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Plasma nitriding behavior of Fe-Cr alloys has been studied at temperatures in the range of
773–873 K in order to provide basic knowledge for microstructure design of nitrided layers
and to improve the wear resistance. In the nitriding temperature of 773 K, typical
microstructure of nitrided layers was observed as reported elsewhere. However, anormal
microstructure of nitrided layers was observed under a nitriding condition, at 873 K for
176.4 ks (49 h). In Fe-13Cr alloy, nitrided layer showed stripe-pattern, each sub-layer of
which has different chromium content. Nitrided layer hardness increased gradually from
the specimen surface to the nitriding front before dropping drastically to the same level as
matrix hardness. The stripe-pattern was also observed for Fe-3Cr alloy at the vicinity of
nitriding front for the same nitriding conditions. On the other hand, nitrided layers in Fe-8Cr
and Fe-19Cr alloys are composed from different sub-layers, containing different
concentration of chromium. These phenomena cannot be explained only by nitrogen
diffusion process during the nitriding. C© 2002 Kluwer Academic Publishers

1. Introduction
Among various surface treatments, nitriding technique
is always the first candidate to improve hardness, wear
resistance and fatigue strength of steels. Recently, the
plasma nitriding technique has been widely used in in-
dustries, since it has more advantageous items rather
than conventional ammonia gas nitriding: e.g. shorter
nitriding time, less consumption of gases, easier to con-
trol microstructure of nitrided layers [1–4]. However,
several problems are still open both in nitriding mecha-
nism and microstructure of nitrided layers [5]. Hence, in
order to make comprehensive description of the plasma
nitriding mechanism, precise studies on the microstruc-
ture of the plasma nitrided layer are necessary.

In usual, nitriding of Fe-alloys or steels results in
formation of hard iron nitrided layer with a few mi-
crometers of thickness at the surface. It has been called
“external nitriding layer”∗ or “white layer”. The sub-
ordinate layer with thickness less than 1 millimeter,

∗ Both terms of “External nitriding layer” and “Internal nitriding layer”
are frequently used in the similar usage as “External oxidation layer”
and “Internal oxidation layer”, respectively. The same microstructure
of nitrided layer as “white layer” in the old time is often called by
“compound layer” in recent.

is composed of matrix metal with nitrogen atoms and
precipitates of iron nitrides and/or nitrides of the alloy-
ing elements. It is called “internal nitriding layer”∗ or
“diffusion zone” [6]. Volume fraction and distribution
of these nitride precipitates strongly depend on nitrid-
ing parameters; for example, nitriding temperature, du-
ration time, gas pressure and properties of matrix alloys
[7–9]. Then, it is very important to understand the effect
of the above parameters on the nitrided microstructure.

In fact, a new design concept for nitriding is re-
quired for further improvement of wear resistance in
practice [10]. Remember that a typical nitrided layer
should be composed of the external nitriding layer with
high hardness and internal nitriding layer with lower
hardness. Under severe impact wear condition as re-
ported in Ref. [10], cracks propagate easily from the
surface by a heavy impact load, partially because of
a residual stress is present at the vicinity of the sur-
face. Hence, a new nitrided surface material structure
is needed to reduce the friction coefficient in wear and to
improve impact wear resistance, simultaneously. Even
aiming for alternative surface nitrided design, plasma
nitriding technique must be controlled to search for
adaptive nitrided microstructure to the design demand
in mechanical properties.
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T ABL E I Chemical compositions of the specimen used

Alloy C Si Mn P S Cr Al Ti N O

Fe-3Cr 0.003 0.22 0.01 0.001 0.001 2.98 0.001 0.020 0.0005 0.003
Fe-8Cr 0.002 0.22 0.01 0.001 0.001 7.97 0.001 0.026 0.0006 0.004
Fe-13Cr 0.002 0.22 0.01 0.001 0.001 13.68 0.001 0.026 0.0007 0.004
Fe-19Cr 0.002 0.24 0.01 0.001 0.001 18.64 0.001 0.025 0.0011 0.004

All values are in mass%.

