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WEAR BEHAVIOR OF PLASMA NITRIDED LOW Cr-Mo 
SINTERED STEELS 

S. Mansoorzadeh, F. Ashrafizadeh, A. Arvand 

Abstract  
Fe-3Cr-0.5Mo-0.3C and Fe-3Cr-1.4Mn-0.5Mo-0.3C sintered alloys were 
plasma nitrided under different conditions. Wear tests were carried out 
on a pin-on-disc machine at 70 N load. It was shown that nitriding 
decreased the specific wear rate by one order. The SEM observation of 
worn surfaces, XRD and EDS analyses of wear debris and the amount of 
wear particles in comparison with the specific wear rate showed that for 
sintered steel, Similar to wrought steels, the specific wear rate of 10-8 
mm3/N·mm could be considered as a dividing line between mild and 
severe wear [1]. 
Keywords: dry sliding wear, specific wear rate, sintered steels, plasma 
nitrided 

INTRODUCTION 
Nitriding is a ferritic thermochemical treatment in which nitrogen is diffused into a 

steel surface at a temperature range of 495-565˚C [2,3,4]. It can improve surface hardness 
and wear resistance of sintered steel components. After nitriding, the nitrided layer 
subdivided into a compound layer on the surface and diffusion zone in the surface layers. 
The fine and hard nitrided Cr or Mo precipitations in the diffusion zone are responsible for 
hardness enhancement [5,6]. The two main methods of nitriding are gas treatment and 
plasma treatment. Plasma nitriding is more favourable than gas nitriding for PM parts, 
because the influence of porosity is greatly reduced in comparison with gas nitriding, and 
better control on case depth and low dimensional variations can be obtained [7,8,6]. 

Some research has be done on wear behavior of sintered steels but less data are 
available on nitrided or nitrocarburized PM steels. A study on wear behavior of plasma 
nitrided and heat treated Fe-Mo-C sintered alloys showed that the heat treated alloy had a 
better wear resistance than the nitrided sample because of oxidative wear (mild wear) at 
different wear conditions (load, duration). The nitrided alloy had lower wear rate than heat 
treated material, as long as the compound layer (CL) remained in place [8]. Some 
contradictory results have been reported about the effect of the CL on the wear behavior, 
depending on the sliding conditions [4,9]. It was mentioned that a thin ε compound layer 
could improve wear resistance considerably [3], while other studies confirmed the removal 
of the CL at the beginning of the wear and the diffusion zone would control the wear test 
[5,10].  

A study on Fe-3Cr-0.5Mo-0.4C alloy revealed that plasma nitriding gave a better 
performance under wear condition, because nitrocarburizing induces some carbonitrides 
precipitation in the grain boundary of the diffusion layer and microstructural inhomogeneity 
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[6]. Other investigation indicated that plasma nitrocarburized samples had better wear 
behavior than nitrided materials [11].  

In a recent investigation, sliding wear maps were submitted for untreated and 
plasma nitrocarburized low alloy sintered steel [9]. It was shown that the transition loads 
for plasma treated samples were slightly higher than the untreated samples. Furthermore, 
the wear rates were low, at the range of 10-6-10-4 mm3/mm, as long as the compound layer 
remained on the surface. 

Wang et al. had a comprehensive study about wear transition mechanisms of high 
carbon steels and proposed that the specific wear rate of 1×10-8 - 2 ×10-8 mm3/N·mm could 
be the dividing line between mild wear and severe wear [1]. After that Straffelini mentioned 
that the specific wear rate of 10-8 mm3/N·mm could be considered as a boundary between 
mild and severe wear for sintered steels [12].  

In this present work the wear behavior of untreated and plasma nitrided sintered 
steels are investigated, specific wear rates are obtained and compared with the suggested 
criterion. 

EXPERIMENTAL PROCEDURE 
Specimens were made using a prealloyed Astaloy CrM powder (Fe-3Cr-0.5Mo, 

