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Effect of a plated Fe-Cr-Ni alloy layer for

rapid nitriding of invar
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The nitriding rate in a plated invar with an Fe-Ni—Cr alloy (face-centred cubic) layer were
compared by optical microscopy with the rate in an unplated invar. In the plated invar rapid
nitrogen diffusion was discovered. The plated layer plays a role in enhancing the nitriding rate.
The result gives a solution for an abnormal enhancement nitriding rate in austenitic stainless
steels. The enhancement is explained from the viewpoint of non-equilibrium thermodynamics.

1. Introduction

Abnormal enhancement nitriding rates in an austeni-
tic stainless steel were reported by Lebrun et al [1]
and later confirmed by Edenhofer [2]. They attributed
the phenomenon to a y— a transformation in the
nitrided layer. They considered that chromium as
alloying element reacted with nitrogen atoms to form
nitrides during the nitriding and the nitrided layer was
then changed to the Fe-Ni binary system containing
the nitrides with a-phase, and mentioned that the
a-phase brought about the enhancement of the nitri-
ding rate because the diffusion rate in a-phase is about
100 times greater than that in y-phase at 773 K [3]. In
1985 Billon and Hendry [4] postulated that an en-
hanced rate in AISI 316 stainless steel was a result of
microcracks formed in the nitrided layer. They men-
tioned the mechanism that these cracks allowed am-
monia gas into the nitrided layer, since nitrogen atoms
have a shorter diffusion path than the net nitrided
layer. That is, the enhancement of the rate was a
deceptive appearance. Today the cause of the phe-
nomenon has still not yet been clarified. Recent au-
thors have presented a model for understanding the
enhancement nitriding of austenitic stainless steels
[5, 6]. It is that the decomposition of a nitrogen-
supersaturated solid solution formed in SUS304-type
stainless steel (18Cr—8Ni steel) brings about the en-
hancement of the rate, and, after the decomposition,
this solid solution is recovered by new diffused ni-
trogen atoms which are supplied by the dissociation
of ammonia molecules at the surface of the steel. Re-
peating the decomposition and recovery, enhance-
ment will continue in the steel. If this model is correct
a thin austenite stainless steel layer plated on an alloy
(e.g. invar) will bring about an acceleration of nitrogen
diffusion, and this effect then ought to extend into the
core of the alloy. The aim of this investigation was to
verify this model experimentally.

2. Experimental
2.1. Preparation of specimens
An invar 22 mm in diameter (Ni 35.72%, Mn 0.57%,
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Si 0.14%, C 0.007%, Co 0.02% and Fe balance) was
used. After hydrogen-annealing at 1173 K for 7.2 ks,
discs of approximately 1 mm thickness were sliced out
as specimens. These were polished on metaliographic
paper to a fineness of 1000 and degreased as follows:
wiped with a cloth dipped in trichloroethane, washed
in this vapour and finally treated in an ultra-
supersonic bath with clean acetone. These discs were
immediately plated with Fe—Cr-Ni ternary alloy in a
plating bath according to the method of Takahashi
et al. [7]. After plating these specimens were annealed
again in hydrogen at 1423 K for 3.6 ks. The chemical
composition of the plating bath used and plating
conditions are shown in Table L.

Fig. 1 shows a typical scanning electron microscopy
(SEM) micrograph of the as-plated invar, together
with the line analysis image of Fe, Cr and Ni. Based on
Fig. 1, a 3 pm layer is formed on the invar. From
comparison of the count numbers of FeK,, CrK, and
NiK, X-rays between SUS304 steel and the plated
layer upon measurement under the same conditions, it
is shown that this layer consists of a composition near
that of SUS304 steel. Fig. 2 shows an X-ray diffraction
pattern of the layer plated on a low-carbon steel after
annealing at 1273 K for 3.6 ks in hydrogen. Clearly, an
austenitic phase is detected together with a-Fe. These
results show that the plated layer consists of an aus-
tenite stainless steel layer.

