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Abstract

Prior studies have noted that gas nitriding has a considerable effect for wear
resistance. The aim of this paper is to study the influence of gas nitriding time
(12, 24, 36 and 48 h) in the wear behaviour of 42CrMo4 steel. It has been as-
sessed by micro hardness, pin-on-disc tribosystem, and SEM through the ni-
trided layer for each nitriding time. The study relates to the performance of
the compound layer and the diffusion layer with respect to adhesive wear. The
results were analyzed in terms of the weight lost during wear, for nitrided steel
with and without the compound layer, and for untreated steel. It has been ob-
served that wear rate varies as a function of the tests conditions due to the
presence of different wear mechanisms. Thus, for short tests conditions wear
rate depends on two mechanisms: plastic deformation and adhesive wear,
whereas for large tests conditions the mechanisms controlling wear rate are
abrasive and oxidative wear. Furthermore, this study contains an analysis of
the wear mechanisms of a nitrided part, founded on scanning electron micro-
scopy (SEM) observations of the wear traces at various stages of the evolution
of wear. The SEM examination of worn surfaces revealed signatures for the
adhesion, abrasion, delamination and tribochemical (oxidative) modes of
wear. This is an important issue for future research.
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1. Introduction

Nitriding process is a chemical-heat treatment consists in introducing nitrogen
into metallic materials to improve their surface hardness, fatigue life, wear and

corrosion resistance [1] [2] [3]. In engineering the depth of nitriding is generally
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about 0.3 - 0.4 mm; this thin harder surface layer may cause surface layer spall
from matrix because of high-applied load or great stress gradient in surface layer
(3] [4] [5] [6].

During nitriding, two different structures are formed from surface to core,
known as the compound layer and diffusion region. Wear characteristics of the
compound layer depend on many factors such as composition &), thickness
and mode of mechanical loading [7] [8] [9] [10]. The principal reasons why the
surface of steel benefits from nitriding, are the fact that wear and friction prop-
erties are improved by structure and microstructure modification, especially via
a hardness increase due to the formation of an interstitial solid solution or
compound layer [11] [12] [13] [14]. The parameters governing the wear resis-
tance are multiply depending on relative speed, contact pressure, lubricant, and
properties of the material itself (hardness surface and residual stress) [15] [16]
[17] [18] [19].

The purpose of this work is to study the tribological properties of gas-nitrided
42CrMo4 steel, and to determine the influence of the compound and diffusion
layers on wear behavior. 42CrMo4 steel is gas-nitrided under different time (12,
24, 36 and 48 h). The effects on tribological properties of the structure formed
after gas nitriding are investigated using a pin-on-disk wear test, micro hardness

tester, and scanning electron microscopy (SEM).

2. Experimental Details
2.1. Material and Techniques

The material used in this study was a 42CrMo4 low-alloy steel with the following
composition (wt%): 0.41% C; 0.77% Mn; 0.28% Si; 1.02% Cr; 0.16% Ni; 0.16%
Mo; 0.25% Cu and balance Fe. The material was quenched at 850°C, cooled in
oil and tempered at 580°C. The metallurgical structure obtained is a tempered
martensite.

Cylindrical samples (15 mm x 16 mm) were cut out and rectified under iden-
tical conditions to obtain a uniform surface quality for all the studied parts. The
average roughness (R,) was 0.5 pm. One series of specimens were submitted to
surface treatment by gas nitriding (temperature (6n) = 525°C; Ammonia dissoc-
iation degree (1) = 35%) under different time (12, 24, 36 and 48 h).

Nitrided layer were observed by using a scanning electron microscope (SEM)
and X-ray diffraction (XRD). Investigations of compound layer were carried out
using a Siemens Analytical D5000 diffractometer with Cu anode. The AV} j; mi-
cro hardness profile of the nitrided layers was obtained in the transverse section
by means of Dhimadzu MMV-2 instrument. Three indentations were placed in-
to the compound layer at equal depth in order to define the micro hardness pro-
files. Residual stress measurements were obtained using the X-ray diffraction

method. The diffraction conditions are reported in Table 1.

2.2. The Tribosystem

The experimental set-up used to investigate wear significantly affects the me-
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chanisms of wear recorded later on. The device used in this work is based on the
initial by linear cylinder/plan contact represented in Figure 1; it is frequently
seen in industrial applications such as cams, push rods and rollers. This confi-
guration induces adhesive wear. The cylinder of diameter 200 mm is made from
X200CrMoV12 steel. The parameters considered are:

o The normal loading (50 N < £ < 225 N) and relative speed (3.1 m/s < V' <
8.3 m/s) which are two energy parameters that influence the response of the ma-
terial.

o The nature of the surface layer. Three distinct surface qualities were studied:
untreated 42CrMo4 steel, treated steel with its compound layer, and treated steel
without a compound layer. This layer was eliminated by grinding.