In this study, plasma nitriding temperature was con-
trolled in relatively wide range from 773 K to 873 K in
order to investigate several possible microstructures of
nitrided layers preferable for heavy impact use. This is
based on the prediction that at relatively high nitriding
temperature, diffusion of alloying elements might have
significant contribution to microstructure control. Four
Fe-Cr alloy specimens with different chromium con-
tent were prepared homogeneously and plasma nitrided
to understand the process and mechanism of plasma
nitriding, especially at relatively high temperature re-
gion. Optical microscope and X-ray diffraction analysis
were utilized to describe microstructure and phases of
nitrided layers together with micro-Vickers hardness
testing for measurement of hardness distribution on the
specimen cross section.

2. Experimental
Ferritic Fe-Cr alloys were used in this work. The chem-
ical compositions are summarized in Table I. The speci-
mens of 10 × 10 × 20 mm3 were gradually ground with
sandpaper up to the mesh number of 1000 and polished
with diamond paste (mean size 1 µm). Then the speci-
mens were rinsed in acetone using an ultrasonic cleaner
for 600 s.

The specimens were plasma nitrided under condi-
tions as listed in Table II. Specimens were set on the
table as a cathode in nitriding vacuum chamber con-
nected with an anode (ground potential). Specimens
were heated up, using heater and hydrogen gas glow
discharge simultaneously. The specimen temperature
was monitored by a thermocouple, which was inserted
into a dummy specimen on the same cathode neigh-
boring to the specimens. At specified nitriding tem-
perature, nitrogen gas was introduced into a cham-
ber at appropriate pressure, and then plasma nitriding
started. During nitriding, the gases were evacuated out
by a rotary pump to keep gas pressure constant in the
chamber.

After nitriding, the specimens were cooled down in
hydrogen gas atmosphere until the room temperature
and then were cut by micro-cutter into halves to speci-
men surface. To observe the microstructure of nitrided
layer, the cross-section of specimens was mechani-
cally polished and then etched by Nital etchant (90 ml

T ABL E I I Plasma nitriding conditions

Temperature (T/K) 773, 823, 873
Time (t/ks) 57.6, 90, 176.4
DC voltage (E/V) 300
Total gas pressure (P/Pa) 532
Gas ratio (R/%) 25%N2, 75%H2

C2H5OH + 10 ml HNO3) for Fe-3Cr and Fe-8Cr and
by solution of 5 g FeCl2 + 2ml HCl + 96 ml C2H5OH
for Fe-13Cr and Fe-19Cr, respectively. Microstructure
was observed using an optical microscope. The sur-
face hardness as well as the hardness profiles on the
cross-sections of nitrided specimens were measured
using micro-Vickers hardness tester. X-ray diffraction
was used to identify the phase formed in each nitrided
specimen.

3. Experimental results
3.1. Plasma nitriding of Fe-Cr alloys at low

temperature
Microstructure of plasma nitrided Fe-Cr alloys at 773 K
for 57.6 ks (16 h) is shown in Fig. 1. “S”, “F”, and “E”
in these figures from (a) to (d) denote for the speci-
men surface, the nitriding front, and the thickness of
nitrided layer, respectively. In plasma nitriding, the in-
ternal nitriding layer with 50–200 µm in thickness was
formed beneath an external nitriding layer with a thick-
ness of 2–3 µm. In the case of plasma nitrided Fe-8Cr,
Fe-13Cr and Fe-19Cr, each nitriding front was clearly
observed and aligned in parallel with the specimen sur-
face. It indicates that nitriding was driven only by lattice
diffusion of nitrogen.

On the other hand, in the case of Fe-3Cr alloy, the
boundary between nitrided layer and matrix was not so
clear. Thickness of nitrided layers were 230, 140, 105
and 45 µm for Fe-3Cr, Fe-8Cr, Fe-13Cr and Fe-19Cr
alloy, respectively. Nitrided layer thickness decreased
with increase of chromium content.

Fig. 2a to d summarized hardness profiles in the di-
rection of thickness for four specimens, which were
plasma nitrided at 773 K for 57.6 ks (16 h). As com-
monly seen in Fe-8Cr, Fe-13Cr and Fe-19Cr alloys,
surface hardness becomes more than 1000 Hv and re-
mains constant until the nitriding front. Then, hard-
ness reduces at the nitriding front to the same level as
the matrix hardness. As shown in Fig. 2(d), the high-
est surface hardness reached 1200 Hv in Fe-19Cr al-
loy. Looking through from Fig. 2a to d, the nitriding
front, “F”, measured in Fig. 1 is corresponding to the
point where hardness dropped to the matrix hardness.
The transient zone in this hardness distribution is very
narrow in Fe-19Cr, but it gradually grows wider with
decreasing chromium content.

