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Abstract: In order to enhance the efficiency and combined performances of nitriding layer,
aluminum-modified plasma nitriding (Al-PN) was developed in this research by adding some FeAl
particles around the samples during plasma nitriding (PN) for 42CrMo steel. The results show that
the efficiency is dramatically enhanced almost 6 times comparing with traditional PN, with the
effective hardening layer increasing from 224 um to 1246 um at 520°C/4h. More importantly, the
compound layer increased just a little bit from 11.64 um to 14.32 um, which remarkably reduces the
ratio of the compound layer thickness to effective hardening layer thickness, thus being quite
beneficial to decrease the brittleness level, making the brittleness level decreasing from Level 4 to
Level 1. Meanwhile, ultra-high surface hardness and excellent wear behaviors are obtained by
aluminum-modified plasma nitriding (Al-PN) due to the formation of dispersed strengthening
phased of AIN and FexAl in the nitriding layer, with the surface hardness increasing from 755 HVo.02s
to 1251 HVo.s, wear rate decreasing from 8.15 x10°g-N--m to 4.07 x10%g:N-"-m. In other words,
comparing with PN, the wear resistance has been almost doubled by Al-PN. Therefore, the research
can provide comprehensive insights into the surface characteristics and combined performances of
the aluminum-modified plasma nitriding layer.

Keywords: aluminum-modified plasma nitriding; effective hardening layer; compound layer; wear
behavior; nitriding efficiency

1. Introduction

Plasma nitriding is an environmental friendly surface modification technology, which has been
widely used in engineering applications to improve the surface properties of metal components [1-
5]. However, plain carbon steel and low alloyed steels are not quite suitable for traditional plasma
nitriding in some applications, since too thick compound layer can be formed once the effective
hardening layer meets the requirements, which is easy to result in premature failure due to the thicker
compound layer’ cracking [6-10].

Generally, a nitrided layer is composed of a compound layer on the top surface and a diffusion
layer beneath. Since the compound layer has totally different crystal structure from that of the
diffusion layer, and thus the two layers are difficult to cooperate with deformation. Therefore, thick
compound layer has strong tendency to crack while subjected to heavy impact loads, thus ready to
result in premature crack failure [11-15], though a thick effective hardening layer is necessary to
enhance the resistance to heavy impact loads.

Because of the above reasons, it is necessary to obtain a plasma nitriding layer with thicker
effective hardening layer and thinner compound layer to meet the service requirements in practical
applications, especially for components subjected to heavy impact loads. The following two ways are
the traditional methods to make a compound layer become thinner: one is adjusting the nitriding
parameters, including nitriding temperature, duration, or nitrogen potential to get thinner nitrided
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layer [16-20], the other is grinding the very surface layer to reduce the compound layer thickness
[21,22]. Unfortunately, the first way is generally accompanied with a thin effectively hardening layer,
which brings about lower surface hardness and poorer wear performances, thus hard to meet the
long service life requirements of components subjected to heavy impact loads, though premature
crack can be avoided [16-20]. And the second way is really hard to control and conduct due to the
very high hardness and brittleness of the compound layer.

By comparing the characteristics of nitriding layer obtained at the same nitriding condition for
different kind of steels with different amount of alloy elements and similar carbon content, e.g. 45
steel, 42CrMo and H13, it is found that the compound layer is getting thinner, and the effectively
hardening layer is getting thicker with the increase of the content of alloying elements [23-27], thus a
prediction can be made that adding alloy elements during plasma nitriding may have an effect on
thinning the compound layer and thickening the effectively hardening layer.

