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�Ê¤§¨´¸±¨ �., �μ²Ö´¸±¨ Š., Šμ¡§¥¢ �. �. E14-2007-101
ˆ§³¥´¥´¨¥ ¸¢μ°¸É¢ ¶μ¢¥·Ì´μ¸É¨ ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨
³ ·±¨ AISI316L, ¨³¶² ´É¨·μ¢ ´´μ°  §μÉμ³

‚Ò¶μ²´¥´Ò ¨¸¸²¥¤μ¢ ´¨Ö ¢²¨Ö´¨Ö ¨³¶² ´É Í¨¨ ¨μ´μ¢  §μÉ  ¸ Ô´¥·£¨¥° 125 ±Ô‚ ¨ ¤μ-
§ ³¨ 1·1017−1·1018  É/¸³2 ´  É ±¨¥ É·¨¡μ²μ£¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨
³ ·±¨ AISI316L, ± ± ±μÔËË¨Í¨¥´É É·¥´¨Ö, ¨§´μ¸μ¸Éμ°±μ¸ÉÓ ¨ ³¨±·μÉ¢¥·¤μ¸ÉÓ. ‘μ¸É ¢
¶μ¢¥·Ì´μ¸É´ÒÌ ¸²μ¥¢ ¸É ²¨ ¨¸¸²¥¤μ¢ ´ ¸ ¶μ³μÐÓÕ ³¥Éμ¤¨± RBS, XRD, GXRD, SEM ¨
EDX. ŠμÔËË¨Í¨¥´É É·¥´¨Ö ¨ ¸Éμ°±μ¸ÉÓ ¶·μÉ¨¢ ¨¸É¨· ´¨Ö ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨ ¨§³¥·¥´Ò
¢  É³μ¸Ë¥·¥ ¢μ§¤ÊÌ , ±¨¸²μ·μ¤ ,  ·£μ´  ¨ ¢ ¢ ±ÊÊ³¥. �·μ¢¥¤¥´´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¶μ± § ²¨
Ê¢¥²¨Î¥´¨¥ ¸μ¶·μÉ¨¢²¥´¨Ö ¨¸É¨· ´¨Õ ¶μ¸²¥ ¨³¶² ´É Í¨¨ ¨§ÊÎ ¥³ÒÌ μ¡· §Íμ¢, μ¤´ ±μ
ÔÉ¨ ¨§³¥´¥´¨Ö · §²¨Î ÕÉ¸Ö ¤²Ö · §²¨Î´ÒÌ μ±·Ê¦ ÕÐ¨Ì ¸·¥¤. � ¨¡μ²ÓÏ¥¥ ¶μ¢ÒÏ¥´¨¥
¨§´μ¸μ¸Éμ°±μ¸É¨ ´ ¡²Õ¤ ²μ¸Ó ¶·¨ ¨¸¶ÒÉ ´¨¨ ¢ ¢μ§¤ÊÏ´μ°  É³μ¸Ë¥·¥, ¨ ´ ¨¡μ²ÓÏ¥¥ ¶μ-
´¨¦¥´¨¥ ±μÔËË¨Í¨¥´É  É·¥´¨Ö ¡Ò²μ ¶μ²ÊÎ¥´μ ¤²Ö ¢¸¥Ì ¨³¶² ´É¨·μ¢ ´´ÒÌ μ¡· §Íμ¢,
¨¸¶ÒÉ ´´ÒÌ ¢  É³μ¸Ë¥·¥  ·£μ´ . ‚ ·¥§Ê²ÓÉ É¥ É·¨¡μ²μ£¨Î¥¸±¨Ì ¨¸¶ÒÉ ´¨° Ê¢¥²¨Î¨²μ¸Ó
¸μ¤¥·¦ ´¨¥  §μÉ , Ê£²¥·μ¤  ¨ ±¨¸²μ·μ¤  ¢ ¸É¥·ÉÒÌ Ë· £³¥´É Ì μ¡· §Í  ¶μ ¸· ¢´¥´¨Õ ¸
¨Ì ¸μ¤¥·¦ ´¨¥³ ¢ ¶μ¢¥·Ì´μ¸É´ÒÌ ¸²μÖÌ μ¡· §Íμ¢ ¸· §Ê ¶μ¸²¥ ¨³¶² ´É Í¨¨.
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Changes of Surface Layer of Nitrogen-Implanted
AISI316L Stainless Steel

