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Abstract In this paper, the wear resistance and antifriction of epsilon phase layer and diffusion layer
of gas nitrided D2 steel and M2 steel have been studied. The changes in wear mechnism of epsilon phase
under the load from 20N to 200N are analysed. When the load is lighter than 100N, it is mainly oxidizing
wear on friction surface. The adhesion, peeling off and abrasive wear appear on friction surface while the
load is heavier than 150N. The epsilon phase on nitrided D2 steel surface can reduce oxidizing wear and
adhesion, and delay abrasive wear. The friction coefficient of D2 steel can be reduced by 19%, and the
wear resistance can be increased 200% to 300% by the epsilon phase layer on nitrided surface.
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INTRODUCTION

Previous research shows that anti-adhesion and wear
resistance of dies and punchs can be improved by
nitriding [1,2]. The various microstructures of nitrided
layers were presented by different processes or on
varied steels. Some of them contain an epsilon phase
layer on their surface, but others do not. They may
only have a diffusion layer [3]. The difference of
microstructure affects the tribological characters and
wear resistance significantly. Some scholars have
reported that epsilon phase improves the wear
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resistance and anti-adhesion greatly [4]. Others have
pointed out that the wear resistance of nitrided parts
mainly depends on the diffusion layer [5]. Therefore,
the authors of this paper have studied and compared
the anti-friction and wear resistance for two kinds of
nitrided die steel with or without epsilon phase in
thier nitrided layers.

EXPERIMENTAL PROCEDURE

The chemical compositions of test steels and their
heat treatment processes and Rockwell hardness
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before nitriding are listed in Table 1. The roughness
of samples after grounding is 0.8 pm. Then the
samples are nitrided in a gas nitriding furmace of
8K W with NH, gas. The nitriding samples are hold at
520°C -540°C for 6h. The flow rate of NH, gas
passing into the furnace is 1/7 of the chamber capacity.
The dissociation of NH, is about 40%-60%. A series
of hardness is measured from surface to different
depths by a Vickers hardness with 50g load. The
depth of the nitrided layer depends on the distance
from the surface to the location where hardness is
S0HYV higher than the one of the core. The thickness
ofthe epsilon phase layeris measured by amicroscope
with the microscale. The microstructures of nitrided
layer for two kinds of steel are shown inFigure 1. The
surface hardness and the depth of nitrided layer are
list in Table 2. The bright white layer on the surface

of nitrided D2 steel is identified as epsilon phase by
an examination of X-ray diffraction.

The friction and wear tests are carried out on a
ball-disk type tester. A hardened steel ball of 10mm
diameter slips to and from on the surface of nitrided
samples, as shown in Figure 2. The dimensions of
nitrided samples are 8mm high and 24mm diameter.
The opposite balls made of 52100 steel are quenched
from 840°C, tempered at 180°C, and have a hardness
of 60HRC. The balls are ground before being used.
The original surface roughness is all 0.8um. The
frequency of the ball sliding is 10Hz, the stroke is
2mm, and the sliding speed is about 2.4m/min. All of
the tests are carried out in the atmospheric environment
and a temperature of about 22°C, with both abrasive
and lubricant. The friction coefficients are
automatically recorded by a computer system. The

TABLE 1. The Chemical Compositions of Steels, Pre-treatment Process and Rockwell Hardness Before Nitriding.

Main elements content (wt %) ! Hardness
Steel | C Si Mn -[ Cr |Mo | W A/ Process (HRC)
— 1 W
D2 147 | 015 026 | 11.73| 049 | - 0.20 | Quenching from 1110°C, tempering at 540°C twice 62
I E— - - — i — e
M2 [ 086 026 | 030 4.17 | 480 | 584 | 192 | Quenching from 1150°C, tempering at 560°C twice 61-62

Figure 1. The microstructure of two kingds of nitrided steels (etched by nital, a-D2 steel, b-M2 steel).
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TABLE 2. The Depth of Nitrided Layer and Hardness of Steel.

I | Depth of nitrided layer (mm) Hardness (HV 0.1)
| Steel | Epsilonphase |  Diffusion layer Surface Core
D2 : 0.003 1. 009 | 104 775
M2 | 0000 ! 0.12 1130 750 |

wear of disks is measured by a surface profilometer.
The worn surface morphology of disks is observed by
a scanning electronic microscope.

