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Abstract
Ion nitriding modifies composition of surface layer in steel used in plastic mold
application and this consequently improves their lifecycle. In this study, pulsed plasma
nitriding technique was used to produce a protecting hard layer on AISI P20 steel at three
process temperatures of 450°C, 500°C and 550°C for durations of 2.5, 5, 7.5 and 10
hours at a constant gas mixture of 75% N2 - 25% H2. Surface morphology was studied by
optical and scanning electron microscope (SEM) and the phases formed on the surface
layer were determined by X- Ray diffraction (XRD). Elemental depth profile was
measured by techniques including EDS, WDS and GDS and for identifying hardness
profile, micro-hardness variations from surface to core of samples were recorded. Results
showed that, thickness of compound layer of plastic mould steel AISI P20 was negligible.
Moreover in ion nitriding of AISI P20, nitride were formed and grown in some preferred
directions and upward diffusion of carbon and downward diffusion of nitrogen occurred
during ion nitriding of AISI P20. XRD results showed that, ε-nitride is the dominant
phase after plasma nitriding in all strategies. Furthermore, ion nitriding improved

1

hardness of AISI P20 up to 3 times and as time and temperature increased, hardness and
hardness depth of diffusion zone increased considerably.
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INTRODUCTION
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Major deficiencies of the tool steels which get them out of service, are due to wear, local
corrosion and even thermo-mechanical fatigue [1] and as for their application, they are
always exposed to great thermal stresses. However, tribological limitations and problem
of these steels can be tackled using a proper and effective surface treatment technique [14]. Applying hard coating on dies can improve their lifetime, reduce the time of
replacement of components, cost of production and also increase the quality of product
and the efficiency of production [1,2,5,6].

Ion nitriding which is based on diffusion of nitrogen atoms in steels, is one of the wellknown thermo-chemical surface treatment [7-9] that is widely used to improve the fatigue
strength as well as other performance properties like corrosion and wear resistance of
mold material [5, 10,11]. The hardness obtained after nitriding process is a good result
and consequence of dispersion strengthening mechanism of fine nitride particles in steel
matrix [12,13]. The thickness, micro hardness profile and properties of nitride layer can
be controlled by selection of optimum parameters in ion nitriding process such as gas
pressure, temperature and nitriding time[14,15]. Because of variety in parameters which
have influence on process and capability of controlling and changing these parameters in
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defined limitations, achievement of desirable and controlled microstructure in this
method is possible [16,17].

Based on through and comprehensive literature review, a lot of related studies on
different aspects and affecting parameter of ion nitriding of AISI P20 mould steel were
carried out in recent years [18-21]. Bull et al. [18], simulated the wear condition
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happening on the body of plastic moulding equipments take place in AISI P20 steel and
reported the best surface treatment with a combination of nitriding and ion implantation.
According to studies performed by Luo et al. [19], plasma nitriding pre-treatment of mold
material improved the adhesion of PVD coated layer and also wear resistance in
comparison with the un-nitrided samples. Boey et al. [20] simulated the temperature
effect on abrasive wear on AISI P20 steel after applying a two step surface treatment on
samples, namely plasma nitriding and nitrogen ion implantation and got excellent wear
property. Hubbard et al. [21] also investigated the dominant mechanism of the surface
nitride formation taking the advantage of active screen plasma nitriding (ASPN) of AISI
P20.

Although there are studies available on parametric study and related phenomena involved
in ion nitriding of AISI P20 in the literatures [18-21] and in other steel categories with
difference performances [6, 14, 22], but the nitrided layer growth and formation
mechanism have not been discussed in details. In this study, an attempt was made to
investigate the effect of nitriding temperature and time on the formation of nitrided layer,
depth of nitrogen diffusion and achieved microstructure of AISI P20.
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MATERIALS AND METHODS
In this Study, ferrous alloy plastic mould steel AISI P20 was selected as starting substrate
material with the chemical composition given in Table 1. Disk-shaped samples with 30
mm diameter and 10 mm thickness were prepared from the steel. Surfaces preparation
was initially done by using sandpaper and then polishing by 1 μm diamond paste in order
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to yield a smooth surface for coating.

