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ABSTRACT

This paper presents the results of optimizing the technological parameters when plasma nitriding the gear
working surface. 27 experiments were carried out on an H4580 Eltrolab instrument to obtain a working
surface hardness database table, and the Minitab statistical software was used to process the experimental
results. A regression equation was identified to analyze the influence of temperature, time, and gas
permeation concentration on the hardness of the working surface. An analysis of variance (ANOVA)
showed that all these nitriding parameters influence the regression equation. The results showed that the
permeation temperature 7L has the greatest influence on the hardness, while the permeation time % and
the first gas permeation concentration G1 had less influence. An optimal set of technological parameters
was established, where the permeation temperature was TL=550°C, permeation time was A=8h, and the
first gas permeation concentration was G1=41/h. Experiments were carried out using this set of optimal
parameters to evaluate the microstructure and the depth of the hardening layer of the part surface.
Finally, this study presented the whole process for the permeation and plasma nitriding of 18XI'T steel.
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I.  INTRODUCTION

Plasma nitriding is widely used in steel machine parts [1-2],
as it can control the white layer making it very suitable for
creating products with high-quality requirements [3-5]. The
permeation process is carried out at low pressure in a vacuum
furnace with a mixture of H,, N,, CHy, and Ar gases [1, 3-4, 6-
7]. These gases are ionized under high voltage, creating a
plasma. Nitrogen ions are accelerated during the collision of
the plasma with the sample. This ion bombardment heats,
cleans, and forms a hard layer with good wear resistance,
increasing fatigue strength [7]. In recent years, many studies
have been conducted on the nitriding process model, but it is
generally not enough to predict the influence of the parameters
on the quality of the permeable layer [3-5, 9-13].

In [9], Wagner's generalized common model was used to
analyze the permeable layer formation and use it in plasma
nitriding experiments. The parabolic curve in the proposed
predictive models shows the increase in nitrogen content in the
permeable layer and the diffusion area in plasma nitriding [5,
9]. In [14], a numerical simulation model was presented for the
nitride layer growth and nitrogen distribution in the ¢, ', and a

phases during plasma nitriding of low-carbon steel. The results
showed that the nitride layers consist of ¢, y', and a phases and
that the thickness of these phases follows a parabolic pattern. In
[9], a numerical model of nitrogen diffusion in low-carbon steel
was presented, showing that diffusion depended on nitrogen
concentration and that the thickness of the permeable layers
was the square root of the nitriding time at 843°K (570°C). In
[15], a nitriding process model for low-carbon steel was
investigated, performing gas nitriding using NH;-H, gas
permeation. A simple model was designed to predict the
thickness of the nitride layers in pure iron, built using a kinetic
model derived from Fick’s second law. Several studies
attempted to predict and evaluate the distribution of nitrogen
concentrations and nitride compounds formed during pure iron
nitriding and the depth of the nitrogen diffusion area after
plasma nitriding [3, 8, 16]. As the plasma power increases, the
maximum adhesion values change, reaching 80MPa when the
plasma power approaches 80kW [11]. In [12], the influence of
plasma nitriding technology parameters on the deformation of
hypoid gears was investigated, using blue light technology with
a non-contact measuring device to determine the deformation
after plasma nitriding.
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There is a lack of studies on plasma nitriding for parts made
of 18XIT alloy steel (equivalent to SAE 5120) [2, 6, 12, 17].
This study used an ELTROPUL permeation furnace with a pre-
made plasma pulse source with stable plasma flow in all cases
and easily penetrating details with complex geometries. Along
with mathematical statistics tools and Minitab software,
methods such as EDAS, MARCOS, TOPSIS, MOORA, and
PIV [11-13, 18-25] were used to design and process the
experimental data of this study.

II. EXPERIMENTAL PROCESS

The plasma nitriding sample consists of passive hypoid
gear teeth, machined from alloy steel 18XI'T according to the
Russian standards (equivalent to SAE 5120) [2, 6, 17], having a
chemical composition of (%): C: 0.17 — 0.23; Si: 0.17 — 0.37;
Mn: 0.8 = 1.1; P: <0.035; S: <0.035; Cr: 1 —1.3; Ni: < 0.3; Ti:
0.03 — 0.09; Cu: <0.3; N: <0.008) [2]. The gear was hardened
to achieve a hardness ranging from 34-36HRC, equivalent to
336-354HV of the Vickers hardness measurement, and then
each tooth was cut apart by the wire cutting method, in order
from 1 to 27, as shown in Figure 1.

