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Stainless steel (SS 302) and high carbon steel (HCS) substrates were nitrided in a pot type
arc plasma furnace in the temperature range 1100-1200 °C under different gas (Ar, N, H,)
mixture configurations for twenty minutes each. The nitrided surfaces were characterized
by XRD, SEM, metallography and microhardness. Depth of the nitride layer grown was
found between 40 to 50 um. Microhardness for SS 302 was observed to increase by about
three to four times but for HCS the increase was not more than two times. The major
compound phases to grow by this method were indentified to be Fe,_3N(¢), (Cr, Fe)N_x
and CrN in case of SS 302 whereas for HCS the phases were recognised as Fe,_3N(e),
(Cr,Fe)N1_x, FeoN(&) and WN. Further details about the experiment and characterization of
arc plasma nitrided steel are reported and discussed in this paper. © 2000 Kluwer
Academic Publishers

1. Introduction In the present work we have made an attempt to nitride
Nitriding, basically a surface hardening process, proiwo widely used engineering materials, namely, stain-
duces improvements in wear and corrosion resistancdess steel (SS 302) and high carbon steel (HCS) in a pot
hardness and fatigue lifetimes of metals. Thus, irortype arc plasma furnace under different gas mixtures
and steel components, particularly engineering comeonsisting of Ar, N and H. The nitrided samples have
ponents, are often nitrided to prevent their prematurdeen characterized by X-ray diffraction (XRD), met-
failure due to progressive decay of surface materialgillography, scanning electron microscopy (SEM) and
by erosion, abrasion, corrosion etc. under extreme dutgnicrohardness and the results are discussed to throw
conditions. some light on high temperature nitriding phenomenon.
The conventional nitriding processes adopted in in-
dustry use either cyanide-cyanate fused salt bath or
gases like M or NHjz for obtaining case depth of var- 2. Experimental
ious thicknesses (usually less than 0.5 mm). Due td'he nitriding substrates were taken in the form of cir-
the toxicity involved in cyanide-cyanate salt, its han-cular discs (25 mm dia, 3 mm thickness) for SS 302
dling in industrial scale poses a major problem. Gasand square plates (2212 x 3 mm) for high carbon
nitriding, on the other hand, requires relatively moresteel. The surfaces of the substrates were mechanically
time (usually in the range of several hours) for devel-ground and polished first by silicon carbide paper (120,
oping desired case depth. With a view to overcoming320, 400 & 600 grit) and then by alumina slurry (1.0,
the drawbacks highlighted above, plasma nitriding ha®.05 & 0.03.m grade) to yield a mirror finish. The
now come to centre-stage in industrial nitriding pro-compositions of SS 302 and HCS are given in Table I.
cess. Besides being a clean and non-toxic process thatThe plasma nitriding furnace (Fig.1) is a vertical pot
involves considerably less nitriding time, a close con-furnace indigenously designed and developed by the
trol over the nature and structure of the nitrided layerSpecial Materials Division of Regional Research Labo-
is possible in plasma process [1-6]. The white brittleratory, Bhubaneswar. The furnace has provision to work
layer grown in all conventional nitriding processes doedoth in transferred and non-transferred arc mode. Ni-
not appear in the plasma process. This is a significarnttiding of substrate surfaces was carried out in the non-
advantage as the need to machine steel componentstiransferred mode in order to avoid melting of substrate.
order to remove the white layer is avoided. The hearth of the furnace constitutes of a salamander
Though most commercial plasma nitriding reactors(clay bonded SiC) crucible insulated by bubble alu-
presently in operation use low pressure dc glow dismina. Another crucible made of graphite is fixed at the
charge plasma [7], interests have also grown in recententre of the hearth and rests on a magnesia block at
times in arc plasma nitriding [8] due to the following the bottom. The graphite crucible is laterally supported
advantages: a) faster diffusion and reaction kinetics oby a plurality of graphite rods (four numbers) which
the activated species on substrate surface, b) higher dealso act as electrical feed throughs. Graphite wool is
sity of reactive species and c) reduced processing timdilled into the intervening space of the hearth to provide
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TABLE | Composition of SS 302 and HCS (wt %) TABLE 11 Typical phases identified by XRD in SS 302 substrate
surface after exposure to different plasmas