The nitriding process was performed using a pulsed DC apparatus with a 10 kHz
frequency and 60% plasma imposing cycle. Plasma nitriding was conducted according to
following strategy: operating temperature of 450, 500 and 550 °C, holding time for 2.5, 5,
7.5 and 10 hours with a predefined gas mixture of 25%H2 - 75% N2. Sample temperature
was on- line monitored during experiment by k-type thermocouple which was connected
to the sample surface. In addition, a constant pressure of 5±1 mbar was purged into the
plasma cylinder during the experiments and this pressure was remains up to the end of
process. After process completion, the samples were cooled to reach the ambient
temperature while keeping in 1 mbar vacuum and then, hot-mounted in the configuration
that the nitrided surface was enclosed inside the mount. For further studies, cylindrical
mounted samples were cut from center into appropriate pieces followed by preparation
for metallographic examinations via grinding and polishing. In order to reveal the
microstructure of diffusion zone and related interface, samples were etched with Nital 2%
[23] solution as etchant. The nitrided area was revealed with darker contrast than the unnitrided area in optical micrographs and regarding this point, diffusion layer thickness
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was determined using image analyzer CLEMEX commercial software. After recognition
of the extent of formed layer, phase analysis was performed by X-ray diffraction
operating at 40 kV and 30 mA using Cu Kα radiation (λ = 1.5418 Ǻ) and Ni filter.

Scanning electron microscope (SEM) equipped with energy dispersive spectroscopy
(EDS) analyzer was utilized for studying the compound layer thickness, surface
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morphology, surface nitrides and also chemical analysis of the nitride particles. A
wavelength dispersive spectrometer (WDS) was utilized for chemical analysis near the
surface of specimens and in addition, for obtaining elemental depth content profiles of
light materials like carbon and nitrogen, glow discharge spectroscopy (GDS: JY5000)
was used additionally.

Vickers micro-hardness test apparatus equipped with an optical microscope with 400x
magnification was used to measure the surface and depth micro-hardness at a load of 50
grams force (HV0.5N) and a dwell time of 15 s.

RESULTS AND DISCUSSION
Cross-section of AISI P20 sample plasma nitrided at 500˚C for 5 h can be clearly seen in
Figure 1. It can be observed that, two distinct zones namely, nitrided layer and substrate
has appeared after plasma nitriding process. White plates which were observed in
substrate are tempered martensite phase because the mould steel AISI P20 was quenched
and tempered just prior to plasma nitriding. This is in agreement with the previous related
studies which claimed that, this microstructure is quite expectable and common for
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plastic mould steels[24]. The nitrided zone is composed of two distinct layers. On the
upper surface, a thin compound layer (also called white layer) is present which is mainly
composed of nitrides of Fe such as ε-nitride (Fe2-3N) and γ′-nitride (Fe4N). Just under this
layer and adjacent to it, there is relatively thicker and harder layer called diffusion layer,
which is composed of interstitial atoms in solid solution and fine dispersed nitride
precipitates of iron and other alloying elements [12,13, 25]. It is worth noting that,
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regarding the details of Figure 1, the compound layer is not considerably visible in
optical micrographs of AISI P20 steel due to its small and negligible thickness.

Microstructure of the quenched and tempered steel followed by plasma nitriding is shown
in Figure 2. As explained before, microstructure of AISI P20 mould steel is martensite
phase and as can be seen in Figure 2.b, this kind of microstructure is presented with
morphology with parallel plates. Formed hard phase with high dislocation density can be
considered as a proper path for nitrogen diffusion [26] and the nitride phases are formed
around these parallel plates.