(a)

Fig. 1. Sample preparation: (a) Hypoid gear pairs after machining,
(b) plasma nitriding samples cut from hypoid gears.

According to the JIS Z 2244-2009 standard, a control
sample of the same material was included in addition to the
experimental sample when conducting each experiment. An
H4580 Eltrolab was used to perform programmable plasma
nitriding, and the following parameters could be set when
programming [5]: number of hours executed in each step of the
program h, number of minutes executed in each step of the
program m, pressure P (in pascals), permeation temperature 7L
(°C), temperature rise rate of the furnace over time TG
(°C/min), furnace wall temperature TW (°C), temperature rise
rate of the furnace wall over time WG (°C/min), voltage V (V),
pulse duration PD (ps), number of pulse repetitions PR (us),
gas flow 1 G1 (I/h), gas flow 2 G2 (1/h), gas flow 3 G3 (ml/h),
and gas flow 4 G4 (I/h).

The permeation process with samples of the same material
and size changes little the permeation temperature 7L, so the
voltage V and pressure P were fixed [1, 11, 26]. The
temperature rise rate of the part over time 7G, furnace wall
temperature 7W, and temperature rise rate of the furnace wall

over time WG depend on permeation temperature 7L and
permeation time A. Gas permeation flows G1, G2, G3, and G4
are proportional to each other [26]. According to the
requirements for selecting input factors, the experimental
variables of temperature 7L, permeation time /4, and first gas
permeation concentration G1 were selected. The remaining
factors remained unchanged. A total of 27 experiments were
planned and the program to control the permeation process was
set on the H4580 Eltrolab software. As the depth of the plasma
nitriding layer on the surface of the experimental sample was
very thin (um), the microscopic hardness was tested using the
Vickers hardness measurement method (HV) according to the
JIS Z 2244-2009 standard with an FM-700e. Table I shows the
experimental results.

TABLE I. EXPERIMENTAL RESULTS
Trial Permeation Permeation Gas flow 1 Hardness,
time & (h) | temperature TL (°C) G1 (/h) H (HV)
1 4 510 4 632.0
2 4 510 6 644.2
3 4 510 8 654.1
4 4 530 4 670.7
5 4 530 6 676.2
6 4 530 8 678.8
7 4 550 4 699.9
8 4 550 6 700.4
9 4 550 8 694.2
10 6 510 4 638.1
11 6 510 6 641.3
12 6 510 8 653.5
13 6 530 4 670.6
14 6 530 6 677.9
15 6 530 8 676.4
16 6 550 4 703.1
17 6 550 6 701.5
18 6 550 8 693.9
19 8 510 4 652.7
20 8 510 6 652.7
21 8 510 8 659.7
22 8 530 4 684.8
23 8 530 6 681.4
24 8 530 8 684.3
25 8 550 4 717.0
26 8 550 6 706.1
27 8 550 8 701.9

III. RESULTS AND DISCUSSIONS

An analysis of variance (ANOVA) was carried out on the
regression equation results, to remove the parameters that do
not affect them [11, 14, 16-24]. The regression equation for
hardness H can be written as follows:

H=-2726—-644h+ 10.52TL +87.17 G + 1.090 h? —
0.00776 TL? — 0.690 h x G1 — 0.1552 TL x G1 1)

Figure 2 and regression show that 7L has the greatest
influence on hardness, while 4 and G1 have less. In Figure 2,
the effect of & is parabolic, starting from a level (0), reaches a
minimum, and finally approaches the maximum value of
685HV in the level area (+1) of the planning. The effect of TF
is almost linear, starting at 645HV and reaching a maximum
value of about 700HV. The effect of G1 is linear, starting from
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the minimum value at level (-1) and reaching the maximum
value at level (+1).

Main Effects Plot for Hardness
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Fig. 2. The influence of parameters on hardness.

Figure 3 shows a plot of the standardized effects of
parameters on the hardness of the working surface. TL has the
greatest influence on hardness, followed by h, while GI has the
lowest influence. The interaction between 7L, G1, and & greatly
affects the hardness of the surface. These results are consistent
with the theoretical basis of the first and second Fick laws since
the temperature is the main factor that strongly influences the
coefficients and diffusion. Maximal optimization was carried
out with the following boundary conditions:

4<h<8
max Hardness: {510 < TL < 550
4<G1<8

providing the results shown in Table II.

