction machine singlephase 220V (50/60Hz) is used for induction
hardening, where oil was used as a cooling fluid
in the quenching process [14]. A handmade coil
with 2 turns of wire was prepared to harden the
specimen with a 4 mm gap to the outer diameter
of the specimen [15]. First, the induction
hardening process in specimens 1 and 2 was
carried out with an output current of 747 A for 15
and 20 seconds. Then tempering was carried at a
temperature of 150 °C for 15 and 20 seconds for
specimens 1 and 2. Next, in specimens 3 and 4,
induction hardening was performed at an output
current of 985 A for 15 and 20 seconds,
respectively. During the induction heating, the
input current and heating duration are measured
with a clamp meter and a stopwatch.
The output current is controlled using the
induction machine's display. Finally, the
tempering process on specimens 3 and 4 was
carried out at a temperature of 250 °C with a

(a)

holding time of 15 and 20 seconds, respectively.
The level of these parameters is given in Table 2.
Tempering was done in this study utilizing
induction heating equipment with a 290 A output
current. The process of tempering is shown in
Figure 3. An infrared thermometer and a
thermocouple installed on the induction machine
were used to measure the temperature of the
specimen during the tempering process. The
material is left in the open air after achieving the
specified temperature and holding time so that the
temperature
gradually
drops
to
room
temperature. In this study, the tempering process
is not carried out in specimen 4 because the
material melts during induction hardening, as
shown in Figure 4.
Macrographic, micrographic, and hardness
tests were carried out on the specimens after
induction hardening and tempering. The
macrograph examination is used to obtain a
macro photograph of an induction-hardened
camshaft specimen indicating the case/surface,
core, and transition regions [16], [17]. The
macrograph of the camshaft specimens was
observed by optical microscopy (OM). A
metallographic method is used to examine the
microstructure of a camshaft specimen that has
been induction hardened and tempered. The
sample was prepared from induction hardening,
and tempering is mounted, polished, and then
etched with a 2% nitric acid solution [18]. The
optical microscope (OM) was used to examine the
microstructure.

(b)

(c)

(d)

Figure 2. Camshaft manufacturing results (a) Specimen 1, (b) Specimen 2, (c) Specimen 3, and (d) Specimen 4
Table 2. Parameters of Testing Specimens
Specimens
1
2
3
4

Induction Hardening
Heating time (s) (t1)
Output Current (A)
15
747
20
747
15
985
20
985
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Tempering
Holding time (s) (t2) Temperature (°C) (T2)
15
150
20
150
15
250
-
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Figure 3. Time-temperature profile of the tempering
process

Figure 4. Induction hardening failure in specimen 4

(side A), left (side B), and bottom (side C) of the
camshaft specimen with 5 test points each.
Hardness testing on sides A, B, and C is
intended to determine the distribution of
hardness on the contour of the camshaft lobe.
Sides A, B, and C show the heel, ram gap, and nose
in the camshaft lobe. In this study, the first point
of the hardness test was performed at a distance
of 2 mm from the edge of the sample, and the next
point was continued at a distance of 3 mm from
each point. Details of hardness testing on sides A,
B, and C of the camshaft specimen are shown in
Figure 5. Figure 6 shows the indentation marks on
sides A, B, and C of the camshaft specimen after
the hardness test.

Figure 6. Indentation marks after hardness test

In this study, the wear tests were carried out
using the Ogoshi abrasion wear test machine
(OAT-U type). The results of this test are used to
determine the effect of induction hardening and
tempering on specific wear on the camshaft
material made of HQ 705 steel. In this test, the
specimens carried out abrasive wear using a
rolling steel disc. Specific wear value
(mm3/Kg.mm) can be determined using the
following Eq. 1 [20], [21].