The weight loss was measured by weighing with a command precision of 10™
g. All measurements were carried out under dry conditions. During each test the
friction coefficient was recorded. Finally, the worn surface of nitrided samples
was characterized by scanning electron microscope “SEM” observations to in-

vestigate the wear mechanisms.

3. Results

3.1. Micro Structural Characterization

Vickers micro hardness was evaluated at the cross-section of the specimens for
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Figure 1. Tribosystem and used specimen geometry.
Table 1. X-ray diffraction conditions.
Target Cr
Wavelength (A°) 2.2897
Filter A%
Current (mA) 5
Voltage (kV) 20
Goniometer tilt v
Young’s modulus, E (GPa) 210
Poisson’s ratio, v 0.33
Number of y angles 13 (from -36.3° to +39.2°)
Number of fangles 2 (0° and 90°)
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both treated and non-treated specimens. The results are plotted in Figure 2
against the distance from the surface; the depth hardness profile as a function of
nitriding time. A maximum value of hardness of about 1100 HV was observed
near the surface within the white layer. In the diffusion layer, the hardness de-
creases with the distance from the surface. For depths above 0.6 mm, the hard-
ness remains at 355 HV. The micro hardness measurements were repeated for
several specimens and no significant differences were found. Comparing the
hardness of the treated and the untreated specimens for depths greater than 0.6
mm, similar values of about 355 HV were observed.

The metallurgical investigations carried out on the surface layer (Figure 3)
and scanning electron microscopy “SEM” (Figure 4), show the existence of a
compound layer, made up of two phases, ¥ (Fe; ,N) and & (Fe,_ N), and a har-
dened diffusion layer.

Table 2 shows the change of the compound layer thickness, case depth, sur-
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Figure 2. Variation of the microhardness according to the depth. Influence
of the gas nitriding.

Table 2. Nitrided layers characteristics.

Nitriding parameters
State eyt (um)  ec** (um) HVg,¢ [Jg (MPa)
6,C°C) th) (%)

T1 12 290 8 896 -350

T2 24 330 11 1092 -693
525 35

T3 36 360 15 930 -646

T4 48 410 15 853 -480

*ey: thickness of the nitrided layer. **e: thickness of the compound layer.
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Figure 3. X-ray analysis of the surface layer.

ep = 280um

Figure 4. Metallurgical microstructure of the surface layer observed by SEM. T1 (6, =
525°C; t=12h; 7= 35%).

face hardness, and surface residual stress with nitriding time. The general trend
for compound layer thickness is an increase of thickness with increasing time.
The case depth increases with increasing time, as expected for diffusion-con-
trolled growth. The surface hardness of 42CrMo4 steel was increased up by the

gas nitriding process. The maximum surface hardness was observed at a treat-

ment time of 24 h.

3.2. Wear Resistance Improvement

Results of adhesive wear tests on the 42CrMo4 steel, with and without gas

nitriding treatments are show in Figure 5. Weight losses are less for the gas-
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Figure 5. Weight loss as a function of tests parameters. (a) Imposed normal
load (F = 175 N); (b) Imposed speed (V = 8.3 m/s).

nitrided test specimens than for the quenched and tempered specimens which
demonstrates the effectiveness of the gas-nitriding treatment on wear resistance.
Wear resistance of the nitrided specimen was due to increased resistance against
plastic deformation by increasing surface hardness. The improved wear resis-

tance is considered to be related to the combined effect of the solid solution of
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Cr and the high chemical stable phases ) and & formed on the steel surface dur-
ing gas nitriding.

When it is compared to the nitrided steels in Figure 6, it is observed that the
24 h nitrided samples resulted in improved adhesive wear resistance than this
improvement is due to the higher surface hardness values. Nitrogen atoms take
interstitial places among the parent a structure and form surface layers by ex-
pending the lattice. The possibility of CrN formation increases with increasing
treatment time and therefore these layers dissolve. Chromium rich oxide film
formed on the surface is a continuous layer and if its thickness, intensity and
adhesion are well enough, it causes an increase at the wear resistance of the
specimens. Figure 7 shows results of adhesive wear test with and without com-
pound layer. The wear loss increases with the elimination of the compound
layer. It can be explained to the effects of hardness on wear. This is confirmed
for all loading levels applied and for all speeds used. It has been observed that
wear rate varies as a function of the tests conditions due to the presence of dif-
ferent wear mechanisms. Thus, for short tests conditions wear rate depends on
two mechanisms: plastic deformation and adhesive wear, whereas for large tests
conditions the mechanisms controlling wear rate are abrasive and oxidative

wear.

