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Ammonia gas nitriding of Fe-18Cr-9Ni alloy at
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An Fe-18Cr-9Ni alioy, which it had not previously been possible to nitride at temperatures
below 873 K, was found to form nitrides in an ammonia gas atmosphere at temperatures as
low as 823 K after annealing at low hydrogen pressure at 1473 K. Microstructure and hardness
were examined on cross-sections of the nitrided specimens. An internal nitriding layer had
formed beneath an external nitriding layer on the specimen surface. Vickers hardness was
above 1000 throughout the internal nitriding layer. The nitrides formed at the specimen sut-
face and in the internal nitriding layer were identified using grazing incidence X-ray diffraction
and ordinary X-ray diffraction methods, respectively. The external nitriding layer, which was
about 6 to 10 um thick, formed on the surface, which consisted of e-Fe, ;N, y'-Fe, N, and
CrN. Two types of chromium nitride were precipitated by ammonia gas nitriding of the present
alloy: CrN in the external nitriding layer and Cr, N in the internal nitriding layer.

1. Introduction

Steels are usually strengthened by quenching, car-
burizing and quenching, or nitriding, etc. Ammonia
gas nitriding of steels forms nitrided layers at and
below the specimen surface. The thin external layer,
which consists of one or more iron nitrides, improves
both the wear and corrosion resistance of the alloy.
The alloy is further strengthened by the dissolution of
nitrogen and sometimes the precipitation of nitrides in
the thicker internal layer. Nitriding is thus usually
applied to the steels used for machine and automobile
parts.

Because the martensite start temperature, M, is
considerably lower than room temperature, it is not
normally possible to strengthen austenitic iron alloys
with high chromium content (for example, Fe-18Cr—
9Ni) by quenching. However, nitriding can be used to
strengthen these alloys because of the precipitation of
chromium nitride in the nitriding layer and the forma-
tion of iron nitrides on the specimen surface. In prac-
tice, these steels are gas nitrided at temperatures greater
than 873 K, although lower temperatures are desirable
in order to suppress plastic deformation due to residual
stress and to increase strength by the precipitation of
fine nitrides.

In the ammonia gas-nitriding of high chromium
iron alloys at temperatures below 873K, two prob-
lems exist: the difficulty of ammonia gas nitriding
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of these alloys, and the identification of chromium
nitride. In order to solve these problems, most inves-
tigators use acid solutions [1, 2]. Gas nitriding of AISI
316L alloy at 773 and 823K only resulted in the
formation of a thin nitriding layer, which was uneven
and not well defined. Moreover, the nitriding layer on
AISI 316L alloy at temperatures lower than 823 K had
poor- reproducibility [3]. The difficulty of nitriding
high chromium alloys at temperatures below 873K
may result from the existence of a layer of surface
oxides, especially chromium oxide. Although most
investigators used various acid solutions in order to
remove the oxide layer [1-3], the poor reproducibility
of a thin nitriding layer which was uneven and well
defined may be ascribed to the retained oxide. It is,
therefore, desirable to develop a process for removing
the chromium oxide layer on the surface of high chro-
mium alloys, including stainless steels. We show here
that even if an acid solution is used to remove the
oxide layer from high chromium specimens, the layer
reforms as soon as the specimen is exposed to air. If
the surface oxide layer can be prevented from reform-
ing, ammonia gas nitriding of high chromium alloys
may be achieved at temperatures below 8§73 K.
There have been numerous investigations into the
precipitation of chromium nitride; Cr,N precipitated
in Fe-18Cr-8Ni alloy [4], CrN in the y-phase matrix
and Cr, N with a-phase precipitated by ammonia gas
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nitriding of AIST 316L alloy in the temperature range
873 to 1073 K [3], CrN precipitated in the a-matrix by
an ammonia gas nitriding of Fe-14Cr at 1168 K [2]
and also by plasma nitriding of Fe-19Cr alloy at
803 K [5]. If a high chromium alloy can be nitrided
using ammonia gas at the low temperature of 823K,
it should be possible to identify whether the precipi-
tate is CrN or Cr, N in the nitriding layer and to be
then possible to make the mechanism for nitriding
these alloys using ammonia gas.

The grazing incidence X-ray diffraction technique
(GIXD)is used for analysing changes in structure with
distance from the surface when AISI 304L and 321
alloys are modified by ion implantation of nitrogen
[6]. Because it reveals the structure of extremely thin
layers, GIXD can be used to distinguish the changes
in phases formed at the surface.

To investigate the possibility of nitriding high chro-
mium alloys at temperatures below 873 K which, from
previous studies, is the lowest temperature for success-
ful gas nitriding of high chromium alloys, Fe-18Cr-9Ni
alloy, which is representative of austenitic stainless
steels, was nitrided using an in situ method of hydro-
gen annealing to remove the oxide layer. The micro-
structure was observed and the hardness measured,
and the nitrides examined using GIXD and conven-
tional X-ray diffraction (26-8 or Bragg-Brentano).

