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For analysis of plasma nitriding process and nitrogen penetration into CoCrMo alloy the trapping-detrapping model is
applied. This model is commonly used for analysis of stainless steel nitriding, however, in this work it is shown that the
same nitrogen penetration mechanism takes place in CoCrMo alloys. From the fitting of experimental curves, taken from
literature, it is found by the proposed model that diffusion coefficient depends on nitrogen concentration according to
Einstein-Smoluchowski relation D oc 1/Cy. The diffusion coefficients for 400°C temperature nitriding of in CoCrMo are
calculated. The shape of nitrogen depth profile curves are analyzed showing influence of different parameters such as

detrapping activation energy, chromium concentration, etc.
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1. INTRODUCTION

CoCr alloys are widely used in medicine because, these
alloys are characterized by a good elasticity and high
resistance of corrosion, what is very important for the
biomaterials. Cobalt-chromium alloys are stronger and have
better corrosion resistance than stainless steel. The
molybdenum is added to produce finer grains which results
in higher strengths after casting or forging [1, 2]. For joint
implant, these alloys are usually composed of 30 %—60 %
cobalt, 20 %—30% chromium, 7 %—10 % molybdenum
[3]. It has face-centered cubic (fcc-y) accompanying by
some amount of hexagonal-closed packed (hcp-€) structure.
The & phase exists as thin plates (bands) in the fcc-y
CoCrMo matrix [4].

It is very important to improve wear resistance and in
the same time to keep high corrosion resistance of
biomaterials. For the last two decades cobalt chrome and
titanium alloy prosthetic knee and hip replacements have
been treated by ion implantation to increase the wear
resistance and hence reduce the possibility of osteolysis.
The life spans of such prostheses are still limited (on
average about 8—10 years) due to the inherent physical
limitations of the technique [5]. An increase in the surface
hardness and a reduction of the wear rate is still desirable
to improve the biocompatibility [6]. Nitriding improves
wear, corrosion resistance and fatigue strength [1]. A good
corrosion resistance is determined by chromium
concentration. Chromium is responsible for corrosion
resistance. It makes passive layer of chromium oxide on
the alloy’s surface. X-ray photoelectron spectroscopy
(XPS) analysis shows that this passive layer consists of
Cr,0; oxide with some minor contributions from Co and
Mo oxides. The same type of films exists on other metallic
biomaterials — stainless steel, titanium alloys and serves as
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a barrier to corrosion process in alloy systems [7—-9]. To
achieve both good corrosion and wear resistance layers on
the surface of CoCr alloys are widely used surface
modification methods as ion implantation, plasma
immersion ion implantation and plasma nitriding, high
intensity plasma ion nitriding [5, 9—11].

Plasma nitriding is one of the surface treatments type,
used to improve materials mechanical characteristics,
hardness, fatigue or creep resistance. The nitrogen inserted
in alloy during nitriding changes surface chemical
composition. During nitriding the expanded austenite phase
(YN) can be formed on the surface of CoCr alloys. Similar to
nitriding of austenitic stainless steel, insertion of nitrogen
into the original lattice on interstitial site, a lattice expansion
and an anomalous diffusion is observed for CoCr [12]. The
understanding of N diffusion mechanism is very important.
This diffusion behavior could be explained on a microscopic
level with trapping at Cr atoms or on a macroscopic level
assuming a nitrogen concentration dependant diffusivity
[12]. The nitrogen contents are presumably obtained due to
the high affinity between N and Cr, where N is believed to
reside in the immediate vicinity of the supposedly randomly
distributed Cr atoms, implying that only short range ordering
of Cr and N occurs. There are strong indications that the
tightly bound N interacts with Cr, which leads to nitrogen
trapping [13—15].

The TD model is based on the assumption that
chromium atoms act as trap sites for the nitrogen and,
once all traps are saturated a faster diffusion is observed
[16]. According to the similar studies in literature [12, 16]
it was found that the stainless steel nitrided layers are
thicker than nitrided CoCrMo alloys layers. This difference
is explained by Cr content. So, it is expected that it takes
longer time to saturate all Cr traps for CoCrMo (compare
to ASS) exhibiting thinner nitrided layers due to more Cr
content in CoCrMo [16].