3.3. Wear Mechanisms of the Nitrided Parts

An analysis of the wear mechanisms of the nitrided parts was carried out using
SEM of the wear debris and the wear traces on the nitrided samples. The SEM
observations of the wear traces on the nitrided samples made it possible to ana-

lyze the wear mechanisms on nitrided surfaces.
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Figure 6. The wear resistance comparison of the nitrided parts.
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Figure 7. Influence of the layers nature: (a) T2 state (24 h); (b) T3 state (36 h).

Figure 8 shows SEM micrographs of low alloy 42CrMo4 steel typical worn
surface. It shows wide, smooth and continuous wear grooves and flakes along
the wear track, where a little metal oxide is observed. Moreover these observa-
tions highlight the existence of the phenomenon of chipping for the weak condi-
tions of the wear tests with the appearance of micro cracks at the level of the
white layer. Figure 9 shows a wear crack with a compound layer. In the initial
period of sliding, the brittle compound layer with high stress fractured and then
transformed into abrasive particles. Higher magnification reveals that this layer
initially cracked and broke into pieces. The SEM analysis of the wear remains
enabled us to note that the wear particles with compound layer are detached
from scales because of the porosity and the brittleness of this layer.

These observations revealed that the compound layer is delaminated as dice
during the first cycles of wear. This observation is confirmed for all the loading
levels applied and for all speeds used, as illustrated in Figure 10. In this figure,
one notes that the worn thickness is greater than the thickness of the compound
layer even for the low loading levels. SEM images of the wear debris collected
during the first cycles are presented in Figure 11. The general aspect observed
shows that this debris was removed in the form of plates per delamination. It is
noticed that for severe conditions the number of folds multiplies with the pres-

ence of micro cracks on the level of the compound layer. Indeed the matter re-
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Micro cracks at the compound layer
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Figure 9. Wear debris composed of plastically deformed particles.
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Figure 10. Variation of thickness of worn material as a function of the imposed normal
load. (a) Comparison of untreated state and T2 state; (b) Comparison of the nitrided

parts.

moved during the wear test is stuck on surface used creating the third body nec-
essary to improve the wear resistance of the nitrided parts (Figure 12).

The SEM observations of the transition zone worn surfaces/no worn surfaces
showed that the matter is removed in the shape of the plates by delamination.

One can deduce that the compound layer has a weak adhesion with the sub-
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Figure 11. Morphology of the wear fragments of the compound layer collected at the be-
ginning of the testat F = 50 N; V = 3.14 m/s.
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Figure 12. Multiplcation of folds in the surface used with the presence of the microscopic
cracks on the compound layer (T3: F = 150 N; V = 8.3 m/s).

strate, which can be explained by the porosity of this layer, and also its very low
ductility estimated at 1%. However, this low level of adhesion is only apparent
when insistences of the shear stress are produced during wear (Figure 13). The
SEM analysis concerning the wear morphology of the parts used under very se-
vere conditions revealed the existence of the burns which increase according to
the test condition (Figure 14). When a higher load level is applied, the domi-
nating mechanism becomes worn by oxidation. When the compound layer was
eliminated, two types of specific wear mechanisms were observed depending on
the load level. The first type occurred at low load levels and corresponds to the
phenomena of adhesion and abrasion as shown by SEM (Figure 15). In all cases
and for the various loading levels, wear debris formed initially from the com-
pound layer are trapped in the contact. These are composed of ) and ¢ iron ni-
trides and constitute hard particles which contribute to further wear of the diffu-
sion layer by abrasion. In these cases the wear debris take a nodular form
(Figure 16), and the worn surface presents traces of hammering (Figure 17)
caused by contact between the three bodies under conditions of flow that remain

difficult to control.

4. Discussion

The microstructure of the layer obtained by gas nitriding treatment is composed

of a diffusion zone and a compound layers. Uniform and thick layers and un-
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Figure 14. SEM micrographs of a worn nitrided surface after high loading levels applied.
T2: F=200N; V =8.3m/s.

iformly distributed carbides are also observed in the nitrided layer as well as in
the substrate. Metallurgically, during the nitriding process, a strengthened layer
is developed in the surface and sub-surfaces of steel through the diffusion of ni-
trogen atoms in a-Fe from the surface towards the substrate [2] [7] [10] [11].
The surface hardening due to the gas nitriding processes can be associated to
complex and competitive mechanisms like: 1) Precipitate dispersion-hardening:
hard insoluble nitrogen precipitates are incorporated into the matrix; 2) Solid
solution: nitrogen in solid solution that creates a Cottrell atmosphere that locks
the dislocation; 3) Surface residual stress [5] [6] [15]. At high energies,
successive dissolutions and repricipitations of precipitates can occur resulting in
small precipitates sizes. These small precipitates create an atmosphere-like em-
bedded precipitates structure that contributes to the increase of the residual sur-
face stress and results in high hardness [1] [4] [12] [15]. The micro hardness

values decreased slowly with the increasing distance from the surface, but they
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ED i

Figure 15. SEM micrograph of a worn nitrided surface after low loading levels applied.
T2 without compound layer: F = 100 N; V = 8.3 m/s.