2. Material and experimental procedure
Fe-18Cr-9Ni alloy of chemical composition shown in
Table I, was cut into 10 x 15 x 5mm’ specimens.
These specimens were mechanically polished using a
buff with diamond paste, and the surface then cleaned
in acetone using an ultrasonic cleaner. The specimens
were first annealed in a low-pressure hydrogen atmos-
phere of 0.107kPa (0.8 Torr, measured by Pirani
gauge) at 1473 K for 3.6 ksec, followed by cooling to
room temperature under the same atmosphere. This
annealing was carried out in order to homogenize the
specimens and to remove the oxide layer on the speci-
men surface. The specimens were heated to the nitriding
temperature immediately after hydrogen annealing
and cooling, without being exposed to air at any time.
This was to prevent the formation of surface oxides.
Ammonia gas nitriding was carried out at 823K for
68.4ksec at a pressure of 0.1 MPa (760 Torr). The tem-
perature was controlled to within +2 K during anneal-
ing and nitriding.

The nitrided specimens were carefully cut into
halves parallel to one of their surfaces. Cross sections
were mechanically polished and etched in a corrosive
solution (5g FeCl, + 2ml HCl + 96ml C,H,OH).
The structure and the thickness of the nitriding layer
were then examined using an optical microscope
equipped with a micrometer. The hardness of the
cross-sections of the nitrided specimens and at the
surface was measured using a micro-Vickers hardness
tester.

TABLE 1 Chemical composition of the specimen used (wt %)

C Si Mn | S Cr Ni Cu
0.034 036 176 0.034 0.012 1800 923 0.7

Two different X-ray diffraction techniques, 26-8
and GIXD, were used to identify the nitrides that had
formed in the specimens. CoKu irradiation was used in
both cases. GIXD (Model 2655Al, Rigaku-denki Co.
Ltd., Tokyo) was used to identify those nitrides that
had formed at the specimen surface. Using this tech-
nique, X-ray diffraction is carried out at diffraction
angles of 10° to 100° and incident angles of & = 0.1°
to 2.0°. After being mechanically polished close to the
nitriding front, as shown later, the nitrided specimen
was examined using the 266 technique at angles of
from 40° to 120° to identify the nitride that had
formed in the internal nitriding layer.

3. Results and discussion

Fig. 1 shows the microstructure of the nitrided Fe-
18Cr-9Ni alloy. Two different nitriding layers are
distinguishable: an external nitriding layer (white
part) and an internal nitriding layer (grey part). The
external nitriding layer is defined as the region which
contains iron nitrides and nitrides of the alloying
elements (CrN in this study). The internal nitriding
layer is defined as the region containing nitrides of the
alloying elements (Cr,N in this study) but no iron
nitrides. This figure shows that the advance of the
nitriding front, F, and the interface, S™, are slightly
ragged in respect to the specimen surface, and that the
external nitriding layer grows to about 6 to 10 ym in
thickness. The external nitriding layer can be expected
to have the practical property of corrosion resistance
because it maintains metallic brightness after etching
using a corrosive solution.

Fig. 2 shows the hardness profile on the cross-
section of the nitrided alloy. Dashed lines in this figure
indicate the nitriding front as determined from micro-
structural observations. The hardness increases to
HV = 1000 to 1100 throughout the internal nitriding
layer, resulting mainly from the precipitation of chro-
mium nitride. The measured hardness in this alloy is
considerably higher than in other types of steel nitrided
by ammonia gas nitriding. For example, Nishigori [7]
showed that ammonia gas nitriding results in a hard-
ness of HV = 820 for nitrided Fe-4.95Cr alloy. The
difference in hardness between the present alloy and
Fe-4.95Cr alloy may be ascribed to differences in the
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Figure 1 Microstructure of the nitriding layer formed by ammonia
gas nitriding at 823 K for 68.4 ksec. $% is the specimen surface, S™
the interface between the external nitriding layer and the internal
nitriding layer, F the nitriding front, and F the thickness of the
internal nitriding layer.
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Figure 2 Hardness distribution over the cross-section of nitriding
layer formed by ammonia gas nitriding at 823 K for 68.4 ksec.

volume fraction, and the size and the kind of chro-
mium nitrides. The hardness profile in Fig. 2 can also
be expected to provide high wear resistance. Accord-
ingly, this in situ ammonia gas nitriding process
including preheating can be expected to give both high
corrosion resistance and wear resistance to the present
alloy.

