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When AISI 316L stainless steels are submitted to the nitriding process at temperatures lower than
450 °C, a high nitrogen content expanded austenite phase is formed, which shows higher hardness
and higher pitting corrosion resistance compared to the untreated material. As a result, this material
becomes adequate for biomedical application. The conditions of the nitriding technique, such as gas
mixture, pressure, time and temperature, play an important role in some properties of the modified
layer, including: thickness, hardness and N concentration along the layer. This paper explores a set
of six samples of AISI 316L, nitrided at different times and temperatures, whose properties show
important differences. The aim of this research is to investigate the correlation between the nitrided
layer thickness (in the range of 0.77 to 11 um) with both X-ray patterns characteristics and hardness
measurements, which used two distinct loads. The results of this study show that: whereas the 3.6 gf
load was suitable to measure the real hardness for four of the nitrided layers showing thickness
2> 2.9 um, the 50 gf load measured a substrate contribution, probably even for the highest thickness,
11 um. Moreover, analyzing different reflections of the X-ray patterns showed evidence of the clear
consistency between the X-Ray depths and the nitrided layer thicknesses: if the layer thickness is lower
than the penetration depth of X-rays, two phases (austenite and expanded substrate) are present. If the
layer thickness is higher, only the austenite is observed. Finally, concerning the citotoxicity property,
all the samples, nitrided or not, were approved in the test for biocompatibility, indicating their potential
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use for biomedical applications.
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1. Introduction

The practice of using metals and alloys to repair or
replace human body parts is now well established. Two
of the most important parameters in determining the
suitability of a material for biomedical applications are
its biocompatibility and corrosion resistance'?. Regarding
these two parameters, pure titanium appears to be almost
the perfect biomaterial, but it is still essential to provide
high strength or ductility for many surgical and dental
applications. Hence, materials such as stainless steels**,
particularly ASTM F138 and AISI 316L, have been used as
alternative materials. The corrosion resistance and hardness
of these alloys are inadequate for this application, but if
they are submitted to an adequate nitriding process, these
properties can be improved®®. When nitriding is performed
at temperatures lower than 450 °C a high nitrogen content
expanded austenite phase is formed, which shows higher
hardness and higher pitting corrosion resistance compared
to the untreated material'°. The conditions of the nitriding
technique (gas mixture, pressure, time and temperature)
play an important role in the characteristic of the modified
layer™'"'2, as thickness, hardness and N concentration along
the layer. Although extensive research has been carried out
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on plasma nitriding of stainless steels, researchers have not
explored in much detail the correlation between both, the
nitrided layer thickness and hardness measurements or X-ray
patterns characteristics. The aim of this work is to cover this
aspect adequately. In order to produce nitrided layers with
different characteristics, six samples of AISI 316L austenitic
stainless steel were nitrided at different times (3 and 5 h)
and temperatures (350 °C, 400 °C and 450 °C). Results
of nitrided layers thickness, hardness, X-ray diffraction
patterns and the correlation between them are presented
here. Some results of citotoxicity are also reported.

2. Material and Methods

Samples: In this study, AISI 316L stainless steel
produced by Villares Metals was used. Its chemical
composition (only elements with wt.% > 0.10) is: 16.1 +
0.2 Cr, 10.1 £ 0.1 Ni, 2.1 = 0.1 Mo, 1.80 + 0.02 Mn, 0.37
+0. 05 Si, 0.31 =0.04 Cu, 0.180 = 0.004 W, 0.13 £ 0.01
Co, balance Fe. The samples (diameter: 19.70 + 0.05 mm,
thickness: 3.85 + 0.05 mm) were sanded using sandpaper
from 220 to 1 200 mesh, polished with alumina (0.3 and
1 um), cleaned ultrasonically in an acetone bath, and finally
air-dried. Next, they were plasma nitrided in cold wall
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equipment using d.c. power supply. The gas composition was
80% H,-20%N,, at a pressure of about 6 torr. The voltage
and current density were adjusted to maintain the cathode
temperature (or nitriding temperature). The temperature
was measured using an alumel-chromel (type K) long rod
thermocouple placed underneath the sample. Three different
temperatures (350 °C, 400 °C and 450 °C) were used at two
different nitriding times, 3 and 5h.

Scanning Electron Microscopy: A section of the
samples were observed using a JEOL scanning electron
microscope, JSM — 5800 LV model in order to measure the
depth of the nitrided layer.

Hardness: The surface hardness was measured
using a Leica microhardness tester (model VMHT-MOT)
with a Vickers indenter at a load of 50 gf. The hardness
was measured at about 20 different positions along the
diameter, aiming at achieving more representative results.
Each position was repeated three times at a distance of
20 + 2 pum from one to the other. Other measurements of
hardness, which were done along the diameter, equally
spaced of 0.25 mm, were done using a Fischerscope H100V
microhardness tester with a Vickers indenter at a load of
35 mN (~3.6 gf). Due to the low load used in the last one,
a special computational routine, which was developed for
treating similar data, was used on the data treatment'?.