2.2. Nitriding

All specimens were nitrided in the temperature range
723-873 K for 3.6-25.2 ks in an ammonia gas atmo-
sphere after pretreatment by ammonium chloride va-
pour for surface activation of the alloy using a quartz
reaction tube 40 mm in diameter fitted in a vertical
electric furnace. The furnace temperature was con-
trolled by an automatic thermocontroller. The
temperature of the specimen was measured with a
calibrated chromel-alumel thermocouple next to the
specimen. After nitriding a section of the specimens
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TABLE I Composition of plating bath used and plating

conditions

Composition  (kmolm~™?  Conditions
CrCl, 0.50 Current density 2kAm™?
FeCl, 0.15 Bath temperature 293 K
NiCl, 0.15 pH 20
NH,CI 4.00 Plating time 180s
Layer plated
Base of invar Surface

Cr

/
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Figure | SEM micrograph of the Fe—Cr—Ni alloy plated invar with
line analysis profiles of FeK,, CrK  and NiK X-rays.
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Figure 3 Micrographs of (a and c) unplated invars and (b and d)
plated invars nitrided at 723 and 773K for 108 ks. (a and b)
Nitrided layers formed at 723 K, (c and d) those formed at 773 K.

treated metallographically was observed by optical
microscopy. A diluted marble reagent (25 ml saturated
aqueous CuSO, + 50 ml concentrated aqueous HCI)
with ethanol was used as etchant. X-ray diffraction
(XRD) analysis by use of a cobalt target was per-
formed.

3. Results

Fig. 3 shows the optical microstructures of the nitri-
ded specimens of the plated and unplated invar at 723
and 773 K for 10.8 ks, respectively. Fig. 3a and ¢
shows the nitrided structure of the unplated invar, and
Fig. 3b and d that of the plated invar. The nitrided
layer shown in a and b were formed at 723 K, and
those shown in ¢ and d at 773 K. These layers consist
of duplex layers. A primary layer is formed under the
alloy surface and a secondary layer is formed beneath
the primary layer. It is clearly shown that the thick-
ness of total nitrided layers formed in the plated invar
was thicker than that formed in the unplated invar. In
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Figure 2 XRD pattern obtained from an Fe—Cr-Ni layer plated on a low-carbon steel after hydrogen annealing at 1423 K for 3.6 ks.
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Figure 4 XRD patterns obtained from the surfaces of various invar specimens. (a) As-received invar, (b) hydrogen-annealed specimen of (a), (c)
nitrided specimen (b), (d) plated invar, (¢) hydrogen-annealed specimen of (d) and (f) nitrided specimen of (e).

the thickness of the secondary layer this contrast was
more clearly seen. Fig. 4a to f shows XRD patterns
obtained from the surface of various specimens.
Fig. 4a is a result obtained from the as-received invar.
An austenitic phase was detected. Fig. 4d was ob-
tained from a plated invar. An austenitic phase was
again detected but the diffracted X-rays were weak-
ened. Hydrogen annealing causes the appearance of
an austenitic phase as shown in Fig. 4e. The nitriding
causes two effects in both specimens, as shown in Fig.
4c and f; one is the formation of an y'-(Fe,N)-type
nitride and the other is a shift of the austenite peaks to
the lower-angle side of the 26 co-ordinate. In Fig. 4f
the peaks diffracted from the y'-(Fe,N) and the austen-
ite are broadened in width and shifted to the lower-
angle side more than the peaks shown in Fig. 4c. Thus,
y¥'-(Fe,N) and austenite phases were detected in Fig. 4f,
but no chromium nitrides (Cr,N and CrN) were detec-
ted. Other peaks in Fig. 4f may be from diffraction
from oxides formed by the cooling process.