In Fe-3Cr alloy, the nitrided layer hardness profile
in Fig. 2a becomes quite different from those of high
chromium content alloys in Fig. 2b to d. Hardness
in the nitrided layer becomes nearly constant within
700–800 Hv until the depth of 100 µm from surface.
Then it gradually decreases down to the same level as
the matrix. To be interested in, this wider transient zone
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Figure 1 Microstructure of (a) Fe-3Cr, (b) Fe-8Cr, (c) Fe-13Cr and (d) Fe-19Cr alloys as plasma nitrided at 773 K for 57.6 ks.

in the hardness profile in Fe-3Cr alloy is also corre-
sponding to the gray-scale zone at the vicinity of nitrid-
ing front in Fig. 1a. This suggests that microstructure as
shown in Fig. 1a has proper comparison to the hardness
profile in thickness from the surface.

The average hardness in the nitrided layer increases
with the chromium content as shown in Fig. 2e. This

implies that volume fraction of CrN should increase in
the nitrided layer, resulting in enhancement of hardness.

Fig. 3 shows X-ray diffraction pattern on the speci-
men surface of Fe-Cr alloys plasma nitrided at 823 K
for 90 ks (25 h). α-Fe, γ ′-Fe4N and CrN were de-
tected over the whole specimen surface. Strong peak
of γ ′-Fe4N indicates that the external nitriding layer is
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(a) (b)

(c) (d)

(e)

Figure 2 Hardness profile on the cross section of Fe-Cr alloys after plasma nitrided at 773 K for 57.6 ks. (a) Fe-3Cr alloy, (b) Fe-8Cr alloy, (c) Fe-13Cr
alloy, (d) Fe-19Cr alloy (e) Variation of average hardness in the nitrided layer with increasing the chromium content.
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T ABL E I I I Mass of constituent and calculated volume fraction for
four nitrided alloys

Specimen Mass% CrN Mass% Fe f

Fe-3Cr 3.78 97.020 0.048
Fe-8Cr 10.1 92.030 0.124
Fe-13Cr 17.3 86.320 0.206
Fe-19Cr 23.6 81.360 0.272

Figure 3 XRD pattern on the surface of Fe-Cr alloys after plasma
nitrided at 823 K for 90 ks.

mainly consisted of γ ′-Fe4N as an iron nitride. Relative
intensity of CrN to γ ′-Fe4N increases with chromium
contents. This might be because of gradual increase of
CrN volume fraction with chromium content. Assum-
ing that all chromium formed CrN during nitriding,
then volume fraction of CrN, fnitride can be calculated
as follows:

fnitride = ρFe · mnitride

ρnitride · mFe + ρFe · mnitride
(1)

where ρ is the density of mass, and m is the mass for
each suffix constituent in the alloy. Table III summa-
rized the measured mass of constituent and the cal-
culated CrN volume fraction for four nitrided alloys.
Hence, volume fraction of CrN in Fe-19 Cr can be
estimated by fnitride = 0.272. In the similar manner, the
volume fraction of Fe-13Cr, Fe-8Cr and Fe-3Cr are cal-
culated for 0.206, 0.124 and 0.048, respectively. It is
clear that fnitride increased with chromium content.

3.2. Plasma nitriding of Fe-Cr alloys at high
temperature

Plasma nitriding at T = 873 K has been carried out
to investigate the effect of nitriding temperature on
microstructure of nitrided layers. The microstructure of
the plasma nitrided specimens at this temperature be-
comes far from those shown in Fig. 1. As seen in Fig. 4,
all the plasma nitrided specimens at 873 K for 176.4 ks
(49 h) have an anormal microstructure. In the case of
Fe-13Cr alloy, the internal nitriding layer was formed to
be in stripe-pattern, where bright and dark layers alter-
natively appeared up to the thickness of 280–300 µm.
The thickness of each layer in this stripe-pattern was

10–15 µm. Notice here that the nitriding front of each
sub-layer aligns in parallel with the specimen surface.
This demonstrates that these sub-layers might never be
formed by local deformation of internal nitriding layer,
but by diffusion controlled process during nitriding.

