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Effect of plasma flux composition on the nitriding rate of stainless steel

C. Muratore,® S. G. Walton, D. Leonhardt, R. F. Fernsler, D. D. Blackwell,”

and R. A. Meger
Plasma Physics Division, Naval Research Laboratory Washington, DC 20375-5346

(Received 19 November 2003; accepted 29 March 2004; published 20 July 2004

The total ion flux and nitriding rate for stainless steel specimens exposed to a modulated electron
beam generated argon-nitrogen plasma were measured as a function of distance from the electron
beam axis. The total ion flux decreased linearly with distance, but the nitriding rate increased under
certain conditions, contrary to other ion flux/nitriding rate comparisons published in the literature.
Variation in ion flux composition with distance was explored with a mass spectrometer and energy
analyzer as a possible explanation for the anomalous nitriding rate response to ion flux magnitude.
A transition in ion flux composition from mostly Nto predominantly N ions with increasing
distance was observed. Significant differences in molecular and atomic nitrogen ion energy
distributions at a negatively biased electrode were also measured. An explanation for nitriding rate
dependence based on flux composition and magnitude is proposgaOl: 10.1116/1.1752894

I. INTRODUCTION sponse to the total ion flux, where, under certain conditions,
the nitriding rate increased with decreasing ion flux. To bet-
Nitriding refers to any surface modification process thatier understand the observed nitriding rate dependence on the
increases the local concentration of nitrogen in a materialmagnitude of the ion flux, a mass spectrometer and energy
Many metals and alloys have shown increased hardness aa@alyzer were used to examine the composition of the
wear resistance resulting from incorporation of 5 to 50plasma flux. The results suggest that the nitriding rate is
atomic percent nitrogeh? Austenitic stainless steel is a par- dependent not only upon the magnitude, but also upon the
ticularly good candidate for nitriding, since it is soft com- composition of the flux from the plasma.
pared to other engineering materials but is often found in
applications in which wear resistance would be beneffcial.
Unfortunately, austenitic stainless steel is a difficult material
to nitride thermally because processing temperatures below Figure 1 illustrates the reaction chamber fitted with an
450 °C are required to maintain the corrosion resistance oflectrically isolated 11 cm diameter sample stage mounted
most useful alloyand such low temperatures inhibit nitro- on a linear motion feedthrough. The stage consisted of a 0.15
gen diffusion, which is the physical basis for the processcm thick, 11 cm diameter stainless steel disk backed by an
Additionally, the presence of stable chromium oxide com-11.5 cm diameter disk of boron nitride which housed a resis-
pounds readily formed at a stainless steel surface inhibit nitive heating element. Samples of 0.15 cm thick electropol-
trogen diffusior® resulting in very slow nitride layer growth. ished AISI 316 stainless steel with a surface area of 6.5 cm
Because of these complicating factors, plasma assisteslere secured to the front of the stage, and the system was
diffusion-based techniques are usually employed for stainleggumped down to a base pressure of 10" * Pa. The cham-
steel nitriding. The plasma serves to deliver chemically reacber pressure was then increased to 21.3 Pa, with 87.5% ni-
tive nitrogen species to the substrate surface, thereby resuftogen and 12.5% argon. The samples were heated to 415 °C
ing in higher nitriding rates at lower temperatures. In thesg*3 °C) in 30 min, and maintained at that temperature for an
processes, the rate and nitrided layer properties correlate &gditional 6.5 h while dc biased t6350 V and exposed to
the characteristics of the plasma. For example, it has beehe electron beam generated plasma. The electron beam was
shown that the nitride growth rate under low ene(gyi000  produced by a pulsed hollow cathode operateg2kV and
eV) ion bombardment is linearly proportional to the magni- modulated at 500 Hz and 50% duty factor. The beam was
tude of the N ion flux5’ This rate dependence is attributed confined by an axial magnetic field of approximately 150 G,
to two processes that are enhanced with increasing ion fluxgenerated by a pair of Helmholtz coils located outside the
(1) nitrogen diffusion due to an increased supply of N atomschamber. The hollow region of the cathode measured 15
resulting from impact dissociation of molecular nitrogencmx1 cm and was 1 cm deep. The electron beam emitted
ion®® and (2) rapid oxide layer removal by sputteriig. from the hollow region passed through a 15>xicm wide
The current work describes experiments in a modulateglot in a grounded platéslotted anodeand terminated at an
electron beam generated plasma nitriding syStenwhich  anode located 60 cm from the slotted anode. The cross sec-
samples of AISI 316 stainless steel showed a nonlinear rgional area of the beam was defined by both the hollow cath-
ode geometry and the slotted anode, and was maintained
dASEE/NRL  Postdoctoral Research  Fellow; electronic  mail: qver the beam length by the magnetic field. _The exposure
cmurator@ccs.nrl.navy. mil time (50% of 7 h of the substrate to the active phase of
PSFA Inc., Largo, MD 20744. plasma production was used to calculate the nitriding rates,
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P stage Since the stage area was very large compared to the sheath
ag 0 thickness(s), the current measurements were independent of
ag Termination :gxg: s.12 Additionally, the probability of secondary electron emis-