Normal Plot of the Standardized Effects
(response is Hardness, « = 0.05)
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Fig. 3. Standardized effects of variables for hardness.
TABLEII. OPTIMIZATION RESULTS USING BOUNDARY
CONDITIONS
Solution | & | TL | G1 | Hardness fit
1 8 | 550 ] 4 715.876

The maximum optimization value of stiffness in the
planning area was 715.876 at h=8h, TL=550°C, and G1=4l/h.
Experiments were carried out using the optimal set of
parameters to evaluate the microstructure and hardening layer
depth of the detailed surface. Figure 4 shows the optimization
analysis chart.

Optimal

High 80 5500 80
Diogees 0

Cur 8.0 5500] [4.0]
Low 40 5100 40

Hardness
Maximum
y = 7158759
d-098678

Fig. 4. Optimization analysis chart.

Figure 5 shows the microstructure image, indicating that the
surface of the test sample corresponds to the materials of the
part with a clear, permeable layer. The ¢ and y' phases are the
white layers that can be seen when etching and taking photos
through a microscope. The microscopic organization includes
carbides and nitrites distributed in ferrite.

Fig. 5.

Microstructure of the plasma nitriding layer.

Phase ¢ has a needle shape, as shown by the chemical
composition analysis of the permeable layer, using the
SEM/EDX (line-scan) method in Figure 6. The microscopic
examination showed carbide and nitrite distributed in Ferrite
and Perclite. The microscopic hardness to the penetration
depth was measured on a cross-section through the permeable
layer and at intervals. Surface hardness was high and
decreased when depth increased up to 350um, where it
remained constant, corresponding to the hardness of the base
metal (340HV). The %N content can be determined by the
thickness of the phases & A, and a and the depth of the
permeable layer. Figure 8 shows the EDX analysis results,
illustrating that the %N content on the surface was high
(10.68%N), but the deeper into the interior, the lower it was.
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Fig. 6. SEM image (x8000).
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Fig. 7. Hardness distribution with the depth of penetration.

Figure 9 shows the EDX analysis at one location of the
sample, while Figure 10 shows the nitriding process of hypoid
gear pairs using the optimal parameters. Except for the optimal
set of the examined parameters, the remaining parameters were
fixed when conducting experiments.
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Fig. 8. Nitrogen composition according to penetration depth.

The process of plasma nitriding can be summarized as
follows:

e (Clean the details to be absorbed

e Check the permeation equipment system (electrical, air
conduction, cooling)

e Fix the details and put into the furnace box (make sure the
details are installed tightly, do not move during the
infiltration process)

e The power is closed under high voltage and low pressure to
heat for the first time until it reaches approximately 250-
300°C. This temperature is then maintained to activate the
surface. After about 2.5h, the temperature should raise at a
rate of 100°C/min (second heating phase) until the
permeation temperature reaches 550°C. The end of the 8-
hour permeation period is the auto-cooling period, as shown
in Figure 10.
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Fig. 9. EDX analysis at one location on the sample.
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Plasma nitriding technology process of hypoid gear pairs.

IV. CONCLUSIONS

This study identified a regression equation as the basis for
analyzing the influence of temperature, time, and gas
concentration on the hardness of the working surface of a gear.
The results of the analysis showed that the permeability
temperature 7L had the greatest influence on hardness,
followed by the permeation time & and the gas concentration
G1. The interaction between infiltration temperature TL, gas
permeation concentration G1, and permeation time & also
affects surface hardness, but to a different extent.

www.etasr.com

Danh & Ky: Optimization of Technological Parameters when Plasma Nitriding the Gear Working Surface



Engineering, Technology & Applied Science Research

Vol. 13, No. 3, 2023, 11006-11010 11010

The results of this study were completely consistent with
the theoretical basis of the first and second Fick laws. The
maximum optimization value of stiffness in the planning area
was 715,876, using h=8h, TL=550°C, and GIl=4l/h.
Experiments were carried out using these parameters to
evaluate the microorganism and the depth of the hardening
layer of the surface. The control program for the permeation
process and the plasma nitriding technology process of hypoid
gear pairs made of 18XI'T steel were proposed. The proposed
optimized set of technological parameters can be used when
plasma nitriding various machine parts made of 18XI'T or
equivalent materials to get an optimal result.
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