Since aluminum is the strongest nitride forming element, and it is used as alloying element in
the typical nitrided steel of 38CrMoAl to enhance the nitriding performance [28-30]. And it has been
found in our previous research that higher nitriding efficiency and better performances can be
brought about by depositing aluminum hydroxide film on the surface of samples by electrolyzing
aluminum nitrate [31-33]. Unfortunately, the adopted method for introducing aluminum source
prior to plasma nitriding is un-environmental friendly and complicated, thus a simple and
environmental friendly aluminum-modified plasma nitriding technology was developed by adding
FeAl particles around the samples during plasma nitriding process in this research, and the effect of
aluminum addition on nitriding efficiency and performances was investigated and compared with
those by conventional plasma nitriding for 42CrMo.

2. Materials and methods

Quenched and tempered 42CrMo steel with a hardness of about 320HV was used in this research
and its chemical compositions (wt. %) is as below: C: 0.42; Cr: 0.92, Mo: 0.20; Mn: 0.85; Si: 0.30; P:
0.014; S: 0.011; and Fe: balance. Samples with the dimension of 10 mm x 10 mmx 5 mm were machined
and ground step by step using different grades of sandpaper, then subjected to ultrasonic cleaning in
alcohol for 10 min.

Plasma nitriding was conducted at 520 °C for 4 h in a mixture gas of 25% N2 + 75% Hz, and with
a gas pressure of 400 Pa, followed by furnace cooling. FeAl particles were put around the samples for
aluminum-modified plasma nitriding, and traditional plasma nitriding was also conducted as a
reference for comparative study. In order to investigate the weight change after different kind of
nitriding, the weight of the samples before and after plasma nitriding was weighed by MST-5000
electronic balance, and the weight change was calculated for both cases.

The cross-sectional microstructure was observed by a DMI-3000M optical microscope. The phase
compositions were detected by D/max-2500 X-ray diffractometer with Cu-Ka radiation (A=1.54 A)
under a scanning speed of 1¢/min with a 0.02 step size. The surface morphology and micro-regional
chemical composition were characterized by a scanning electron microscope (SEM, ZEISS EVO 18)
equipped with energy dispersive spectroscopy (EDS). Meanwhile, the 3D surface topography and
roughness of the nitrided specimens was characterized by a Laser confocal microscope (DMAS8000).

The cross-sectional microhardness was measured by a Vickers hardness tester (HXD-1000TMC)
with a load of 25 g and a holding duration of 15 s, each hardness value was determined by averaging
at least three measurements to ensure reliable. Meanwhile, according to the Chinese national
standard [34], the brittleness level of the nitriding layer was evaluated based on the cracking extent
of indentation corners after Vickers hardness test with the load of 500g. The wear behavior was
evaluated by a friction and wear tester, GCr15 steel balls were used as the grinding material, with a
diameter of 5 mm, the rotation speed of 214 r/min, the loading load of 200 g, and the grinding time
of 15 min. The friction coefficient was recorded and the wear tracks were observed using an optical
microscope (DMI-3000M), the weight of the samples before and after wear test was weighed by
electronic balance (MST-5000), and the wear weight loss was calculated for getting the wear rate. All
the wear tests were repeated three times for each case to ensure the reliability of the results.
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3. Results and discussion

3.1. Cross-sectional microstructure

Figure 1 presents the cross-sectional microstructure of samples after different PN treatment. It
can be seen that after the same nitriding parameter of 520°C/4h, the compound layer thickness is
11.64um and 14.32um for conventional plasma nitriding treatment and aluminum-modified plasma
nitriding, respectively, which illustrates that the thickness of compound layer increases slightly by
aluminum addition under this condition. And it needs to be noted that a compound layer thickness
of 5.75um is obtained by aluminum-modified plasma nitriding at 520°C/0.5h.

Q)

55

Figure 1. Cross sectional microstructure of samples treated by different PN treatments (a)4h Al-PN,
(b) 4h PN, (c) 0.5h Al-PN.

