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Abstract

The current work includes studying the effect of heat treatment using liquid
carbon nitriding technology on steel notched (DIN17100) at two angles of 30°
and 90 °, with a depth of 0.5 mm. samples were soaked for a continuous 1.5
hr in a molten salt bath at 750°C, 800°C, and 825°C. After that, samples were
quenched in heated oil at 60°C and tempered at 180°C. Mechanical testing

e — is part of the process; include tests for surface microhardness, fatigue before
T T and after treatment,tensile testing and chemical analysis of the material.
Before treatments, fatigue testing was done on the notched specimens at
room temperature under full reverse bending stress. Obusirved that V-
notching the specimen reduced strength and fatigue life of steel. The results
showed that heat treatments significantly increased strength and fatigue life;
in comparison to unfreated samples, heat treatments increased fatigue life
0 i i ) by 12.5% and 20%, respectively. Finding that the carbonitriding method of
00000 200E+06  4DIE+06  GOOEFD6  BODE+06  1OOE+07 hardening produced a surface hardness of 868.71HV, which was 73% higher
Nfeycles) than the non-hardened samples.The fatigue strength increased to 338.55
MPa and 455.56 MPa at 30° and 90 °, respectively, at the highest
temperature due to safuration of the surface with carbon and nitrogen
atoms.
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cycle number, which means that objects or materials
can be handled before failure. Usually, the fatigue

1.0 INTRODUCTION

The material (steel structures, shafts, gear teeth,
screws, efc.) frequently undergoes gradual structural
deformation when it is repeatedly and cyclically
subjected to load, and the maximum stress values will
typically be less than the normal tensile stress limit as
well as possibly the yield stress limit. A component's
fatigue life is expressed as the number of loading
cycles needed to start a fatigue crack and allow it to
grow fo a critical size [1]. The phenomenon of metal
fatigue is infricate, with various elements influencing
its fatigue life, including the type of material used, its
structure, form, and temperature changes. Through
more types of fatigue, lives are estimated with a load

life of un-nofched (plain) specimens is much longer
than that of notched specimens [2]. There are many
studies that talk about the effect of cracks on fatigue
behaviour due to the concentration of stresses in
those areas. Fatigue failures of machine components
remain a issue of relevant importance in the
manufacturing world. Typically, they result from
geometrical elements like grooves, nofches, corners,
and holes, the true impact of which is sometimes
underestimated during the design stage. Due fo its
intfricate microstructure and complex geometries,
gray cast iron cast parts are common examples of
components that are challenging to design for

87:2 (2025) 373-380 | hitps://journals.utm.my/jurnalteknologi| eISSN 2180-3722 | DOI:
| https://doi.org/10.11113/jurnalteknologi.v87.22683 |



374 Sajad H. Nasser & Dumoaa Haider Shakir / Jurnal Teknologi (Sciences & Engineering) 87:2 (2025) 373-380

fatigue [3]. As a result, it is imperative to increase the
fatigue life and mechanical qualities of steel, and
there are numerous ways to do so, including
nitrocarburizing [4], cyanide salt bath [5-6], Rf
plasma carbonitriding [7], and gas carbonitriding [8].
Carbonitriding process gives bright finishing on the
product. Distortion can be easily avoided and
fatigue limit can be increased[?]. The fundamental
characteristic of steel is its hardening ability, or the
capacity to undergo a partial or total fransformation
from austenite to martensite in a given amount of
time and under a given set of circumstances [10].
One type of heat treatment known as liquid
carbonitriding involves saturating the steel surface
with diffusive elements (carbon and nitrogen) in their
atomic state. These elements are produced when
certain compounds develop and come into contact
with the steel surface, forming bonds. Chemical by
the process of absorption and then penetration into
the steel by the process of diffusion. Nitrogen
stabilises austenite, and as much as 70% mass-% of
austenite can be kept depending on the amount of
carbon and nitrogen content attained [11-12]. Zhang
et al. [13] studied nitrocarburized in gas and salt bath
effict on medium carbon steel was , forming three
layers (oxide layer, compound layer and diffusion
layer) on the surface of the specimen. The results
show that fatigue limits of the specimens treated in
gas and salt bath are improved by 120% and 100%,
respectively, compared to that of the untreated
specimens after the very high cycle fatigue (VHCEF)
test peformed. Poppy et al. [14] employed a novel
technique called pack carbonifriding to freat low-
carbon steel specimens. Pack carbonitriding
temperatures ranged from 700 to 800 degrees
Celsius, with holding times of one and two hours,
respectively. The outcome demonstrated how steel's
mechanical properties are impacted by temperature
differences caused by carbonitriding. When holding
times were shortened from two hours fo one hour,
steel toughness rose. Sajjad et al. [15] studied the
effect of surface treatments on LCS under rotating
bending fatigue behaviour and found that the
fatigue life of steel was significantly improved
compared to the metal before treatments. Jifa Chen
et al. [16] carried out a fatigue test on the specimen
whose diaphragm segments had curved notches.
Arc-shaped notched plate steel specimens with
corresponding notch radii of 10, 20, and 30 mm have
been employed. concluded that as the notch radius
grows, fatigue life increases as well. The right increase
in notch radius during the design of the curved notch
in steel box girder cross-sections is advantageous to
extending the structure's fatigue life. Dazhen et a.
[17] investigated the effect of post-ion carbonitriding
treatment on mechanical properties and tribological
properties of the carburized and quenched
18Cr2Ni4WA steel. According to the data, the wear
rate of ion carbonitriding samples dropped by more
than 99% under two conditions: a 6 N light load and
a 60 N heavy load. The friction coefficient stayed
essentially unaltered. The results have shown that