SS 302 HCS
Substrate Phase
C 0.08-0.20 0.65-0.80 temperature
Cr 17.00-19.00 3.75-4.50 Plasma {©) Major Minor
Mn 2.00 —
Ni 8.00-10.00 — — Roomtemp. Austenite SS  —
w — 17.25-18.75 Ar 1205 Austenite SS  KE®3 (maghemite-Q)
\% — 0.90-1.30 (vol. flow Fe 03 (hematite)
Mo — 0.70 1 I/min) FesO4 (magnetite)
Fe Balance Balance Fer_3N(e)
Ar-No
Ratio1:3 1150 Fe 3N(e) Fe,O3 (maghemite-Q)
byvol.1:4 1120 (Cr,FeN1_x Fe O3 (hematite)
flow1:5 1075 CrN
in I/min)
Ar-No-H»
Ratiol:1:3 1185 Fe_3N(¢) Fe,O3 (maghemite-Q)
by vol. flow (Cr,Fe)N;_x  Fe03 (hematite)
(in I/min) CrN

TABLE Ill Typical phases identified by XRD in HCS substrate sur-
face after exposure to different plasmas

Substrate Phase
temperature
Plasma {C) Major Minor

— Room temp. Austenite HCS —

——— Ar 1195 Austenite HCS Rz (maghemite-Q)
(vol. flow Fe, O3 (hematite)
Figure 1 Schematic diagram of arc plasma nitriding furnace. (1) Rack L /min) Fe-3N(e)

and pinion, (2) electrode holder with water cooling, (3) gas exhaustAr"f|2 )
outlet, (4) alumina bush with graphite sleeve, (5) viewing port, (6) waterRatio 1:3 1145 FEN(£) Fe03 (maghemite-Q)

cooled steel cover, (7) salamander hearth, (8) graphite electrode, (gy Vol 1:4 1125 (Cr,FeN1_x  Fe0s (hematite)
bubble alumina, (10) water cooled steel casing, (11) graphite cruciblellOW 1:5 1085 Fe sN(e), WN  W2N
(12) graphite wool, (13) water cooled graphite electrode, (14) plasma!" I/min)
(15) nitriding substrate, (16) graphite block, (17) magnesia block, (18)"”"?'2"'|2 .
alumina block, (19) supporting structure. Ratiol:1:3 1180 Fe_3N(e) Fe;03 (maghemite-Q)
by vol. flow (Cr, Fe)N1_x Fe, O3 (hematite)
(in I/min) Fe:N, WN

insulation. The inner vertical wall of the graphite cru-

cible is coated with magnesia to prevent side arcing . i ]
and reduce carbon contamination. A graphite electrod@ Monoatomic gas, it forms plasma at lower electrical
is vertically introduced into the graphite crucible from €xcitation potential and thus maintains a stable plasma
the top end to serve as cathode. The cathode has Yrhile plasma nltrldlng is .carrled out. Being inert, ar-
axial hole to pass plasmagen gas (A, Ny) into the 90N also prevents ox@atl(_)n o_f substrate and does not
arc zone which is formed between the base of graphit@ffect the nitriding action in nitrogenous plasma. Hy-
crucible and the top electrode. The graphite rods in latdrogen has been added in the gas mixture at the ratio
eral configuration are normally kept at fixed positionsN2:Hz = 1:3 in order to form ammonia plasma. The

while the top electrode is attached to a rack and piniorfollowing experimental conditions were maintained for
arrangement to provide upward and downward movePlasma nitriding.