Figs 5 and 6 show the change in the thickness of the
total nitrided layer, &, against the nitriding times, ¢, for
the plated and unplated invar in temperature range
723-873 K, respectively. Upon nitriding at 723 K for
25.2 ks, a layer of thickness 29 um is formed in the
plated invar whereas one of thickness only 18 um is
formed in the unplated invar. Layers 94 and 91 pm
thick are also formed in these specimens at 873 K for
25.2 ks, respectively. This result shows that the plated
layer on the invar has an acceleration effect for ni-
trogen diffusion in the alloy. This effect appears more
distinctly at low-temperature nitriding at 723 K.
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Figure 5 Total thickness of the nitrided layer versus nitriding times
for the plated invar nitrided at 723-873 K in ammonia: (@) 723,
(O) 773, (M) 823 and () 873 K.

Fig. 7 shows the change in the total thickness of the
nitrided layer plotted against the square root of the
nitriding times, ¢'/2, for both specimens. In the figure
two different types of parabolic rate mechanism are
shown for both specimens at times < 10.8 and
> 10.8ks. At > 10.8 ks both rates are decreased.
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Figure 6 Total thickness of the nitrided layer versus nitriding times
for the unplated invar nitrided at 723-873 K in ammonia: (@) 723,
(O) 773, ([d) 823 and (O) 873 K.
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Figure 7 Total thickness of the nitrided layer versus square root of
nitriding times for (@) the unplated and (O) the plated invar which
were nitrided at 723 K for 3.6-25.2 ks in ammonia.

Similar decreasing have been reported in the nitriding
of some austenitic stainless steels [8, 9], but no reasons
have been given for the decrease. In this work the
acceleration of nitrogen diffusion in the plated invar
was discovered, and this result gives an understanding
of the abnormal enhancement nitriding rate in austen-
itic stainless steels from that based on the presented
model described previously.

4. Discussion
Symbolizing by D}, and DXy the diffusion coeffi-
cients of nitrogen in a plated layer and bulk of invar,
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respectively, and by &p p and &y the thickness of
the nitrided layer formed in a plated and unplated
specimen under the same conditions, respectively,
D31 > Dy naturally brings the result Ep > Enys
but a difference of AE ( = &p r — Einy) Will always be
less than the thickness of the plated layer. Only when
Dpir = oo will A be able to have the same thickness
as the plated layer, because the delay of nitrogen
diffusion in the layer becomes zero. However, there
will be no such case in actuality. On the other hand,
when AE has a greater width than the thickness of the
layer (for example, the result shown in Fig. 7), it is
suggested that an immediate cause for the effect exists
in the plated layer. Recently the formation of a very
high nitrogen content layer, which contained as much
as 33-38 at% nitrogen, was reported in the low-
temperature nitriding of austenitic stainless steels
[S, 6, 10]. With respect to the layer, it was established
by thermogravimetry and gas chromatography that
this layer discharged a considerable amount of ni-
trogen gas at a temperature of approximately 673 K,
and by X-ray diffractometry that the layer decomp-
osed into CrN and y-(Fe,Ni),N phases [6]. Under
nitriding, repeating the decomposition and recovery of
the nitrogen-supersaturated solid solution in the
plated layer as described previously, the free energy of
the decomposition will bring about local temperature
rises in the nitrided layer. If there is some coprecipita-
ted nitrogen atoms which are discharged as nitrogen
gas, as noted above, a portion of the free energy will
contribute to the activation of these atoms. This mech-
anism will turn the atoms into an abnormal super-
saturated state, because CrN and y-(Fe,Ni),N phases
hardly solute the nitrogen atoms. Under such abnor-
mal conditions these atoms will be carried into a very
high entropy level with some disturbances (precipi-
tation, local temperature rises, lattice distortion, etc.).
This condition is a particular state in comparison with
the general diffusion control system for interstitial
atoms. Based on nomn-equilibrium thermodynamics
theory, all disturbances that are brought about by
irreversible processes always accompany entropy pro-
duction [11, 12]. It is possible to add the entropy to
the term of activation entropy in the Arrhenius equa-
tion for the diffusion process. In the following section
the enhancement of the interstitial diffusion is dis-
cussed from viewpoint of the activation entropy rising.