careful selection of carburizihg and ionic nitro
hardening temperatures significantly  improves
surface hardness and wear resistance.  Affer
freatment, the material's surface hardness increased
by 50%, but its core hardness only decreased by less
than 20%. The aim of this paper is to study the effect
of shape notch before and after treatment with
liquid carbonitriding on the fatigue behaviour of low-
carbon steel at a variable temperature, which was
not implemented in the previous works mentioned
above. Study the effect of liquid carbonitriding on
the improvement percentage of fatigue life and
fatigue property. The material used is DIN17100 low
carbon steel. Two ftypes of V-shaped notched
samples at angles of 30° and 90 °, were produced.
The samples were immersed in a salt bath inside a
stainless steel box designed for this purpose. The
fatigue properties and surface hardness were
measured  experimentally before and after
freatment.

2.0 METHODOLOGY
2.1 Metal Seliction and Tensile Test

In this research, a low-carbon steel alloy (St-44) was
used, whose chemical composition (wt%) is C: 0.22,
Cr: 0.138, Mn: 0.499, Si: 0.136, and Fe: Ball. As a result
of its wide wuse in engineering projects and
applications. Tensile testing was performed using a
WAW-200-1180kN machine. The tensile specimens
were designed according to ASTM-A 370, so they
were valuable in terms of yield strength (380 MPQq)
and ultimate strength (530 MPa).

2.2 Preparation of Sample

According to the standards for ASTM  606-80
cylindrical specimens, fatigue test specimens were
produced as shown in Figure 1. For the purpose of
testing it on a fatigue device (WP 140). A CNC
machine was used. Two categories were established
for the designed fatigue specimens. First category of
specimens included notch at an angle of 30°, while
the second category of specimens also included a
notch but at a 90-degree angle. Samples with
notches have a depth of 0.5 mm. The notch is
situated 10 mm from the mounting side. Figure 2
illustrating the specifics of the research samples.
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Figure 1 Schematic diagram for fatigue test specimens
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D= 12mm
a=130°90°
h=0.5 mm
d=8mm

[=10 mm

Figure 2 Dimensions of V shape notch specimens [15]

2.3 Fatigue Device

Rotating bending fafigue testing machine used, he
machine ftype is (GUNT HUMBURG WP 140) shown in
Figure 3.

Figure 3 Machine of rotating bending fafigue test

2.4 Heat Treatments
2.4.1  Stress Relieving

Stress relief is performed by heating a furnace to a
temperature below the crifical temperature and
holding it at that temperature long enough to
achieve the desired reduction in residual stresses. The
temperature, duration and time kept at temperature
are the basic processcycles. This process relieves
internal stresses without causing any color change.
Returns the material to a strength level approximately
equivalent to that it was in before forming.

In this work all specimens were subjected to a
temperature of 200 °C for three hours using an
eclectic furnace as part of the internal stress relief
process[18].

