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Chapter 7: Plasma nitriding
Some of the results included in this Chapter have been published in the Materials
Science Forum journal, Vols. 539-543 (Published paper #1).

7.1 Objectives
Samples of quench and tempered AISI 4016 molybdenum steel have been plasma
nitrided at four different treatment temperatures. The objectives are to determine the
effect of treatment temperature on the cross-sectional microstructure, the cross-sectional
hardness, the structure of the compound layer, and thus the optimum treatment
temperature.

7.2 Experimental
7.2.1 Materials. Specimens in the form of 35 x 35 x 4.8 mm plates were cut from
quench and tempered AISI 4016 molybdenum steel. The chemical composition of the
steel is shown in Table 18. The hardness of the steel substrate is 332 HV 100g. The
microstructure of the untreated sample (Figure 90) consists of lath martensite and some
fine Fe3C precipitates at prior austenite grain boundaries. The samples were ground and
polished to a 3 µm diamond finish in preparation for the plasma nitriding treatments.
Table 18 Chemical composition (in wt%) of AISI 4016 steel substrate.
C

Mn

Si

P

S

Cr

Ni

Mo

0.16

1.10

0.20

0.018

0.003

0.020

0.026

0.22

N

Fe

0.0037 98.184

7.2.2 Plasma nitriding conditions.
Plasma nitriding treatments were conducted in the Surface Engineering Laboratory,
University of Wollongong. Details of the treatment conditions are listed in Table 19.
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For all samples the process gas was 75% nitrogen : 25% hydrogen, and the treatment
time at the specified temperature was 5 hours. After the treatment, pure nitrogen gas was
circulated through the chamber to prevent oxidation and enable the samples to be cooled
slowly.
Table 19 Plasma nitriding treatment conditions.
Temperature. [º C]

Pressure [Torr]

Voltage [V]

Current [A]

450

2.30

480-500

1.3-1.4

500

2.45

535-540

1.8-2.0

550

2.90

565-575

2.2-2.3

580

3.15

575-580

2.4-2.6

After treatment, all samples were sectioned for metallographic examination and
hardness profile determination. Samples for metallographic examination were polished
to 3 µm finish and etched in 2.5% nital for 5 seconds to reveal the microstructure of the
coatings. The coating thickness was determined by optical microscopy. Microhardness
measurements for hardness-depth profiles were made using a Leco microhardness tester
at a load of 100g. The case depth is defined as the depth at which the hardness is 10%
above the core hardness (332 HV) of the untreated substrate that is 365 HV. A Phillips
X-ray diffractometer using Cu Kα radiation was used to analyse the phases formed on
the nitrided surfaces of the specimens. Bragg-Bretano geometry was employed, with 2θ
ranging from 30 to 100º at the scanning rate of 1º/min.

7.3 Results
7.3.1. Microstructural features. The microstructures of samples plasma nitrided at 450,
500, 550 and 580 0C are shown in Figure 91, Figure 92, Figure 93, and Figure 94,
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respectively. The treatments at 450 and 500 ºC produced two distinct microstructural
layers at the surface, whilst the treatments at 550 and 580 ºC produced three layers, then
the diffusion zone beneath the surface layers. For the treatments at 450 and 500 ºC the
layers in order from the surface are: a compound layer, and a dark etching layer, similar
in appearance to overtempered martensite, believed to be γ' (Fe4N) + α-Fe + Fe3(C,N),
adjoining the diffusion zone. For treatments at 550 and 580 ºC, an additional layer was
observed between the compound layer and the dark etching layer which appears to be
columnar grains of γ' (Fe4N) + α-Fe. The measured thicknesses of the compound layers
formed by each treatment are listed in Table 20.
Precipitates along prior austenite grain boundaries near the surface were all coarser than
the precipitates observed at the core (centre) of the plasma nitrided samples. The
chemical composition of these precipitates were not determined, however they are likely
to be iron carbides (Fe3C) and/or iron carbonitrides (Fe3(C,N)). Optical microscopy of
the core of the plasma nitrided samples revealed coarsening of these iron carbonitride
(Fe3(C,N)) precipitates at the prior austenite grain boundaries compared to the untreated
sample.
Table 20 Thickness of compound layer and case depth of plasma nitrided samples
for different nitriding temperatures.
Nitriding Temperature (ºC)

Compound layer (µm)

Case depth (µm)