The effects of nitrogen ion implantation into AISI316L stainless steel on friction,
wear, and microhardness have been investigated at energy level of 125 keV at 	uence of
1 · 1017 − 1 · 1018 N/cm2. The composition of the surface layer was investigated by RBS,
XRD (GXRD), SEM and EDX. The friction coefˇcient and abrasive wear rate of the stainless
steel were measured in atmospheres of air, oxygen, argon, and in vacuum. As follows from
the investigations, there is an increase in resistance to frictional wear in the studied samples
after implantation; however, these changes are of different characters in various atmospheres.
The largest decrease in wear was observed during tests in the air, and the largest reduction in
the value of the friction coefˇcient for all implanted samples was obtained during tests in the
argon atmosphere. Tribological tests revealed larger contents of nitrogen, carbon, and oxygen
in the products of surface layer wear than in the surface layer itself of the sample directly
after implantation.

The investigation has been performed at the Frank Laboratory of Neutron Physics, JINR.
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INTRODUCTION

Surface modiˇcation of stainless steels by nitrogen ion implantation is a well-
established process. The possible mechanisms of such a modiˇcation are not fully
understood, but the formation of new nitride phases in the implanted layers is
expected to have a large effect on tribological properties. The microstructure of
the implanted layer has attracted much attention because of its important in	uence
on the surface properties of a work piece implanted with nitrogen ions.

In austenitic stainless steels (304, 304L, 316, 316L), ion implantation treat-
ments are able to produce a modiˇed surface layer consisting of metastable phase,
known as supersaturated or expanded austenite γN [1]. However, the authors of
[2] concluded that the ion implantation did not create any new phase and did not
in	uence the crystallographic texture that they observed before the implantation.
Implantation at the 	uence 6 · 1016 − 1.2 · 1017 N/cm2 to the steel of types 304
and 316 is responsible for precipitation of CrN [3].

Changes in the surface layer due to nitrogen implantation may be larger
than those observed so far. Paper [4] shows that the high-	uence carbon ion
implantation modiˇed the microstructure of the steel, as demonstrated by the
presence of two amorphous layers separated by a layer of extended austenite. The
divergent opinions about the effect of nitrogen implantation on properties of the
steel AISI316L inspired us to study the crystalline structure of steel, formation of
the compounds FeÄN and CrÄN, as well as change of steel tribological properties
after implantation.

As mentioned before, implantation with nitrogen ions is a well-recognized
technique of surface modiˇcation that improves the tribological properties of
machine tools and is frequently used for steels. However, there is lack of infor-
mation concerning the in	uence that the type of atmosphere has on the course
of development of tribological process of ion-implanted metals. Changes of steel
tribological properties after implantation are rarely studied. Paper [5] studied the
effect of implantation on the change of steel wear in air and nitrogen atmospheres.
Nitrogen implantation at high 	uence has been shown to increase microhardness
[1], but friction and wear tests show no signiˇcant change of the friction coefˇ-
cient, whatever the relative humidity during the tests; however, an important wear
resistance improvement was observed.

In this paper, friction tests in various atmospheres Å air, oxygen, argon, and
vacuum Å show a considerable in	uence of the atmospheric environment on the
rate and character of wear, which indicates the importance of the modiˇed ion-
implanted layer and its reaction with the environment. The aim of the experiments
was to test the changes in tribological properties caused by various kinds of
atmospheres in which the friction process takes place.
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1. EXPERIMENTAL DETAILS

AISI316L stainless steel samples were used in this study. The chemical
composition of the samples was: (wt %) (0.1% C, 0.16% Al, 0.29% Si, 0.52% S,
17.58% Cr, 10.32% Ni, 0.36% Cu, Fe = balance). The specimens were the discs
of 25 mm diameter and 4 mm thickness, mechanically polished to a mirror ˇnish
to obtain a roughness parameter Ra = 0.08 μm.

