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Abstract

Plasma nitriding applied after a non-conventional treatment in magnetic field to the steel used in industry, have
been studied in this paper. It have been demonstrated that the energy of the magnetic field intervenes in the
balance of the global power of the phase transformations in solid state altering the thermodynamics, kinetics
and the mechanisms of processes, the structures and some properties of the steel. The samples have been
tested using an Amsler stand for wear tests (dry friction) and the diffractometric analysis completed this study.
The plasma nitriding plant used was named the INI 150, was made by the Institute of Radiation Physics and
Technology in collaboration with the "Electrotechnics" Enterprise and the Nuclear Apparatus (ICEFIZ) from
Romania and was destined for technological research, but can also be used for industrial nitriding of small
pieces. INI 150 was based on the physical phenomenon of a double cathode at plasma (ion) nitriding. The
paper is a review of my researches from the last years.
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1. INTRODUCTION

Process of ion/plasma nitriding, also known as glow discharge nitriding, was implemented into industrial
practice in the 1960°‘s and 1970‘s. The first commercial applications have been made in the 1930°‘s and in the
Second World War, taking account the Berghaus Patent since 1938 [1]. Plasma nitriding is a thermo-chemical
treatment with diffusion process and the interaction of the nitrogen with the basic material — a steel grade
hardened and tempered - lead to structural constituents whose nature determines a major hardness of the
nitrided layers. The thermo-chemical treatment modifies the grain limit and the resistance of the steel. For
instance, the mechanical properties of the steel -as the wear process- can be significantly improved and the
hardness of the tool steels can be double on the surface.

In this paper was studied the effect of the magnetic field applied on the improvement treatments before the
ionic nitriding. A thermo-magnetic treatment applied before plasma nitriding modifies the characteristics of the
mechanical resistance of the steel, the hardness and the resistance of the corrosion process.The magnetic
field applied during the part of the improvement treatment of the steel grade lead to appear mechanical
oscillations triggered by Magnetostriction. The energy of the magnetic field may intervene in the balance of
global power of the phase transformations of solid state altering the thermodynamics, kinetics and the
mechanisms, the structures and properties of the steels [2,3,5]. The magnetic field applied leads to a
decreasing of the residual austenite amount (Arez) during the annealing/hardening treatment of the gearing or
tools steels, according to the literature [5]. According to [2,3,5], was calculated that 30 % of Residual Austenite
(Arez) in a hardened steel with 1.1% C and 8% Ni contents, was transformed by returning to 36 °C in 30
minutes, while the same steel with the same amount of the residual Austenite was transformed by the
treatment in magnetic field by returning to 360 °C in 24 minutes. Sputtering is a phenomenon that can be finds
at the interaction of the glow discharge with the cathode. The pressure of the gases in plasma nitriding process
ranges between 0.1and 5.0 mbar. The sputtered atoms circulate above the cathode in the form of a dust [7].
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Some of the atoms are redeposited on the cathode while others are dispersed in the system [6,7]. But it is
possible that this phenomenon can provokes an excess of atoms which want to return to the surface and this
situation might be detrimental of the nitriding process [8]. The mechanism of heat transfer during heating of
the cathode in a glow discharge is very complex.

In this short review of the own researches in the non-conventional treatments in magnetic field domain, it have
been demonstrated that a magnetic field which is overlapped during the cooling in case of the heat treatments
determines the modification of the structure of the material.

2. MATERIAL AND EXPERIMENTAL PART

For the experimental procedure, the samples have been realized as rollers from a steel grade for improvement
treatment for machine parts construction with the following principal content: 0.42 % C, 0.02% Al, 1.02 % Cr,
0.17 % Mo, 0.68 % Mn, 0.22 % Cu, 0.33 % Si, 0.26 % Ni, 0.030 % P, 0.026 % S. The first part from the
complex program of treatments consisted of thermo-magnetic treatments. The second part of the treatments
consists in the applying the thermo-chemical treatment in plasma. There are mentioned the following
treatments which have been selected for different samples: Treatment T1 represents a hardening at 850 °C
and a high tempering treatment at 580 °C, with cooling in water - being the classic improvement treatment
followed by a plasma nitriding at 530 °C; Treatment T2 represents a complete martensitic hardening in weak
alternative magnetic field with the intensity H = 920 A/m and a high tempering with cooling in water in strong
magnetic field, followed by a plasma nitriding treatment at 530 °C; The Treatment T3 represents a martensitic
hardening and a high tempering with cooling in water in strong magnetic field (alternative current), followed by
a plasma nitriding treatment at 530 °C. Plasma nitriding process had a duration by seven hours, depending by
the dimensions of the samples [3,11]. The third part of the experimental program consists in dry wear tests,
friction processes realized with an Amsler machine. The samples have been analyzed using the diffractometric
analysis which completed this study.

