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In this study, the fracture behavior of AISI 4140 low-alloy steel nitrided with respect to the applied current density was in-
vestigated. A series of rotary bending fatigue tests were performed with various loads (350, 400, 450, and 500N) at a constant
rotational speed of 2000 rpm.�e results show that the increase in the fatigue strength of the steel (up to 35%) strongly depends on
the compound layer formed during the nitriding process. In addition, the compressive stress generated by nitrogen-ion
bombardment and implantation had an advantageous e�ect on the substantially enhanced fatigue strength; it acted as a protective
layer to secure the surface from any external impact. It was found that fatigue strength is increased with increasing fracture
toughness index on the surface on the sample. It had the highest fracture toughness index and fatigue strength at about 0.85mA/
cm2 of applied current. �e �ndings of this study will pave the way for applications in related industries.

1. Introduction

Ion nitriding is a popular glow-discharge surface modi�-
cation treatment employed to enhance the fatigue strength,
wear properties, and surface hardness of ferrous alloys [1, 2].
A nitrogen di�usion layer of approximately 200–400 µm is
formed during the nitriding process for parts made of AISI
4140 low-alloy steel, such as bearings and gears [2]. In this
process, nitrogen di�uses into the surface region of the
material and a compound layer is formed by combining
nitrogen (ε-Fe2-3N and ɤ-Fe4N) with the alloying elements of
the matrix on the surface of the material. Nitriding has been
widely employed, particularly because it is advantageous to
obtain hard surface layers without any modi�cation to the
bulk material properties [3].

In the ion nitriding process, compound and nitrogen
di�usion layer are formed with high compressive residual

stress on the surface of steel. �e compressive residual
stress induced in the nitrided layer enhances the surface
hardness, wear, corrosion resistance, and fatigue strength.
Fatigue behavior generally originates from the surface and/
or near surface on the material [4–6].�e crack starts at the
interface between the high and low residual stress sites
owing to the compressed residual stress in the di�usion
layer [1, 5]. Several researchers have studied the fatigue
behavior of various steels subjected to ion nitriding. �ey
reported that the fatigue life period increases with in-
creasing case depth and surface hardness; however, the
thickness of the compound layer does not a�ect the fatigue
limit [2, 7, 8]. A di�usion layer formed during the ion
nitriding process causes compressive residual stress on the
surface of the specimens. It improves the fatigue life; a hard
layer is formed owing to the increased residual stress,
which prevents plastic deformation. However, previous
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studies [2, 7–11] have not investigated the e�ect of the
thickness of the compound layer with a similar di�usion
layer. It has only been reported that the fatigue strength

increases with the thickness of the nitrogen di�usion layer
because the fatigue crack initiation site moves further into
the core.
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Figure 1:�ickness of compound layer and nitrogen di�usion layer.�e �rst column (a-1, b-1, c-1) represents formed layer thickness, while
the second column (a-2, b-2, c-2) represents hardness pro�les. From top to bottom, the sequence of the rows is process temperature, process
gas ratio, and process pressure.
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In this study, we report the fatigue characteristics of AISI
4140 specimens nitrided at di�erent current densities. �e
case depth is parabolically related to the nitriding time and

temperature [12–14]; therefore, a long treatment time is
required to deepen the case depth to increase fatigue
strength. Should the fatigue strength be a�ected by the
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Figure 2: SEM images and hardness pro�les of the cross-sectional microstructure of (a) Untreated, (b) Sample A, (c) Sample B, and
(d) Sample C. (e) Vickers hardness pro�les.
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compound layer, however, it is expected to reduce pro-
duction costs resulting from decreased nitriding process
time. �is contribution contains results of e�ect of com-
pound layer of nitrided samples on fatigue resistance of AISI
4140 low-alloy steel.

