Structural modifications and corrosion behavior of martensitic stainless
steel nitrided by plasma immersion ion implantation
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In this work we report a study of the structural modifications and corrosion behavior of martensitic
stainless steel$MSS) nitrided by plasma immersion ion implantatigRI®). The samples were
characterized by x-ray diffraction, scanning electron microscopy, energy dispersive x-ray
spectroscopy, photoemission electron spectroscopy, and potentiodynamic electrochemical
measurements. Depending on thé tRéatment temperature, three different material property trends
are observed. At lower implantation temperatuiesg., 360 °C, the material corrosion resistance is
improved and a compact phase ©fFe,C)3N, without changes in the crystal morphology, is
obtained. At intermediate temperatur@sg., 430 °C, CrN precipitates form principally at grain
boundaries, leading to a degradation in the corrosion resistance compared to the original MSS
material. At higher temperaturés.g., 500 °Q, the relatively great mobility of the nitrogen and
chromium in the matrix induced random precipitates of CrN, transforming the original martensitic
phase intoa-Fe (ferrite), and causing a further degradation in the corrosion resistéi@005
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[. INTRODUCTION surface tribological properties while simultaneously main-
N ) ) ) taining the corrosion resistance in the modification zone. Pre-
Martensitic stainless steel1SSs are iron alloys widely  \iqus authors have shown the subtle relationship among sev-
) X X Yral processing parameters, such as temperature, process
and wear resistance as well as corrosion resistance. Howev?r . 710 .
ihe, and substrate conditiofis-> However, many questions

more strident working material conditions are necessary, de-

manding better alloy properties. Plasma immersion ion im.are still unanswered and more work is necessary to optimize

plantation (PP) is a well established method for surface the Process. Moreover, due to the complexity of the meta-
modification that has been successfully applied to the nitrigStability of MSS, some structural questions remain unre-
ing of austenitic stainless steehS9).1? The high applied solved. For instance, what are, if any, the phase transforma-
bias voltages and the low background partial pressure dfons involved in the nitriding process? How does the
oxygen in the process chamber are the key, controlling theorrosion resistance degradation begin? The role of chro-
formation of chromium oxides on the surfat&.In fact, a  mium nitride (CrN) precipitation is presumed to be the criti-
richer and thicker nitrogen implanted zone can be obtainedal process to be avoided. Therefore, a better understanding
by both the energetic ion bombardment and low surface 0Xof the physical-chemical processes leading to CrN precipita-
ide formation. The combined effect augments the surface niggp, in plasma nitriding of MSS is fundamental.

trogen lretentipn, ie., t_he syrface nitrogen ghemical potential, | this article we report the results of Phitriding treat-
hence improving the diffusion process in this class of alfoys. ments of MSS at different temperatures and processing

MSS are meta-stable iron alloys and as such they requir imes. The aim of the study is to investigate the physical—

careful treatment conditions to avoid undesirable phase . .

transformation during heat treatment processes such as rﬁhemlcal transformgUons, structgre, a”‘?' morphology, fgcug-
triding. These types of steels are obtained by fast cooling',”g on. the changes in the corrosion re5|st§1nce. The arygle is
inducing martensitic transformations, followed by appropri_orgamzed as follows. In Sec. I, the experimental conditions
ate tempering to stabilize the microstructure. As for nitridingused are introduced, stressing the techniques employed in the
of ASS, the main goal in nitriding of MSS is to improve the study. In Sec. lll, the experimental results are presented, ana-

lyzed, and discussed focusing on the microscopic phenom-

dauthor to whom correspondence should be addressed; electronic maiﬁnf”l Ieadllng to _Chem'cal elements dlﬁu3|on and CrN precipi-
cafiguer@ifi.unicamp.br tation. Finally, in Sec. 1V, the conclusions are presented.
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TaBLE |. Summary of the treatment conditions of AISI 420 by.Mitrogen
gas pressure was Jdbar, HV pulse length of 1Q@s, pulse duty cycle
adjusted to maintain a constant dose rate.

