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Study on friction and wear behavior of nitrogen expanded
martensite under low-load and low-speed sliding condition
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The friction and wear behavior of nitrogen expanded martensite with different nitrogen contents is analyzed by pin-on-
disk tribometer under dry sliding condition. The results show that the friction and wear behavior of nitrogen expanded
martensite represents a typical mild-oxidational wear characterized by the generation, compaction and delamination of
oxide debris, which is related to the nitrogen content and hardness of expanded martensite. The elevated contact temper-
ature on rubbed surface could vary the kinds of oxides and wear mechanisms.
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1. Introduction

As similar to S phase (the expanded austenite) [1, 2], the nitrogen expanded martensite ayphase is defined as the super-
saturation solution of nitrogen in martensitic lattice, which is suggested by Kim [3]. The ayphase is easily obtained by the ni-
triding of martensitic steels [4-8]. For the conventional nitriding processes (gas or plasma nitriding), the compound layer main-
ly consisting of nitrides (e-Fe, 3N and y-Fe,;N) usually forms on the nitride surface, which represents a good wear resistance
with an appropriate proportion of e-Fe, 3N phase [9-13].

Additionally, Alsaran [14] demonstrated that the nitrided layer without compound layer exhibits a lower wear rate than the
case with a thick brittle compound layer, indicating the ayphase also represents a good wear property. Many factors could
affect the wear behavior of materials, such as the surface hardness, microstructures and phase compositions as well as surface
roughness [15]. Indeed, the concentration of materials also affects the wear properties by determining the microstructure and
forming various oxides debris during the sliding wear [16, 17]. These oxide debris will be compacted to form a wear protective
layer called compact particle layer and smooth glaze layer [18], which results in the severe to mild wear transition accompany-
ing with a significant decrease of the friction coefficient and wear rate. Recently, many studies have deeply investigated the
effects of nitrided parameters on the wear properties of expanded austenite (S phase) under different sliding wear techniques
and environment conditions [19, 20]. However, the friction and wear properties of the a yphase have not been investigated
systematically yet. Results show that the S phase represents an excellent wear resistance without any deterioration of corro-
sion properties because of its higher hardness, while how about the friction and wear properties of the ay phase?

In present study, the ay phase with nitrogen (N) concentration gradient is continuously produced on the M50NiL martensitic
steel by plasma nitriding. The friction and wear behaviors of the ay phase with different N contents are characterized. The pur-
pose of this study is to understand the effect of N content on the friction and wear behavior of the ay phase.
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2. Experimental Procedure

The solution treated (austenitized at 1150°C for 1h then quenched in oil) M50NIL martensitic steel with chemical composition
(in wt.%) 0.13C, 4.1Cr, 3.4Ni, 4.2Mo, 1.2V, 0.13Mn, 0.18Si, 0.012P, 0.002S and Fe balance was used. The specimens were cut
into the size of 12mmx12mmx4mm and manually ground using SiC papers down to 800 grades to achieve a fine finish. Then
the specimens were ultrasonically cleaned with alcohol and acetone before plasma nitriding.

Plasma nitriding were produced in a 30kW plasma nitriding furnace (LDMC-30) which was evacuated to 20 Pa. In order to
obtain a single ay phase, the plasma nitriding was conducted at a constant pressure of 260 Pa in a gas mixture containing N,
and H, with a low ratio of 1:8 at 560°C for 8h.

The friction and wear behaviors of the aN phase containing various nitrogen contents were evaluated through analyzing the
depth-related friction and wear properties. The nitrided layer was removed by step-wise manual grinding and the removed
thickness was measured by a spiral micrometer. There were total 12 tested layers including the top surface. All the tested
layers were marked as LO-L11 and their depths form surface were listed in Table 1. The friction and wear properties of select-
ed layers were characterized using a pin-on-disc tribometer (POD-1). Dry sliding wear tests were performed against a station-
ary WC ball of 5mm diameter at the speed 200rpm (0.1m s-1) for 360m and the normal contact load was 5N. All the tests
were conducted in air (temperature 20°C, humidity 55%RH). The volume wear rate was calculated according to Eq. (1) [21].

n=nrl’/6RES

Where r (mm) is wear track radius, / (mm) is wear track width, R (mm) is pin ball radius, F (N) is normal contact load and S (m)
is total sliding distance. To make sure of the accuracy of the measured friction coefficients, the same depth layer would be
tested for three times.