2. Results and Discussion

In DC (direct current) pulsed plasma nitriding, the trends of
nitride layer formation with various factors are shown in
Figure 1. In previous studies, the thickness of the compound
layer and the nitrogen di�usion layer increased linearly as
the process temperature (Figure 1(a)) increased. According
to the process gas ratio of H2/N2 (Figure 1(b)), the thickness
of the compound layer and nitrogen di�usion layer in-
creased with increasing nitrogen content up to 1 : 3, whereas
it decreased when a nitrogen atmosphere over 85%was used.
In addition, the lower the process pressure (Figure 1(c)) [14],
the greater the thickness of the compound layer, the
thickness of the compound layer was thicker. However, it
was con�rmed that the applied current density was the
largest variable in the thickness of the composite layer when
compared with the process temperature, gas ratios, and
pressures during the same process time [15].

Figure 2 shows the scanning electron microscopy
(SEM) images and the hardness pro�les of the cross-
sectional microstructure of the untreated and ion-nitrided
specimens in response to di�erent applied current den-
sities. �e hardness pro�le of cross section of the un-
treated sample was shown as trend of general Q/T AISI
4140 steel with hardness of about 400 HV0.1. On the other
hand, the structure of the compound layer attained during
the ion nitriding of AISI 4140 was highly dependent on the
applied current density. �e thickness of the compound
layer increases to 1 µm, 5 µm, and 10 µm as the current
density increases to 0.43mA/cm2, 0.85mA/cm2, and
1.27mA/cm2, respectively, as shown in Figures 2(a)–2(d).
�e current density increased, and the nitride needles in the
grain boundaries tended to become thicker. �e hardness
pro�les of the nitrided samples are shown in Figure 2(e).
Beneath the surface, the hardness of the nitrided samples was
found to be approximately 860 HV0.1, whereas the core was
characterized by signi�cantly lower values of approximately
400 HV0.1. �e hardness decreased as the hardness mea-
surement point moved toward the core, and it can be es-
timated from the hardness pro�le that the thickness of the
hardened layer was approximately 210 µm.

�e crystallographic characteristics of the untreated and
nitrided specimens are shown in Figure 3. �e compound
layer consisted predominantly of ɤ-Fe4N with traces of
ε-Fe2-3N in all nitrided samples. As can be observed, the
ε-Fe2-3N phase was detected at angles of approximately 37°,
43°, 58°, and 78° in Sample A. In contrast, the ɤ-Fe4N phase
was con�rmed at angles of around 41°, 48°, 70°, and 84° in
Samples B and C. Additionally, the ε-Fe2-3N phases of
Samples B and C were weakly con�rmed only at an angle of
37° [16, 17]. Sample A test piece had the highest ε-Fe2-3N
peak. Samples B and C had the highest ɤ-Fe4N peak because
nitrogen di�usion into the base metal is a reactive di�usion,

as with increasing nitrogen concentration in the substrate,
there is a change in phase composition [18].

�e fracture surface and fatigue strength of AISI 4140
steel are shown in Figures 4(a)–4(d) and Figure 4(e), re-
spectively. In the base metal (Figure 4(a)) and Sample A
(Figure 4(b)), a portion of the outermost surface was torn
o� at the part where the ductile fracture had developed
[19]. Notably, the �sh eye was not formed in the base
metal, whereas it was formed in all the nitrided specimens.
All the nitride specimens exhibited internal cracking [9].
�e points of formation of the �sh eye were approximately
440 µm, 466 µm, and 458 µm away from the surface for
Samples A, B, and C, respectively. Metal oxide inclusions,
such as compounds of Fe, Cr, and Zn, were generated in
the center of the �sh eye [20]. Samples A, B, and C
(Figures 4(b)–4(d), respectively) exhibited a brittle frac-
ture pattern in which a typical �sh eye was formed and the
sizes of the inclusions were approximately 12 µm, 78 µm,
and 26 µm, respectively. �e untreated sample did not
fracture at loads up to 634MPa. Samples A, B, and C did
not fracture until 683MPa, 878MPa, and 732MPa, re-
spectively. �e untreated sample was fractured at 291,200
cycles under a load of 682MPa, and fractures of Samples A
and C occurred at 5,523,200 cycles and 1,217,500, re-
spectively, each under a load of 780MPa. In particular,
Sample B failed abruptly at 367,700 cycles under a load of
926MPa because surface crack propagates through the
core under high loads [21].