X- ray diffraction: X-ray diffraction patterns of
untreated and nitrided samples were obtained using a
Rigaku (Geigerflex model) diffractometer, Cu Ko radiation
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(A =0.154056 nm). The conditions were: 26 scan step 0.02°,
ranging from 30° to 100°, 2 s counting time.

Cytotoxicity test: Following the guidelines of
ISO 10993-5""% the cytotoxicity test was performed in
culture microplates seeded with CHO cells and sample
extracts diluted from 100 to 6.25%!". The microplates
were incubated for 72 h at 37 °C in a humidified 5% CO,
atmosphere. The cell viability was measured by adding
20 uL of MTS/PMS (20:1) solution and incubated for
2 h in the CO, incubator. The microplates were read in
a spectrophotometer reader at 495 nm. The results were
compared with a negative control of titanium and a positive
control of phenol 0.3% in saline solution. The Inhibitory
Concentration for 50% of cell viability was taken from
graphs.

3. Results and Discussions

3.1. Nitrided layer thickness and hardness
measurements

Figure 1a, b show the Scanning Electronic Microscopy
(SEM) micrographs of the sample nitrided at 450 °C for 5h
to illustrate the measurements of nitrided layer thickness
t. The arithmetic mean value of 6 measurements, which
were done for all the nitrided samples, are shown in the
34 column of Table 1. Based on this values, one can see
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— ) : X 1_-_,_(__:—;_

um 11.22pm  11.7Lpm 9.76 pm 10,24 pm)

9.27

(b)

Figure 1. SEM micrographs of sample nitrided at 450 °C, for 5 h (a) near the edge, (b) in the central region.

Table 1. Some characteristics and properties of the nitrided layers: nitrided layer thickness (t), mean value of hardness and mean value

of penetration depth (p) of the Vickers indenter.

load (50 gf) load (3.6 gf)
Temperature Time
°C) (h) t (um) Hardness ) p (um) Hardness ) p (!lm)
HV, . 10 (indentation depth) HV 03 . 10 (indentation depth)
350 3 0.77 £ 0.04 39.6 +7.0 2.23+0.15 77+ 11 0.45 +0.02
5 1.0+0.1 445 +5.1 2.08 +0.08 79+ 12 0.46 + 0.03
400 3 29+0.1 49.5+6.7 1.97 +£0.09 172+ 18 0.37 £0.04
5 35+04 67 + 10 1.67 +0.15 175+ 17 0.34 +0.01
450 3 7.6+0.2 117+ 10 1.35+0.13 179 =20 0.34 +0.01
5 11+1 123+ 10 1.28 +0.09 162 + 31 0.40 +0.01
Untreated 243 + 40 298 + 19
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that thickness increases up to a factor of 9.5 and 11 in the
temperature interval (350 °C to 450 °C) for both t=3h and
t=5h, respectively. It seems to indicate that the thickness of
the nitrided layer is primarily a function of temperature'>'®.
Similar behavior was observed in a previous study on AISI
304, where the thickness increased from 2-3 to 30 um
for practically the same temperature interval (350 °C to
460 °C)'s.

Concerning hardness measurements, Figure 2a, b
illustrate the hardness measurements for both loads on the
surface of the samples nitrided for 3 h. The mean values,
which are represented by a dashed line in the Figures 2,
are shown in the 4" and 6" columns of Table 1 for all the
samples. For the untreated sample, this value is 243 + 40
HV, . and 298 + 19 HV .., for loads of 50 and 3.6 gf,
respectively

The penetration depth p of the Vickers indenter was
estimated from the length of the diagonal line across
the indent marked on each sample. The mean values
are presented in the 5™ and 7" columns. Figure 3a, b
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depict hardness values as a function of the ratio between
penetration depth p and nitrided layer thickness t, for both
load, 3.6 gf and 50 gf, respectively. In these figures, the
position of p/t = 1/7!""1, which is the ratio indicated to avoid
the influence of substrate, is marked as a dashed line. On the
left of this line in Figure 3a, there is compatibility among
the hardness values, which were measured for the four
samples, which were prepared at 400 °C and 450 °C. So,
the values showed on the left of the dashed line in Figure 3a
seem to represent essentially real hardness of the nitrided
layers, which reached an improvement of a factor by 6 times
compared to the substrate. This result is compatible with
some previous, when the authors found hardness value of
17 GPa (~1733 HV)™®.

However, in Figure 3a, for the 350 °C samples, which
show thinner layer, there is some substrate contribution.
Such contribution is much more significant for all the
measurements in Figure 3b, where practically all the p/t
values are on the right of the dashed line. Nevertheless, even
at the highest load (50 gf), for the less favorable sample
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Figure 2. Hardness measurements on surface samples nitrided for 3h, from the border to the center, at different temperatures, using

different loads (a) 3.6 gf, (b) 50 gf.

2100 .
| 3.6 of
|

1800+ ll:

~ H: 350°C m 3h O 5h

S 1500 | 400°C A 3h A 5h

2 ! 450°C ® 3h © 5h

2] |

£ 1200- !

] |

et 1

900+ !
p/t=1/7 % {
600 — — . .