Table 1. Depth from surface for LO-L11 layers

Layermarks LO L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11

Distance(m) O 5 20 35 50 65 80 95 110 120 135 160

The cross-section of plasma nitrided layer and wear morphologies were observed using scanning electron microscope
(SEM, FEI QUANTA 200 F). X-ray diffraction (XRD, D/max-rB) with Cu-K radiation (A-0.15405 nm) was used to obtain the phase
composition of each removed layer. The energy dispersive X-ray analyzer (EDS) was used to obtain the N profile of the nitrid-
ed layer and to study the wear mechanisms involved. The microhardness profile of the nitrided layer was determined with a
microhardness tester (HV-1000) under an indentation load of 100g for 20s. The microhardness and elemental contents would
be tested three times to achieve a higher accuracy.

3. Results and Discussions

The cross-sectional morphology and depth-related phase constituents are shown in Figure 1. Figure 1la provides a clear
morphology of the nitrided layer consisted of a single ayphase. The microhardness and N content profiles along depth shown
in Figure 1la gradually decrease from the surface to the core with depth increasing, which agrees well with each other. The
thickness of the nitrided layer (~110 m) obtained by metallographical method is thinner than that (~150 m) measured by mi-
crohardness method, which indicates that there is a diffusion layer (hardness < 800HV,;, N content < 1.5wt.%) representing a
better corrosion resistance underneath the etched nitrided layer. The difference of etching characterization among each re-
moved layer reflects the difference of oxidation resistance, which probably affects the friction and wear behavior of the cor-
responding layer, especially oxidation wear.

52

SVOA Materials Science & Technology


https://sciencevolks.com/materials-science/

Study on friction and wear behavior of nitrogen expanded martensite under

low-load and low-speed sliding condition

3.02

(b) + (110 .o,
= (101)
s .
=
‘@
S Opm (LO layer)
g L e
80pm (L6 layer) \ "
160um (L11 layer)
M

30 40

2

50 60
o (deg.)

70

Figure 1. The cross-sectional morphology and depth-related phase constituents
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Figure 2. The friction coefficient curves for some removed layers with different microhardness
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The transition in friction and wear behavior during sliding wear process could be reflected by the variation of the friction co-
efficient [22, 23]. Figure 2 gives the typical friction coefficient curves for some removed layers with different microhardness.
The variations of friction coefficient are similar in all removed layers investigated in the present study and the processes can
be divided into three stages. In the first stage, the friction coefficient increases immediately to a high value of 0.5-0.6 in a
short duration due to the initial surface roughness and severe wear of metallic adhesion [22]. Then, in the second stage, the
friction coefficient decreases gradually because of the massive oxide debris formation (formed by oxidation of the metallic
debris) on the rubbed surface [24]. With the agglomeration and compaction of the wear debris to form a wear-protective lay-
er, the friction coefficient drops to the lowest value of 0.3-0.4 (defined as transition point, see Figure 2a). The duration of the
lower level friction coefficient depends on the amount of oxide debris, the stability of the compacted oxide layer and the
bearing capacity of the substrate. When the compacted oxide layer reaches its critical thickness, it begins to break off by crack
generation, which would enhance the roughness and friction coefficient. Figure 2b represents the cracks initiate and grow at
the edge of the compacted layer. The cracked oxide layer is removed completely from the contacting surface, exposing the
fresh surface to the environment, which will be reoxidized in the subsequent rubbing. When a dynamic equilibrium process is
established, the wear process comes to the third stage, i.e. the friction coefficient remains at a relatively steady value of 0.5-
0.6 (defined as steady point, see Figure 2a). The steady wear undergoes an alternating process of oxide debris formation,
compaction, and delamination on the rubbed surface [24], which is a typical mild-oxidational wear mode termed an ‘oxidation
-scrape-reoxidation’ mechanism [18].
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Figure 3. The relationship between the friction coefficient and N content in the a N phase

