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a b s t r a c t
The crystalline structure proﬁle of the compound layer obtained by pulsed plasma nitriding in steel gears is
reported. The nitrogen depth proﬁle obtained by Radio Frequency Glow Discharge Optical Emission
Spectroscopy is correlated with both the nano-hardness and the crystalline ε-Fe3N / γ′-Fe4N phases identiﬁed
in the nitrided layer by X-ray diffraction. These results show the importance to control the nitriding
parameters to avoid abrupt hardness changes along the case that can jeopardize the gear performance.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Pulsed plasma nitriding is a thermo-chemical treatment applied
mainly to iron alloys to improve fatigue strength, wear, and corrosion
surface resistance. The formation of a compound layer (“white layer”)
provides a very hard surface as required in gears normally working at
high speed. These applications require teeth with high root and ﬂank
stiffness to improve bending fatigue and low friction, the conditions to
enable smooth running and wear resistance [1]. The relatively low temperature process (~540 °C) prevents dimensional distortion, eliminating
post-machining work. What is more, the precise control of the compound layer properties makes the plasma nitriding process a valuable
technique for these applications [2,3]. These beneﬁts are attained
through diffusion of nitrogen into the teeth gear surface and the
formation of a white layer around 15–20 µm thick. In order to obtain a
uniform white layer in gears presenting a different aspect ratio, speciﬁc
conditions of pressure, current density, gaseous mixture, and temperature must be carefully determined [4]. Furthermore, depending on
the nitrogen concentration, the compound layer may be constituted by
ε-Fe2-3N or γ′-Fe4N phases or a mixture of both. It is important to note
that for some applications the formation of a homogeneous mono-phase
is more desirable than a mixture of these crystalline structures of ironnitrogen alloys [5]. This is because the different unit cell parameter of the
cited crystalline phases can generate stress at the grain boundary,
increasing the fragility of the layer. Indeed, in a recent work we have
discussed the formation of a ε-Fe3 (N,C) hexagonal compact mono-phase
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crystalline phase by the addition of minute amounts of methane to the
gaseous mixture constituting the plasma [6]. Also, the characteristics of
the crystalline phases present in the compound layer obtained by
different processes is important for other applications such as the hard
coating deposited onto nitrided materials [7,8]. In summary, the
formation of the ε-Fe2-3 N hexagonal mono-phase of 15–20 µm is
important since it can prevent seizure and score in parts submitted to
mechanical efforts [9].
In this study we have examined the properties of the compound
layer in steel gears obtained by pulsed plasma nitriding in a production
furnace by treating small lots of samples. The in-depth proﬁle crystalline
microstructure and the hardness of the compound layer were studied by
X-ray diffraction (XRD) and nano-hardness, respectively. The evolution
of these physical properties are analyzed and correlated with the
material composition depth proﬁle (1 µm resolution) obtained by Radio
Frequency Glow Discharge Optical Emission Spectroscopy (RF GD-OES,
GD-Proﬁler2 HORIBA, Jobin Yvon)) [10].
2. Experimental procedures
Teeth-shaped samples were manufactured from CK45 steel (%wt;
C: 0.43-048, Si: 0.15-040, Mn: 0.4-0.50, P: max. 0.035, S: 0.020-0.040,
Cr: 0.17-0.23, Ni: max. 0.25, Mo: max. 0.07, Al: 0.010-0, Fe: remainder),
without any speciﬁc heat treatment. The core's nano-hardness of the
material used for the study is ~4 GPa as measured by nano-hardness
techniques. The shape and dimensions of the teeth are indicated in Fig. 1.
A uniform plasma penetration depends on the recess of the teeth and it
should be taken into account in establishing the experimental parameters giving a uniform compound layer [4].
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Fig. 1. Typical studied sample embedded in Bakelite and mirror polished. The main
dimensions of the teeth are indicated.