Lo} A4
Temperature, Time process, HV bias voltage Dose rate €
(°C) () (keV) (10" ions cm?2s7Y) :
360 1,4,0r9 5, 15, or 25 0.5,1.0,0r 2.5 0.5F o |
430 1,4,0r9 5, 15, or 25 0.5, 1.0, or 2.5 N | N
500 1,4,0r9 5, 15, or 25 0.5, 1.0, or 2.5
0.0
II. EXPERIMENT
. . . 1.0
The study is based on martensitic stainless steel AlSI 420 :
(C: 0.3, Si:<1.0,P:<0.04,5:<0.03,Mn:<1.0,Ni<1.0, &
Cr: 13.0, Fe: balangeSeveral disks~25 mm diameter and @ 05
~4 mm thick were cut from bar stock and then ground and = Gk N
polished to a lum size diamond abrasive powder finishing. T ] e e
Before nitrogen implantation, the samples were hardened at
1040 °C fo 1 h and tempered at 530 °C for 1 h. This mate- 0.0 — —
rial tempering temperature guarantees no phase structure Fo (¢) T=500C
changes at working temperatures below 513*Chese 24¢

samples were processed using th& $9kstem described else-
where(ANSTO).*? An array of samples implanted at each of
three process temperatures, times, itas voltages, and ion
dose rates was studied. Table | shows a summary of the
treatment conditions. The dependency of the resultant ni-
trided layers was experimentally determined to be more
dominated by the variations in process temperature and time,
rather than by ion energy and implantation dose. Indeed,
these parameters determine the material structural modifica-
tions and corrosion behavior reported in this article. Fic. 1. Evolution of the XRD patterns with the time at constant temperature
The phase evolution was studied by x-ray diffraction©f (@ 360 °C,(b) 430 °C, and(c) 500 °C.

(XRD) using a Siemens D500 x-ray diffractometer with a
CoKa x-ray source in the conventional Bragg—Brentano e samples were embedded in bakelite resin so that only the

ometry. The surface m_orphology of f[he as-nltnded_ Iayersnitrided surface was exposed, and an insulated electrical con-
was observed by scanning electron microscgM) using

. nection made to the rear of the sample. Measurements were
secondary electron imag€SEI9 and backscattered electron erformed with a VoltaLab PGZ 402 using a conventional
images (BEls) in a JEOL JSM-6400. Standard metallo- P 9

. : . three-electrode cell. A solution of 3% NaCl was made from
graphic cross sections were prepared and etched with Magnal tical grade reagent and de-ionized wat8.2 M)
ble’s solution(10 g copper sulfate in 100 mf& M hydro- y 9 g ! '

chloric acid to reveal the microstructure of the nitrided The auxiliary electrode was a Pt wire and all voltages were

layers. In order to determine chemical composition, sampleg]easur8d against a Ag/AgQ M) reference electrode. The

: : otentiostatic anodic polarization curves were obtained at a

were analyzed by energy dispersive x-rays spectroscopgotential scan rate of 1 mv's

(EDS) in the SEM. As complementary data, x-ray photo-

emission spectroscopkPS) measurements were also per-

formed in ultrahigh vacuum with a VG ESCALAB 220i-XL Il RESULTS AND DISCUSSION

system employing a monochromatic Kk (1486.6 eV In this section, we explain our results by the fact that the

x-ray source. The x-ray gun was operated at 120 W, and thgeatment temperature is the main parameter controlling the

spectrometer pass energy was set at 20 eV for regional scartffusion processes during the *Riitriding of MSS. More-

The diameter of the analysis area was approximatelypver, the process temperature dependence of the diffusing

500 um, and the thickness of the probed surface layer waglements such as nitrogen, carbon, and chromium, result in a

less than 5 nm. In order to remove the oxidized surface layegomplex phase formatiolf.On the other hand, the process

the samples were bombarded by 5 keV*Aions (P  time determines the proportion of the different phases

~2.3X10" mbap. The binding energies were calibrated formed, and the depth to which the nitrided layer extends.

relative to the Fermi level arbitrarily taken at 0 eV. At the lowest temperature, the diffusion process is weak
Finally, the corrosion behavior of the nitrided samplesand a surface rich nitrogen phase is formed. Figu@ 1

was studied by electrochemical methods. Oné piaces of  shows the evolution of the different phases at different treat-
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TasLE Il. Summary of the phases obtained by XRD.