It is expected that, by increasing the process temperature, the interface of compound and
diffusion layer become relatively more uniform as a result of difference in temperature
dependency of diffusion coefficients in lattice and grain boundary [27]. By increasing
temperature, nitrogen atoms mobility increases and then, lattice diffusion dominates and
according to Figure 2-c, the interface of the compound layer and the diffusion layer
becomes more uniform.
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The activation energy, Q, and constant diffusion coefficient, Do, of AISI P20 is discussed
and presented elsewhere [28], which are 44.25 kJ/mol (0.46 eV/atom) and 2.47×10-10
m2/s ,respectively. As another important affecting parameter, diffusion coefficient of
nitrogen into the quenched and tempered mould steel AISI P20 at 450˚C is DN = 1.57 ×
10-13 m2/s. It was reported that, the diffusion coefficient of nitrogen into bcc–ferrite at
450˚C is 1.18 × 10-12 m2/s which is 7.5 times greater than DN calculated in this study [29].
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The lower amount of diffusion coefficient of nitrogen into AISI P20 substrate in
comparison to bcc–ferrite can be addressed as followings:
(a) As mentioned before, the microstructure of quenched and tempered plastic injection
mould steel AISI P20 is composed of tempered lath martensite. Since that, the
compressive residual stresses imposed by quenching and tempering thermal regime in
normal direction to the surface and it consequently decrease the space between parallel
atomic planes. The dominant and major diffusion path is mainly through these planes in
the structure and since that, atomic diffusion is decreased noticeably [29].
(b) During quenching of the samples, a distorted body- centered tetragonal (bct) structure
is formed and in this atomic configuration, there are few spaces available in the lattice for
nitrogen atoms. So, the nitrogen diffusion coefficient is lower than comparing to bcc
structure.
(c) It is believed and mentioned in many text books that, the dissolved alloying elements
trap and de-trap the nitrogen atoms [29]. So, it can cause decreases in the diffusion rate in
the sample.
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The activation energy, Q, constant diffusion coefficient, Do, and diffusion coefficient of
nitrogen at 450˚C, DN, of several studies are presented in Table 2. Pinedo et al. [10] and
Kim et al. [30] used martensitic stainless steel AISI 420, and Akbari et al. [29] used
quenched and tempered AISI M2 and all of them, applied plasma nitriding methods. The
DN for AISI P20 is higher than that of AISI M2 and AISI 420. As AISI M2 and AISI 420
contain higher amounts of alloying elements such as Cr, so, it may be the reason for
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lower constant diffusion coefficient of these steels at constant temperature of 450˚C.

The activation energy reported by Kim et al. [30] is the lowest one. Since, they have done
the process at temperature that the volume diffusion of nitrogen in the matrix is the
exclusive active processes without any nitride precipitation. So, it makes sense that, the
activation energy calculated in that study is estimated to be lower than other studies. The
chromium content of AISI 420, AISI M2 and AISI P20, are 12, 3.88 and 1.83 wt% and
their activation energy are 125 kJ/mol (1.30 eV/atom), 62.66 kJ/mol (0.65 eV/atom) and
44.25 kJ/mol (0.46 eV/atom), respectively. Regarding that, it is anticipated that, the
activated energy of AISI P20 to be the lowest in comparison to the other steels.

Concentration depth profiles of nitrogen and carbon elements measured by EDS on
sample plasma nitrided at 500˚C for 5 h are presented in Figure 3. Figure 3.b shows the
nitrogen depth profile and as can be seen, moving from the surface toward the substrate
leads to a decreasing of the nitrogen concentration. According to the Figure 3.c, the
concentration of carbon in the vicinity of surface is higher than that of the substrate and
carbon concentration profile decreased gradually from sample surface to sample depth.
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To confirm and guarantee the achieved EDS results, the sample was tested and reevaluated by WDS technique, as well. Figures 4.b-d shows the WDS spectrums of three
points i.e. point A (in compound layer) and points B and C (in diffusion zone) of the
same sample. Comparison of EDS and WDS results, confirms the achieved results of
decreasing profile of carbon from sample surface to sample depth.
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Figure 5 shows concentration depth profiles of nitrogen and carbon elements (in the
sample plasma nitrided at 500˚C for 5 h) as measured by glow discharge spectroscopy
(GDS). Based on this diagram, the carbon and nitrogen concentration in nitride layer has
a decreasing trend from the sample surface toward the sample depth. The nitrogen
content of the substrate is just about zero, but the carbon content of the substrate is
relatively constant.

Figures 3-5 shows that, posterior to the nitriding, the carbon content in the sample surface
are increased. According to the literature survey has done [31-35], as a result of diffusion
of nitrogen from the sample surface towards sample core, several phenomena occur
simultaneously in the diffusion zone such as precipitation of metal nitrides, residual stress
generation and carbon redistribution. Saturation of nitrogen in α-Fe and precipitation of
metal nitrides generate these compressive residual stresses in the nitrided layer. This may
cause carbon redistribution i.e. the initial carbon atoms in the steel diffuse towards the
stress-free regions such as the surface and the nitriding front (mainly the interface
between compound layer and diffusion layer).
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The SEM micrograph of the surface of AISI P20 specimen with some nitride particles
(white spots) plasma nitrided at 500˚C for 5 h is shown in Figure 6. The growth of nitride
layer is based on the formation and growth of these particles. In comparison to similar
studies [13, 29, 36,37], the amount of these particles is very low and it seems that, the
nucleation and growth of these nitride particles in the sample is somehow relevant to
sputtering effect in nitriding. Therefore, the maximum compound layer thickness is
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around 3 μm (500˚C - 5h), which is very thin and the maximum diffusion layer thickness
is around 90 μm (550˚C - 5h), which is analogous to the other studies. Most probably, the
diffusion of nitrogen between the parallel planes is high enough to ensure that, the
diffusion of nitrogen in the sample bulk is noticeable.