2.4.2 Lliquid Carbonitriding

Preparing the saline solution medium (liquid
carbonitriding(C.N)) according to weight
percentages: 61% sodium cyanide, 24% sodium
chloride, and 15% potassium carbonate [15]. Mixing
salts in a crucible made of stainless steel. It was then
placed in a furnace at a temperature of 650°C with
the aim of melling the components before inserting

the samples. The process of melting the components
was accompanied by the process of heafing the
samples in another furnace at a temperature of
200°C. To get rid of stuck-on moisture and avoid
popping caused by moisture, if it is placed inside
molten,where it is suspended in a steel holder, then
the contfianer containing the molten salts was
withdrawn from the furnace, and the heated
samples were placed inside it (suspended in the
molten substance) and refurned to the furnace,
where the heating process confinued for 1.5 hr at
temperatures of 750°C, 800°C, and 825°C, then the
crucible is withdrawn, the samples are taken out,
and they are placed directly in the oil heated to a
temperature of 60°C to reduc deformation[19]. This
process was followed by tempering at 200°C for 2
hours to remove internal stresses, reduce hardness,
and increase durability, so that the steel is able to
withstand shocks and vibrations. Figure 4. lllustrate
the details of the treatments performed on the
samples before and after liquid carbonitriding.
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Figure 4 Heat treatment cycle

3.0 RESULTS AND DISCUSSION

In the article that follows, the fatigue test results for
each temperature, form angle, and surface hardness
measurement will be discuss.

3.1 Hardness Measurement

The result showed that the surface hardness of low-
carbon steel that is freated with a liquid
carbonitreding process at a soaking time of 1.5 hours
with a variation of temperature (750°C, 800°C, and
825°C) can be seen in Table 1 following:
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Table 1 Results of hardness low carbon steel due to liquid
carbonitriding

VH, hardness

" Improve
Hea Time/ - Avera ment
treatme No.specimens
nt hr ge HV  hardness
1 2 3 %
Base 234 2349 2353 2347 = -
metal
750°C 1.5 713 716 7167 71523 67
o 840. 8451  847.1
800°C 1.5 07 3 8 844.12 72
825°C 15 8]656' 8688'7 8712 86871 73

The hardness tests were carried out using Vickers
method with the type of device (HVS-1000) , Three
replicated tests were performed on samples of each
liquid carbonitriding temperature.
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Figure 5 Surface microhardness vs. freatment temperature

Figure 5 llustrates the liquid carbonitride's
microhardness as a function of freatment
temperature. On the sample surface, a significant
rise in microhardness was observed. Steel that has
undergone the liquid carbonitriding process contains
additional elements, such as Cr, which has a strong
affinity for nitrogen due to the high processing
temperature. Some fine iron nifride (FesN) and iron
carbide (FesC) precipitates formed inside the
diffusion layer, which led to an increase in hardness
[?]. The hard layer that impedes plastic flow is what
mcakes the surface hardness improve fatigue
strength. Observed that the increase in temperature
leads to an increase in the surface hardening by 67%,
72%, and 73% for 750°C, 800°C, and 825°C,
respectively. The obtained results show that the
hardening achieved a higher surface hardness of
868.71 HV relative to unhardened samples.

3.2 Fatigue Test Results

Figure 6 and Figure 7 show the S-N curves of liquid
carbonitriding. These figures show fatigue behaviour
after surface thermal treatments at variable
temperatures  (750°C, 800°C,and 825°C) with

constant soaking time. observed a significant
change in fatigue behaviour after surface hardening
with liquid carbonitriding compared with samples
unfreated. It is observed that the increase in
temperatures and constant soaking time (sample
retenfion time in the salt bath medium inside the
furnace at high temperatures) results in  an
enhancement of each hardening process' fatigue
performance. The improvement in  fatigue
performance (life and strength) of the surface-
hardened samples comes from using surface heat
freatments that create a protective layer (hardened
layer). Because of the difference in concentratfions
from high concenfrations (carbon medium) to low
concentrations (steel surface with low carbon
content), carbon and nitrogen atoms diffused
together inside the metal surface, resulting in this
layer [20], where the steel's surface hardens and
becomes smoother as carbon and iron combine to
form iron carbide FesC (cementite), which is what
gives steel its high stress resistance. The nitrogen atom
that results from this process is also more able to
penetrate farther because of its small size. Inside the
surface of the mineral with deformation of the crystal
structure, which leads to delayed crack initiation and
growth. The experimental data from fatigue testing is
fitted to create these curves. It is noted that the best
enhancement in the (S-N) curve is at a temperature
of 825°C at an angle of 90 degrees and an angle of
30 degrees compared to the temperatures of 750°C
and 800°C, as shown in Figure 8.