Helmholtz coil airieds = sion from stainless steel at the ion energy employed was on
the order of 0.12 and was not considered when reporting the
- ion flux.
| ‘ A magnetically shielded Hiden Analytical electrostatic
i quadrupole plasméEQP analyzer was used to measure the
To - temporally resolved ion energy distributions and relative flux
pumps of each specie at a grounded electrode in a separate but simi-

lar vacuum chamber described elsewhérdlith the excep-
Fie. 1. Schematic of the processing chamber. Note thatdicates the  tion of substrate bias, plasmas were generated under similar
distance from the substrate to the electron beam axis. conditions as those used in the nitriding experiments. The
positive ion flux measured at the sample stage during the
nitriding experiments was assumed to be comprised of the
same relative flux of ions as that measured with the EQP
analyzer at each distancke
To measure Bl and N* ion energy distributions at a bi-
ased electrode, a 100 V dc bias was applied to the termina-

d=4.0cm. After nitriding, the specimens were sputtertlon anode. This voltage raised the plasma potential by 100

. . o , and created a sheath with an approximate00 V poten-
coated with metal while maintained at room temperature an
. . . ial drop to the grounded EQP front electrdde.

sectioned. The cross-sections were polished and etched In

acid to allow observation of the nitrided layer thickness in an

optical microscope. The thickness was measured with thdl- RESULTS

cursors of a Vickers microindentor with 0/2n resolution. Figure 2 shows the integrated total ion flux averaged over
The total ion flux was determined by measuring the cur-200 periods of cathode operation at the biased substrate stage

rent to the sample stage during the nitriding experimentslocated at the indicated position relative to the electron beam

which were determined by assuming diffusion controlled
growth at a rate proportional to the square root of time
(t¥2).°10 The samples were nitrided under identical condi-
tions at 0.5 cm increments starting at positids1.5cm
(whered=0 is defined as the center of the beam chantael

TaBLE |. Nitride layer thickness, total ion flux, and contribution of each ion specie to the total flux at each
position relative to the electron beam axis.

Nitride Total Ny N* Art

d layer thickness ion flux ion flux ion flux ion flux
(cm) (um) (ionscm?s™Y) (ions cm?s™Y) (ionscm?sY) (ions cm?s7Y)
1.5 6.7 2.4x 10% 1.3x 10'° 9.2x 10* 1.6x 10%
2.0 2.8 2.1x 10'° 1.0x 10' 8.8x 10" 1.0x 10"
2.5 1.3 1.8< 10" 8.4x 10* 8.2x 10* 8.8x 10"
3.0 1.9 1.5x 10% 6.1x 10" 7.8%x 104 5.8x 108
3.5 1.9 1.2< 10% 3.8x 10* 7.4x 104 3.5x 10
4.0 1.1 8.5x 10 1.8x 10* 6.6x 10" 1.7x 10

JVST A - Vacuum, Surfaces, and Films
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Fic. 3. Nitriding rate at different values af and normalized by the magni-
tude of the total ion flux for the electron beam generated plasma. Also m
shown are normalized nitriding rates from Refs. 6 and 7. The top scale 8— 4000
shows how the ion flux changed with distance in the electron beam gener- g N"’
ated system, and does not correlate to the referenced data. %
c
O 2000-
£
axis. The flux decreased linearly with increasing distance.
Table | contains the ion flux data plotted in Fig. 2 and the 04 : ey .
nitride layer thickness measured after processing. Figure 3 0.0 0.5 1.0 15 20

shows the nitriding rate normalized to the total ion flux. The Time (ms)

nitriding rate (whether normalized or nptexhibits two

maxima when plotted against distance. one close to the e|eEI_G. 5. Time-resolved flux of each of the three dominant ion species incident
t b -15 d d ,ait— 3_4 on a grounded electrode placeda@td= 1.5 cm andb) d=3.5 cm over one
ron beam _d_ .5¢cm) and a secon il cm, ev_en period of cathode operation.