Fig. 3 shows the GIXD patterns, (a) at the surface
of a specimen water quenched after nitriding and (b)
about 5 um beneath the specimen surface and corre-
sponding to the region near the interface, S™ in Fig. 1
between the external and internal nitriding layer. o in
this figure represents the incident angle of X-rays. As
the incident angle increases, the X-rays penetrate
deeper; that is, the results of GIXD make clear the

~change in structure with the depth of the external

nitriding layer. Because the volume fraction of each

phase is not clearly determined, it is difficult to deter-
mine the depth of X-ray penetration in specimens
consisting of multiple phases.

Fig. 3a shows that the iron nitrides and the chro-
mium nitride coexist at the surface with Fe;O, even at
incident angles of 0.1°. However, the volume fraction
of Fe,0, required from the ratio of the integral inten-
sity of X-rays shows the maximum value at the incident
angle of o = 0.2°. Assuming that it is completely
covered with Fe,O,, the X-ray absorption coefficient is
calculated as 224.1c¢cm™". The thickness of Fe,O, is
thus calculated from the X-ray penetration as 0.36 um
(see Appendix). At an incident angle of & = 2.0°, the

Intensity (arb. unit)

(a) Diffraction angle, 26(deg)

X-rays penetrate to a depth of 0.78 um if we assume
that the specimen surface consists of multiple phases
(mainly Fe,0,, y-Fe,N, and CrN) with a mean
absorption coefficient of 1960cm™" (see Appendix).
y'-Fe,N seems to have a superlattice structure, because
the peak of the (1 10) plane of y-Fe,N (d = 0.2684nm
[81) was detected at 20 = 38.9°. This is analogous to
the results of the superlattice structure at the external
nitriding layer of AISI 316L alloy nitrided at 873K on
the basis of the (100) plane spot in TEM observations
[3]. e-Fe, ;N may also be formed at the favourable
orientation of (002) at the specimen surface, if a peak
of 20 = 48.2° results from the (002) diffraction of
e-Fe, ;N as well as (111) of y-Fe,N. No austenitic
or ferritic phases were detected in surface layers of less
than about 1 ym.

In Fig. 3b, both austenitic (20 = 50.5°), y, and
ferritic phases (20 = 52.2°), v,, were identified about
5 um from the specimen surface at incident angles of
o = 1.0° though th  ustenitic phase is not observed
at an incident angle of & = 0.3°. This result indicates
that there was no austenitic phase in the external
nitriding layer. In the case of the alloy used in the
present study, the ferritic phase, 74, is well known to
be easily transformed from austenite by deformation
on mechanical elimination of the surface layer [9]. In
order to discuss the formation of y,4, the non-nitriding
specimen was analysed using X-ray diffraction after
solid solution treatment. No ferritic phase peak was
observed in specimens when the surface oxide layer
was chemically eliminated after solid solution treat-
ing. Therefore, the y, in Fig. 3b, may form as a result
of deformation-induced transformation of the aus-
tenitic phase due to mechanical polishing. Accordingly,
the austenitic phase exists at about 5 um beneath the
specimen surface, because Fig. 3b shows the GIXD
pattern of the inner region beneath about S um of the
specimen surface of (a). This corresponds to the inter-
face, S™ in Fig. 1. ,

Fig. 4 shows that three phases, 7, y4, and Cr, N, were
simultaneously detected in the internal nitriding layer
by 26-8 diffraction technique. The diffraction angle,
20, of the austenitic phase in the internal nitriding
layer shifted slightly to a higher angle with distance
from the interface. This X-ray diffraction peak shift is
related to the change of the lattice constant in the
austenite with the dissolved nitrogen content. This
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Figure 3 Grazin‘g incidence X-ray diffraction (CoKx) patterns for the water quenched specimen. (a) After ammonia gas nitriding at 823K
for 68.4 ksec at the specimen surface, and (b) inside the external nitriding layer within about 5 ym beneath the surface of (a). (a) y'-Fe,N,
(O) CrN, (@) austenite, (®) Fe;0,, and (J%) &-Fe,_;N, and v, ferrite transformed from austenite by induced deformation.
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Figure 4 X-ray diffraction (CoKa) pattern in the vicinity of the
nitriding front found by the 26-0 technique for the specimen
ammonia gas nitrided at 823K for 68.4 ksec. y, represents ferrite
transformed by deformation induced by austenite.

may indicate that the dissolved nitrogen decreases
with the increase in distance from the interface, S™ in
Fig. 1. CrN, which was detected in the surface region
(see Fig. 3), was not observed in the internal nitriding
layer.