Figure 5 shows an optical microscope image repre-
senting the indentation produced by subjecting the base
metal and the surface of the nitride-treated specimen to a
load of 490N. �e challenges in accurately determining the
Vickers indentation fracture toughness include accounting
for the type of cracks formed, ensuring a precise mea-
surement of the crack length, and selecting a suitable
equation. In Figure 5(b), “a” is half the diagonal length of the
indentation edge, “ℓ” is the length of the crack generated in
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Figure 3: XRD patterns of the untreated and ion-nitrided
specimens.
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the indentation edge, and “c” is the crack length from the
center of the indentation to the crack tip (a + ℓ). If the c/a
ratio is less than 2.5, the material shows Palmqvist cracks
[22–25]. Table 1 presents the results of the fracture
toughness index (KIc) according to the applied load. For all
the nitrided samples, Palmqvist cracks were observed under
all indentation loads, that is, the c/a ratio was less than 2.5
(Table 1). �e fracture toughness index can be calculated by
the following equation:

KIc � 0.0319 · F/ a · l1/2( )( ), (1)

where F is the load applied during the Vickers test (N). In the
base metal (Figure 5(a)), owing to the ductility of the ma-
terial, “a” was approximately 230 µm, and the indentation
periphery was depressed without the occurrence of cracks.
As shown in Figure 5(b), “a” of the Sample A was ap-
proximately 230 µm, and cracks with lengths of 26–66 µm
were formed. Figures 5(c) and 5(d) show that “a” of Samples
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B and C was approximately 210 µm; however, Sample B had
an average crack length “ℓ” of 20 µm, while Sample C had the
greatest “ℓ” of 36 µm.

To investigate the fracture toughness of the nitride
specimens, a macro Vickers hardness tester was used to
apply loads of 29.42, 98, 294, and 490N, as shown in
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Figure 5: Micrographs of the Vickers indentation and cracks at test loads of 490N. (a) Untreated. (b) Sample A. (c) Sample B. (d) Sample C.
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Figure 4: SEM fractographs. (a) Untreated sample, 682MPa, 291,200 cycles, air. (b) Sample A, 780MPa, 5,523,200 cycles, air. (c) Sample B,
926MPa, 367,700 cycles, air. (d) Sample C, 780MPa, 1,217,500 cycles, air. (e) S-N curves of fatigue test.
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Figure 6. �e fracture toughness index was calculated by
substituting the length of the cracks and edges of the in-
dentation formed on the surface into the equation proposed
by Shetty et al. [26]. For Sample A, cracks started to develop
around the indentation owing to a load of 29N, whereas
Sample B and C specimens with a compound layer thickness
of 5 µm or more started cracking at a load of 294N. �e
fracture toughness index of Sample A was approximately
10.32± 1 under all applied loads. Sample C showed fracture
toughness indexes of approximately 10.49± 1 and
12.33± 0.15 at the applied loads of 294N and 490N, re-
spectively. Sample B showed the highest fracture toughness
indexes of approximately 13.12± 1.4 and 16.50± 0.7 at ap-
plied loads of 294N and 490N, respectively.

Figure 7 shows the results of the residual stress mea-
surements using X-rays for all specimens. �e untreated
specimen was subjected to tensile stress at all depths due to
formation of oxidation and/or decarburizing during the
tempering process, and in particular, a tensile stress of
approximately 630MPa on the surface; thus, fractures
easily occurred owing to fatigue. In contrast, all nitrided
specimens were subjected to compressive stress due to
nitrides between grain and grain boundary. �e com-
pressive stress on Sample A was 679MPa, and as the
compound layer thickened, the surface compressive stress
increased to 1081MPa and 1253MPa for Samples B and C,
respectively. Compressive stress was generated up to the
depth of nitrogen di�usion in all nitrided specimens.
When an internal crack occurred, it was con�rmed that the
crack propagated slowly with an increase in compressive
stress [21].