3.2. Surface hardness and effective hardening layer

The cross sectional microhardness profile of samples after different PN treatment is shown in
Figure 2. The effective hardening layer thickness is defined as the vertical distance from the very
surface to the position with hardness 50 HV higher than that of the substrate hardness [34], and the
process efficiency is determined by the effective hardening layer thickness obtained per hour. It can
be seen that the surface hardness and effective hardening layer are significantly enhanced by
aluminum addition under the same process condition of 520°C/4h. The surface hardness is increased
from 755 HVoos to 1251 HVoes, enhanced by about 500 HV; and the effective hardening layer was
dramatically increased from 224 pum to 1246 um, enhanced by more than 5 times, which illustrates
that ultra high process efficiency was obtained by aluminum addition. It needs to be emphasized that
a surface hardness of 790 HVo0s and an effective hardening layer of about 435 pm was formed by
aluminum-modified plasma nitriding for only 0.5h, which is higher than 755 HVo.5, and almost twice
of 224 pm formed by traditional plasma nitriding for much longer time of 4h. Combined with the
compound layer comparison in Figure 1, it can be concluded that thinner compound layer, thicker
effective hardening layer and with higher hardness can be obtained by aluminum-modified plasma
nitriding for 42CrMo steel, which is recognized as the ideal characteristics of the nitriding layer for
components subjected to heavy impact loads.
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Figure 2. Cross sectional microhardness of samples treated by different PN treatments.

3.3. XRD analysis

X-ray diffraction patterns of samples treated by conventional PN and Al-PN under the same
process of 520°C/4h are shown in Figure 3. It can be seen that the patterns corresponding to AIN and
FexAl appeared, and the intensity of y'-FesN and e-Fe2sN decreased for the Al-PN treated sample
comparing with those of conventional PN treated sample; which illustrates that hard phases of AIN
and FexAl were formed during PN treatment due to aluminum addition. And combining the
hardness comparison shown in Figure 2, a preliminary conclusion can be drawn that the remarkable
increase of hardness of the Al-PN treated layer is mainly attributed to the dispersion strengthening
of the hard phases formed in the nitriding layer.
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Figure 3. X-ray diffraction patterns of samples treated by PN and AI-PN at 520°C/4h.
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3.4. Surface morphology and element analysis

Figure 4 shows the surface morphology of samples by conventional PN and Al-PN under the
same process of 520°C/4h, and EDS elements analysis is shown in Table 1. As can be seen that nitride
particles were formed and distributed uniformly on the surface, and the EDS element analysis
demonstrated there exists 1.64% Al and 3.88% N on the surface of Al-PN treated sample, much higher
than that of 1.29% N and without Al for the conventional PN treated sample, which illustrated that
Al addition during PN process can not only make Al atoms be sputtered on the surface, but also make
much more N atoms absorb on the surface due to the strong affinity of Al and N, thus promote the
nitride particles formation and N diffusion inwards, leading to much higher hardness and much
thicker effective hardening layer. In other words, much higher nitriding efficiency and better
performance can be obtained by Al addition during PN process.

SED 15.0kV WD15mmP.G.30 HV  x1,000  10pm =

(a) conventional PN, (b) AI-PN

Figure 4. Surface morphology of samples nitrided at 520°C/4h.

Table 1. EDS element analysis and weight increase results (wt/%).

Sample Area Fe Al N
PN A 98.71 / 1.29
Al-PN B 94.48 1.64 3.88

3.5. Surface topography and roughness

It has been reported that the surface topography and roughness has significant influence on the
wear behavior [30]. Figure 5 presents the 3D surface topography and roughness of samples treated
by conventional PN and Al-PN under the same process of 520°C/4h. It determined that the surface
roughness Ra of sample Al-PN treated and PN treated is 1.14 um and 1.08 um, respectively, i.e. the
surface roughness has been decreased by Al addition.

Figure 5. 3D surface topography and roughness of samples nitrided at 520°C/4h(a) conventional PN,
(b) AI-PN.
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3.6. Wear behaviors

Figure 6 shows the friction coefficient of samples treated by conventional PN and Al-PN under
the same process of 520°C/4h. It can be seen that the friction coefficient of sample PN treated and Al-
PN treated is 0.75 and 0.64, respectively, i.e. the friction coefficient has been decreased and the friction
coefficient curve was more stable for the sample treated by Al-PN, which may be attributed to the
corresponding lower surface roughness as shown in Figure 5.
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Figure 6. Friction coefficient of samples treated by PN and Al-PN at 520°C/4h.