Plasma nitrided Fe-8Cr and Fe-19Cr also exhibited
unusual nitrided layer. Nitrided layer is divided into two
and three different sub-layers for Fe-8Cr and Fe-19Cr,
respectively. This is because each sub-layer has dif-
ferent corrosion resistance in etching. In other words
chromium concentration is different in each sub-layer.
In Fe-3Cr, different chromium concentration was also
observed at the vicinity of nitriding front.

Hardness profiles on the cross-section of four plasma
nitrided specimens at 873 K for 176.4 ks (49 h) are com-
pared with each other from Fig. 5a to d. Assuming that
nitriding process is still nitrogen diffusion controlled,
the hardness plateau value might be nearly constant
within the nitrided layer and the hardness distribution
profile be stretched toward the direction of depth since
the diffusion process is activated with increasing the
nitriding temperature from 773 K to 873 K. However,
the measured hardness profiles are never resembling
to those in Fig. 2, irrespective of chromium content.
The measured hardness became lower with increasing
the nitriding temperature. Even in Fe-19Cr, the max-
imum surface hardness was limited by about 900 Hv
while it was 1200 Hv in Fig. 2d. Just as seen in Fig. 2d,
location of nitriding front measured in Fig. 4d is also
corresponding to the end of transition zone in the above
hardness distribution.

Let us describe the hardness distribution more pre-
cisely. Fig. 5b and d show the measured hardness pro-
files on the cross-section of plasma nitrided Fe-8Cr
and Fe-19Cr specimens. In the case of Fe-19Cr,
even in the nitrided layer, hardness profile has three
steps before decreasing down to the same level as
the matrix hardness: 0 < d < 90, 90 < d < 150 and
150 < d < 230 µm. These three steps are correspond-
ing to three different etched layers in Fig. 4d. There are
two steps in the plasma nitrided Fe-8Cr: 0 < d < 200
and 0 < d < 360 µm. These are also corresponding to
two sub-layers observed in Fig. 5b. Fig. 5c shows the
hardness profile on the cross-section of Fe-13Cr speci-
men. In the normal profile as shown in Fig. 2c, hard-
ness becomes maximum at the vicinity of the surface,
keeps constant in plateau and then decreases to matrix
hardness. However, surface hardness of this plasma ni-
trided Fe-13Cr alloy is limited to 600 Hv, then gradu-
ally increases up to 1000 Hv near the nitriding front.
In the above gradual increase of hardness in average,
significant deviation of hardness by 180 Hv to 300 Hv
can be seen in Fig. 5c. Templating one local variation
hardness with a pitch of 15–20 µm in the depth, the
hardness profile in the internal nitriding layer can be
divided into eleven sub-layers. Remember that the inter-
val between successive sub-layers in the stripe-pattern
in Fig. 4c should be 15–20 µm. This wavy pattern in
hardness profile is corresponding to the stripe-pattern
of microstructure.

Fig. 6 shows X-ray diffraction pattern on the speci-
men surface of Fe-Cr alloys plasma nitrided at 873 K for
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Figure 4 Microstructure of (a) Fe-3Cr, (b) Fe-8Cr, (c) Fe-13Cr and (d) Fe-19Cr alloys after plasma nitrided at 873 K for 176.4 ks.
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(a) (b)

(c) (d)

Figure 5 Hardness profile on the cross section of Fe-Cr alloys after plasma nitrided at 873 K for 176.4 ks. (a) Fe-3Cr alloy, (b) Fe-8Cr alloy,
(c) Fe-13Cr alloy, (d) Fe-19Cr alloy.

Figure 6 XRD pattern on the surface of Fe-Cr alloys after plasma
nitrided at 873 K for 176.4 ks.

176.4 ks (49 h). Strong peaks of α-Fe, and small peaks
of CrN were detected over specimen surface. Hence, in
the case of plasma nitriding at T = 873 K, no external
nitriding layer i.e γ ′-Fe4N formed during nitriding.