The subsequent implantation with 125 keV N+ ions was carried out using the
standard ion accelerator. The beam current density was 3 μA/cm2. The samples
were implanted over the 	uence range from 1 · 1017 to 1 · 1018 N/cm2. Depth
proˇles of the nitrogen distribution were measured at the JINR, Dubna via the
RBS technique, using a He beam with the 2.04 MeV energy scattered at the angle
of 170◦.

The X-ray diffraction (XRD) experiments were performed using a CuKα

source (0.15406 nm) over the 2θ range from 20 to 100◦. Grazing incidence
X-ray diffraction (GXRD) was performed for 1 and 5◦ incidence angles.

Friction and wear testing for the stainless steel samples were performed
on a ball-on-disc tribotester, using a tungsten carbide ball of 0.5 mm diameter
at the indentation load of 491 mN and velocity of about 56 mm/s. The friction
measurements for the stainless steel samples were carried out under the technically
dry friction. The environment temperature was about 20◦C and relative humidity
25Ä30%; the atmospheric pressure value was about 1000 hPa.

A hermetic cover was used over the measurement area to produce a controlled
atmosphere for friction tests. A vacuum pump was used to obtain pressures of
10−4 Pa in the bench measurement chamber and various gases could also be
admitted to produce a test environment at normal atmosphere.

Energy dispersive X-ray spectroscopy has been obtained with electron mi-
croscope (Vega 5135 with X-ray detector Link 300 ISIS Oxford Instruments) to
measure chemical composition of the surface layers.

2. RESULTS AND DISCUSSION

The depth distribution proˇles of the implanted nitrogen atoms, evaluated
from the Rutherford Backscattering Spectrometry (RBS) measurements at dif-
ferent 	uences, are presented in Fig. 1. The ˇgure also shows the predicted
distribution of nitrogen atoms calculated by means of the program SATVAL [6].
As follows from RBS measurements with the increase of the implanted ions
	uence, more nitrogen atoms are found in farther layers of the sample than pre-
dicted from the theoretical distribution. However, after implantation of the 	uence
of 5 · 1017 N/cm2, their amount diminishes signiˇcantly in the surface layer.
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Fig. 1. RBS and simulated by SATVAL code depth proˇles for AISI316L stainless steel
implanted with nitrogen at energy 125 keV

This situation is attributable to the two factors Å diffusion of nitrogen atoms,
both deep down into the sample and towards the surface, as well as sputtering of
the sample surface layer during implantation. With the increase of the 	uence,
the thickness of the sputtered layer containing larger nitrogen atoms concentra-
tion increases. Diffusion of atoms inside the sample (also deep down) is probably
attributable to strong repulsion forces between the ˇrst and second nearest neigh-
bours of nitrogen atoms in the face-centered cubic (fcc) austenite structure [7].

Unimplanted AISI316L stainless steel showed the characteristic diffraction
spectra of the face-centered cubic austenite. The diffraction peaks were 43.5◦

(111); 50.6◦ (200); 74.7◦ (220); 90.5◦ (311) and 95.8◦ (222).

After nitrogen implantation with the 	uence of 5 · 1017 N/cm2, additional
peaks were detected, which showed that a new phase arose in the surface layer.
It was identiˇed on the basis of the peaks at: 2θ = 40.7◦ (111); 45.6◦ (200);
81.4◦ (311) and 87.0◦ (222). This phase has been described as the ®m¯ phase [8],
S phase [9], or as expanded austenite [10]. The phases of expanded austenite
were not observed after implantation with the smallest 	uence. Fluence larger
than 1 × 1017 N/cm2 is necessary for its formation in the AISI316L steel. The
small peaks at 2θ = 38.6; 45.6; 64.3 and 82.7◦ suggest that, in addition to
expanded austenite, fcc CrN is present in the surface region.