The relationship between the friction coefficient and N content in the aN phase is illustrated in Figure 3 with the wear track
and wear debris morphologies of the L2, L8, L9 and L11 layer. It is seen that the friction coefficients of transition points in-
crease with the reduction of N content, reaching a steady value (about 0.35) when the N content decreases to 2.2wt.%. While
the variation of friction coefficients of steady points follows an approximate parabolic-law, i.e. the friction coefficient first
increases and then decreases with the reduction of N content. It should be noted that the friction coefficient of the steady
point for the L8 layer is departed from the parabolic-law, which is lower than the predicted value. Indeed, the variations of
friction coefficient depend on the physical and chemical properties of the oxide debris and the bearing capacity of the metal
substrate, including the size, amount and kinds of the oxide debris as well as the hardness of the substrate. Stott [25] has
demonstrated that only the wear debris with a diameter less than a critical value could stay within the rubbed tracks to form
the protective layer against wear damages. Comparing with the morphologies of worn surfaces and wear debris of the L2, L8,
L9 and L11 layer, we can find that the L8 layer has the largest fraction of area covered by oxide layer and smallest size of ox-
ide debris, which contributes to its lower friction coefficient. Additionally, the good oxidation resistance of the L8 layer (see
Figure 1a) assists in forming a continuous and lubricant oxide film on the contacting surface like stainless steels. The higher
friction coefficient for the L2 layer is attributed to the lack of enough oxide debris with small size or probably the higher
brittleness of oxide layer caused by the relatively high N content. While the similar friction coefficient for the L9 layer results
from the lower bearing capacity of the substrate due to the lower N content and hardness. The L11 layer with lowest hard-
ness represents a lower friction coefficient due to the change of kinds of oxide debris from the rufous rust to the black one.
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Figure 4. The EDS of O and W contents of the compacted oxide layers and wear debris

The elemental contents, especially oxygen (O) and wolfram (W), retained on the worn surface could reflect the wear mech-
anism. The O and W contents of the compacted oxide layers and wear debris are measured by EDS as shown in Figure 4 a. It
obviously exhibits that the variations of O and W content of the compacted oxide layers approximately fit with a parabolic-
law. With the decrease of the N content in the aN phase, the O and W content increases gradually, which indicates the wear
mechanism shows more adhesive characters. When the N content is less than 1.5 wt.%, the O and W content drops down
due to the large size of wear debris particles which would be removed out of the wear traces. The variations of the O and W
content of wear debris represent an opposite tendency with the N content of expanded martensite (see inset in Fig. 4a).
The O content of wear debris increases from 20.42 to 27.12 wt.% with the decrease of N content of expanded martensite
from 2.4 to 0.8 wt.%. However, the corresponding W content decreases from 26.26 to 7.26 wt.%. In fact, it cannot avoid
heat generation during the dry sliding process. The accumulated thermal energy would make the sliding system unstable
associating with oxidation, wear debris generation and transition in wear mechanism [26]. Many studies have pointed out
that the contact temperature (Tf) is considerably high enough for the generation of oxides even in the low-load and low-
speed sliding conditions [18, 27, 28]. The contact temperature (Tf) depends on the friction coefficient (1) and the hardness
of wear surface (H), which can be estimated as follows [29]:

Where K is a constant related to the normal load and the sliding speed. Figure 4b gives the ratios of contact temperature
of each layer and that of the LO layer (Ty). It is seen that the contact temperature of the L11 layer is about 3.5T,, which is
two times higher than that of the L2 layer with value of 1.5T,. The elevated contact temperature of the L11 layer indeed
makes the kinds of oxides changed, which results in the increase of the O content of wear debris and the decrease of the
friction coefficient comparing with those of the L2 layer. The wear rates dramatically increase with N content decreasing as
illustrated in Figure 4c, indicating the a y phase has a good wear resistance because of the higher N content and hardness.

4. Conclusions

In summary, the effect of N content on the friction and wear behavior of nitrogen expanded martensite has been investigated
systematically. The results of wear tests indicate that the friction and wear behavior of nitrogen expanded martensite repre-
sents a typical mild-oxidational wear mode termed an ‘oxidation-scrape-reoxidation’ mechanism under our present sliding
condition. The variations of friction coefficient depend on competition between the compaction and delamination of oxide
debris which is related to the N content and hardness of expanded martensite. The higher N contents result in the brittleness
of the compacted oxide layer while the lower ones deteriorate the bearing capacity of the nitrogen expanded martensite.
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The heat generation during the dry sliding process could affect the friction and wear behavior by varying the kinds of oxides
(from the rufous rust to the black one) and make transition in wear mechanism. The nitrogen expanded martensite represents
an excellent wear property due to the high N solution resulting in a high hardness.
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