�e fatigue strength of the nitrided specimens was
improved by 10% compared to that of the base metal.
Moreover, the fatigue strength of the specimens with a
compound layer of 5 μm thick was improved by more than
240MPa compared with that of the base metal.�ere are two
reasons for the improvement in the fatigue strength of the
nitrided specimens. First, the maximum fatigue strength of
the nitrided specimens was correlated with the increase in
compressive stress owing to nitrogen di�usion into the base

metal. �e hardness and fatigue strength were enhanced
owing to the compressive stress generated by nitriding
[2, 7, 27–32]. However, it was con�rmed that the fatigue
strength increased only up to a certain compound layer
thickness. �at is, the fatigue strength of Sample B was
higher than that of Sample C. �e fracture toughness index
of the compound layer was similar to that of the nitrided
specimen.�e brittle fracture criteria of the compound layer
are not sensitive to the residual stresses when the cracks do
not intersect at the grain boundary because the fracture
resistance is directly related to the structural nonuniformity
of the iron nitride compound layer [33]. �at is, KIc of
Sample B was higher than that of Sample C, although the
compressive residual stress on the surface of Sample C was
the highest. In particular, it was con�rmed that the fracture
delay occurred in the compound layer and fracture
toughness index of Sample B was the highest.

Generally, the fatigue strength of a specimen is reported
to increase owing to the nitrogen di�usion layer [34],

Table 1: Statistical analysis of the indentation fracture toughness
(KIc) of nitrided AISI 4140 steel as a function of the test load, using
the equation of Shetty et al.

Specimen F, N c/a
KIc, MPa m1/2

Average Min. Max.

Sample A

29.42 1.06–1.20 8.89 6.86 11.87
98 1.09–1.16 10.47 9.03 11.79
294 1.13–1.22 10.62 8.77 11.55
490 1.12–1.29 11.30 8.25 13.04

Sample B

29.42 - - - -
98 - - - -
294 1.12–1.14 13.12 11.72 13.69
490 1.09–1.10 16.50 15.86 16.84

Sample C

29.42 - - - -
98 - - - -
294 1.18–1.23 10.49 9.75 11.41
490 1.17–1.18 12.33 12.17 12.46
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Figure 6: Fracture toughness of the ion-nitrided specimens.

1400
1200
1000

800
600
400
200

-200
-400
-600
-800

-1000
-1200
-1400

0 50 100 150 200

Untreated
Sample A

Sample B
Sample C

Distance from surface (µm)

Re
sid

ua
l S

tre
ss

es
 (M

Pa
)

0

Figure 7: Residual stress depth pro�les for the untreated and ion-
nitrided specimens.

Advances in Materials Science and Engineering 7



whereas the �nal fatigue fracture was correlated with the
ductility of the compound layer in this study. �us, it is
expected that for a specimen in which a compound layer of a
certain thickness is formed, the fracture toughness index of
the surface will increase, and the fracture will be delayed. As
a summary, Figure 8 shows the relationship between the
fatigue strength and fracture toughness as a Gaussian graph.

�e fatigue strength increased as the fracture toughness
index increased owing to the formation of the compound
layer.

3. Conclusions

We investigated the e�ect of compound layer thickness on
the fatigue strength of ion-nitrided AISI 4140 steel. �e
e�ects of the residual stress caused by nitriding and the
fracture toughness index of the compound layer were
studied. Four types of specimens were prepared for a ro-
tation fatigue test: an untreated sample, in addition to the
samples with applied current density of 0.43mA/cm2

(Sample A), 0.85mA/cm2 (Sample B), and 1.27mA/cm2

(Sample C).
�e fatigue strength of the nitrided specimens was

higher than that of the base metal. In the nitrided speci-
mens, the �sh eye formed approximately 400 µm away
from the surface. Sample B exhibited the highest fatigue
strength. �e fracture toughness results exhibited a similar
tendency. In Sample A, cracks started to develop at the
indentation edge from an applied load of 29.42 N, and the
average fracture toughness index was approximately 10;
however, Samples B and C started cracking from an ap-
plied load of 294N and the fracture toughness was ap-
proximately 13 and 10, respectively. As the load increased,
the fracture toughness index tended to increase as shown
in Figure 6 [6].