though the ion flux decreased monotonically wdtbver this

range. Also shown in Fig. 3 are normalized nitriding rates

taken from Williamsoret al® and Brokmaret al.” Note that b ted ol the nitridi te is hiah q
in Ref. 6 the ion flux was reported to be predominanty N €am generaled plasma, the nitriding rate IS high compare
to the referenced works, and other nitriding processes at

and in Ref. 7 the flux was comprised of an unknown mixtureSimilar temperatured
of nitrogen and hydrogen ions. In both works the ion flux . ' . I
composition did not vary and the nitriding rate was propor- Figure 4 shows for each distancethe contribution of

tional to the ion flux, and is therefore constant after normal-S3Ch fon specie to the total ion flux over an entire cathode

ization. Although the total ion flux was lower in the electron period measured- with the. EQP analyzer. The flux was com-
posed of predominantly Nions betweem = 1.5 and 2.5 cm,

while at greater distances most of the flux consisted 6f N
ions. Table | lists quantitative fluxes of;N N*, and Ar*

1.0 ions, estimated by relating the relative flux as shown in Fig.
4 to the total flux plotted in Fig. 2. The argon ion flux never
X 0.8 o exceeded 7% of the total flux. Figure 5 shows the time-
"_E N*/ resolved flux(a) atd=1.5cm andb) d=3.5cm for each of
S 06 /° the three ion species. In both figures, the flux of Mns
IS o decayed much more rapidly than the" Non flux in the
g 0.4- 0/0/0 plasma afterglow. Additionally, the N flux decreased sig-
g ’ N* nificantly asd increased, but the Nion flux was comparable
] 2 at both distances.
8 021 Art Figure 6 shows Bl and N' ion energy distributions col-
L A—A—a 4 . lected only during the beam pulse and normalized to their
°'°0 1 > 3 a4 5 respective areas. The grounded EQP electrode was located at
d (cm) d=1.5cm in the electron beam generated plasma, which was
biased to+100 V. The atomic nitrogen ions exhibited energy
Fic. 4. Relative N', N*, and Ar" fluxes for different values ofl. distributions that corresponded well to the sheath potential of

J. Vac. Sci. Technol. A, Vol. 22, No. 4, Jul /Aug 2004
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1.0 TasLE Il. Calculated values of N atom flux at each distance from the beam
> . axisd. The flux atd=1.5 cm was assumed to be only that generated directly
g) N by the beam electrons.

o 0.7

£ d N atom flux

3 (cm) (atoms cm?s™Y)

+

= 051 N, (x5) 15 1.0x 10

b= 2.0 7.0x 10%

5] 25 1.0x 101

Z 021 3.0 1.5x 10'
A 35 1.9x 10'°
5 4.0 2.3% 1015

0.0 T T L} T
0 25 50 75 100
Energy (eV)

Fic. 6. Normalized ion energy distributions for molecular and atomic nitro- ~ Therefore, the flux of molecular ions is reduced more rap-
gen _ions incident on an_electrode locateddat 1.5 cm and biased to ap- idly than the flux of atomic nitrogen ions due to electron-ion
proximately ~100 V relative to the plasma. recombination. In Fig. 5, where;Nand Ar" ions are shown

to have decayed rapidly with time compared t6 Mns, the

100 V, but the molecular ions displayed significantly Iowerdecay fimes in the afterglow were comparable to the above

energies, with a most probable energy of approximately zgalgulgtlons. The, rapld d('est.rucuon of, Nons through dis-
) sociative recombination similarly leads to the spatial depen-

dence observed in Fig. 4, wheré Ns the most abundant ion
for d>2.5cm.
IV. DISCUSSION As the molecular nitrogen ions were lost to the dissocia-