WS =
Figure 5. Indentation distribution in the camshaft
hardness test

Rockwell testing in this study used a load of
150 kgf with a loading time of 30 seconds
following the standard of ASTM E18-11 [7], [19].
The hardness testing was carried out on the top

Automotive Experiences

B. b3
8. r. F. L

(1)

Where:
B = width of the disc (mm), 3 mm
r = disc radius (mm), 14 mm
F = wear load (kg), 6.3 Kg
L = length of disc track during rotation (mm),
200000 mm
b = width of scratch marks on specimen surface
(mm)
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The findings of this study are consistent with the
literature [22], [25].
The hardness test results showed that
specimen 2 had a greater hardness than specimen
1 at all test points. Induction hardening on
specimens 1 and 2 was carried out with the same
output current of 747 A, while the heating time
was 15 and 20 seconds. An increase in heating
time with the same current output in the induction
hardening process will increase the hardness
value [24], [26]. The longer heating time in the
induction hardening process results in greater
heat propagation in the austenite phase. With a
fast cooling process, the austenite phase will turn
into a hard and brittle martensitic material [7],
[22]–[24]. As a result, the hardness and hardness
distribution across the cross-sectional area of
specimen 2 is greater than that of specimen 1.
Induction hardening performed on specimens
1 and 2 resulted in an increase in hardness which
only occurred in the case/surface and decreased as
it approached the core. The induction hardening
on specimens 1 and 2 was effective, as evidenced
by the decrease in hardness with increasing
distance from the surface. Induction produces a
high surface hardness that can withstand

3. Results and Discussion
The hardness test results after the induction
hardening and tempering process on sides A, B,
and C are shown in Figure 7 and Figure 8. Based on
Figure 7, the maximum hardness achieved in this
study is 50 HRC on specimen 3. In specimens 1
and 3, hardening induction was carried out with
the same heating time of 15 seconds, but the
output current used was different by 747 A and
985 A. The hardness test results show that
specimen 3 has a greater hardness than specimen
1 at all test points. In specimen 1, the increase in
hardness only occurred in the case/ surface and
decreased as it approached the core. The higher
the output current used in the induction
hardening process with the same heating time, the
greater the heat generated. This will result in
heating propagation in the austenite phase. After
a rapid cooling process, the austenite phase
changes to a tough and brittle martensite phase
[7], [22]–[24].
In other words, the higher the current used in
the induction hardening process, the higher the
hardness and hardness distribution across the
cross-sectional area, as occurred in specimen 3.

(a)

(b)

(c)
Figure 7. Hardness profile obtained after induction hardening on (a) side A, (b) side B, and (c) side C
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(a)

(b)

(c)
Figure 8. Hardness profile obtained after tempering on (a) side A, (b) side B, and (c) side C

extremely high loads. The development of a softcore surrounded by an extremely tough outer
layer increases fatigue strength [14]. Whereas in
specimen 3, the induction hardening process
resulted in changes in the hardness value in all
parts of the specimen (case/surface, transition
area, and core area) which is indicated by nearly
the same hardness value at each measurement
distance from the surface.
In general, induction hardening is used to
selectively harden an area or part of a part without
affecting the overall properties [27]. In this study,
the maximum induction hardening and
tempering parameters were obtained in Specimen
1. After induction hardening and tempering were
carried out, the increase in the hardness of
specimen 1 only occurred on the surface/ case. The
closer to the core, the smaller the hardness, and
there was not much difference from the hardness
of the material before induction hardening, and
tempering is carried out, 25 HRC as shown in
Figure 8. Meanwhile, the hardness in the core area
of specimens 2 and 3 was greater than the
hardness of the raw materials.
Figure 9 shows the hardness of the material
after induction hardening and induction
hardening with tempering treatment. The

Automotive Experiences

tempering process on specimens 1 and 3 is carried
out at 150 °C and 250 °C, respectively, for 15
seconds. The highest decrease in hardness
occurred at 250 °C, with a decrease in hardness
reaching 7 HRC. While at a temperature of 150 °C,
there was a decrease in hardness of 2 HRC. The
greater the tempering temperature at the same
heating time will result in a more significant
decrease in hardness. The higher the tempering
temperature, the greater the energy absorbed.
Consequently, the tempered samples provide a
good combination of mechanical properties
because these processes reduce brittleness by
increasing
flexibility
and
toughness.
Simultaneously, the hardness decreases with
increasing tempering temperature [13], [28]–[30].
The tempering process in specimens 1 and 2 was
carried out with tempering times of 15 seconds
and 20 seconds with a temperature of 150 °C. The
longer the tempering time, the amount of
martensite phase decreases, and the austenite
phase increases.
The austenite phase is softer than martensite,
so the hardness decreases [31]. In this study, an
increase in tempering time will reduce the value
of hardness by 1-8 HRC. When a camshaft
specimen is tempered, the martensite phase is

348

© Sri Nugroho, et al.