ment, thus changing the arc length as desired fromtime 5 length - 1.0-1.5cm
to time. The outer ends of the graphite supportrodsand A, voltage . 40-50 V

the cathode were water cooled through copper holders. A - rrent . 130-160 A
Exhaust gases and vapours are released through an out-  55¢ flow rate - 0.5-1.5 l/min
let provided at the top end of the furnace. The cathode Plasma exposure time . 20 min

and the feed throughs were connected to the negative  pistance of arc

and positive polarity of a 35 KW power supply respec- centreline to the sample : 3.5 cm

tively. Further details of the furnace are illustrated in
the diagram shown in Fig. 1. The arc length as above was maintained to pro-
The finely polished substrates were kept verticallyduce relatively lower crucible wall temperature so
by supporting against the magnesia coated wall of th¢hat the substrates would not melt at the time of ni-
graphite crucible. The substrates were treated with thretiding. The temperatures of the nitriding substrates
types of plasma: (a) argon (b) argémitrogen (c) were measured by focussing a Minolta IR pyrom-
argon+ nitrogen+ hydrogen. The details of gas com- eter on the substrate surfaces through the viewing
positions are shown in Table Il and Ill. As argon is port provided on the top case of the furnace. X-ray
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diffraction patterns of nitrided substrates were recordedhe major phase after treatment with the first kind of
by using an automatic Philips X-ray diffractometer plasma i.e. argon plasma. Minor amounts of different
(APD1710) having Bragg-Brentanno parafocussing geiron oxides along with the presence of a small amount
ometry with vertical goniometer having attachmentsof mixed nitride phase kRe3N are identified even if in-
like autodivergence, receiving and scatter slits ancert gas (argon) plasma medium was maintained. Three
curved graphite monochromator. The diffractometerdifferent ratios of Arand Mwere maintained in the sec-
was calibrated using SRM 640A silicon powder as anond kind of plasma (Ar-B). Besides FgN and CrN,
external standard. The identification of phases was pemixed nitride of Fe and (Cr-Fe) are observed to oc-
formed using Hanawalt’s search-match method. Theur as major phases and no austenite phase is seen to
surface microstructures of the substrates were viewedive any reflection. Two oxides such as maghemite and
under a Leitz optical microscope and Jeol 35 CFhematite are still marked to appear as minor phases.
scanning electron microscope. Vicker's microhardnessn the third kind of plasma i.e. ammonia plasma, ex-
numbers of nitride grains were determined by a Leitz-cept for the absence of g, the occurence of major
Wetzlar hardness tester at 100 g load using a diamonand minor phases are seen to be almost similar to that
indentor. of Ar-N, plasma case. The typical phases observed in
case of HCS are summarized in Table 1l which shows
the total disappearance of austenite reflection after ni-
3. Results tridation and the occurence of major relections due to
The ion temperature (or plasma temperature) measuréesN, Fe&N, WN and mixed phases of EgN, (Cr-
ment in thermal plasma is quite crucial in nitriding ex- FepN;_x after treatment in either Ar-Nor Ar-N3-H>
periments. Our pyrometer measurement shows that th@lasma. Hematite and maghemite are seen to occur as
substrate temperature does not exceed 20 any  minor phases along with B and WN in some cases.
case. The exacttemperatures determined from our me&urprisingly no reflection due to any carbide or carbo-
surements are shown in Tables Il and Ill. The XRD re-nitride is marked in any XRD of HCS.
sults of un-nitrided and arc plasma nitrided SS 302 and Fig. 2a and b and Fig. 3a and b exhibit optical mi-
HCS substrates are also summarized in these Tablestographs of the surface microstructures of SS 302 and
In the case of SS 302, the austenite phase remains &CS surfaces respectively in un-nitrided and nitrided

15KU X10000 3450 1,80 RSICS
c)

Figure 2 (a) Optical micrograph of un-nitrided SS 302 surface, magnx5@D) Optical micrograph of plasma (Ar:NH; =1:1:3)nitrided SS
302 surface, magn. 560 (c) SEM micrograph of un-nitrided SS 302 surface, magn. 16008) SEM micrograph of plasma (Ar:NH;=1:1:3)
nitrided SS 302 surface, magn. 10,600
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Figure 3 (a) Optical micrograph of un-nitrided HCS surface, magn.>60(b) Optical micrograph of plasma (Ar :NH, =1:1:3)nitrided HCS
surface, magn. 500. (c) SEM micrograph of un-nitrided HCS surface, magn. 200@) SEM micrograph of plasma (Ar:NHy =1:1: 3)nitrided
HCS surface, magn. 10,000