The XRD results are presented in Figure 7. As can be seen in different nitriding
conditions, only ε-Fe2-3N phase is detected, while in other studies [29, 38,39], both ε and
γ′- Fe4N phases were distinguished. It is determined that, carbon acts as stabilizer of ε
phase and since migration of carbon toward the surface in the current study is observed
for AISI P20 steel, ε - phase is detected as the dominant nitride phase on the surface in all
temperature and time conditions. Only in sample nitrided at high temperature such as
550˚С for 10 hours γ′ phase is detected as well. It can be deduced that, the carbon which
is ε – stabilizer agent sputtered and gradually remove from sample surface, so γ′ phase
with less carbon is consequently allows to be formed. By increasing nitriding time and
temperature, intensity and number of ε-nitride continuously increase due to increase of
nitriding potential [31, 38]. This is because of presence of much more active component
and ionized gas in plasma media and also higher concentration of free Nitrogen radicals
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at relatively higher temperature that can form nitride at the sample surface. In addition,
diffusion of nitrogen atom into the structure is a diffusion control process and diffusion
itself, taking the Arrhenius exponential formulation of temperature dependency of
diffusion coefficient, is a thermally activated phenomenon in the material crystal
structure. Another reason for the influential and prominent effect of temperature on the
formation kinetics of nitride layer can be attributed to the activation of bulk diffusion just
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along with diffusion in the martensitic lath which was the only involved transfer
mechanism at relatively lower temperatures.

Micro-hardness test results of the nitrided samples can be seen in Fig. 8. In addition, the
micro-hardness of the sample is decreasing from sample surface to the sample bulk and
the maximum hardness in the sample surface treated at 5 h in different temperatures
comparing to other durations. It should be noted that, the thickness of compound layer is
very thin that makes it almost impossible to measure and record hardness. The microhardness of the different samples treated in different nitriding time and temperature
decreases from sample surface to the bulk (the bulk hardness is around 90 μm under the
sample surface) and this thickness is in agreement with the diffusion layer thickness seen
in micrographs. Also, by increasing time and temperature, the hardness and also the
hardness depth of diffusion zone increased accordingly (Figure 8). On the other hand,
presence of nitride precipitates in Iron matrix induce some kind of strain incoherency due
to difference in lattice parameter of matrix and second phase and this, finally leads to
dislocation locking and strain hardening at the zone. This increase in hardness due to
second phase dispersion hardening mechanism can be a criterion and verification for
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detection of nitrogen diffusion zone and having different zone with unequal hardness in
mind, boundary between diffusion layer and sample core can be recognized. Furthermore
as mentioned, continuous increasing of temperature and duration of process increases the
hardness in diffusion layer and also extends the boundary separating hardened layer and
untreated steel material. This can be attributed to the dependency of diffusion distance to
the time of heating (x = Dt ) and also thermally activated nature of diffusion phenomena
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that give off much more hard second nitride phase in relatively broader zone and
establish thicker treated area. However, it should be noted that, maximum achieved
hardness at the surface starts to decrease after passing a threshold and this is related to the
coarsening of second phase as duration time of thermal imposing increases. It has been
proven that, maximum hardness can be achieved in a specific size of second phase and
after that, hardness starts to decrease. Size of dispersed second phase plays a key role
while involving in strengthening mechanism and when it exceeds a specific value, it
cannot impede dislocation movement and just in counter, tends to create roughness on the
surface and subsequent decrease in layer hardness. The effect of upward diffusion of
carbon can be put in evidence by comparing the surface hardness in Figure 8. It is
believed that, the N and C are placed in interstitial position in crystal structure and
moreover, due to upward diffusion of C, there are fewer sites left for N atoms. This less
concentration of nitrogen in the surface affects the values of surface hardness after
nitriding. This trend suggests that, the surface decarburization favors the nitrogen take-up
during the nitriding treatment [31, 39].