4. Discussions
Hardness profile of plasma nitrided Fe-Cr alloys at the
temperature range of 773 to 823 K can be explained
only by nitrogen diffusion process; the growth of ni-
trided layer is mainly controlled by diffusion of nitrogen
in alloys [6, 11]. Nitrogen atoms diffuse into specimens
during nitriding, and firstly react with chromium, which
has higher affinity to nitrogen rather than iron. Hence,
precipitation of chromium nitride is selected in Fe-Cr
system, and with a further increase of nitrogen in solid
solution, iron nitride can be also formed. Formation
of the chromium nitrides usually increases the hard-
ness of steels. As had been discussed in Ref. [12], the
hardness of nitrided layer increases in proportion to the
square root of nitride volume fraction, f. Volume frac-
tion of CrN can be calculated under the assumption
that all chromium atoms were reacted into CrN during
nitriding. Fig. 7 depicts an increase of hardness �Hv

(≡[measured hardness] − [matrix hardness]) with in-
creasing the volume fraction of CrN. As reported in
Ref. [13], �Hv ∝ f 1/2 for Fe-Ti alloys since the ni-
trided Fe-Ti alloys are strengthened by precipitation
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Figure 7 The relationship between volume fraction of chromium nitride
and increase in hardness. O: Fe-Cr at 773 K, �: Fe-Ti [13], �: Fe-Cr at
873 K.

of TiN. For low chromium content alloy like Fe-3Cr,
strengthening mechanism is still governed by precip-
itation of CrN since linear �Hv ∝ f 1/2 relation is
still held on for Fe-3Cr. Although �Hv for Fe-3Cr is
still proportional to f 1/2 for Fe-xCr (x ≥ 8), the mea-
sured � Hv values were not on the extrapolated line in
�Hv − f 1/2 for Fe-Ti alloys. The different slope from
extrapolated line for Fe-xCr(x ≥ 8), reveals that other
strengthening mechanism works for Fe-xCr (x ≥ 8). As
pointed out in Ref [12], when R/b < 20 for the diam-
eter R of CrN and the Burgers vector b, the shear-
ing mechanism of dislocation governs the strengthen-
ing process even for Fe-3Cr. Since R/b > 20 for the
higher chromium content alloys, Orowan bypath mech-
anism becomes dominant since the bowing dislocation
is constrained by the CrN precipitates [14].

The volume fraction of CrN formed also reflects
on the hardness profile of nitrided layers. In Fe-3Cr,
in comparison with other alloys (Fe-8Cr, Fe-13Cr,
Fe-19Cr), small volume fraction of chromium gives rel-
atively large diffusion effective cross-section area, and
then results in that the dissolved nitrogen can penetrate
into the matrix with few obstacles. Since dissolved ni-
trogen decreases exponentially toward the matrix, the
dissolved chromium still remain in the matrix at the ni-
triding front. Hence, the hardness gradually decreased
with nitrogen concentration. On the other hand, in high
chromium content alloys, relative small diffusion ef-
fective cross-section area reduces penetrating mass of
dissolved nitrogen mass in the matrix.

Compared with the normal microstructure and cor-
responding strengthening mechanism for plasma ni-
trided for 773 K to 873 K, anormal microstructure ob-
served in the plasma nitrided specimens at 873 K cannot
be described by the above nitriding mechanism. This
anormality reflects on the relationship between �Hv

and f 1/2 in Fig. 7. Hence, these microstructures and
strengthening mechanism behavior seems to be difficult
to explain only by considering the nitrogen-diffusion-
controlled mechanism in nitriding.

Concerning with the growth of nitrided layer in
the present study, as similar to the previous studies
[6, 13, 14], the relation between the thickness of in-
ternal nitrding layer, E , and nitriding time, t , can be
expressed by parabolic law as the follow:

Figure 8 Temperature dependence of nitriding front rate constant of
Fe-Cr alloys. O: Fe-8Cr, �: Fe-13Cr, �: Fe-19Cr.

E2 = K P · t, (2)

where K P is the growth rate constant of nitriding
front during plasma nitriding. Temperature dependence
of K P for each alloy is shown in Fig. 8. K P in-
creased with chromium content. Moreover, for the same
chromium content, K P increased with temperature un-
til T = 823 K, but then decreased at T = 873 K. This
behavior is described in later.