178U RSICS

conditions. The grain morphologies of SS 302 andTABLE IV Micro-hardness of SS 302 and HCS substrates before and
HCS after nitridation look similar to 500 magnifi- ~ after plasma nitriding

cation. It was also observed that change of plasma Micro-hardnesy  (HVN) (100 g load)
from Ar-N,-H, to Ar-N, does not change the grain Experimental condition ~ SS 302 HCS
morphologies. SEM studies of the above samples reveat :

the microstructures of the surfaces in Fig. 2cand d and ~ No treatmentwithany 234 391

. . . . ope " plasma
Fig. 3c and d in more detail at higher magnificationand, 1.2~ 1 ith Ar 206 450

corroborate the results obtained in optical microscopy.  pjasma

At 10,000x magnification the spheroidised nitrided 111 Treated with Ar-Nb 914 772
surface grains of SS 302 are clearly seen in (SEM)  plasma(1:5)
micrograph shown in Fig. 2d vis-a-vis un-nitrided sur- 'V ;Z::g‘: Z"_'tlhl’;;'NZ'Hz 872 694

face grain morphology in Fig. 2c which is marked with
some unpolished micro-ridges. The SEM microstruc-eayerage of five different readings taken over the central area of the
tures of HCS observed at two different magnificationssurface of the specimens.

are compared in Fig. 3c and d. The morphology of the

surface structure [Fig. 3d] appears to have some resengﬁan that of SS 302 in un-nitrided condition but after

blance with sorbite like pearlite structure which could = <" ™" D
have grown on substrate surface due to carbon conta litridation SS 302 exhibits higher hardness than HCS.
he hardness for SS 302 increases three to four times

ination from graphite electrode. By viewing the cross- o T ) .
section of the substrate through SEM the thickness offlter &rC plasma nitriding while in HCS it does not in-

nitride layer on SS 302 and HCS substrates was detefr€2se more than two times.
mined and it was found to lie between 40—t for
both SS 302 and HCS.
The microhardness results of the nitrided and un4. Discussion
nitrided SS 302 and HCS substrates are shown ifn thermal plasma which is produced at®1Pa and
Table IV. The hardness of HCS is found to be moreabove pressure in a furnace, the ion density is very high
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(>10* per cn?). No direct method other than the pyro- in various phases gives minor reflections in case of all
metric (spectrometric) method would work in this rangeplasma treated samples. This may be ascribed to the
due to an inherent limitation of each technique used fopresence of oxygen in plasmagen gas used and resid-
temperature measurement and also for limitation posedal oxygen in the furnace due its semi-open structure.
by the structure of a furnace. The pyrometric techniquel he occurence of BesN(e) as a minor phase for the
used by us to monitor the surface temperature of SS 30gase of Ar plasma treated SS and HCS samples may
and HCS samples is basically an IR spectrometric techalso be attributed to the semi-open nature of furnace
nique operating in the wavelength range of 0.8+iml. ~ Where N from residual air causes the formation of the
While calibrating the pyrometer we have observed thafnost common nitride phase. It is quite surprising that
it records more accurate result if the plasma was mono carbide reflection due to Fe and W are observed in
mentarily extinguished in the furnace at the time of fo-XRD in case of plasma treated HCS samples in spite
cussing the pyrometer on the substrate. Hence in all of their strong chemical affinity with carbon. Similarly
arc plasma nitriding experiments such procedure wagny hitride phase containing Ni is also found missing
followed to determine the temperatures as given in Tafor the case of plasma treated SS 302 samples due to
bles Il and IIl. The substrate temperature is seen to diffeptronger affinity of Fe for N than Ni for N. Such a view

by 5-10°C from SS 302 to HCS which could be due has been recently experimentally confirmed by Ima and
to absence of exact data on emissivity () for these tw@thers [12]in case ofionimplanted Nie bilayer where
materials. In our measurement we have taier0.28  XRD and TEM identified the formation of BexN in