3. RESULTS AND DISCUSSION

After every hour of wear tests, the samples were subjected to diffractometric Analysis. In Figures 1 - 3 were
presented difractometric aspects regarding the plasma nitrided layer in the cases of the treatments T1, T2 and
T3[3].
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In Figures 1 - 3, in the case of the samples treated with T2 treatment, the amount of martensite is highest
compared to other samples (corresponding to T1 or T3 treatment). The percentage of carbon (% C) being the
average for the analyzed steel (up to 0.6 %), the evolution of the degree of tetragonality of martensite in certain
processes or over time can be controlled by the evolution of the diffraction line (211) [2,3,11].

In Figure 4 was presented the evolution of the micro-hardness (Vickers) of the steel, in the case of non-
conventional treatments T2 and T3. The thickness of the white (nitrided) layer (DGR1) increased in the cases
of non-conventional treatments T2 and T3. The morphology of the nitrided layers depends on the core
microstructure resulting from the transformation of chromium carbides into chromium nitrides. Microstructures
must be stable during the nitriding treatment.

Micro-hardness (V) v.s. the thickness of the layer (DGR1) and treatments Notations: HVT2 = micro-hardness of the samples

treated with T2 treatment; HVT3 = micro-hardness
of the samples treated with T3 treatment;GDR1 =
the thickness of the plasma nitride layer.

The mechanical properties of the nitrided layers are
directly linked to the microstructure and
precipitation phenomena that occur during nitrogen
diffusion. With the increasing of the hardness, the
compressive residual stresses are generated due
N . to phase transformation and/or precipitation. Three

T hours of wear tests have been applied after plasma
HVT3 [daNimm2] e HVT2 [daNimm2] nitriding. After each hour have been made
diffractometric analysis on Dron 3 from Faculty of
Engineering Laboratory, Dunarea de Jos
University, Galati, Romania.
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Figure 4 Microhardness (HV) versus the thickness
of the superficial layers (DGR1) in the cases of the
non-conventional treatments T2 and T3

In Figures 5 (a, b, c,) were presented the distribution of the phases in superficial layers in three cases: Classic
treatment without magnetic field (T1), non-conventional treatment totally in magnetic field followed by plasma
nitriding (T2) and in case of non-conventional treatment with cooling in magnetic field-Alternative Current
followed by plasma nitriding (T3).The properties of the nitrided layer depend on the nature of the nitride phases.
With the increase in nitriding temperature, the duration of nitration is reduced, but the hardness of the nitrided
layer decreases due to the coalescence of the alloying elements. Studying fragments from diffractograms, the
following aspects have been observed: the evolution of residual austenite (A rez) - which is on diffractograms
between the odds: 38° - 47°, martensite (M) - located in the range: 81° - 92° and a series of nitrides that improve
through their presence in the thermo-chemically treated surface layer by ionic nitration, the wear resistance
characteristics of the analyzed steel. The martensitic phase - in the range (44° - 45°) - in the superficial nitride
layer, besides the FesN and FesN phases, provides the layer with a good hardness and a wear resistance
higher than the investigated samples treated classically.

Martensite (M) is a tough constituent, and the martensite with nitrogen (phase a) is the most durable and
hardness phase in the nitrided layer [3,10,11]. Martensite is a solid carbon solution in Fea, which has a large
amount of dissolved carbon, giving it a high hardness. It is worth noting that the FezN (§) phase - which has a
rhombic structure (deformed structure of the phase €) and a low hardness, does not appear in the structure of
the studied steel. Within the accuracy limits of the DRON 3 diffractometer, there was no evidence of this phase.
Due to friction wear tests, it was possible to study the depth distribution of the FesN and FesN phases in the
superficial layer. The distribution of FesN and FesN phases on the plasma nitrided layer is uneven, which
demonstrates that, no matter how careful we are, the nitriding process does not flow uniformly, being
influenced by several factors, especially the nature of the nitrided material.
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Phases distribution during wear tests 3B
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Figure 5 Phases distribution (Irean; Iresn) in the Figure 6 Internal tensions of second order (Brean;
superficial layer, after plasma nitriding process for the Brean) in the superficial layer after plasma nitriding
samples: a) subjected to T1 treatment, during wear process, for samples: a) subjected to T1 treatment,
tests for Q = 750 N, ¢ = 10 % [3]; b) subjected to T3 during three hours of wear tests for Q = 1500 N, ¢ =
treatment, during wear tests for Q = 750 N, & = 10 %; 10 %; b) subjected to T1 treatment, during three
) subjected to T1 treatment, during wear tests for Q hours of wear tests for Q = 750 N, ¢ = 10 %; c)
=1500 N, ¢ = 20 %. subjected to T2, for Q =750 N, & = 10 %.