430 u Untreat and o= 90°
400 ACN at 750°C and o= 00°
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e
=
=

Stress (Mpa)
—_ b =
s = o =
= =2 =5 =

L
=

=
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Figure 6 S-N curve of fatigue test samples at variable
temperatures with an angle of 90 degrees after and before
carbonitreding

The component's shape and the manufacturing
method have an effect on the stress concentration.
For the fest specimens used to evaluate the fatigue
strength  of engineering materials, the stress
concenfration of the circumferential notch in the
circular bar is significant. Observed in this work that
the stress concentration factor for the notched
specimens of the selected materials under reverse
bending is that the shape of the 30° degree angle
significantly  affected the fatigue resistance
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compared to the 90° degree angle as a result of the
concenfration stress. The stress concentration
decreased at the 90-degree angle due to the
angular shape of the notch. Whenever the angle
notch is greater than 30° stress concentratfion
decreases and fatigue resistance increases.

Untreated and o= 30

CNat 730°C and o= 30°
#C N at 800°C and o= 30°
*CN at 823°C and o= 30°
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0 2000000 4000000 6000000 8000000 10000000
Nifeyeles)
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Figure 7 S-N curve of fatigue test samples at variable
temperatures with an angle of 30 degrees after and before
carbonitriding

Figure 9 show the enhancement of the fatigue
behaviour of low-carbon steel 17100 at stress 200
MPa after and before ftfreatment with liquid
carbonation, as the number of cycles increased from
981668 RPM at point A to 11807744 RPM at point D.
Table 2 shows the improvement in fatigue life at an
applied stress of 200 MPa aft different degrees of heat
freatment.

450 Untreat and o= 30°
400 Untreat and o= 90°
330 XC.N at 825°C and o= 30°
300 +C.N at825°C and o= 90°
£)
L] bl
2 230
5200 X .
@
150
100
30
0 1 1 1 1 1 i
0 2000000 4000000 6000000 8000000 10000000 12000000

Niicycles)

Figure 8 S-N Curve of fatigue test samples at variables angle
(30 and 90 degree) temperature 825°C after and before
carbonitreding
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Figure 9 S-N curve of fatigue test samples at variable
temperatures with an angle of 90 degrees after and before
carbonitreding at stress 200 MPa

Table 2 Results life cycles of specimens experimentally for
liquid carbonitriding at variable temperatures and constant
soaking fime aft stress 200 Mpa

Stress(Mpa) iycles B c D
200 98166 80855 105426 118077
8 24 29 44

3.3 Basquin Equation

The experimental S-N equations (Basquin's equations)
and the experimental fatigue strength (fatigue limit)
for liquid carbonitriding are shown in Table 3 and
Table 4. Equation 1 provides Basquin's equation,
which is a power law regression [21].

o=aN? (1)
a and b curve fitting constant.

Remarkably, the highest fatigue strength at 10¢
cycles is 455.56 MPa and 338.55 MPa for shape
angles 90° and 30° degrees at 825°C, and the
minimum fatigue strength at 10¢ cycles is 351.56 MPa
and 289.48 MPa for shape angles 90° and 30°
degrees, respectively, at 750°C with a constant
soaking fime of 1.5 hours.

- FSIF can be calculated from the flow equation
2 [91, [22].

Tp—TOrpf

FSIF% =

x100% (2)

Oref
Where oe refers to the fatigue strength of hardened
steel after 10¢ cycles, and ort. denotes the fatigue
strength of an untreated specimen after 106 cycles.
10¢ cycles is the value of fatigue strength for
alternating stress of steel. After 106 cycles, the
stfandard considers the fatigue life to be infinite.
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- FLIF can be calculated from the following
equation 3 [?].

I. J"Il- _I. "1'-1-
FLIF%= Z|logNy —logNref D87l
I-':‘EEJ""TE'f
(3)

Where Nt is the number of surface-hardened metal
failure cycles, and Nrer is the number of unfreated
reference material failure cycles, In confrast to
samples that had been surface-treated, the
untreated reference material had the fewest cycles
fo failure.