Figure 16. Morphological characteristics of the wear debris collected after high loading
levels applied. T2 without compound layer: F =175 N; V = 8.3 m/s.

decrease noticeably in the substrate. The maximum surface microhardness was
observed in the T2 sample nitrided in 24 h.

Weight losses are less for the gas ntriding test specimens than for the
quenched and tempered (untreated) specimens which demonstrate the effec-
tiveness of the gas nitriding surface treatment on wear resistance. This en-

hancement is due to the presence (CrN) which increases with the increase in
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Figure 17. SEM micrographs of worn nitrided 42CrMo4 steel without compound layer.
After high loading levels applied. T2 without compound layer: F = 175 N; V = 8.3 m/s.

treatment time and phases ) and ¢ in the compound layer which were formed
during gas nitriding.

The experimental results of wear tests for the various nitrided states (T1, T2,
T3 and T4), reveal that the wear resistance is closely related to the surface hard-
ness and not the thickness of the nitrided layer. In fact, it is seemed to prove that
the duration of treatment in the case of gas nitriding does not have a great in-
fluence on the wear resistance, even if there is a light variation from one state to
another. The presence of a mixture phases, hard and brittle, on the surface caus-
es an increase in wear of the nitriding specimen surface. However, this low level
of adherence is only apparent when shear stresses are generated during wear.
When a normal load was applied without relative movement between the bodies,
the compound layer did not separate from the substrate but hammering traces
were observed, the breadth of which depended on the load level [7] [9] [12] [16].

Two points can be proposed to explain the hardness effects on wear. On one
hand, when oxide film was absent on the worn surface, the harder matrix
revealed less abrasive due to the fact that the cracking and digging out of
materials we more difficult [20] [21]. On the other hand, it can be speculated
that when oxide film was formed, the harder matrix acted to support the oxide
film. If hardness of steels is lower, the strengths of steel would insufficiently
support oxide films, and then oxide films would be easy to fracture. By compar-
ing the outputs, each one can note that the state T2 (nitrided during 24 hours)
presents a good compromise price-wear resistance. This improvement is charged
at the level of hardness higher than those of the other treatments (T1, T3 and
T4). For the various studied states and for some of the test conditions the
removed thickness is higher than that of the compound layer. The nitrided layer
nature (compound layer + diffusion layer or diffusion layer alone) does not have
a great influence on the wear resistance. Indeed, the experimental results of the
tests carried out without compound layer reveal a light reduction in the wear
resistance. The nitrided state with or without compound layer keeps its best
wear resistance compared to the untreated state. Even if there is a relatively
significant fall between hardness on the surface and under the layer (it passes
from 1100 to 720 HV). But it remains always definitely higher than that of basic

material.
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5. Conclusions

In the present work, the wear behaviour of 42CrMo4 steel has been studied ac-
cording to the nitriding time used during gas nitriding. The most important
conclusions obtained are:

1) Nitriding results in a considerable increase of hardness and the formation
of compressive residual stress. £ (Fe,,;N) and y (Fe,N) nitrides are indispensable
to produce the highest hardness. The nitrided case supports sufficiently the
hardcoating.

2) Compared to the base line, quenched and tempered samples, adhesive wear
tests demonstrated that the application of gas nitriding was effective in enhanc-
ing the hardness and adhesive wear resistance of the samples composed of the
low alloy 42CrMo4 steel. The formation of a thin compound layer resulted in
optimum wear properties. It is found that the compound layer is eliminated very
quickly. It is thus vulnerable to delamination. The resulting particles constitute a
third hard body which contributes to the wear by diffusion layer.

3) It is possible to obtain the desired compound of hardness, structure and
thickness of the compound layer leading to optimal wear resistance of the
42CrMo4 steel reported here, by controlling the gas nitriding time.

4) Adhesive wear resistance increases with hardness increasing. When oxide
was produced on the worn surface, the governing wear mechanism was triboox-
idation, which causes less wear. On the contrary, when oxide was absent the go-
verning wear mechanisms were abrasion and adhesion.

By referring to the experimental results of this study, the wear rate can be pre-
dicted by numerical models based on the neural network to better describe wear

resistance behaviour of nitrided specimens as a function of the conditions test.
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