4.1. Entropy production and activation
entropy for diffusion

Based on Wert and Zener [13], the relationship be-

tween the diffusion coefficient and temperature for the

soluted atoms in the solid metals is given by

D = naa’vexp(AS/R)exp( — AH/RT) (1)

where n and a are constants determined by the given
lattice, a is the lattice constant, v is the frequency of
thermal vibration of the solute atoms in the interstitial
positions, R is the gas constant, and AS and AH
denote the activation entropy and enthalpy for the
diffusion, respectively. In a given crystal lattice n, o, a
and AH are constants and these are hardly influenced



by chemical reactions such as precipitation in the
nitrided layer. AS and v are generally treated as
constants in a narrow temperature range. However
they will be influenced by the reaction as noted above.
In the nitriding of the austenitic stainless steels, the
nitrogen diffusion coefficient in the steels, DY 5, was
estimated to be a factor of about 100 higher than in
y-iron [3, 4]. In this diffusion process, supposing v to
be hardly influenced by the reaction, the increase of
D% ys depends on the increase of AS.

In the nitriding of the invar, the following equation
can be applied for the growth of the nitrided layer on
the basis of Equation 1:

Dixzv = Aexp(ASscr/R)exp(— AH/RT) (2)

where DNy is the nitrogen diffusion coefficient in the
nitrided layer formed in the invar and AS,¢; is the
activation entropy for nitrogen diffusion in the layer.
The term A is the product of n, o, a and v. Equation 2
can also be applied to the growth of the secondary
layer in the unplated invar as shown in Fig. 3a and c,
but cannot be applied to the growth of the layers of the
plated invar as also shown in Fig. 3b and d. Because
the layers in Fig. 3b and d are thicker than in Fig. 3a
and ¢, for such a growth mechanism of the layer in the
plated invar, adding the entropy production, ASpge, to
AS or in Equation 2, gives

Dt = Aexp[(ASacr + ASpro)/RIexp(— AH/RT)
(3)

where D} 1 is the nitrogen diffusion coefficient in the
plated invar. ASpgo being estimated from all disturb-
ances taking place in the plated layer under nitriding
as mentioned previously. It is therefore considered
that Equation 3 can be applied for the nitriding of the
plated invar. In the carburizing of steels the depth of
the carburized layer, &, is generally estimated from
14, 15]

£ = 4D )

where D is the diffusion coeflicient of carbon in the
carburized layer.

A similar relationship can be applied for the nitri-
ding process in this experiment. Then

Eivv

Efur
are introduced. From these relationships a rough

estimate for ASpg from the measurement of &y and
Eprr is made as follows:

Er/Cinv: = 4DpLrt/4Dinvt
= DgLT/ D ﬁ]w ()
Substituting Equations 2 and 3 into D}y and D§; 1
(Epr/Einv)’ = exp[(ASacr + ASpro)/R)1/
eXp(AScr/R) = exp(ASpro/R) ®)

= 4Dyt )

= 4Dyt (6)

therefore

ASpro = 2RIn(Epr1/Env) 9

Now, denoting the average thickness of the secondary
layer formed in the plated and unplated invar as &p; ¢
and vy, respectively, at 723 K &ppr = 10.8 um and
Env = 6.4 um are obtained from Fig. 2. At 773K
Epir = 26.9 um and &y = 20.0 um are also obtained.
Substituting these values into Equation 9, ASgz,, are
calculated as approximately 2.1 cal deg™! mol~! at
723 K and 1.1 cal deg” ! mol ! at 773 K.

In the above treatment, although the increase in v is
omitted, all disturbances induced by the chemical
reaction in the nitrided layer are included in ASpze.