Wear marks is a visible proof to show the wear extent. Figure 7 shows the wear marks
morphologies of samples treated by conventional PN and Al-PN under the same process of 520°C/4h.
It demonstrates that the wear marks are much wider and deeper for the sample treated by
conventional PN, and with a large amount of grinding grooving and pits on the surface, while the
wear marks are much narrower and shallower for the sample treated by Al-PN, and with very few
wear pits. By comparing the wear marks, it is clear that the wear resistance is enhanced by Al-PN.

Figure 7. Wear marks morphology of samples treated by PN and Al-PN at 520°C/4h.(a) PN,  (b)
Al-PN.

In order to make a quantitative comparison of the wear behavior, samples were weighed before

and after wear test and the wear rate § = ml__mzwas calculated based on the following formula 24,
S5 = u (1)
N-L

Where, mi1, mz, N, and L are the weight of the sample before wear test, the weight after wear test,
applied load and sliding distance, respectively.
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As shown in Figure 8, the wear rate of sample PN treated and Al-PN treated is 8.15x105g-N-1-m-
Tand 4.07x10-°g-N--m-, respectively, i.e. the wear rate was reduced by a factor of approximately 2 for
the sample treated by Al-PN, which means that the wear resistance was almost doubled by aluminum
addition, in good agreement with the increase extent of surface hardness as shown in Figure 2.

10 7 1400
V777 Wear rate
B Surface hardness
|
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1000
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Wear rate/(10°g-m N

400

Figure 8. Wear rate of samples treated by PN and Al-PN at 520°C/4h, with surface hardness
embedded.

3.7. Brittleness analysis

Brittleness refers to the tendency of a metal to break without being significantly distorted once
exposed to a high level of stress, and based on the Chinese national standard®, the brittleness level
of the nitriding layer is divided into 5 Grades according to the cracking extent of the indentation after
Vickers hardness test, which are as below: Grade 5 brittleness represents the most brittle, with severe
cracking on four sides and/or corners of the indentation; Grade 4 brittleness corresponds to cracking
on three sides and/or corners; Grade 3 brittleness corresponds to cracking on two sides and/or
corners; Grade 2 brittleness corresponds to cracking on one side and/or corner; and Grade 1
brittleness means the least brittle, corresponding to no cracking around all the indentation, and thus
represents the best toughness. Generally, Grade 1 brittleness is needed for components subjecting to
heavy impact loads in order to have long service life.

The indentations of samples treated by conventional PN and Al-PN under the same process of
520°C/4h are shown in Figure 9. It can be seen that there exists severe cracking on three sides and
corners around the indentation of the PN treated sample, so the brittleness is determined to be Grade
4 [34]; while there is no cracking around the indentation of the AI-PN treated sample, thus the
brittleness is determined to be Grade 1 [34]. Therefore, a conclusion can be drawn that the brittleness
grade can be effectively decreased by aluminum addition, in other words, the toughness can be
effectively improved, and the strict technical requirements of the components with both excellent
wear resistance and toughness can be met.

Meanwhile, it can be seen that the indentation area of the AI-PN treated sample is much smaller
than that of the PN treated sample, which also implies that the surface hardness is enhanced
significantly by aluminum addition, being consistent with the results shown in Figure 2 and 8.
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Grade 1

Figure 9. The indentations of samples treated by PN and Al-PN at 520°C/4h. (a) PN, (b) AI-PN.