produced by Höganäs AB, Sweden). Fe-3Cr-0.5 Mo-0.3C alloy was produced by blending 
Astaloy CrM with graphite and 0.5% zinc stearate as a lubricant. The specimens 
(120×30×10 mm and ∅40×13 mm) were compacted at 600 MPa, sintered in a walking 
beam furnace at 1120˚C for 45 min in dissociated ammonia (dew point -30˚C) and then 
cooled at a cooling rate of 35-40˚C/ min. Fe-3Cr-1.4Mn-0.5Mo-0.3C alloy was made by 
mixing Astaloy CrM powder, high carbon ferromanganese powder (Fe-78Mn-5.5C, 68% 
particle size < 90 μm), graphite and 0.8% zinc stearate and was compacted at 600 MPa. 
Sintering was carried out at 1200˚C for 50 min in 75N2-25H2 atmosphere. The chemical 
compositions of the alloys are presented in Table 1. It should be mentioned that not all of 
the ferromanganese powders took part in alloying. Figure 1 shows the remains of a 
ferromanganese powder in a secondary pore that appears by manganese sublimation [13]. 
EDS analysis, Table 2, of the specified positions in Fig.1 revealed a high amount of 
manganese in the secondary pore (X position). Generally, it is suggested that the 
ferromanganese powder particle size should be less than 40 μm to reduce the size of the 
secondary pore which reduces the mechanical properties and load ability of the sample 
[13]. In this study 43% of the particles were less than 45 μm. Therefore, a part of the 
ferromanganese powders remained in the sintered material. 

All of the samples were cut and machined. The metallographic samples were 
ground up to 1200 grit and some of them highly finished by diamond pastes (6 μm and 1 
μm) which were used to measure surface microhardness after plasma nitriding. The density, 
total porosity and open porosity were determined by Archimedes’ method with oil-
impregnated samples. The wear discs of 40 mm diameter and 5mm thickness were cut and 
machined from primary discs (∅40×13 mm). 

Plasma nitriding was carried out in a 60KW Klöckner Inon GmbH unit. All of the 
samples were cleaned in acetone by ultrasonic method before nitriding. A chromel-alumel 
thermocouple was inserted into a hole drilled in the sample to control the temperature 
during nitriding and cooling. Nitriding cycles were performed in 80 N2-20 H2 atmosphere, 
500˚C for 5, 10 and 20 h. The gas pressure was 5 mbar and the dc voltage was 900 V. After 
nitriding, the samples were cooled to 60˚C under vacuum. Surface characterization was 
performed by microhardness measurement, SEM and XRD using Cu-Kα radiation. The 
metallographic samples were nickel plated for edge retention, mounted, finished and etched 
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in 2% Nital. The effective case depth was defined as the depth from the surface to a layer 
hardness of 550 HV.  

The wear test was carried out on a pin-on-disc machine, without lubrication, at 
room temperature and 30-50% relative humidity. The wear disc, 40 mm in diameter and 5 
mm in thickness, was in contact with a pin made from 52100 steel with a hardness of 64 
HRC and 6 mm in diameter. Before the wear test, the pin and disc were degreased in 
alcohol. All the wear tests were carried out at a constant load of 70 N, sliding speed of 0.04 
m/s and sliding distance of 1000 m. After each test, the worn specimens and wear debris 
were examined by SEM, XRD and EDS. The specific wear rate was calculated by the 

equation [1], 
FS
mWS ρ

= , where W is the specific wear rate (mm3/N·mm), m is the total 

weight loss, ρ is the sample density (Table 3), F is the applied load (70 N) and S is the 
sliding distance (1000 m). 

Tab.1. Composition of sintered alloys.  

Material Cr Mo Mn C S Fe 
Fe-3Cr-0.5Mo-0.3C 2.67 0.48 ― 0.317 0.004 Balanced 

Fe-3Cr-1.4Mn-0.5Mo-0.3C 2.81 0.53 1.4 0.367 0.003 Balanced 
 

 
Fig.1. BSE micrograph of the remains of the ferromanganese powder in the secondary pore. 

Tab.2. EDS analysis of the specified positions in Fig.1. 

Position wt % 
 Mn O Cr C Fe 

X 82.4 14.3 1.3 0.2 1.7 
Y 7.6 — 2.9 0.14 89 
Z 1.2 — 5 0.2 93.6 

 

RESULTS AND DISCUSSION  

Materials and microstructure  
The Fe-3Cr-0.5Mo-0.3C alloy had a bainite microstructure with a microhardness 

of 370 ± 40 HV0.025 and the microstructure of Fe-3Cr-1.4 Mn-0.5Mo-0.3C alloy was 
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mainly bainite and martensite as shown in Fig.2. In general, manganese increases the 
hardenability of the sintered steel and it is possible to form martensite by controlling the 
post sintering cooling rate [14]. Adding ferromanganese powder to Astaloy CrM increases 
sinter hardenability [15] and martensite would form during cooling. The Mn-alloyed 
material had a microhardness of 390 ± 30 HV0.025. The small microhardness difference 
between the alloys is related to martensite. The density, the total and open porosities are 
reported in Table 3.  