(a)

(b)

(c)
Figure 9. Differences in maximum hardness value after induction hardening and tempering on (a) side A, (b) side
B, and (c) side C

transformed into various other phases. The carbon
atoms in the martensite move out of the spaces
between the iron atoms during the tempering
process, forming iron carbide particles. As carbon
atoms move out from between the iron atoms in
martensite, the strain within the material is
relieved. The ductility of the steel improves as a
result, and the hardness of the steel decreases. The
amount of hardness reduction after tempering is
determined by the tempering time and
temperature.
Figure 10 shows the macro photographs of the
specimens after induction hardening and
tempering. In specimens 1 and 2 (Figure 10a and

(a)

Figure 10b), the hardened zone produced is visible.
Meanwhile, in specimen 3 (Figure 10c), hardened

occurs in all parts of the specimen. The hardening
layer in the hardened sample is indicated by the
darker periphery of the specimen, as shown in
Figure 10. The hardening layer on specimen 1 is
thinner than specimens 2 and 3. The hardening
layer is still clearly visible in specimen 2 with a
dark color that is more dominant than the gray
color (core).
In specimen 3, the specimen's surface is
entirely dark. This demonstrates that the
hardening layer in specimen 3 occurs throughout
the specimen. The thicker the hardening layer, the

(b)

(c)

Figure 10. Hardness profile of (a) specimen 1, (b) specimen 2, and (c) specimen 3.
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greater the distribution of hardness across the
cross-sectional area of the sample. The presence of
a thin and hard layer on specimen 1 provides
excellent resistance to contact loads with the valve
train.
In the macro photographs, it is clear that
specimen 4 melted during the induction
hardening process due to prolonged heating time
using a large output current (Figure 4). The
temperature imposed on the specimen 4 increases
and reaches the melting point when a large output
current and a long heating duration are combined
in the induction heating process. As a result of
using this parameter, Specimen 4 melted. The best
results of this study were found in specimen 1
because the hardening only occurred in the case/
surface.
However,
this
study's
uneven
distribution of hardness and the resulting
hardness profile did not resemble camshaft
geometry.
The results of the microstructure test with 600x
magnification of this study can be seen in Figure
11. Figure 11a shows that the microstructure of the

HQ 705 specimen (raw material) is tempered
martensite (TM). Martensite has a body-centered
tetragonal (BCT) crystal structure and is a very
hard metastable structure. The microstructure of
pure martensite is needle-like, but as it is
tempered, the microstructure changes to a bushy
type and carbides begin to precipitate on it.
Tempering is a three-step process in which
unstable martensite decomposes into ferrite and
unstable carbides, and then into stable cementite,
resulting in various stages of tempered
martensite. Tempered martensite consists of the
stable ferrite and cementite phases.
Its microstructure is similar to the
microstructure of spheroidite but in this case
tempered martensite contains extremely small
and uniformly dispersed cementite particles
embedded within a continuous ferrite matrix.
Tempered martensite may be nearly as hard and
strong as martensite but with substantially
enhanced ductility and toughness [13], [28]–[30].
The annealing process is carried out on HQ 705 to
relieve the martensitic phase. After the annealing

(a)

(b)

(c)

(d)

Figure 11. Microstructure evolution of (a) raw material HQ 705 (b) annealed HQ 705 (c) the core of specimen 1
(d), the surface of specimen 1
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process, the tempered martensite changes phase
to ferrite (F) and pearlite (P) which is shown in
Figure 11b.
Figure 11b shows that the microstructures that
exist are ferrite and pearlite. The structure of
ferrite is light in color, whereas the structure of
pearlite is darker in color; both have large and
coarse grain sizes. Pearlite has a hard structure
due to the carbon content of the phase, whereas
ferrite is soft and ductile. The findings of this
study are consistent with the literature [32], [33].
This evidence shows that the annealing
process successfully eliminated the martensite
phase and reduced hardness by 7 HRC from the
initial hardness. On the other hand, the results of
microstructure testing on the core of specimen 1
after the induction hardening and tempering
treatment did not change much, as shown in
Figure 11c. Thus, it made the induction process of
hardening and tempering not significantly affect
the hardness value in the core of specimen 1.
Meanwhile, changes in the microstructure of the
surface after the induction hardening and
tempering of specimen 1 treatment are shown in
Figure 11d.
The microstructure of the surface of specimen
1 changed from the ferrite (F) and pearlite (P)
phase to the tempered martensite (TM) phase.
Optical microscopy observations showed that the
center (core) of specimen 1 had a microstructure
made from a mixture of ferrite and pearlite.
Specimen 1 has a hard surface with a tempered
martensite microstructure. The presence of this
hardening layer was confirmed by microhardness
testing. This is consistent with the hardness value
of specimen 1 on the case/ surface, which has
increased by 20-24 HRC. Meanwhile, the core
hardness of specimen 1 is not significantly
different from the raw material. The raw