There have been a number of investigations into the
precipitation of chromium nitrides. For example, Billon
and Hendry [3] found both CrN and Cr, N precipitates
in the internal nitriding layer by gas nitriding of AISI
316L austenitic stainless steel, and the presence of
Cr,N in a ferrite matrix. Mortimer et al. [2] showed
that with less than 20 wt % Cr, the stable phase is CrN;
with more than this critical content, Cr,N is always
formed at high temperatures and CrN at lower tem-
peratues. Nihira and Sasajima [10] described the
nitrides formed by ammonia gas nitriding at 823 K for
Fe-13Cr-C alloys as follows: the external nitriding
layer at the surface consisted of &-Fe, ;N, y'-Fe,N,
and CrN independent of carbon content, and the CtN
peak was identified in the internal nitriding layer with
a matrix of o—Fe and an iron carbide of Fe,C. In the
present study, however, CrN with y~Fe,N precipi-
tates in the external nitriding layer as shown in Fig. 3
and Cr,N with y in the internal nitriding layer as
shown in Fig. 4. This indicates that the total con-
centration of nitrogen is higher in the external nitrid-
ing layer (CrN) than in the internal layer (Cr,N).

Thus, the schematic construction of the nitriding
layers as summarily described above can be shown in
Fig. 5. The nitriding layer consists mainly of an exter-
nal nitriding layer and an internal nitriding layer. The
external nitriding layer is made up of a number of
characteristic layers; the first is a thin Fe,0O, layer, the
second consists of a small but favourably oriented
amount of e-Fe, ;N and y-Fe,N with the super-
lattice structure, and the third layer consists of y'-
Fe,N and CrN. This is followed by the internal nitrid-
ing layer, which consists of Cr,N and austenite.

Although CrN is the stable phase for Fe-Cr-N
alloys with less than 20wt % Cr in the temperature
range 773 to 1273 K [2], Cr,N was observed in the
internal nitriding layer of the present alloy. It is poss-
ible that the precipitation of Cr,N in the internal
nitriding layer is due to the external nitriding layer,
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Figure 5 The schematic illustration of the nitriding layer for Fe-
18Cr-9Ni alloy nitrided at 823K for 68.4 ksec in ammonia gas.

which consists of multiple phases, preventing an
adequate supply of nitrogen from being available for
the conversion of Cr,N to CrN.

4. Conclusions

To investigate the possibility of ammonia gas nitriding
and to determine the nitrides formed at low tempera-
tures below 873K, Fe-18Cr-9Ni alloy was nitrided
in ammonia gas at 823K after hydrogen annealing
at 1273 K. Microstructural observations, hardness
measurements and X-ray diffraction experiments were
conducted.

The main conclusions are as follows.

1. The reduction of surface oxides from the use of
low-pressure hydrogen gas in the in situ pretreatment
process makes the ammonia gas nitriding of Fe-18Cr-
9Ni alloy possible at 823 K.

2. The specimen surface is completely covered with
nitrides, consisting mainly of y'~Fe, N and CrN, which
form an external nitriding layer. This layer is not
etched by an acid solution of FeCl,, HCI, and C,H,OH.

3. Ammonia gas nitriding of Fe-18Cr-9Ni alloy
precipitates Cr,N in the internal nitriding layer,
throughout which the hardness is up to HV = 1000.

4. Water cooling after ammonia gas nitriding of
Fe~-18Cr-9Ni alloy results in the formation of iron
oxide (Fe;0,).
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Appendix [11]
We can calculate the X-ray penetration depth using
the following equation:

t = —In(l — y)/u,(1/sin a + 1/sin f) (A1)

where ¢ is the depth of X-ray penetration, y the per-
centage of the detectable decayed X-rays, u,, the mean
absorption coefficient of the X-rays, and « the grazing
incident angle of the X-ray. § has the following
relation between o and the diffraction angle, 8

f =

In the present study, where a number of phases
coexisted in the external nitriding layer, we first deter-
mined the volume fraction of each phase from the
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intensity of GIXD, and then calculated u,, using the
following relation

e = Pm Y, (Wlp)w (A3)

where p,, is the mean density, u the X-ray absorption
of each constitutional phase, p the density of each
constituent phase, and w the weight percentage of
each constituent phase. The integral intensity per unit
length of the diffracton, 7, can be acquired from

I = (,et/m*c*) (AP A[32nr) (1]27)

x [IFPp((1 + cos® 20)/sin? O cos 0) e /2]
(A4)

where I, is the intensity of the incident X-ray beam,
e the electronic charge, m the mass of electron, ¢
the velocity of light, 2 the wavelength of the inci-
dent X-rays, A the cross-section of the incident
X-ray beam, r the radius of the diffractometer, v the
volume of the unit cell, F the structure factor, p the
multiple factor, § the Bragg angle, e " the tempera-
ture factor, and u the X-ray absorption coefficient.
The volume fraction of each phase can be acquired
using Equation A4 when multiple phases coexist.
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Accordingly Equations Al to A4 give the X-ray pen-
etration depth.
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