CONCLUSION
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Base on above experimental study, the following conclusions can be highlighted:
1.

by increasing temperature to 500 Celsius and time to 10 hours, carbon

concentration become less than the value obtained at (500 Celsius and 5 hours) in the
compound/ diffusion boundary that can be attributed to two following reasons:
a) Higher rate of nitrogen diffusion comparing to carbon in longer times of process
2. b) Carbon removal in surface because of carbon sputtering in longer times of process.
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For the abovementioned points, the optimum condition for having Maximum carbon is at
500 Celsius and 5 hours duration time.
3. Upward diffusion of carbon and downward diffusion of nitrogen take place
simultaneously during the ion nitriding process of steel which affects on the kinetics of
dominant phase at any specific temperature.

In lower temperatures nitrided phases have formed and grown in parallel plane of
martensitic due to diffusion in phase boundary as high diffusivity path. Afterwards, the
interface of the compound layer and the diffusion layer formed on the sample treated at
higher temperatures is more uniform than those treated at lower temperatures.

Martensite lath interfaces as preferred paths for nitrogen diffusion leads to more in- depth
inward diffusion of that element and this prevent accumulation and formation of
compound composition of nitrogen.

Ion nitriding increased the sample surface hardness up to 3 times. surface hardness is
slightly affected by upward diffusion of carbon.
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Table 1. Chemical compositions (wt.%) of AISI P20 plastic mould steel.
Cr

Mn

C

Si

M

P

Base

1.83

1.31

0.39

0.29

0.18

0.02

Downloaded by [New York University] at 02:06 14 July 2015

Fe

19

Table 2. Comparison of published data with this study on the values of activation energy
(Q), constant diffusion coefficient (Do) and diffusion coefficient of nitrogen at 450˚C
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(DN) for diffusing of nitrogen into different martensitic steel substrates[10, 29, 30].
Do (m2/s)

Q(kJ/mole) DN(m2/s) at 450ºC

Researcher

substrate

Pinedo et al.[10]

martensitic stainless steel AISI 420 6.07 × 10-5

125

5.68 × 10-14

Kim et al. [30]

martensitic stainless steel AISI 420 -

33.43

-

Akbari et al. [29]

quench tempered AISI M2

1.09 × 10-9

62.66

3.22 × 10-14

This study

quench tempered AISI P20

2.47×10-10

44.25

1.5 × 10-13
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Figure 1. Optical micrographs showing cross-sectional microstructure of AISI P20 steel
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plasma nitrided at 500˚C for 5 h after etching by Nital 2%.
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Figure 2. (a) The SEM micrograph of cross-sectional microstructure of AISI P20 steel
plasma nitrided at 500˚C for 5 h, (b) fig. (a) With higher magnification, (c) The SEM
micrograph of cross-sectional microstructure of AISI P20 steel plasma nitrided at 550˚C
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for 10 h.
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Figure 3. (a) The SEM micrograph of cross-sectional microstructure of AISI P20 steel
plasma nitrided at 500˚C for 5 h, (b) its Nitrogen concentration versus distance from
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surface, (c) its Carbon concentration versus distance from surface.
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Figure 4. (a) The SEM micrograph of cross-sectional microstructure of AISI P20 steel
plasma nitrided at 500˚C for 5 h, (b) WDS spectrum from point A (in the compound
zone), (c) WDS spectrum from point B (in the diffusion zone) and (d) WDS spectrum
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from point C (in the diffusion zone).
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Figure 5. (a) GDS depth concentration profiles of carbon and nitrogen for AISI P20 steel
plasma nitrided at 500˚C for 5 h, (b) the carbon concentration profile with higher
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magnification.
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Figure 6. SEM micrograph of the surface of AISI P20 specimen plasma nitrided at 500˚C
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for 5 h.
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Figure 7. X-ray diffractograms for nitrided AISI P20 steel plasma nitrided at different
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times and temperatures.
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Figure 8. Cross-sectional hardness–depth profiles for AISI P20 steel plasma nitrided at
(a) at various temperatures for 2.5 h (b) at various temperatures for 5 h (c) at various
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temperatures for 7.5 h (d) at various temperatures for 10 h.
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