0.0 0.2 0.4 0.6
Penetration depth/nitrided layer thickness (p/t)
(2)

1500
! Indenter
! 50 of
1200
’\3 I
z |
= 900+ !
£ | 350°C @ 3h O 5h
5 | l 400°C A 3h A 5h
T 600 ! 11 450°C ® 3h © 5h
] ! 4 @
p/t=1/7 *
300 T 1 T T T T T T
00 05 10 15 20 25 30

Penetration depth/nitrided layer thickness (p/t)

(b)

Figure 3. Hardness value as function of ratio between penetration depth p and nitrided layer thickness t, using different loads (a) 3.6 gf

(b) and 50 gf.
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(3h), the hardness is about 160% of the one measured for
the substrate.

3.2. X-ray Diffraction (XRD)

The X-ray diffraction pattern for the AISI 316L samples
before and after nitriding for 3h are shown in Figure 4. All
the samples nitrided show the expanded austenite peaks,
which are broader and shifted to lower diffraction angles,
when compared to the austenitic substrate.

The samples nitrided at 350 °C clearly show the substrate
peaks, which apparently seems not to occur for 400 °C and
450 °C. Howeyver, this is not true and we can obtain relevant
information about the N concentration, if we analyze, for
example, a reflection where there are different ratios between
the X-ray depth d and the layer thickness t (d/t). For this
purpose, let us consider two different reflections.

First, let us take the (111) reflection, at 43.7° position,
for example. A zoom of this peak is shown in Figure 5a, b,
for the samples nitrided at 3 and 5h. If 99% absorption of
X-ray in the sample is considered, in this configuration
©O-20, the X-ray penetration depth d is approximately
4 um". As the ratio d/t < 0.52 for 450 °C and d/t > 4 for
350°C, the y(111) intensity is negligible for the first sample
and very significant for the last one. On the other hand, for
400 °C, the thickness values are compatible (whitin the
measurement precision) for 3 and 5h and are also close to
d. Because of this, the y(111) intensity is quite small for
both samples, 3 and Sh.
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Figure 4. X-ray diffraction patterns of samples untreated and
nitrided for 3h at different temperatures.
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Moreover, since as the more distant from the 43.7°
(position of substrate (111) reflection), the greater the N
concentration in the corresponding sample is, it can be said
that Figure 5a, b show that if the temperature increases from
350 to 450 °C, the N concentration increases, for 3 and 5h.

Secondly, in order to obtain some indications from the N
concentration at a higher depth, let us analyze the expanded
austenite (220) reflection, whose d ~ 7 um, considering a
X-ray absorption of 99%, as before'. For this purpose,
Figure 6 compares the presence of the substrate (220) line,
for the samples nitrided for 3h. Even though the statistics
is not so good at this peak, it is sufficient to indicate an
interesting aspect: for 350 °C, whose d/t = 9.09, practically
there is no broad peak at 20 < 74.8, which is the position of
the substrate (220) line, while for 400 °C, whose d/t =2.41,
there are both: the substrate line and the broad peak, centered
at approximately 20 =71°. On the other hand, only this broad
peak is present for 450 °C, where d/t = 0.92 and is centered at
approximately 20 = 69°. Therefore, the last sample presents
a larger N concentration of the expanded austenite than the
both samples treated at lower temperatures.

Therefore, it can be observed that these comparisons
show evidence of the clear consistency between the X-Ray
depths d and the nitrided layer thicknesses t.

3.3. Citotoxicity measurements

The cell viability determinations of all the samples
are very similar. The curves obtained for untreated and
nitrided at 350 °C are shown in Figure 7. All the samples
did not present any toxicity effect similar to the negative
control (IC, >100), showing their harmless character. The
cytotoxicity test in the biological evaluation is a toxicological
screening test that can predict the biocompatibility of 316 L
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Figure 5. Zoom of the (111) reflection of samples nitrided at
different temperatures for (a) 3h and (b) Sh.
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Figure 6. Zoom of the (220) reflection of samples nitrided for 3h,
at different temperatures.

stainless steel, if nitrided or not. This is a primary indication
of their potential use for biomedical applications.

4. Conclusion

The purpose of the current paper was to correlate the
nitrided layer thickness t of a set of six samples with: 1) The
penetration depth of the indenter Vickers for two different
load (3.6 gf and 50 gf); ii) Two different penetration depths
(approximately 4 and 7 um) of the X-ray. The results of this
investigation show that:
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* The 3.6 gf load was suitable to measure the real
hardness of four of the nitrided layers, which show
t=2.9 um. On the other hand, the 50 gf load measures
a substrate contribution, probably even for the highest
t, 11 um;

 Analyzing different reflections of X-ray patterns showed
that if the layer thickness is lower than the penetration
depth of X-rays two phases (austenite and expanded
substrate) are present. On the other hand, if the layer
thickness is higher, only the austenite is present;

* Moreover, concerning citotoxicity, all the samples,
nitrided or not, were approved in the first test for
biocompatibility, indicating their potential use for
biomedical applications.
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