In this work we are applying the Trapping-detrapping
model for CoCrMo in order to show that the main



mechanisms of nitrogen penetration are the same as in
stainless steel. Experimental depth profiles of nitrogen
after nitriding CoCrMo alloy show “plateu” (see Fig. 1)
which cannot be obtained by ordinary diffusion equations.
Quite similar behavior is observed for nitriding of stainless
steel. Trapping-detrapping model for stainless steel
proposed by S. Parascondola at [17, 18] and other authors
[19, 20] for analysis nitrogen penetration in stainless steel.
Because, chromium plays the main role in stainless steel
we propose that the same mechanism can take place for
CoCrMo alloys.

2. THE MODEL

Trapping is based on the fact that the Cr atoms act as
trap sites for nitrogen. Trapped nitrogen atoms can be
detrapped with activation energy of detrapping E;, and then
participate in diffusion process. Total amount of nitrogen
is N=Ngs+ Nyq where Nyr is the number of nitrogen
atoms which participate in diffusion and N, is the
number of nitrogen atoms, which are in traps. The final
trapping — detrapping model equations [17] modified for

plasma  nitriding by adding adsorption term
a ~j0(N0 =Ny —N,mp) [22] are:
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where H, is chromium concentration, N, is atom density
matrix, R, is trapping radius equal lattice constant,
D =Dyexp(—E,/kT) is diffusion coefficient which

follows Arrhenius law, D, is preexponential factor of
diffusion, E, is diffusion activation energy, ¢ is number of
places near trap there nitrogen could be catched caught, T
is temperature, kp is Boltzmann constant, a is the sticking
coefficient of nitrogen to the surface and jj is the flux of
nitrogen atoms to the surface.

For simulations the differential equations eq. (1) are

solved numerically. Eq.(1) are expressed in finite
increments as:
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where N*) is number of nitrogen atoms in i-th state in
k-th monolayer.

3. RESULS AND DISCUSSION

The experimental results were analyzed by the
proposed model. The experimental depth profiles of
nitrogen taken from refs. [2, 4] and obtained by GDOES
after plasma nitriding of CoCrMo alloy (medical grade
alloy D30) at 400 °C for different nitriding times 4 h, 6 h
and 20 h are presented in Fig. I (points). The alloy was
nitrided in a low — pressure (~ 60 mTorr) radio — frequency
plasma under a gas mixture of 60 % N, —40 % H, [4].

The plateau is seen in all curves which cannot be fitted
by simple diffusion models. The similar profiles for
nitrided stainless steel are fitted by trapping-detrapping
models [17—20]. We suggest the same mechanism for
CoCrMo alloy.
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Fig. 1. Experimental (points) [2] and calculated (lines) nitrogen

concentration depth profiles obtained at different nitriding
times (4 h, 6 h and 20 h)

The nitrogen depth profiles in CoCrMo were
calculated by solving Egs. (2)—(5). In order to fit the
experimental curves the calculations were performed by
varying two parameters: diffusion coefficient D and
activation energy of detrapping Ejp. Other parameters were
kept as constants and found from the experiment [2] or
literature data [17]. Those parameters are listed in Table 1.

Table 1. The values of parameters used in calculations

Parameters found
by fitting

The parameters from
the literature [17]

E.=1.1¢eV[6]
R,=0.38x10" cm

Ep=045eV

Diffusion coefficients:

Ny =7.29x 10% ¢cm™ Nitriding D, D. <101
=2.17242x10% ¢cm™ time, h cm’/s cm?/s
4 0.0116 6.71566
6 0.0105 6.07883
20 0.008 4.63149

The calculation results are presented in Fig. 1 (solid
lines) together with the experimental points [2]. All three
calculated depth profiles (4 h, 6 h and 20 h of nitriding) are
in a good agreement with the experiment. However, in
order to get the best fit for all three experimental depth



profiles it was necessary to change diffusion coefficient
(other parameters remain as constants for all three cases).
The best fitting results were obtained with the following
diffusion coefficients, listed in Table 1. It is seen from the
obtained values of diffusion coefficients that they decrease
with increase of nitriding time. This may be influenced by
concentration of nitrogen. With the increase of nitriding
time the concentration of nitrogen increases and it means
that diffusion coefficient decreases with increase of
nitrogen concentration.

According to the Einstein-Smoluchowski relation the
diffusion coefficient is inversely proportional to the
nitrogen concentration. To check Einstein-Smoluchowski
relation for our case, the obtained values of diffusion
coefficients were plotted versus parameter 1/Cy. Cy is total
concentration of nitrogen atoms in diffusion and trapped
sites integrated over all monolayers.