Unimplanted 316L stainless steel showed the characteristic spectra of face-
centred-cubic austenite a = 0.3601(5) nm. After implantation with the 	uence of
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1 ·1017 N/cm2, the lattice constant increases to reach the value a = 0.3719(5) nm.
Implantation with the 	uence of 5 · 1017 N/cm2 causes to increase up to the value
of 0.3887(5) nm. Further increase in implanted ions 	uence does not result in
lattice changes.

Fig. 2. Friction coefˇcient of studied samples measured in air atmosphere

Fig. 3. Friction coefˇcient of studied samples measured in vacuum
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The results of friction coefˇcients measurements are presented in Figs. 2Ä5.
The largest changes after implantation for all implanted doses are observed when
the friction node is in the pure argon atmosphere (Fig. 4). There, the friction

Fig. 4. Friction coefˇcient of studied samples measured in argon atmosphere

Fig. 5. Friction coefˇcient of studied samples measured in oxygen atmosphere
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coefˇcient is 0.3Ä0.4 until the layer modiˇed during implantation is rubbed. In
the case of tests carried out in the atmospheres of air (Fig. 2) and pure oxygen
(Fig. 5), the friction coefˇcient decreases signiˇcantly with the increasing 	uence
of implanted ions.

Ball on disc wear tracks were analyzed by means of a Taylor Hobson pro-
ˇlometer. Sets of about 20 proˇlograms were made for each wear track. One
such a track proˇle formed during friction in air atmosphere is shown in Fig. 6.

Fig. 6. Proˇlometer scans of ball-on-disc wear tracks (after the tests in air atmosphere) on
the implanted and unimplanted AISI316L stainless steel specimens at energy 125 keV for
different nitrogen doses

Oxidizing wear is predominant in the tests made in the air atmosphere. The
character of wear does not change practically both for unimplanted and implanted
samples. Only its intensity is reduced, which is shown in smaller track width
(Fig. 6). Similar changes can be seen in track microphotographs made in the
oxygen atmosphere.

The cross sections of these wear proˇles under their base lines, deˇned by the
original surface of the sample, were calculated by a special computer program as
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explained elsewhere [11]. The results of wear measurements are shown in Fig. 7.
It can be stated that implantation of nitrogen to the steel AISI316L increases its
resistance to friction wear. This is particularly evident for implantation with the
dose of 1 · 1018 N/cm2.

Fig. 7. Sample wear as a function of nitrogen dose at energy 125 keV for the AISI316L
steel in addition to the unimplanted sample

Fig. 8. SEM microphotograph of the track worn on the studied samples by a ball made
of WC (tungsten carbide) in the argon atmosphere: a) unimplanted sample, b) the sample
implanted with 	uence of 1 · 1017 N/cm2

Change of wear character after implantation can be observed on the mi-
crophotographs taken with a scanning electron microscope (SEM) of the track
on the unimplanted samples and that implanted with 	uence φ = 1 · 1017 N/cm2
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during the test in the argon atmosphere (Fig. 8). In the argon atmosphere for an
unimplanted sample, adhesive wear is predominant (Fig. 8, a) and after implanta-
tion, abrasive wear (Fig. 8, b). The surface layer formed after implantation with
the 	uence of 1 ·1017 N/cm2 in the argon atmosphere possessed greater durability
than found in the vacuum because additional convection carried away of heat
from the friction node through argon.

Figure 9 presents the results of linear scanning of element contents along a
line perpendicular to the friction track. We examined the track obtained during
the test in air on the sample implanted with 	uence of 1 · 1017 N/cm2. Across
the track, a line is carried programmatically, along which content elements were
measured (diagrams of element distribution are presented at the bottom of the
photograph). Dark spots in the photograph indicate the fragments of the worn
out sample surface, which press against the track surface (they were not removed
during the friction process).