for both SS 302 and HCS. The substrate temperaturéhe lower Fe layer.
is also seen to vary from Ar to Ar-Nto Ar-N,-H, Visual observation of the arc plasma nitrided SS 302

plasma under similar current-voltage condition whichand HCS samples reveals the surfaces to be smooth but

may be attributed to the lower heat capacity of Ap € dotted with few uneven or rough spots like the hot spots
20.72 InT! K-1) and higher enthalpy of hydrogen.  in dc glow discharge plasma nitriding. As we have pre-
Traditional industrial nitriding process of steel sur- pared the samples in the non-transferred mode of arc
faces is carried out either by,Nr NH; gas nitriding ~ plasma and the arc length was small (1.0-1.5 cm) com-
process in the temperature range 450-85@r by a  pared to the distance between nitriding specimens and
cyanide-cyanate salt bath between 800-35(Plasma  arc zone {3 cm), the possibility of hot spot formation
nitriding processes recently adopted to surface engidue to side arcing is remote. However, since nitrid-
neering industries of steel components hardly exceethd was carried out in a graphite arc plasma, carbon
600-650°C substrate temperature in dc glow discharge(vapours) emanating from the arc might have caused
method in order to avoid distortion and drop in struc-some localised rough spots on the substrate surface
tural hardness of steel. In literature [7—9, 24] uptill now by mechanical adhesion and/or diffusion. Surface mor-
no attempt seems to have been made to nitride ste@hology of the nitrided and un-nitrided samples viewed
substrates in an unusual high temperature range, 1100der an optical microscope is shown in Figs 2a, b
1200°C. The case depth or nitride layer thickness inand 3a, b and reveals the typical microstructures of SS
both SS 302 and HCS observed by us (in SEM) are302 and HCS surfaces respectively. The morphology
found to be of the order of 40-50m in just 20 min IS seen to be similar to the observation of Coekel
time of exposure which is unusually high. The thick- [13] for the case of SS samples nitrided by rf plasma
ness, however, is found to be quite smaller than thé80 MHz, 1.6 Torr) and identified as due toFeN(e)
value (1.15 mm) calculated on the basis of activatioriPhase produced after 15 min of plasma treatment in a
energy 1.45 eV/atom (in austenite stainless steel (fcc)} : 3 N2 1 Hz plasma. Tosic and Gligorijevic [14] also
fitted by Williomsonet al. [10] from a wide range of reported the growth of a kesN(e) layer by dc glow
plasma nitrided and ion beam implanted samples in théischarge plasma (80%2N20% H,) exhibiting sur-
temperature range 350-45C. With addition of b~ face morphology like ours for the case of 42 CrMO4
in Ar-N, plasma, the growth rate of nitride layer was Steel components. The fact that surface morphology of
not found to change which is similar to the findings of Only F&_3N(¢) phase is observed by us in optical mi-
Reneviefet al. [11] in case of low pressure arc plasma. croscope suggests that other major phases such as (Cr,
In view of high growth rate in the arc plasma nitriding, FEeN1-x, CrN, FeN etc. (identified in XRD) do not

the process is quite amenable to industrial nitriding oflie in the top surface, rather they grow belowsE¢N(¢)
SS and HCS. layer. The SEM pictures taken at higher magnifications

XRD results shown in Table Il and Il reveal the show the surfaces and grains of un-nitrided and nitrided
various phases identified in SS 302 and HCS surfaceSS 302 and HCS in Figs 2¢, d and 3c, d respectively. The
without and with plasma treatment. WhileFgN(¢)  Spheroidised nitride grain structures of SS 302 vis-a-vis
and (Cr, Fe)N;_, have been found to be the two com- un-nitrided SS 302 surface morphology characterised
mon major phases to grow after AMnd Ar-N,-H, ~ With micro-ridges have been compared in Fig. 2d and
plasma treatment on SS 302 and HCS surfaces, auste®-The microstructures of HCS with and without nitrid-
ite SS and HCS are the phases that grow after Ar plasmi#g shown in Fig. 3d and c clearly distinguish between
treatment. The spectacular difference one can mar@rains of nitride (resembling sorbite like pearlite) and
between SS 302 and HCS is that CrN appears as austenite.
new major phase in the SS but in HCS it is totally ab- Microhardnessis anindexto ascertain the presence of