Fifteen samples were studied and similar results obtained in all of
them. Therefore, for the sake of simplicity, we shall report results
obtained from a selected group of samples. The samples were nitrided
at 540 °C in a commercial hot-wall, fully automatic Plasmatec 450
pulsed plasma system, 120A/1000 V with capacity for 600 kg (PlasmaLIITS, 13083-970 Campinas, São Paulo, Brazil) [11]. In the present study
we have performed the tests using small number of samples, i.e., using
a small fraction of the furnace capacity. The samples were ﬁrst cleaned
with distilled water and neutral industrial detergent in an ultra-sonic
bath. Afterward, the samples were rinsed with abundant distilled
water. A gaseous mixture of [N2] / [N2 + H2] = 70% was used along the
four-hour nitriding process at ~ 4 Torr chamber pressure. Here, the
square brackets indicate ﬂux in sccm (standard cubic centimeters per
minute). The system takes 2 h to reach the working temperature. After
ﬁnishing the treatment, the remaining gaseous mixture used during
the nitriding is evacuated to the background system pressure
(b0.02 Torr). Immediately, the furnace is ﬁlled up with pure N2
(99.999%) up to 400 Torr. The furnace is opened after ~4 h, i.e., when
the temperature is reached around 80–100 °C.
Table 1 shows the complete set of parameters used in the nitriding
process giving the best results. The main parameters controlling the
process are current density, gaseous mixture, and temperature. Also,
in order to obtain good results cleaning the surface is very important.
Therefore, 1 h before starting the nitriding plasma and during the
heating process, the samples were sputtered using argon-hydrogen
plasma (~90% Ar in H2). This procedure proved important to guarantee
the white layer formation [12].
The hardness proﬁle of the samples was measured by nanoindentation (Nano-Test 300, Microtech) on cross-sections slices
obtained from the gears and the data analyzed by the Oliver-Pharr
method [13]. Since the white layer is very thin, the use of a nanoindentator is mandatory to obtain a worthy hardness proﬁle. The
nano-hardness measurements were not corrected by piling up effects.
We remark that the hardness preferred units in technological
applications are HV. However, the nano-hardness is normally giving
in GPa since there is not a consensus about the equivalence between

Table 1
Nitriding parameters
Chamber Current⁎ Process Pulse Pulse Voltage N2 / [N2 + Process Compound
pressure density
temp.
on
off
H2]
time
thickness
(Torr)

(mA /
cm2)

(C0)

(μs)

(μs)

(V)

(%)

(h)

(μm)

4.0

~ 0.8

540

50

150

500

70

4.0

15

⁎Estimated (see Appendix A).

the two scales. Roughly speaking 1 GPa ≅ 100 HV could be considered,
but it is strongly dependent on the load used, depth, imprint size, etc
[14]. Nevertheless, this equivalence must be taken carefully. Indeed,
the core hardness of the used steel comes out to be ~400 GPa and
280 HV0.05 by using the nano-test or micro hardness techniques,
respectively. Information regarding the in-depth crystalline structure
was obtained from X-ray measurements. The apparatus used in this
measurement is a Shimadzu, LAB X-XRD-6000 in a Bragg-Brentano Xray diffraction conﬁguration using the CuKα monochromatic line. The
optical study (Olympus BX41M) of the compound layer was obtained
by the usual procedure of bakelite mounting, polishing (diamond
powder 1 µm mesh), and Nital room temperature attack (2% v / v nitric
acid in absolute ethanol). The in-depth crystalline evolution of the
compound layer was obtained by successively polishing each sample
step by step and obtaining a X-ray difractogram in each step. The
polishing process in each step was performed using 1 µ mesh diamond
powder (Stuers, Tegrapol-11, 300 rpm). In order to minimize polishing
effects on the nano-hardness measurements the following precautions were taken: 1) the polishing procedure used in the experiment
was as mild as possible; 2) the hardness of the nitrided layer is in
general much larger than the extra hardness introduced by polishing;
and 3) the polishing procedure is maintained the same as much as
possible. In this way we can do relative hardness comparison. Finally,
to reduce errors on the in depth proﬁle analysis, the XRD spectra were
taken locating the sample at the same position and incidence X-ray
angle giving ~ 1 µm radiation penetration. The crystalline structure
determined by this procedure is compared with the depth proﬁle
composition obtained from RF-GD-OES quantitative analysis.
3. Results and discussion
3.1. Compound layer uniformity
As remarked in the Introduction, the plasma conditions are
decisive for the uniformity of the white layer [4]. This is so because
the plasma penetration in a deep recess depends on a complicated
interaction of working pressure, voltage, current density, gaseous
mixture, pulsed frequency, and temperature. As a rule of thumb,
increasing pressure and current will make the plasma penetrate
deeper into the recesses [15]. Regarding the current and neglecting
secondary electrons ejected from the surfaces, the current collected by
the gears is basically formed by N+2 and H+2 ions. Excess of current leads
to overheating, power losses, non-uniform thickness, and formation of
cracks in the layer. Therefore, for production scaling purpose it is
important to know the density of current needed in the process.
However, current measurements are very difﬁcult to accomplish since
sharp edges tend to drag more current than smooth surfaces and only
average current densities are obtained. An indirect procedure to
estimate the actual current density at the gear teeth is reported in the
Appendix A. Using this approach, we have obtained a current density
of ions of ~ 0.8 mA/cm2. Another important phenomenon to be
considered is the hollow cathode glow discharge regime occurring in
small holes. The shape and size of the small holes can abnormally
increase the electron density, augmenting locally the ion bombardment [4]. Therefore, overheating and/or excess current density can
jeopardize the uniformity and the quality of the compound layer. All
these considerations must be taken into account in selecting the
working conditions. Table 1 summarizes the best set of parameters
found in this work. These conditions provide quite homogeneously
nitrided layers, compact, and uniform as the example shown in Fig. 2.
Moreover, Fig. 3 shows details of the teeth tip of the nitrided layer of
one of the studied samples. The ~12 µm thick layer covering the teeth
shows a quite uniform compound case matching the sample proﬁle
(Fig. 3a). This uniformity stresses the importance of the material
surface ﬁnishing on the formation of a uniform compound case.
Indeed, tiny surface oscillations remaining from the gear fabrication
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Fig. 4. Nitrogen and percentage of the ε-Fe2-3N / γ′-Fe4N ratio proﬁles. The ε / γ′ ratio
was obtained by integrating the corresponding bands associate to each phase from the
in-depth diffractograms (Fig. 5).