Temperaturg°C) Phases by XRD
Untreated a?, little y
360 e-(Fe,ChsN, a”
430 a?, M, little CrN
500 a, CrN

ment times at 360 °C implantation temperature. For short-
time implantation times, the original martensitic phase suf-
fers a further expansion. Increasing implantation times leads
to e-(Fe,CpsN formation by nitrogen accumulation.

At intermediate temperatures, higher nitrogen diffusion
avoids thes-(Fe, C)3N phase formatioriless nitrogen reten-
tion in the structurgin favor of the expansion of the original
martensitic phase. Figure(d shows the evolution of the
original martensitic phase toward an expandgohase and a

Grain boundary

small CrN precipitation at 430 °C as a function of implanta- S /
tion time. 52 s

It is important to remark that the peak at 82°, correspond- % ~
ing to thee phase in Fig. (a), disappears at 430 °Bee Fig. o Q
1(b)]. On the other hand, a reflection peak associated with /
“expanded martensite” by Kinet al, clearly arises at 50° : Matrix
[bandM, Fig. 1(b)]. This phase is constituted by a supersatu- Cr~14wt. %

rate compound of nitrogen in the original martensitic matrix.
Indeed, this conclusion is confirmed by similar XRD patterns
obtained in supersaturate compounds by Kitral.” More-
over, it was recently reported that elements such as chro-
mium, vanadium, and other transition metals, can stabilizec. 2. (a) SEI and(b) BEI photos of the surface of a sample at 360 °C and
the o phase. These reports showed nitrogen concentratiorfsh. respectively. The EDS measurements are shown on the BEI photo. The
well above 0.1%, i.e., the maximum nitrogen solubility in the 9ashed line is a guide for the eyes.
a phase, prior to its transformation into the gamma
phase* Finally, at the highest studied temperature implanta-
tion, the increasing Cr mobility induces precipitation such as
CrN from the martensitic matrix. As observed in Fidc)lit Figures 3a) and 3b) show the SEI and BEI micrographs
shows similar behaviors in samples nitrided during differentcorresponding to a sample implanted at 430 °C during 9 h.
times at 500 °C, i.e., the martensitic phase is degraded tBigure 3a) shows well-defined grain boundaries. In contrast,
a-Fe (ferrite) and CrN. Table Il shows a summary of the Fig. 3(b) shows dark spots distributed on the surface, prefer-
phases obtained at different process temperatures. entially at the grain boundary. In these samples, however,
The surface and cross-section analysis by SEM and EDSifferent chemical compositions between the matrix and the
of these samples support the changes in the crystalline strugrain boundary were found. The reason for these findings
tures presented above. Figureg)2and Zb) show the SEI relies on the fact that higher temperature treatments produce
and BEI micrographs corresponding to a sample implanted dtvo effects. First, nitrogen diffuses faster at 430 °C than at
360 °C during 9 h, respectively. The grain boundaries ar€60 °C, enhancing the expansion of the original martensitic
indicated to help in the interpretation. In order to comparephase. Second, due to the temperature, Cr mobility increases,
the chromium content in the matrix and at the grain boundpromoting grain boundary precipitations. The higher nitro-
ary, EDS measurements were performiédg. 2b)]. The gen concentration and density of dislocations located at the
backscattering photos were obtained in the compositiomgrain boundary act as preferential nucleating Sites.
mode where a darker tonality means a higher concentration Figures 4a) and 4b) show the SEI and BEI micrographs
of light elements? In fact, as observed in the micrograph, corresponding to a sample implanted at 500 °C during 9 h.
grain boundary dislocations promote the accumulation ofThe relatively high temperature treatment substantially aug-
higher nitrogen concentration. A similar amount of chro-ments chromium mobility, transforming the original marten-
mium content measured in the two regions studied agreesitic phase tax-Fe (ferrite) and CrN. The micrographs do not
with the XRD pattern shown in Fig.(d), where segregation reveal the grain boundaries in the material and the observed
was not observed. precipitates are larger and randomly distributed.
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Fic. 3. SEl and BEI photos of the surface of a sample at 430 °C and 9 h,
respectively. The EDS measurements are shown on the BEI photo.