RESULTS AND DISCUSSION

Friction Coefficients

The dry friction coefficient of test steels against
hardened 52100 steel under different loads is shown
in Figure 3. When the load is lighter than 100N, the
coefficient decreases as the load increases because of
the effect of oxide and convexity on the surface.
When the load is heavier than 100N, the surface
contacted between the ball and the plate has been
pressed closely and it is "the true friction surface”.
The coefficient will not change with the load increase.
It is very clear from Figure 3 that the epsilon phase
layer on the surface of nitrided steel decreases the
friction significantly. When the load is heavier than
100N, the friction coefficient of nitrided D2 steel
with an epsilon phase layer on its surface becomes

P "
A

Figure 2. The simple of wear test (a-nitrided sample, b-
opposite hardened steel ball).
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0.30. It reduces to about 19% less than that of
unnitrided D2 steel. The coefficient of the latter is
0.37. While the friction coefficient of nitrided M2
steel without epsilon phase on its surface only
decreases to 8.3% less than that of unnitrided one, it
becomes 0.33 from 0.36. It is shown that epsilon
phase layer can decrease the friction coefficient to
about 10% less than that of nitrided diffusion layer.

Wear Resistance

The wear loss of the two kinds of steel after sliding
wear 72m under different loads is listed in Figure 4.
The core hardness of D2 steel and M2 steel after
nitriding is 61HRC-62HRC. They have the same
deformation resistance. The difference between two
kinds of steel is that there is an epsilon phase layeron
the top of diffusion layer for nitrided D2 steel, and
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no epsilon phase for nitrided M2. Both kinds of
steel improve the wear resistance by nitriding, but
the mechanism is different. Using the formula (V-
V)/V, to calculate the improvement of wear
resistance, the results in Figure 5 are obtained. In the
above formula, V  is the wear loss of unnitrided
sample, V is the wear loss of nitrided one. It is
obvious in Figure 5 that the epsilon phase layer has a
better wear resistance than the diffusion layer. Under
a lower load of 40N, the wear resistance of epsilon
phase layer is 300% higher than that of unnitrided
sample. When the load is increased to 200N, the
epsilon phase can improve the wear resistance over
200% than unnitrided sample, while the wear
resistance of the sample with diffusion layer (nitrided
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Figure 4. The effect of nitriding on the wear resistance
of steels after sliding wear 72 m (a - unnitrided, b-
nitrided.)
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M2 steel) under the same load is only improved by
50% or 88% compared with that of unnitrided sample.
Therefore, the wear resistance of the epsilon phase
layer is about 160% to 267% of the diffusion layer.

The Wear Mechanism

The wear morphology observed by SEM and the
distribution of oxygen measured by WDX on the
wormn surface are shown in Figure 6. The results show
that the wear is composed of oxidizing, adhering,
fatigue and abrasive wear. Under the lower load, it is
mainly the oxidizing wear. The mechanism in
improving wear resistance by epsilon phase is due to
its high oxidation resistance. When the load becomes
heavy, the adhesion and peeling off appear on the
wear surface. Then the mechanism in improving
wear resistance by epsilon phase contributes to the
effect of lubricant and antiadhesion which is related
to the hexagonal closepacked construction of epsilon
phase. So the epsilon phase can prolong oxidizing
wear period in a larger load range than the diffusion
layer and delay the peel off and abrasive wear. It is a
good way to improve the service life of dies making
an epsilon phase layer on the surface of dies by gas
nitriding.

(VU-VN )V x 100%

0 50 100 150 200

Load, N
Figure 5. The level of nitrided layer to improve the wear

resistance, a-epsilon phase layer (nitrided D2 steel), b-
diffusion layer (nitrided M2 steel).
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Figure 6. The adhesion morphology (a, by SEM) and the distribution of oxygen on worn surface (b,

by WDX).

CONCLUSIONS

1) The epsilon phase formed on the surface of nitrided
high hardness die steels is excellent to reduce the
friction. Under a heavier load of 100N, the friction
coefficient of epsilon phase when the nitrided die
steel rubbed with the hardened steel is decreased by
19% of that of unnitrided, and decreased by 10% of
that diffusion layer.

2) The effect in improving wear resistance of
epsilon phase for the nitrided die steels will become
stronger as the load increases. Under 200N load, the
wear resistance of epsilon phase layer is 200% higher
than that of unnitrided surface, and is 60% higher
than that of diffusion layer.
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