4. Mechanism and discussions

In order to provide a comprehensive understanding on the amazing effect of aluminum addition
on plasma nitriding, the main characteristics and performances of the nitriding layer treated by
conventional PN and Al-PN are summarized and compared in Table 2. It can be seen that the surface
hardness and effective hardening layer (corresponding to nitriding efficiency) can be dramatically
enhanced by Al addition. More valuably, both the wear resistance and toughness are greatly
enhanced by AI-PN due to the much higher hardness and much lower ratio of compound layer
thickness to effective hardening layer thickness.

Table 2. Comparison of nitriding layer characteristics and comprehensive performances of samples
Al-PN and PN treated at 520°C/4h.

. ratio of
Effective
Compound . compound
hardening Surface Wear rate .
layer layer to Brittleness Phase
Process . layer . hardness  (10-°g-N- .
thickness . effective Level constituents
thickness . (HVo.05) .m7)
(pum) hardening
(um)
layer
PN 11.64 224 0.052 644 8.15 4 FexsN, FeaN
FeasN, FesN
Al-PN 14.32 1246 0.011 1251 4.07 1 ’ ’
AIN, FexAl

Note: the nitriding efficiency is calculated based on the effective hardening layer formed per hour.

The possible mechanism for the above amazing effect of Al addition on the nitriding efficiency
and performances can be expressed as follows:

During the plasma nitriding process, ionization has been happened in the thin gas atmosphere
resulted from the influence of the high-voltage DC electric field, forming a plasma region composed
of N*, H*, e and N, H active atoms, where N* and H* ions bombard towards cathode at very high
speed under a strong electric field in the plasma region. High-velocity bombardment makes Fe and
Alions splash out to the plasma region.

Due to the strong affinity between Al and N, much more N atoms were absorbed on the surface
as confirmed by EDS in Table 1. On one hand, much higher content of N has strong tendency to react
with Al to form micro particles of AIN with very high hardness, on the other hand, much higher N
gradient can dramatically increase the diffusion rate of nitrogen atoms, thus brings about much
longer diffusion distance and stronger solution strengthening effect. Meanwhile, part of active Al
atoms can also react with Fe to form FeAl can be formed as well, thus the strong dispersion
strengthening effect of AIN and FeAl brings out significant enhancement of hardness in the nitriding
layer. Therefore, both the surface hardness and effective hardening layer can be dramatically
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enhanced due to the dispersion strengthening and stronger solution hardening resulted from the
effect of Al addition, which brings about excellent wear behavior.

Meanwhile, the brittleness level is greatly decreased due to the obvious decrease of the ratio of
compound layer thickness to effective hardening layer thickness, in other words, the toughness of
the nitriding layer is greatly enhanced, which is of significant value for the components subjected to
heavy impact loads.

5. Conclusions

Al-modified plasma nitriding was primarily developed by adding some FeAl particles around
the samples during plasma nitriding treatment, and the amazing effect of aluminum addition on both
process efficiency and related properties was investigated for 42CrMo steel. The following main
conclusions can be drawn comparing with conventional plasma nitriding at the same parameters of
520°C/4h:

e (1) The nitriding efficiency can be dramatically improved by more than 5 times, with the effective
hardening layer enhancing from 224 pm to 1246 um under the same process condition of
520°C/4h. And the surface hardness is higher and effective hardening layer is much thicker for
sample treated by Al-PN for only 0.5h than that treated by traditional PN for as long as 4h.

e (2) The surface hardness and wear resistance can be significantly improved, with the surface
hardness increasing from 755 HVo.s to 1251 HVo0s and the wear rate reducing from 8.15 x10-5g-N-
m to 4.07 x10g:N-1-m, i.e. the wear resistance has been almost doubled.

e (3) The brittleness grade can be greatly decreased by Al-PN under the same process condition
due to the much lower ratio of compound layer thickness to effective hardening layer thickness,
in other words, the toughness can be effectively improved.

e (4) The developed novel Al-PN can dramatically enhance the production efficiency and save
energy for obtaining any required layer thickness, meanwhile, improve service life of the treated
components due to owning much better performances.
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