Guiraldeng [16] enumerated some forced diffusions
and interpreted them briefly. These are enhanced by
an influence of the electric field, a temperature and
chemical potential gradient, etc. In contrast with these
factors the enhancement of nitrogen diffusion ob-
served in the present experimental results is clearly
taking place due to a new factor; that is, an effect of the
plated layer. Furthermore, there is no paper on the
effect that a plated layer on metals and alloys plays a
role in the acceleration of the interstitial diffusion of
atoms (e.g. nitrogen and carbon). It is therefore con-
cluded that the abnormal enhancement of nitriding
rate in austenitic stainless steels is also taking place
because of the same factor. Furthermore, it is evalu-
ated that nitrogen diffusion rates in these stainless
steels are too fast in comparison with the enhanced
rate by the enumerated factors [16]. From these view-
points, this phenomenon must be classified as a new
kind of enhancement diffusion.

5. Conclusion

In nitriding of plated invar with an Fe—Cr-Ni alloy
(fcc) layer, an acceleration of nitrogen diffusion
was observed. This verifies the model that a cyclic
mechanism of formation and decomposition of the
nitrogen-supersaturated solid solution in the austen-
itic stainless steels brings about the abnormal en-
hancement nitriding rate. Furthermore, no papers
have been published on the phenomenon of nitrogen
diffusion in an alloy being accelerated by such a plated
layer. This phenomenon must be classified as a new
kind of enhancement diffusion and must be explained
on the basis of the theory of non-equilibrium thermo-
dynamics. In the theory, this phenomenon can be
discussed from the concept of entropy production, and
the contribution of the entropy for the acceleration of
nitrogen diffusion in a plated invar can be estimated
experimentally to make a comparison between the
thickness of the nitrided layers formed in the plated
and unplated invar. The approximate values of the
entropy production at two temperatures were calcu-
lated in this paper.

Acknowledgements

The authors thank Sanwa Co. Ltd for a gift of invar
and Mr Y. Miyamoto (Superior Technician, Faculty
of Engineering, Tokai University) for the SEM tech-
nique, and Mr S. Suzuki (Mitubishi Seikoh Co. Ltd)
for the chemical analysis of the invar.

3465



References

1.

J.-P. LEBRUN, H. MICHEL and M. GANTOIS, Mém. Sci.
Rev. Métall. 69 (1972) 727.

B. EDENHOFER, Hdrterei-tech. Mitt. 30 (1975) 204.

P. GRIEVESON and E. T. TURKDOGAN, Trans. AIME
230 (1940) 407.

B. BILLON and A. HENDRY, Surf. Engng 1 (1985) 114.

K. GEMMA and M. KAWAKAMI, J. Jpn. Inst. Metals 52
(1988) 701.

Idem, High Temp. Mater. Processes 8 (1989) 205.

T. TAKAHASHI, K. SUGIYAMA and K. HAYAKAWA,
J. Electrochem. Soc. 34 (1966) 153.

S. KIYOOKA and T. HOMMA, Netsu Shori 14 (1974) 33.
B. BILLON and A. HENDRY, Surf. Engng 1 (1985) 125.
S.-P. HANNULA, P. NENONEN and J. MOLARIUS, in
“High nitrogen steels” (1989) p. 266.

I. PRIGOGINE and R. DEFAY, in “Thermodynamique

3466

12.

13.
14,
15.

16.

chimique”, transl. by M. Senoo (Misuzu Shobo, Japan, 1966)
p. 38.

P. GLANSDORFF and I. PRIGOGINE, in “Thermodyn-
amic theory of structure, stability and fluctuations”, transl. by
G. Matsumoto and K. Takeyama (Misuzu Shobo, Japan,
1977) p. 16.

C. WERT and C. ZENER, Phys. Rev. 76 (1949) 1169.

C. WAGNER, J. Electrochem. Soc. 99 (1952) 369.

P. GUIRALDENQ, “Diffusion dans les métaux”, transl. by
K. Hirano and T. Okada (Kyoritsushuppan, Japan, 1984)
p. 110.

Idem, ibid. p. 39.

Received 5 July 1990
and accepted 12 September 1991