Fig. 2. (a) and (b) Nitrided layer at the top and ﬂank part of the teeth, respectively; (c)
and (d) Nitrided layer details in two different regions of the bottom part of the teeth
shown in Fig. 1.

procedure are perfectly matched (up to fractions of microns) by the
compound layer even in the case of thicker nitrided layers (Fig. 3b).
Moreover, some porosity can be observed at the surface of the layer.
However, in this work we have not investigated speciﬁcally the
porosity and its inﬂuence on the performance of the nitrided layer
needs to be further studied.

can be contributing to the observed nitrogen proﬁle. However, the
hardness proﬁle performed on samples previously to GD-OES
measurements shows a similar long tail that the N concentration
proﬁles. Considering that in general there is proportionality between
nitrogen concentration and hardness, one can conclude that the knock
head effect is probably negligible [25].
We note, ﬁnally, that the left axis in Fig. 4 represents the in-depth
ratio of the areas under the X-ray main reﬂection bands associated
with the ε-Fe2-3N and γ′-Fe4N crystalline species constituting the
compound layer. This subject will be further discussed in Section 3.3
[18].
3.3. Compound layer: crystalline phases and composition

3.2. Nitrided layer composition
Fig. 4 (right axis) shows the compound layer composition obtained
by the RF-GD-OES technique. The maximum nitrogen concentration
(left axis) observed near the sample surface can be explained by the
following two reasons. First, at the working pressure reported here,
most of the nitrogen atoms are implanted in a few atomic layers below
the material surface (~ 4 nm) [16]. Second, and more important, when
the process ends, the nitrogen supply stops and the slow furnace
cooling down process allows N back diffusing into the furnace
chamber, i.e., a denitring process takes place due to the abrupt
nitrogen concentration gradient relative to the free surface. Also, the
relatively low N diffusion coefﬁcient in the nitrided layer prevents
important further penetration of N in the material bulk. The long
nitrogen concentration tail observed deeper in the material suggests a
diffusion controlled process [17]. Nevertheless, some inﬂuence from
knock head atoms into the sample during the GD-OES measurements

Fig. 3. a) Micrograph of the sample displayed in Fig. 1 showing the detail of the
compound layer at the tip of the gear teeth. b) Micrograph of another sample showing a
thicker compound layer matching the wavy surface proﬁle of the gear. The grain
boundaries of the material core are also visible. The compound layer was revealed by
attacking the surface with Nital solution (2% v / v nitric acid in absolute ethanol).