Growth rate of nitriding front for plasma nitrided
Fe-Cr alloys can be usually explained using Wagner’s
rate equation of internal oxidation [15]. Since CrN pre-
cipitates with the concentration of NBin the internal
nitriding layer, the relation between thickness of ni-
trided layer, E , and nitriding time, t , can be written as
follows:

E2 = 2N S
N Dapp

νNB
· t (3)

where Dapp is the apparent diffusion coefficient of ni-
trogen in the internal nitriding layer, NN

S the nitrogen
concentration at the specimen surface, NB the concen-
tration of alloying element in the internal nitriding layer,
and ν the molar ratio of alloying element to nitrogen in
nitride precipitation, respectively. All chromium atoms
are assumed to be in CrN, and then ν = 1 and NB be-
comes the chromium content in the present work. Equa-
tions 2 and 3 provide:

K P = 2N S
N Dapp

NB
. (4)

This reveals that K P decreases with increasing NB.
In general, temperature dependence of diffusion co-

efficient can be expressed by Arrhenius reaction rate.
Hence, the temperature dependence of apparent dif-
fusion coefficient of nitrogen, Dapp, can be written as
follows:
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Dapp = A exp

[
− Qapp

RT

]
. (5)

In the similar way, diffusion coefficient of nitrogen
in pure Fe, DN

Fe can be also expressed as follows:

DFe
N = B exp

[
− QFe

N

RT

]
(6)

and, after Grieveson and Turkdogan [16]

DFe
N = 6.20 × 10−7 exp

{
− [77.7 ± 7.8](kJ/mol)

RT

}
(m2/s).

Using Equations 5 and 6, ratio of Dapp to DN
Fe is

obtained as follows:

Dapp
N

DFe
N

= C exp

[
−

(
Qapp − QFe

N

)
RT

]
. (7)

Replacing (Qapp − QN
Fe) with Q∗, Equation 8 should

be rewriting:

Dapp
N

DFe
N

= C exp

[
− Q∗

RT

]
(8)

where Q∗ indicates activation energy for formation of
nitride precipitation in the nitriding layer. Considering
that apparent diffusion coefficient of nitrogen should
be lower due to Cr content in alloy, Q∗ in Equation 8
should be related to Cr content. In the case of nitriding
pure Fe, Q∗ = 0: DN

app/DN
Fe = 1 means that apparent

diffusion coefficient of nitrogen should be equal to that
of nitrogen in pure Fe. This activation energy denotes
excess energy barrier needed to drive more nitrogen
solution against precipitation of Cr as CrN.

DN
app can be calculated from and experimental val-

ues of K P , using the following equation:

Dapp =
[

NCr

2NN

]
K P . (9)

Table IV shows calculated DN
app for various Fe-Cr

alloys at several temperatures in comparison with nitro-
gen diffusion in pure-Fe. As mentioned above, DN

aap

decreased with Cr content at all temperatures, indicat-
ing that diffusion of nitrogen was disturbed by amount
of Cr in alloy. Fig. 9 shows the relation between ni-
triding temperature and ratio of DN

app/DN
Fe for var-

ious chromium contents. DN
app/DN

Fe increased with

T ABL E IV Apparent diffusion coefficient of N in Fe-Cr alloys as
calculated at several temperatures in comparison with pure-Fe

DN
app (m2/s)

Specimen 773 K 823 K 873 K

Pure-Fe 3.3 × 10−12 6.87 × 10−12 1.31 × 10−11

Fe-8Cr 1.92 × 10−12 6.161 × 10−12 3.82 × 10−12

Fe-13Cr 7.61 × 10−13 3.27 × 10−12 1.75 × 10−12

Fe-19Cr 9.57 × 10−14 9.13 × 10−13 6.62 × 10−13

Figure 9 Relation between nitriding temperature and ratio of apparent
nitrogen diffusion coefficient to nitrogen diffusion coefficient in pure-Fe
(DN

app/DN
Fe) O: Fe-8Cr, �: Fe-13Cr, �: Fe-19Cr.