4. Methods

4.1. Sample Preparation. Industrially quenched and tem-
pered AISI 4140 steel was used as the base material. �e heat
treatment process progressed heating at 880°C for 120min,
with oil quenching and tempering at 550°C for 180min. �e
core hardness of the base material was approximately 400
HV0.1, and it was fabricated to a disc shape of the size
Ø30×10mm. Before the ion nitriding process, all specimens
were ground with 220, 800, 1200, and 2000-grade sandpaper.

�e specimens for the rotating bending fatigue test were
fabricated according to the KS B ISO 1143 : 2003 standards.
All the specimens were cleaned in an ultrasonic bath con-
taining ethanol for 10min.

4.2. Ion Nitriding Treatments. �e representative ion ni-
triding equipment is shown in Figure 9. All the specimens
were placed on the substrate stage and subjected to cleaning
by argon and hydrogen sputtering for 30min under a voltage
of 600V and pressure of 0.7mbar to remove surface con-
taminants. �ree levels of ion nitriding were carried out, as
listed in Table 2. Ion nitriding was performed under the same
process conditions, except for the current density applied to
the specimen.

4.3. Property Measurements

4.3.1. Fatigue Strength Test. After the ion nitriding treat-
ment, the fatigue strength measurements were performed at
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Table 2: Parameters for the ion-nitriding processes.

Parameter Condition

Base heat treatment Industrially quenched and tempered
(Q/T)

Pressure (mbar) 2.7
Gas ratio (N2 :H2) 1 : 3
Temperature (°C) 400
Time (min) 240
Supplied current density
(㎃/㎠)

0.43 (Sample A), 0.85 (Sample B), and
1.27 (Sample C)
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a rotational speed of 2000 rpm under atmospheric pressure
using rotary bending fatigue testing (R� −1) (KDMT-240,
Kyung Do Precision Co., Ltd., Republic of Korea). +e
applied loads were 350N, 400N, 450N, and 500N at a
constant rotational speed of 2000 rpm under ambient
conditions of 300K and approximately 20± 5% humidity.
+e maximum fatigue strength was determined based on no
fracture occurring within 10,000,000 cycles.

4.3.2. Residual Stress Analysis. To confirm the residual
stresses of all the specimens, the residual stresses of surface
and core of the base metal and nitride specimens were
measured using a residual stress analyzer (Xstress 3000 G2R,
Stresstech) and an X-ray diffractometer (Empyrean,
PANalytical).

4.3.3. Fracture Toughness Calculations. In the fracture
toughness index analysis, a macro Vickers hardness tester
was used to apply loads of 29.4, 98, 294, and 490N to the
untreated and nitrided specimens. +e fracture toughness
index (KIc) was calculated according to the study by Shetty
et al., based on the correlation between the Vickers indenter
and crack lengths [24].

4.3.4. Hardness Test. +e nitriding depth and hardness were
measured using a Vickers hardness tester (MVK-H1,
Mitutoyo) with a test load of 100 g and a dwell time of 10 s.
+e case depth was defined as a depth of 10% above the core
hardness.

4.3.5. Morphological Measurements of Samples. To observe
the surface compound layer thickness, etching was per-
formed using a nital solution (3% HNO3+ 97% C2H5OH).
+ereafter, using a field-emission scanning electron mi-
croscope (FEI Nova NanoSEM 450), the measurements were
performed at 8000× magnification.

4.3.6. Surface Phase Analysis of the Samples. +e phase
structures on the ion-nitrided surface were determined by
XRD (X’pert-Pro MPD, PANalytical). An XRD analysis was
performed using a Cu-Kα source (λ�1.541 Å) and beam
intensities of 30mA and 40 kV.
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