Figure 3 shows that the nitriding rate varied nonlinearlytiveé recombination reaction, the local N atom flux to the
with the total ion flux. Since the dependence is known to beSubstrate was increased with distance from the beam. The
linear when the flux composition is constant, it can be premagmtude of the increase can be estimated by the difference
sumed that the nitriding rate depended on the composition & the Ny ion flux atd=1.5cm, to that measured further
well as the magnitude of the ion flux to the substrate in thdrom the beam axis. For example, Table | lists thg Mn
electron beam system. To further understand this deperflux at d=3.5cm as 3.8 10'ionscm #s™* compared to
dence, it is necessary to understand the mechanisms By3x 10" at 1.5 cm. If all of the N ions lost in traversing
which the magnitude and energy distributions of the ionthe 2 cm distance were converted to N atoms, the local N
fluxes changed with time and distance from the plasmdlux would have increased by about X80"°cm ?s ™.

source, and to consider a qualitative flux balance based ohhis is significantly larger than the flux of N atoms generated
the data from the mass spectrometer. directly by the electron beam, which is estimated to be one

afterglow, as observed in Fig. 5 can be explained by considor @Pproximately & 10*“cm™2s™*. Values of atomic nitro-
ering the dominant loss mechanisms of each ion. The time tg€n flux were calculated in this way for all values afin
diffuse to the chamber walls determines the lifetime of thefable Il. The nitriding rate of stainless steel is strongly de-
N* ions, which have no other competitive loss mechanismpPendent on the magnitude of the flux of N atoms in plasma
This diffusion time has been shown to be on the order ofSSisted nitriding process€s? For larger values ofl, the
milliseconds for this systeth under similar conditions. For Magnitude of the calculated N atom flux is on the same order

nitrogen molecules with a rate constdqt~10 cnmPs 1 metal, and is therefore of sufficient magnitude to affect the

(Ref. 15. Their destruction time is given by process. _
., Another factor that may have contributed to the observed
Tee= (KeeNg) "~20 us nitriding response to ion flux is the effect of charge exchange

for the background nitrogen gas density~5Xx 10%cm 3. on the ion energy distributions at a biased electrode. Figure 6

Finally, the molecular nitrogen ion recombines rapidly with Shows that few of the N ions arrived with kinetic energy
electrons in the reaction equivalent to the full sheath potential, while nearly all of the
N* ions impacted the surface with an energy near that of the

+
N, +e=2N, applied bias ad=1.5cm. The molecular ions most likely
and is destroyed in a time given by lost their energy in the reaction
7=(Bne) " '~100 us, NJ +Ny— N+ N3,

where the dissociative recombination coefficieng due to the large resonant charge exchange cross section
~10 "cns ! (Ref. 16, and the electron densityp,  Qge~3.1X10 °cn? at 100 e\?* The ion mean free path
~10"cm® (Ref. 17. for molecular charge exchange collisions.§) is given by

JVST A - Vacuum, Surfaces, and Films
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)\CG%(chng)*lmo_os cm, flux (j;). Comparison of the quantitative ion flux data in

. ) . Table | compared to the N fluxes in Table Il support this
wheren, is the nitrogen gas number density. By contrast, the, g ment. Regiot in Fig. 3 shows an increase in nitriding

atomic nitrogen ions mainly suffer elastic collisions with N 46 with a decrease in ion flux. In this region, it is proposed

moIecuIe§,16W|th 2 momentum transfer cross sect@f  {hat the flux of N atoms produced in the plasma, particularly
~2.9x10" *cn?.* The momentum transfer mean free path by decay of N ions, was greater than that generated on the
is thus given by surface via dissociation of energeticy Nons and from the
)\mN(ang)—lml cm. N* ion f!ux. Additionally, _the plas_ma sheath broaden_ed with
decreasing plasma density. The increased sheath width likely
The sheath widtls) is related to the sheath potentl  requced the most probablefNon energy from 25 eV ati