450

2-4

200

500

4-8

375

550

5-10

375

580

2-5

400
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7.3.2 Hardness-depth profiles as a function of nitriding temperature.
The hardness-depth profiles of the plasma nitrided samples are shown in Figure 95. The
hardness for case depth measurements of 365 HV is also marked. All samples have a
reasonably diffuse case/core interface. The hardness at a depth of 20 µm from the
surface was: highest for the treatment at 550 ºC being 735 HV, 660 HV for the treatment
at 580 ºC, and around 580 HV for the treatments at 450 and 500 ºC. From the hardnessdepth profiles, the case depth is estimated. These values are presented in Table 20. The
case depth of the sample treated at 450 ºC was the lowest of 200 µm, whilst for samples
treated at 500, 550 and 580 ºC the case depths were similar being 375 µm, 375 µm and
400 µm, respectively. The core hardness of all the plasma nitrided samples was around
280 HV which was 50 HV 100g lower than the untreated sample.
7.3.3 X-ray diffraction.
X-ray diffractograms of the nitrided and substrate surfaces are shown in Figure 96. The
phases γ’-Fe4N and ε-Fe2-3N were present in all treated samples. However at 450 ˚C
mostly ε-Fe2-3N was formed with only traces of γ’-Fe4N, whilst at 500, 550, and 580 ˚C,
γ’-Fe4N

was

the

dominant

phase

present

with

only

traces

of

ε-Fe2-3N. It should be noted that the penetration depth of Cu Kα X-rays in steel is only a
couple of microns. Hence, these X-ray diffraction results do not identify the phase
constitution of the whole compound layer and diffusion zone.
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20 µm

Figure 90 Cross-sectional microstructure of untreated AISI 4016 steel. Micron bar
= 20 µm.

Compound
layer
γ' (Fe4N) +
α-Fe
+
Fe3(C,N)

Diffusion zone
20 µm

Figure 91 Cross-sectional microstructure of AISI 4016 steel plasma nitrided
at 450 °C. Micron bar = 20 µm.
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Figure 92 Cross-sectional microstructure of AISI 4016 steel plasma nitrided
at 500 °C. Micron bar = 20 µm.
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Figure 93 Cross-sectional microstructure of AISI 4016 steel plasma nitrided
at 550 °C. Micron bar = 20 µm.
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Figure 94 Cross-sectional microstructure of AISI 4016 steel plasma nitrided
at 580 °C. Micron bar = 20 µm.
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Figure 95 Hardness-depth profiles of the plasma nitrided AISI 4016 steel samples at 450, 500, 550 and 580 °C. NB: The hardness for
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Figure 96 X-ray diffraction spectra of untreated AISI 4016 steel and plasma nitrided AISI 4016 steel at 450 °C, 500 °C, 550 °C and

40

γ'-Fe4N (220)