Table 3 Results S-N equation of LCS notched shape
angle 30 degree

Heat S-N Fatigue Fatige
treatment strength ratio

s equation (MPa) Ge /ot

FSIF  FLIF

Untreated % =292N" 18709 035 o
750ec BTN og0u8 054 54 946
soocc  FTO07INT 4500 059 48 108
g2sec  FTO792BNT a3ps5 063 80 125

0.208

Table 4 Results S-N equation of LCS notched shape angle 90

degree
Heat Fatigue Fatigue

treatments S-N equation  sirength ratio FSIF%  FLIF%

(MPq) Ge /Outt

Untreated % 485N o082 039
7sec %= P6833N 35156 0.6 68 1685
soocc %= 226N 1843 078 100 1901
gosec TSN ussse 085 118 20

0.314

It was observed that as the temperature rose and
the constant soaking time increased, the chosen
material's fatigue strength increased due fto the
diffusion of more carbon and nefrogin atoms through
the surface at a certain depth towards the core,
where carbon with iron forms iron carbide Fe3C
(cementite) and nentrogin with iron forms Fe4N on
the surface of the metal, which is responsible for the
high resistance of steel to stresses. Thus, these atoms
of carbon and nitrogen fill the voids and scratches
and obstruct the initiation and growth of cracks.
Figure10 shows the effect of surface heat tfreatment
on FSIF%. The figure shows that the FSIF% increases
with an increase in temperature. It is concluded that
in the liquid carbonitriding process, FSIF% increases by

about 54%, 68%, and 80% at 750°C, 800°C, and
825°C, respectively, during V shape angle 30°, while
in the same process, FSIF% increases by about 68%,
100%, and 118% at V shape angle 90° degrees. It is
concluded that the maximum improvement
percentage of fatigue strength is 80% and 118% for v-
shaped angles of 30° and 90° degrees, respectively,
at a temperature of 825°C.

150 ¢ ® Shape angle 30°
Shape angle 90°

100 |

N l I I
0
750 800 825

Temperature (°C)

FSIF%

Figure 10 Fatigue Strength Improvement Factor for different
temperature with constant time

Table 3 and Table 4 show the percentage fatigue
life improvement factor for heat treatments (liquid
carbonitrid) at variable temperatfures. It  was
concluded that the maximum improvement
percentage of fatigue life is 20% at 825 °C with a V
shape angle of 90° degrees, 12.5% with a V shape
angle of 30° degrees, and the minimum fatigue life at
750 °C is 9.4% at a V shape angle of 30° degrees.
Figure 11 illustrate factor improving fatigue life after
heat freatments with variable temperatures of
molten salt bath.

25 r = Shape angle 90°
Shape angle 30°
20

15

FLIF

10

750 800 825
Temperature (°C)

Figure 11 Fatfigue life improvement factor for different
temperature with constant time

4.0 CONCLUSION

The current work studied the effect of heat
freatments using carbon nitriding under variable
temperature conditions on nofched steel. The
selected material was chemically examined,
tensile test, micro-surface hardness test, and
fatigue tfest were examined. Results showed that
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liquid carbonitriding significantly improved both
surface hardness and fatfigue performance. A
soaking time of 1.5 hours at 825°C enhanced
fatigue life by 12.5% for 30° notched samples and
20% for 90° notched samples. Surface hardness of
St44-2 DIN17100 steel increased by up to 73%
compared to untreated samples. The fatfigue
stfrength increased to 455.56 MPa and 338.55 MPa
compared to unireated steel 187.92 MPa and
208.82 MPa for specimens notched at 90° and 30°
angles, respectively. at the standard fatigue life of
108 cycles, the maximum improvement in fatigue
strength was 118% for 90° notched and 80% for 30°
notched samples. These findings highlight the
effectiveness of liquid carbonitriding in enhancing
the mechanical properties of notched steel.

Nomenclatures

Symbol Meaning Unit

Ts Fatigue Strength MPa

a, b curve fitting constant.

Gult Ultimate stress Mpa

N Number of cycles Cycle

Abbreviations

HV Hardness Vickers

RF Radiofrequency

ASTM American Society for Testing and
Materials

C.N Carbonitriding

FesC Iron Carbide

FedN Iron Nitride

FSIF Fatigue Strength Improvment Factor

FLIF Fatigue Life Improvment Factor
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