=100V, and ion density at the sheath edge-10'° by =1.5cm, and thereby decreased the number of incidgnt N

s~740 2V /ng¥2~0.1 cm, ions contributing to the concentration of N at the substrate.
The ion flux and energy in regiol, although smaller, were
as derived in Lieberman and Lichtenbéfgyhich provides a nevertheless sufficient to maintain an oxide free substrate
reasonable estimate far in a weak, transverse magnetic surface, which was subjected to an oxygen flji) (of ap-
ﬁeld.23 The sheath width is twice the Charge eXChange meaﬂroximateh/ % 1014 oxygen atoms Cr_nz 5_1 based on ki-
free path of the Bl ions, but shorter than the Nion mo-  netic theory and the system base pressure. In regite N
mentum transfer mean free path. Thus, the molecular ionfux increased withd, but the oxygen sputter rat&g) was
were likely to collide within the sheath, while the atomic no longer sufficient to maintain an oxide free substrate due to
ions were not. The atomic ions therefore arrived at the subthe reduced magnitude and energy of the ion flux, and the
strate with the full sheath potential, while the molecular ionSnitriding rate decreased. To summarize’ the nitriding rate ap-
arrived over a range of much lower energies, as seen in Figyears to be controlled by whenj;> |y, and dictated by
6. The current diagnostic hardware configuration would noyhenj,<j,, providedSo>|o.
allow measurements of ion energy distributions for sheath
potentials greater than 100 V, however, the 350 V bias con-
dition use_d for the nitriding experiments would double_thev‘ CONCLUSION
sheath thickness and result in an even greater reduction in
the N, ion energy. Furthermore, the total ion flux, which is  Stainless steel specimens were subjected to a variable ion
linearly proportional to the plasma density at the sheatHlux in a modulated electron beam generated argon-nitrogen
edge?* was shown to decrease with increasing distance implasma system by incrementally increasing the distance of
Fig. 2, suggesting an expanding sheath width and thereforethe substrate from the electron beam axis. The observed ni-
more pronounced decrease in the most probable molecul#iding rates did not scale in proportion to the total ion flux as
ion energy with increased. in the work of others, where the ion flux composition was
The observed reduction injNion energy is significant for held constant. lon flux characterization experiments were
two reasons. As indicated previously, sputtering of the subalso performed under similar conditions to measure temporal
strate during nitriding is necessary in low energy, highand spatial flux composition. Mass spectrometry showed a
vacuum processes to prevent surface oxide formation, whickignificant decrease in the;Non flux with increasingd, but
has been shown to inhibit nitride layer growtf". Transport ~ a constant atomic nitrogen ion flux for all values dyfand
of lons in Matter(TRIM) simulations show that the sputter also suggested a significant increase in neutral atomic nitro-
yield of oxygen in iron by low energy<100 eV) molecular  gen flux with increasing distance. Mass-resolved ion energy
nitrogen ions is at least two orders of magnitude lower thardistributions showed that atomic nitrogen ions exhibited an
the yield for the atomic ion at 350 eV therefore, the contri-energy commensurate with the sheath voltage, while a ma-
bution of Nj ions toward surface sputtering is minimal. Ad- jority of the Nj ions did not. The results indicate that the
ditionally, the adsorption probability of N decreases with nitriding rate of stainless steel depends on both the magni-
decreasing ion enerd§limiting the ability of the molecular tude and composition of the ion flux.
ion to increase the concentration of nitrogen at the substrate The dependence of nitriding rate on flux composition sug-
surface. gests that an ideal stainless steel nitriding environment
Based on the analysis of the flux presented above, theould include a moderate energetic ion flux, sufficient to
authors postulate that the normalized nitriding rate depensputter surface oxides but with minimal alteration of work-
dence on the total ion flux shown in Fig. 3 can be attributechiece surface finish by excess heating or sputtering, and a
to both the magnitude and composition of the flux of plasmdarge neutral flux to enhance nitrogen diffusion in the sub-
species to the substrate. In the regemim Fig. 3, the con- strate. One means of achieving these conditions is to employ
centration of N atoms on the surface resulting from impacta source that generates a large atomic ion flux. Such a system
dissociation of energetic molecular ions and adsorption otan be employed at higher pressures to increase the neutral
the N* ions was greater than the flux of N atoms generatedlux without the loss of ion energy due to charge exchange
in the plasma j(\). Under these conditionimilar to those reactions in the plasma sheath. The electron beam generated
in Refs. 6 and ¥, the surface concentration of N atoms, andplasma system employed in this work demonstrates these
thus the nitriding rate, directly corresponded to the total ioncharacteristics, and has exhibited high nitriding rates com-

J. Vac. Sci. Technol. A, Vol. 22, No. 4, Jul /Aug 2004
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