7.4 Discussion
The compound layer thickness is a balance between the rate of resputtering of nitrogen
at the surface by hydrogen ions, and the diffusion of nitrogen into the steel. At lower
temperatures the diffusion is slow so a thin compound layer results, whilst at higher
temperatures the sputtering is similar but the diffusion is higher thus a thicker layer
formed. The compound layers were quite thick in plasma nitriding terms but consistent
with those produced using 75% N2:25 % H2 gas due to the lower sputtering rate [91]. It
should be noted that there are cracks evident in the compound layer in the samples
treated at 550 and 580 0C as shown in Figure 93 and Figure 94, respectively.
Optical microscopy of the core of all the plasma nitrided samples revealed coarsening of
cementite (Fe3C) precipitates at the prior austenite grain boundaries compared to the
untreated sample indicating that further tempering has occurred. It can thus be
concluded that the tempering temperature for these steel samples must be below 450 ºC.
Speich [92] reported that the hardness of 0.18% C iron-carbon martensite tempered for
1 hour at 400 and 600 ºC was 300 and 200 HV, respectively. The softening processes
occurring above 400 ºC were recovery and precipitation of spheroidal Fe3C that were
nucleated at lath boundaries and former austenite grain boundaries [92]. These processes
are occurring during plasma nitriding of the steels in this research. In hindsight, the
provided samples should have been re-austenitised, quenched and tempered at
approximately 600 ºC before conducting plasma nitriding experiments.
For all samples, the cementite precipitates along prior austenite grain boundaries near
the surface were all coarser than the precipitates observed at the core. For the sample
plasma nitrided at 580 ºC they were particularly coarse. Previously Sun and Bell have
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commented on the carbon redistribution that occurs during plasma nitriding [93]. This is
caused by the compressive stress of the case, which developed as the nitrided case tends
to expand but is restrained by the un-nitrided core, and the uptake of nitrogen in the
nitrided case. γ’-Fe4N in the compound layer has only limited solubility of 0.2 wt% of
carbon, whilst the solubility of carbon in ε-Fe2-3N is up to 3.6 wt%. At a plasma
nitriding temperature of 450 ˚C mostly ε-Fe2-3N was formed in the compound layer with
only traces of γ’-Fe4N, whilst at 500, 550, and 580 ˚C, γ’-Fe4N was the dominant phase
present with only traces of ε-Fe2-3N. For the plasma nitriding temperatures of 500, 550,
and 580 ˚C this provides a driving force for the carbon atoms to diffuse to the stress-free
regions, i.e. towards the surface and the nitriding front (between the γ' (Fe4N) + α-Fe
layer, and the diffusion zone), which causes decarburization of the nitrided case, the
formation of a carbon-rich zone in the nitriding front. The carbon-rich zone at the
nitriding front promotes the formation of a grain boundary phase (Fe3(C,N)) parallel to
the surface. The growth of Fe3(C,N) is further enhanced by the overtempering occurring.
The diffusion of carbon atoms increases with increasing temperature, so this explains
why the γ' (Fe4N) + α-Fe + Fe3(C,N) layer is thicker at 500 ºC than 450 ºC, and also
thicker at 580ºC compared to 500 ºC combined with the presence of particularly coarse
Fe3(C,N) precipitates at the prior austenite grain boundaries. It was beyond the scope of
this thesis to determine the relative proportions of γ' (Fe4N), α-Fe, and Fe3(C,N) in the
γ' (Fe4N) + α-Fe + Fe3(C,N) layer.
As shown in Figure 95, plasma nitriding significantly hardens the surface of the treated
samples. The formation of the γ’ and γ’ + ε phases act to enhance the hardness. The only
strong nitride forming alloying element included in AISI 4016 steel is molybdenum and
it’s concentration at 0.22% is low. Subsequently, nitrogen atoms can diffuse deeper into
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the substrate and, thus the diffuse case / core interface shown on the microhardness
profiles for all samples are to be expected [61, 50]. Berg et al. reported that the
hardness-depth profile of a plasma nitrided constructional steel containing about 0.22%
C with no other strong nitride forming alloying elements consists of a similar diffuse
case / core interface [50]. For treatments at 550 and 580 ˚C the microhardness at 20 µm
depth below the surface was significantly higher than the treatments at 450 and 500 ˚C.
It should be noted that it was not possible to measure the microhardness of the
compound layer in any of the samples because it was too thin. The microhardness
measurements at 450 and 500 ˚C were made in the diffusion zone, whilst for the
samples treated at 550 and 580 ˚C they were made in the γ' (Fe4N) + α-Fe layer. This is
due to the formation of thicker compound layer on the surface because plasma nitriding
is a diffusion-controlled process and the thickness of the γ' (Fe4N) + α-Fe layer increases
as the temperature increases [94]. The shape decline in the microhardness profile for the
sample treatment at 580 ˚C is due to overtempering of the martensite and coarsening of
precipitates, resulting in softening of the diffusion zone, see Figure 95. Based on
experimental findings in the present work, the treatment at 500 ˚C appears to produce
the best hardness profile with thin compound layer and more substantial case.
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7.5 Conclusions
The microstructural features and hardness-depth profiles of AISI 4016 molybdenum
steel plasma nitrided at 450, 500, 550 and 580 °C for 5 hours have been determined. The
conclusions that can be drawn from the results of this experimental work are that:
1. Control of the treatment temperature in plasma nitriding produced a case with
layers

of

varying

thickness.

At

450

and

500

°C:

a

compound

layer,

γ' (Fe4N) + α-Fe + Fe3(C,N) layer, and diffusion zone formed; whilst at 550 and 580 °C,
an extra layer,α-Fe(N) + γ’-Fe4N, formed between the compound layer and the γ' (Fe4N)
+ α-Fe + Fe3(C,N) layer.
2. Varying the plasma nitriding temperature produced different hardness-depth
profiles with increased hardness compared to the untreated AISI 4016 steel.
3. The optimum condition for this material was achieved at the temperature of
500 0C.
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