Fig. 9. Microphotograph of the track worn in the air atmosphere in the implanted sample
φ = 1 · 1017 N/cm2. The bottom insert shows relative changes in the nitrogen, oxygen
and iron contents along the line marked in microphotograph

As can be seen, the relative contents of nitrogen and oxygen as well as carbon
increase in worn out fragments of the sample compared to the portion surrounding
the track. No changes were observed in the contents of these elements on the pure
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surface of the track, or on the sample surface. However, an insigniˇcant drop
in chromium content on the track surface was observed. Before the tribological
test, content on the sample surface was 15.93(2)%. When the test was over, this
content inside the track diminished to 15.69(2)%.

The carbon content also increased on the track surface from 0.10(2) to
0.14(2)%. The character of changes in the relative contents of elements in
question in other atmospheres was similar. After the tests made in the argon
atmosphere and in vacuum, there was a lack of oxygen in the wear products and
on the sample surface. The wear products formed in other atmosphere contain
oxygen.

The large friction coefˇcients in the vacuum for the unimplanted sample
and for that implanted with the smallest 	uence is probably a result of local
welding with the countersample owing to the FeÄC bonds. A small amount of
carbon (∼ 0.1%) is contained in the sample material and the rest comes from the
countersample (WC). This interaction leads to signiˇcant wear of these samples
in vacuum (Fig. 4). This mechanism conˇrms the increase of oxygen content on
the track surface by 0.04(2)%.

In the studies of wear products formed during friction, larger amounts of
nitrogen, carbon, and chromium were observed compared to their contents in the
track and in the surface layer of the sample. This means that, owing to local
increases in temperature in the contact area of the rubbing elements, they acquire
energy that is used for dislocation of material towards the surface that is removed
in the wear process. These changes are more distinct for nitrogen owing to the
larger repulsion between nitrogen atoms. Increased amounts of chromium in
the wear products is the evidence for its mobility. At temperatures lower than
about 450◦C, the chromium diffusion is reduced [12] and formation of chromium
nitrides is usually inhibited [13].

SUMMARY

The depth distribution of nitrogen implanted into the steel AISI316L de-
parts from that predicted theoretically because of diffusion. Probably diffusion is
promoted by strong repulsion forces between the ˇrst and second nearest neigh-
bour nitrogen atoms in the expanded austenite. Nitrogen implantation leads to a
change of crystalline structure and chemical changes in the surface layer. The
new phase Å expanded austenite CrN inserts Å as well as crystalline lattice
defects formed during implantation improve the steel's tribological properties.

The lower wear rate after implantation is a result of the lower coefˇcient of
friction, which, in turn, is probably ascribable to the increase in surface hardness,
leading to a smaller contact area and possibly to the change in the mode of wear,
from adhesive (unimplanted) to abrasive (after implantation).
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The largest decrease of friction coefˇcient for all implanted samples was
observed in the argon atmosphere. When the modiˇed surface layer was rubbed
off, the friction coefˇcient has a value characteristic of the unimplanted sample.
Oxidizing wear found in the oxygen and air atmospheres does not occur in the
argon atmosphere. Moreover, tribocorrosion caused by water vapour occurs in
air.

The large friction coefˇcient in the vacuum for the unimplanted sample and
that implanted with the smallest 	uence is probably attributable to local tacking
with the countersample owing to the FeÄC bonds.

The wear products contain larger contents of nitrogen, carbon, and chromium
than do the surface layer of the sample.

Finally, one can conclude that:

• Implantation of nitrogen into AISI316L stainless steel forms the new phase Å
expanded austenite, precipitation of CrN, and increase of lattice constant by
∼ 8%.

• Increase of sample temperature during implantation and formation of the
phase γN are responsible for large nitrogen mobility.

• Nitrogen implantation improves tribological properties of the steel AISI
316L and changes the character of wear. Adhesive wear decreases and
abrasive wear increases. Mild oxidizing wear remains one of a kind of
wear in the air and oxygen atmospheres.

• Local increase of temperature during friction promotes mobility of nitrogen,
chromium, and carbon.

This study has been partially supported by the grant of the Ministry of High
Education and Scientiˇc Research (Poland) No. 1454/H03/2006/31.
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