(a)

material's surface hardness is 25 HRC (annealed).
The core hardness of specimen 1 after induction
hardening and tempering was 25–27 HRC
(measurements at a distance from the surface
were 11 and 14 mm on sides A, B, and C).
Wear tests were carried out on annealed HQ
705 and specimen 1. The width of the scratch mark
on the specimen surface (b) is the average value of
some measurements (i.e. b1, b2, b3, b4, b5, b6) as
measured by a microscope observation as shown
in Figure 12. From the microscope observation
results, b on the annealed HQ 705 and specimen 1
were 1.29 mm and 1.05 mm.
Specific wear value (mm3/Kg.mm) on the
annealed HQ 705 and specimen 1 were 4.51 x 10 -8
mm3/Kg.mm and 2.46 x 10-8 mm3/Kg.mm,
respectively. The raw material of HQ 705 steel
(with annealing treatment) has a hardness of 25
HRC, and this hardness rises to 44 HRC after
induction hardening and tempering treated
(specimen 1). The induction hardening and
tempering will be increasing hardness and
decreasing specific wear. The higher hardness of
the specimen leads to a decrease in wear rate [34]–
[37].

4. Conclusion
The increase of hardness on the surface of the
camshaft material made from HQ 705 steel using
the induction hardening method with tempering
has been investigated. The higher the output
current and heating time used in the induction
hardening process, the greater the heat generated.
This will result in heating propagation in the
austenite phase. After a rapid cooling process, the
austenite phase changes to a tough and brittle
martensite phase. However, if the output current
used is too large, the heat applied to the material

(b)

Figure 12. The scratch mark width of the disc on the surface (a) annealed HQ 705, (b) specimen 1
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is too high, so that during rapid cooling there is a
phase change from austenite to martensite in all
parts of the material. This results in an increase in
the hardness of all parts as happened in specimen
3. In addition, if the output current used is too
large with a heating duration that is too long it can
cause the heat applied to the material to reach the
melting point and cause the material to melt as
happened in specimen 4. The tempering process
performed in this study has been shown to reduce
the hardness of all samples. The amount of
hardness reduction after tempering is determined
by the tempering time and temperature.
Induction hardening performed with an
output current of 747 A for 15 seconds with
tempering at a temperature of 150 °C for 15
seconds on specimen 1 gave the best surface
hardening result. The increase in hardness in
specimen 1 only occurred in the case/ surface and
decreased as it approached the core. This happens
because the tempered martensite phase is only
found in the case/ surface of specimen 1. While the
core of specimen 1 has the same microstructure as
annealed HQ 705 (ferrite and pearlite). Hardness
on the case/ surface of specimen 1 is 44 HRC, with
a hardness on a core is 26 HRC. The increase in
hardness on the case/ surface of specimen 1
resulted in a better wear resistance than annealed
HQ 705. This is because the induction hardening
and tempering processes carried out on specimen
1 resulted in a 46% decrease in specific wear (2.46
x 10-8 mm3/Kg.mm).
However, the surface hardness of the camshaft
made of HQ 705 steel produced in this study does
not meet the minimum hardness requirement for
the camshaft material, which is 45 HRC.
Furthermore, this study resulted in an uneven
hardness distribution and a hardness profile that
does not resemble the camshaft geometry. This is
due to the fact that the coil used in this study is
circular and does not resemble the shape of the
camshaft. Furthermore, because the camshaft has
contours with different geometries, the static
method causes heat to be applied to the material
unevenly.
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