The plot is presented in Fig. 2. All three points are in
one line and confirm assumption that diffusion coefficient
depends on concentration according to Einstein-
Smoluchowski relation D oc 1/Cy. The line of Fig.2 is
fitted by a function Dy(Cy)=0.0058/Cy+ 0.0042.
Analyzing the dependence total nitrogen concentration on
time (from Fig. 1) it was found the following function
Cy(1) = 0.4416 ***'. Combining the last two relations the
dependence of diffusion coefficient on time can be
expressed as Do) =0.0013¢ "' +0.0042  (for
experimental conditions described here). Using this
expression the depth profiles of nitrogen for any nitriding
time can be calculated.
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Fig. 2. Function of obtained by fitting D values versus 1/Cy

The calculated nitrogen depth profiles at different
moments of time including the initial stages of nitriding are
presented in Fig.3. It is seen that at initial stages of
nitriding the shapes of curves are exponential. But it does
not necessary means that at that stages the simple diffusion
mechanisms prevail.

In Fig. 4 there are presented depth profiles where the
curves for the initial stages of nitriding are detailed into
profiles of nitrogen in trapping sites N,,, and diffusing
nitrogen Ny It is seen that even profiles of N,,, are
exponential. Almost all amount of nitrogen is in trapping
sites from the beginning of process and only small amount
nitrogen belongs to Ny At later stages, approximately
after 30 min. of nitriding, as it is seen in Fig. 3, the shapes
of curves start to change and after approximately of 1 h of
nitriding the plateau starts to be observed. From the
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analysis of Fig. 3 and Fig. 4 the formation of plateau can
be understood as: the plateau starts to be formed when
nitrogen occupies all possible trapping sites whose amount
depends on Cr concentration. This is seen in kinetics of
nitrogen surface concentration which is plotted in Fig. 5.
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Fig. 3. The calculated nitrogen depth profiles at different moments
of time
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Fig. 4. The calculated nitrogen depth profiles of total nitrogen,

nitrogen in trap sites N, and diffusing nitrogen N at
different moments of time
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Fig. 5. The dependence of nitrogen surface concentration on
nitriding time

Nitrogen surface concentration increases rapidly at the
initial stages of nitriding processes and later slowly
approaches steady state value which is determined by
trapping sites of Cr atoms.

The influence of Cr concentration is shown in Fig. 6.
Diffusing nitrogen Ny profile has exponential shape as is



predicted by Fick’s diffusion equation term and is almost
independent of chromium concentration. Nitrogen in
trapping sites N, strongly depends on Cr concentration
and this dependence is reflected in total nitrogen depth
profile. The strong dependence on Cr content for total
nitrogen N profile is observed in “plateau” region, in
deeper layers this dependence is less. With increase of Cr
concentration slightly decreases the nitrogen penetration
depth as more nitrogen is in trapping sites and cannot
diffuse.
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Fig. 6. The nitrogen depth profiles of total nitrogen, nitrogen in
trap sites N, and diffusing nitrogen Ny calculated for
different concentrations of chromium. The nitriding time

is20 h

The influence of detrapping activation energy E, is
analyzed in Fig. 7. The nitrogen depth profiles of total N
nitrogen, nitrogen in tapping sites N,,, and diffusing
nitrogen N are calculated by varying E,. Both N,,, and
Ny depend on E,. With increase £, the N, increases and
Ny decreases. The variation of £, strongly influences the
profile of total nitrogen at deeper layers. The penetration
depth on nitrogen increases with decrease of £, because in
that case more nitrogen atoms can be detrapped.
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Fig. 7. The nitrogen depth profiles of total nitrogen, nitrogen in
trap sites N,,, and diffusing nitrogen N, calculated for
different values of detrapping activation energy E,. The
nitriding time is 20 h

4. CONCLUSIONS

1. The nitrogen penetration during plasma nitriding of
CoCrMo alloy can be explained by trapping-dettraping
mechanism and nitrogen depth profile, taken from
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literature, can be fitted by equations of proposed
model.

The nitrogen diffusion coefficient in nitrided CoCrMo
alloy depends on nitrogen concentration according to
Einstein-Smoluchowski relation D oc 1/Cy.

The trapping-detrappining mechanism starts to act
from the very beginning of nitriding process and the
mechanism of Fick’s diffusion is secondary. The
plateau in nitrogen depth profile starts to be formed
when nitrogen occupies all possible trapping sites
whose amount is determined by Cr concentration.

The penetration depth of nitrogen increase with
decrease of detrapping activation energy and slightly
decreases with increase of Cr concentration.
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