The in-depth nitrogen concentration is correlated to the crystalline
structure of the compound layer (Fig. 5a,b). For clarity reasons, two plots
are displayed with a selected number of diffractograms. As previously
mentioned, the case is formed by a mixture of the ε-Fe2-3N and γ′-Fe4N
iron nitride phases and the α phase of the base material. These phases
hold reﬂections located at 2Θ ~45 and 83% for α(110) and α(211),
respectively. Also, at 2Θ ~43 and 85% are reﬂections associated with
ε(101) and γ′(311), respectively [19–21]. Additional reﬂections related
with these phases reported by other authors are not present in our
difractrogram, a fact that might be due to the type of studied samples
[22]. As observed in Fig. 5, the γ′-Fe4N and ε-Fe2-3N phases are diminishing along the compound layer while the α phase increases. Indeed, at
a depth of ~ 20 µm, the presence of the nitrides phases ε-Fe2-3N
and γ′-Fe4N are negligible indicating that nitrogen is incorporated in the
matrix of the α phase. The relative evolution associated with the nitrides
phases in the compound layer are summarized in Fig. 4, left axis. The plot
represents the ratio of the areas of the peaks associated with the X-ray
reﬂections corresponding to the ε-Fe2-3N and γ′-Fe4N crystalline phases
as a function of the compound layer depth. The phases constituting the
compound layer were identiﬁed by taking X-ray difractograms at several
depths. In order to do this, the sample was polished and a difractrogram
obtained by successively repeating this procedure step by step
(Section 2) [18]. This plot tells us about the relative importance of the
crystalline phases present in the compound layer as a function of depth
and nitrogen concentration. The uncertainty of the experimental data is
of the order of the size of the dots. The curve shows a small increase of
the nitrogen richer phase (ε-Fe2-3 N) around ~5 µm, consistent with the
nitrogen concentration proﬁle. Afterward, the ratio stabilizes, suggesting
a constant white layer phase composition contributing to avoid seizure
and score in the treated material [9,23]. Finally, we remark that the
measured amount of N by GD-OES includes all the atoms in the layer and
part of it is forming disperse ﬁne metallic nitrides with the allowing
components of the steel, i.e., the total measured N atoms are not all
incorporated in the ε-Fe2-3N and γ′-Fe4N phases.
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Fig. 7. Hardness vs. nitrogen concentration obtained from Fig. 6. The arrow indicated a
change in the crystalline structure (vide Fig. 5).

obtained from Fig. 6. This plot shows two regions of a quite good
proportionality between hardness and nitrogen concentration [25].
The breaking in the slope at around 20 at.% nitrogen concentration
reﬂects the structure changes of compound layer crystalline. Indeed,
Fig. 5 shows that around this nitrogen concentration the ε-Fe2-3N and
γ′-Fe4N phases are disappearing and the remaining nitrogen is
included in the α crystalline phase.
4. Conclusion

Fig. 5. Comparison of the in depth evolution of the diffractogram and nitrogen
concentration (right wall) corresponding to the compound layer of the sample
displayed in Fig. 2a. For the sake of clarity the diffractogram is divided in reﬂections
associates with the γ′, α (a) and ε, α (b) crystalline phases. For clarity reasons, only a
selected number of diffractograms are displayed.

3.4. Hardness and composition proﬁles
Fig. 6 shows the nitrogen, iron and nano-hardness proﬁles of one of
the studied samples as a function of depth. As observed, the
compound layer extends up to ~20 µm and the hardness reaches
the core value at ~35 µm. We remark that a relatively long nitrogen
diffusion tail diminishes the stress generated by abrupt hardness
variations [24]. Fig. 7 shows the hardness vs. nitrogen concentration