 

  
(a) (b) 

Fig.2. The optical micrograph of (a) Fe-3Cr-0.5Mo-0.3C alloy, (b) Fe-3Cr-1.4Mn-0.5Mo-
0.3C alloy. 

Tab.3. Density ρ, total porosity εt and open porosity εo of sintered alloys. 

Material ρ [g/cm3] ε t [%] ε o [%] 
Fe-3Cr-0.5Mo-0.3C 6.88 ± 0.08 12.5 ± 0.4 3.4 ± 1.9 
Fe-3Cr-1.4Mn-0.5Mo-0.3C 6.84 ± 0.1 13.0 ± 0.5 4.8 ± 1.8 

Surface treatments 
It was observed that the bainite microstructure response to nitriding is very similar 

to tempered martensite [5]. Therefore, heat treatment was ignored and nitriding was 
performed on as sintered alloys. The nitriding parameters and case properties of the alloys 
are given in Table 4. As expected, with increasing nitriding time, the case depth increases 
and the maximum microhardness and surface microhardness decrease [5]. Figure 3 shows 
the micrograph of a 20 h nitrided Fe-3Cr-0.5Mo-0.3C alloy and Fig.4 presents the 
microhardness profile of 5 h nitrided alloys. 

Tab.4. Nitriding parameters and case properties of treated alloys. 

Nitriding parameters CL Material 
Atmosphere T [°C] t [h] 

d550HV 
[μm] 

HVmax HVsurf
Thick. 
[μm] 

Phase 

5 170 789 682 7 γ, ε 
10 230 770 650 9 γ 

Fe-3Cr-
0.5Mo-0.3C 

 
80N2-20H2

 
500 

20 300 763 497 9 γ 
5 180 852 785 8 γ, ε 

10 250 750 635 10 γ 
Fe-3Cr-
1.4Mn-

0.5Mo-0.3C 

 
80N2-20H2

 
500 

20 300 709 582 10 γ 
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Fig.3. The optical micrograph of a 20 h nitrided Fe-3Cr-0.5Mo-0.3C alloy. 
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(b) 

Fig.4. Microhardness profile of nitrided alloys for 5 h, (a) Fe-3Cr-0.5Mo-0.3C, (b) Fe-3Cr-
1.4 Mn-0.5Mo-0.3C. 
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Wear behavior  
It is known that the mild wear is oxidation-dominated wear and the severe wear is 

plasticity - dominated wear (adhesion and delamination) [1]. Mild wear gives a smooth 
surface with a small amount of fine oxidized wear debris and the wear rate is low. Severe 
wear produces a surface that is rough and deeply torn with a considerable amount of large 
metallic debris [16,1]. As presented in Fig.5, the total weight loss of nitrided alloys are less 
than untreated (as sintered) alloys. Furthermore, the untreated Fe-3Cr-1.4Mn-0.5Mo-0.3C 
alloy had less weight loss than untreated Fe-3Cr-0.5Mo-0.3C alloy which was due to a 
small amount of martensite and higher hardness. The comparison of nitriding cycles for 
1000 m did not show any differences. Figure 6 shows the wear curve of as sintered and 
nitrided Fe-3Cr-0.5Mo-0.3C alloy. As indicated, the curve slope (wear rate) of untreated 
specimens in steady state region is more than nitrided specimens. In Table 5, the specific 
wear rate of untreated alloy is 10-7 mm3/N·mm while nitriding decreases the specific wear 
rate to 10-8 mm3/N·mm value. In the previous study on Fe-3Cr-0.5Mo-0.3C alloy under 18 
N [17], the specific wear rate of 4×10-7 mm3/N·mm and 5×10-9 mm3/N·mm was reported for 
an untreated and nitrided alloy, respectively. Furthermore, it is observed that there is almost 
no difference between specific wear rates of different nitriding cycles for an alloy in Table 
5. According to literature, wear rate increases with decreasing hardness [18]. In Table 4, it 
is observed that with increasing nitriding time surface hardness decreases. Therefore, it is 
expected that longer nitriding cycles have higher wear rate. Comparing Tables 4 and 5 does 
not indicate this behavior. It seems that longer wear distances should be studied to compare 
nitrided samples correctly. Figure 7 shows the SEM micrographs of the worn surface of 
untreated and nitrided Fe-3Cr-0.5Mo-0.3C alloy. As indicated in Fig.7a, the untreated alloy 
had a rough morphology while the nitrided alloy in Fig.7b showed a very smooth surface 
with a few fine grooves. The unnitrided alloy had large wear debris (Fig.8a) which XRD 
analysis in Fig.9 identified as metallic debris. The nitrided alloy had brown fine wear debris 
as shown in Fig.8b. Since the nitrided alloy had a very small amount of wear debris, which 
was not enough for XRD, EDS analysis was applied. The microanalysis confirmed the 
presence of iron and a considerable amount of oxygen (iron oxide) as shown in Table 6. In 
this study, the compound layer was worn away rapidly by the first revolution and did not 
have any contribution to wear resistance. XRD analysis of the wear track also revealed base 
material and EDS analysis of it identified base material with oxide particles and without 
nitrogen, as given in Table 7. Since nitrogen was not present, it indicated that a compound 
layer was worn away and the diffusion zone was in contact with the pin counterface. 
Furthermore, the wear curve slope in Fig.6 did not change abruptly for nitrided specimens, 
which indicated that diffusion zone did not wear away completely and contributed to wear 
resistance. Therefore the wear behavior was controlled by the diffusion zone. The 
investigation showed that the untreated alloys had severe wear with specific wear of 10-7 
mm3/N.mm while the nitrided samples exhibited mild wear with specific wear of 10-8 
mm3/N.mm. As observed, the results are almost in agreement with Wang's criterion. 
According to the criterion, if the specific wear is less than 10-8 mm3/N.mm it represents 
mild wear, and if not it indicates severe wear [1]. 
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(a) (b) 