Figure 10 Relation between activation energy Q∗ and change in volume
fraction of CrN. O: Fe-8Cr, �: Fe-13Cr, �: Fe-19Cr.

decreasing the chromium concentration and increasing
temperature, up to 823 K. Using Equation 8, for temper-
ature up to 823 K, activation energy Q∗ was obtained
for each alloy. Fig 10 shows the variation of Q∗ with
the volume fraction of CrN. Activation energy increases
with increasing the volume fraction of CrN. Nitrogen
effective diffusion area decreases as CrN formed dur-
ing nitriding. Hence, apparent diffusion coefficient of
nitrogen, DN

app, became smaller as higher chromium
content.

DN
app/DN

Fe at nitriding temperature of T = 873 K
became relatively small for all alloys than the extrapo-
lated values from the lower temperature side. Hence, ni-
triding behavior at 873 K can not be explained only us-
ing nitrogen diffusion mechanism as described above.
Another factor must be considered for slowing ap-
parent diffusion of nitrogen at this nitriding temper-
ature. As listed in Table V, diffusion coefficient of
chromium increases nearly 7.5 times from 823 K to
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T ABL E V Diffusion coefficient of N and Cr in α-Fe as calculated at
several temperatures [17]

Temperature

773 K 823 K 873 K
Diffusion
coefficient

DN (cm2/s) 3.3 × 10−8 6.87 × 10−8 1.305 × 10−7

DCr (cm2/s) 0.136 × 10−15 1.323 × 10−15 9.92 × 10−15

Figure 11 Schematic illustration of mutual diffusion of nitrogen and
chromium during nitriding.

873 K but still too low, while diffusion coefficient of
nitrogen increases only 1.8 times in the same temper-
atures range. Hence, chromium is never expected to
diffuse in the whole range of nitrided area, but local
diffusion of chromium must be also taken into account.
The mechanism of nitrogen diffusion collaborated with
local chromium diffusion on formation of stripe-pattern
microstructure can be explained qualitatively as be de-
scribed in Fig. 11. This figure schematically depicts a
spatial relationship between nitrogen-chromium diffu-
sion and reactive formation of CrN. Once the reaction
by Cr + N → CrN takes at the specified point F (nitrid-
ing front), the chromium concentration decreases at the
vicinity of F. This deficiency of chromium activates the
diffusion chromium process in local at 873 K. Since
the reactivity to CrN is also enhanced at much pres-
ence of chromium at the vicinity of F, the above pro-
cess is thought to work in the cascading manner: (reac-
tion to CrN) → (deficiency of Cr) → (local diffusion of
Cr) → (continued reaction to CrN) → . . . . Hence, the
above chained-routine must reflect on the local fluctua-
tion of chromium content and local distribution of CrN.

The above mechanism works for the higher
chromium content iron like Fe-19Cr, since larger
amount of chromium becomes an obstacle that
chromium is capturing diffusing nitrogen atom. The
higher chromium iron alloy has many obstacles; the
lower has a few obstacles.

To understand quantitatively the above anormal ni-
triding behavior, more detailed study of interaction
among dissolved chromium, diffusing chromium and
nitrogen, precipitating nitride of CrN should be re-
quired from the standing point of thermodynamics and
kinetics of growing nitriding layer in concerned with
stress or strain fields due to precipitate nitride.

5. Conclusions
Plasma nitriding of Fe-Cr alloys in temperature range
of 773–873 K has been performed in order to provide
a new type of nitrided layer microstructures through
diffusion control of both nitrogen and chromium.

Plasma nitriding of Fe-Cr alloys in low temperature
region results in typical hardness profile on the cross
section of specimens. In the low chromium content
alloys, the graded hardness profile can be realized by
gradual decrease of volume fraction of CrN precipita-
tion. In this temperature region, formation of nitrided
layer microstructure can be explained only by diffusion
of nitrogen during nitriding.

Plasma nitriding of high chromium content alloys at
relatively high temperature region (T = 873 K), results
in the stripe-pattern microstructure of nitrided layers.
This microstructural pattern formation strictly depends
on chromium content in alloy. These anormal nitrided
microstructures significantly reflect on the mechanical
properties.

Further study is on progress to investigate the rela-
tion between fine-layered system in microstructure and
wear toughness/impact wear resistance. A new type ni-
trided microstructure or a sandwiched structure of soft
and hard layers is expected to play a role of deformable
mechanical dumper or spring, to elastically absorb the
externally applied displacement by heavy impact load.
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