A comprehensive study on the properties of the compound layer
obtained by pulsed plasma in a gear steel (CK45) is reported. The X-ray
diffractograms show that the ε and γ′ nitrides phases form the
compound layer. Due to the cooling down process, the ε / γ′ ratio
increases in a narrow region near the material surface (~ 5 µm). The
lack of homogeneity can induce stress in the nitrided case and more
work is needed to diminish this effect by adjusting the nitriding
parameters.
A correlation between nitrogen concentration and hardness was
found along the compound layer. The evolution from ε, γ′ to α phase
containing nitrogen along the compound layer was mapped by X-ray
diffractograms. This transformation is accompanied by a relatively
abrupt slope change in the hardness vs. nitrogen concentration proﬁle.
This result could cause extra stress of the nitrided layer and should be
considered when choosing the parameter's process. Finally, a quite
uniform thickness compound layer along the teeth proﬁle is obtained
through an adequate choice of the deposition parameters, such as
pressure, current density, gaseous mixture, and temperature.
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Appendix A

Fig. 6. Open squares: nano-hardness vs. nitrogen concentration proﬁle. Solid and
dashed curves: nitrogen and iron concentration proﬁles for the same sample studied in
Fig. 4. The hardness experimental error is of the order of the symbols.

In order to estimate the current density on the nitrided sample, we
start considering the amount of nitrogen incorporated in a compound
slab of 1 cm2 cross section and 15 µm depths, i.e., ~1.5 × 10− 3 cm3. The
amount of nitrogen atoms in the slab is related to the current density
by J ≅ 4q β n / (γ t), where γ is the sticking factor assumed to be one; t is
the process time, n the number of N atoms in the slab, and q the
electronic charge. The factor β is related to the ionization efﬁciency of
the gases used in the process. The coefﬁcient 4 comes from the current
duty cycle (see Table 1).
The average stoichiometry of the compound layer can be estimated
by the ratio between the N and Fe at.% integrated areas of the
concentration curves displayed in Fig. 6, i.e., ~0.35. In this approximation
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we have assumed that nitrogen is mostly forming iron nitrides
compounds. So, an average stoichiometry near to Fe2.8 N is obtained.
Therefore, the average molecular mass is b µ N = 2.8 µ(Fe)+ µ(N) ≅ 169.6.
Considering an average density of the nitriding iron phases of ~6.35 g/cm3,
the number of particles per cubic centimeter contained in a molar mass
of compound layer is ~2.2 × 1022 particles/cm3. Thus, the total number
of nitrogen atom in a compound layer slab of ~1.5× 10− 3 cm3 volume
is ~3.3 × 1019. Assuming that all the N+2 projectiles are dissociated upon
collisions [26], the net charge contribution to the current must be
considered half of the incorporated nitrogen atoms in the slab, i.e.
n ≅ 1.7 × 1019. The factor β depends on the gases relative ionization cross
section r = σ(H2) / σ(N2), i.e., the amount of ion nitrogen contributing to
the current has to be weighted by the ionization cross sections and the
mixture composition. The maximum cross section σ can be estimated by
using the Thompson classical approximation σ ≅υπ(q / 4πε0) 1 / E2i,
where ε0 is the vacuum permittivity, υ is the valence number of
electrons, and Ei is the gas ionization energy [27]. Then, r ≅ 0.23 and the
effective number of ions I+ = (N+2 + H+2) arriving to the sample is
proportional to the total gaseous ﬂux Φ weighted by the ionization
cross section and gaseous mixture composition (70% nitrogen and 30%
hydrogen):
I + fσ ðN2 Þ0:7Φ + σ ðH2 Þ0:3Φ = σ ðN2 Þ½0:7Φ + 0:3 r Φ
= σ ðN2 Þ½0:7Φ + 0:069Φ:
The ﬁrst (second) term in the bracket is the actual N+2 (H+2)
contribution to the total number of ions (I+ ~ 0.769Φ) arriving to the
surface sample, i.e., 0.91 and 0.09 for N+2 and H+2 ions, respectively. Thus,
only ~91% of the ionic current comes from nitrogen contribution; i.e., the
current J is overestimated by 9% and β ≅ 1.09. Substituting in the
expression for the current for a 4 h process, J ≅ 4q β n / (γ t)~0.8 mA/cm2.
We close this section commenting that a sticking factor around one
considered in this estimation is consistent with both low energy [28]
ions impinging the sample and low current density [19,29]. Low energy
ions guarantee negligible nitrogen sputtering and low current density
(small covering ratio) increasing nitrogen reaction probability to ~100%,
i.e., sticking factor near to one.
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