Fig.5. Total weight loss of alloys as a function of nitriding time (1000 m, 70 N), 0 h refers 
to untreated alloy, (a) Fe-3Cr-0.5Mo-0.3C, (b) Fe-3Cr-1.4 Mn-0.5Mo-0.3C. 
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Fig.6. Wear curve of untreated and nitrided Fe-3Cr-0.5Mo-0.3C alloy. 

Tab.5. The specific wear rate of untreated and nitrided alloys.  

Wear rate, 1×10-7 
[mm3/N·mm] 

Material Condition 

70 N 
Untreated 3.62 

80N2-20H2 , 500°C, 5 h 0.161 
80N2-20H2 , 500°C, 10 h 0.176 

 
Fe-3Cr-0.5Mo-0.3C 

 
 80N2-20H2 , 500°C, 20 h 0.115 

Untreated 2.79 
80N2-20H2 , 500°C, 5 h 0.176 

80N2-20H2 , 500°C, 10 h 0.109 

 
Fe-3Cr-1.4Mn-0.5Mo-0.3C 

80N2-20H2 , 500°C, 20 h 0.13 
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(a) (b) 

Fig.7. SEM micrograph of the worn surfaces of Fe-3Cr-0.5Mo-0.3C alloy (1000 m, 70 N), 
(a) untreated, (b) nitrided for 5 h. 

 

  
(a) (b) 

Fig.8. SEM micrographs of wear debris of Fe-3Cr-0.5Mo-0.3C alloy (1000 m, 70 N), (a) 
untreated, (b) nitrided for 5 h. 

 
 

Fig.9. XRD analysis of wear debris of untreated Fe-3Cr-0.5Mo-0.3C alloy (1000 m, 70 N). 
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Tab.6. EDS analysis of wear debris of untreated and nitrided alloys. 

Material Condition Fe O 
Untreated 64 32.7 

80N2-20H2, 500°C, 5 h 56 41.5 
80N2-20H2, 500°C, 10 h 55 43 

 
Fe-3Cr-0.5Mo-0.3C 

80N2-20H2, 500°C, 20 h 59 38.7 
Untreated 94 ― 

80N2-20H2, 500°C, 5 h 45 51 
80N2-20H2, 500°C, 10 h 41 55 

 
Fe-3Cr-1.4Mn-0.5Mo-0.3C 

80N2-20H2, 500°C, 20 h 46 53.2 

Tab.7. EDS analysis of wear track of nitrided (5 h) Fe-3Cr-0.5Mo-0.3 alloy. 

Wt. % Position Cr O Fe 
Surface 3.6 ― 96.3 
Particles on surface 3 13.1 83.8 

 

CONCLUSION 
Wear curves, examination of worn surfaces and wear debris showed that: 

1. Comparing wear track and wear debris with specific wear confirmed that Wang's 
criterion is valid. 

2. Nitriding improved the wear resistance. The specific wear rate decreased one order 
(changed from 10-7 to 10-8 mm3/N·mm). Untreated and nitrided alloys had severe wear 
and mild wear, respectively. 

3. The wear resistance of untreated Mn-alloy was slightly better than free Mn-alloy 
because of the amount of martensite.  
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