The cross-section analysis of the samples reinforces these
interpretations. Figures(&-5(c) show the cross-section mi-
crograph in the BElI mode of samples treated at 36096),
430°C (9 h), and 500 °C(4 h), respectively. In samples
treated at 360 °C dur@9 h implantation, a compact nitrided .
layer, highly resistant to chemical etching, is formigdg. FiG. 4. _SEI and BEI photos of the surface of a sample at 500 °C and 9 h,

’ . . respectively. The EDS measurements are shown on the BEI photo.
5(a)]. On the other hand, the well-defined grain boundaries
with CrN precipitates observed in Fig(l indicate a worse
corrosion resistance of the nitrided layer. The dark zone obspectively. The N & band is attributed to nitrogen forming
served at the top of the nitrided laylé¥ig. 5(c)] is attributed ~ several metallic compounds and can be identified by a de-
to substantial segregations of CrN. Finally, the nitrided layerconvolution proceduré’*® The more probable constituents
was directly evaluated from the micrographs. As expectedof the N 1s band are obtained from the previous XRD analy-
the nitrided thickness follows a time parabolic léoes not  sis, i.e., CrN,e-(Fe, Ch3N, and a-ferrite. As noted, only N
show). bonded to Cr, i.e., CrN, shows a marked energy shift

In order to identify the precipitates shown in FigbBand  (“chemical shifts).*>?° On the increasing temperature, the
4(b), XPS measurements were performed on the treatel 1s core electron level shifts to lower binding energies, in
samples. Previously, the samples were sputtered with Aragreement with the formation of CrN precipitates observed
This cleaning process, however, is mandatory since thé the BEI micrograpHsee Fig. 4b)]. The oxygen effect is
samples were exposed to the atmosphere and moisture noreglected because NGpecies were not detected and its
mally adheres on the surface material. It is important to notetrong electronegativity should shift the ¥ fieak to higher
that an oxygen atomic content, with a depth of 9%, afterbinding energies, contrary to our observations.
removing the surface contamination layer, was detected in The findings described are reflected in the corrosion be-
the sample processed at 500 °C. Figurés 6nd 6b) show havior of the treated alloys. Figure 7 shows the anodic po-
the N Is, core electron level photoemission spectra of twolarization curves of three treated samples implanted at differ-
important cases: samples implanted at 360 and 500 °C, rent temperatures and a fixed tint@ h). For comparison
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(@

Counts, a. u.

396 397 398 399 400
Binding Energy, eV

Counts, a. u.

396 397 398 399 400
Binding Energy, eV

Fic. 6. N 1s core-level photoemission spectra of treated samples at tempera-
tures of(a) 360 °C and(b) 500 °C, respectively. Each peak is deconvoluted
in two contributions.

rent density of samples treated at 360 °C is the lowest one,
even when compared to the untreated material. Therefore,
one can conclude that the CrN precipitates reduce the corro-
sion resistance by intergranular sensitizafibhe appar-
ently similar corrosion behavior of the sample implanted at
430 °C, with the untreated one, is a mixture of two mecha-
nisms where chemically the matrix shows an excellent cor-
rosion resistancéeven compared to the untreated sampie
contrast to a poor resistance at the grain boundary. Finally,
the formation of a more compact structure, i.e., the
e-(Fe,CpsN phase without any chromium segregation, im-
proves the corrosion resistance of the original material as
well as tribological properties like hardness and wear
resistance.

Fic. 5. (a), (b), (c) SEM photos in cross-section of treated samples at vari-
able temperature@ndicated on the phojan the BEI mode.

purposes, a curve corresponding to the untreated material is
also included. As observed, all curves have a passivating
zone (low current density before reaching the breakdown
potential, i.e., where the metal species dissolution from the
sample electrode starts. A shift to more positive potential
indicates a higher level of corrosion resistance. Table llI
shows the breakdown potential of these analyzed samples.
Bearing in mind that the corrosion properties are determined
by the hostile surrounding medium, the presence of chloride .
ions probes the pitting corrosion, i.e., the possible penetra- 1E-5 . . , .
tion path of the aggressive iofA5The following behavior is 800 400 0 400
observed in the potentiodynamic curves. First, for lower im- Potential, mV
plantation temperature, the curve shifts to higher values, ingg_ 7. anodic polarization curves obtained in 3% NaCl solution for treated
dicating a better pitting corrosion resistance. Second, the cusamples at variable temperatures and fixed time process of 9 h.

g

—
[~

1E-3

Current density, mA.cm
(=]
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