sent. WN and FeN(¢) are seen to occur as the other hard phase like carbide, nitride etc. in any surface. The
major phases in the HCS. It is observed that iron oxidgesults of Vicker's microhardness tests conducted onthe
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un-nitrided and arc plasma nitrided samples are shownf N—. The data may not exactly predict the situation
in Table IV. The hardness values have been determineigh the nitrogen plasma furnace used in our case but
on40-5Qum nitride layer thickness. The Vicker's hard- certainly gives some idea about the species participating
ness number increases up to a maximum of 914 fomore in the nitriding process. In the light of the above
SS 302 and 772 for HCS from respective initial val- logic one could infer that excitedNind atomic N play
ues of 234 and 391 for un-nitrided samples and thea dominant role in arc plasma nitriding.

highest hardness is achieved in case of Argisma

at Ar: N, =1:5 which suggests a diffusion controlled

process to operate. This view appears to be tenable in

view of the relatively low hardness value attained in ours, Conclusion

nitrided SS 302 and HCS samples indicating the abarc plasma nitriding of SS 302 and HCS surfaces car-
sence of FgN(y") phase (5.7—6.1% N) which produces ried out in the high temperature range 11001200
high hardness due to its cubic lattice. The XRD resultsproduces Fe 3N(e) and mixture of other nitride phases
(Tables Iland I11) and surface morphology observed un-along with small amounts of oxides of iron. The cubic
der microscope (Figs 2 and 3) (reveabEN (¢) grows  phase [FgN(y’)] which produces highest hardness in
on the surface layer followed by other phase growthsron is not marked to grow in this process. High growth
in the underlying layer) also corroborate the above dif-rate of the nitride layer (40-50m in 20 min) coupled
fusion controlled nitriding process. As shown in Table with lesser high hardness value of the nitrided grains
II'and Il the ar plasma nitriding has been carried outsuggests an accelerated rate of nitrogen diffusion tak-
in an unusual high temperature range 1100-IZD  ing place in the softened surface of steel at high tem-
which SS 302 and HCS lattice would soften and allowperature. Excited Nand atomic N seem to dominate
more inter atomic and interstitial diffusion of nitrogen. in the arc plasma nitriding process. The process being
It may thus be reasoned out that the appearance of highmenable can be easily extended to plasma flame ni-
nitrogen phase such as#e(11.35% N), Fe_sN (8-  triding using an arc plasma torch to provide erosion and

11.2% N), WN, CrN etc. as major phases and growth otorrosion resistant nitride coating at typical location of
high thickness case (40-%0n) in 20 min are caused |arge structure components for long service life.

due to enhanced nitrogen diffusion.
In the nitriding process a major controversy as to
the nature of nitrogen species diffusing into iron still

remains unresolved. In the gas nitriding and cyanideReferences

cyanate liquid nitriding process it is reported [15] that 1.
atomic nitrogen (N) diffuses into iron from surface and
forms various kinds of nitride phases at different depths. 2-
In plasma nitriding the scenario is confusing due to dif-
ferent kinds of species reported in spectroscopic stud-,
ies. The roles of Mand |\g were studied by Henrion s,
and co-workers [16-19] from optical emission studies
in N> and No-H» plasma discharges but no conclusion 6.
could be arrived at due to process dependence of con:
centration of the species. Spectroscopic studies in tri-
ode [20], high current arc discharge [9] and dc glow
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issue. The concentrations of ion and neutral species
are however reported to show different trends in mi-
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perature zone (arc zone) does not exceed 70Q06ol-
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concentration of nitrogen species in nitrogen plasmza1

(~10° Pa). The respective numbers of the species are as

follows: 13.
14,

N, = 4.10x 10% N = 6.40x 10?
N~ =140x 10" N} =5.50x 10" s
Nt = 3.40x 10 e=3.90x 108 .
It is evident that the concentrations of ldnd N are 17
higher by around 0times than that of I, 10° times 15

than that of N ande (electron), and 10times than that
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