The tensions of second order corresponding to the FesN phase no longer have a high cyclical magnitude as
for the non-magnetic field treated samples. This variation can be considered a branch of a cyclical variation
(oscillating), but this fatigue stress cycle is much lower than the classically treated samples, stretching over a
much longer wear load interval (see Figures 6 a, b, c). Therefore, the "fatigue" of the FesN phase is greatly
reduced and eliminates the possibility of exfoliating the hard layer - plasma nitrided, the sample behaving very
well in the friction wear - times much longer than the classic treated sample. At the same time, a change in the
distribution of the FesN phase comparing to FesN in the superficial layer is observed. Thus, at the classically
treated sample, the distribution is cyclic, the greater evolution is at the FesN comparing to FesN phase, which
gives the superficial layer a hardness and resistance to wear (FesN phase being a hard phase, more than
FesN). In the T2 - treated sample case, the evolution of the FesN and FesN phases in the plasma nitrided layer
is evenly increasing — especially in the case of FesN - which is a positive thing regarding the increase of the
wear resistance and the hardness of the nitrided layer, while the evolution of the distribution the FesN phase
is down. In table 1 have been presented results of the researches corresponding to classic treatment (T1) and
a non-conventional treatment (T2) [3].
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Table 1 Results corresponding to classic treatment (T1) and a non-conventional treatment (T2)

Code ~% ~ Ol ~% ~ Ol ~cla t Q 13 Treatment
samples IFe3n Brean IFean BFean Bo211 [h] [daN] [%]
1.2 4 2.66 18 1.80 0.896 0 - - T1
1.2 6 3.00 22 2.44 0.894 1 75 10 T1
1.2 4 2.00 14 2.56 0.894 2 75 10 T1
1.2 4 2.53 19 3.16 0.893 3 75 10 T1
2.2 14 2.80 14 1.92 2.22 0 - - T2
2.2 14 1.33 22 2.44 2.51 1 75 10 T2
2.2 10 2.00 22 2.58 2.05 2 75 10 T2
2.2 10 2.5 15 2.50 2.54 3 75 10 T2

Studying the Table 1, it can be observed that the degree of tetragonality of martensite (c/a) values for the
samples treated with T2 treatment, resulted from the calculations, are highest compared to the samples that
have been treated without magnetic field. In Figures 7a and 7b have been presented Phases distribution
(IFe4N), Internal tensions of second order (BFe4N) and the degrees of tetragonality of Martensite (c/a) in the
superficial layer, after plasma nitriding for T1 case respectively, for T2 non-conventional treatment.
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Figure 7a Phases distribution (IFe4N), Internal
tensions of second order (BFe4N) and the
tetragonality degrades of Martensite (c/a) in the
superficial layer, for T1 classic treatment
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Figure 7b Phases distribution (IFe4N), Internal
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In Figures 8a and 8b are presented phases distribution (IFesN and FesN), in the superficial layer, after
plasma nitriding for T1 classic treatment respectively, for T2 non-conventional treatment.

4, CONCLUSIONS

Through applying a magnetic field - alternative current - in some specific conditions, on the heat treatment
applied before the plasma nitriding process, finally, the quantity of the FesN phase decreased, the quantity of
FeaN increased in the plasma nitrided layer and the distribution of these phases during wear tests implies an
increasing of the wear resistance and an improvement of the mechanical properties of the superficial layer of
the steel. After the non-conventional treatment applied, in the case of the treatment T2 - the micro-hardness
of the superficial layer of steel after thermo-chemical treatment increased with approx. 20 — 30 %, depending
on the treatment regime applied, comparing to the classic treatment applied. From the diffractometric point of
view, the samples present changes of the content of FesN and FesN phases in the superficial layer thermo-
chemically treated. This situation implies changes in micro-hardness of the superficial layers. Magnetic field
influences positively the mechanical properties of the steel.
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