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Stress Induced Nitrogen Diffusion In Nitrided CoCr Alloy
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In the present study the nitrogen transport mechanism in plasma nitrided CoCr alloy at moderate temperature
(400°C) is explained by non-Fickian diffusion model. This mechanism is considered by stress induced diffusion model.
The model involves diffusion of nitrogen induced by internal stresses created during nitriding process. The model
considers the diffusion of nitrogen in the presence of internal stresses gradient induced by penetrating nitrogen as the
next driving force of diffusion after concentration gradient. 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 CoCr alloy. For
mathematical description of stress induced diffusion process the equation of baro-diffusion is used which involves

concentration dependent baro-diffusion concentration.

For calculation of stress gradient it is assumed that stress depth profile linearly relates with nitrogen concentration
depth profile. The fitting is done using experimental curves of nitrogen depth profiles for medical grade CoCr alloy (ISO
5831-12) nitrided at 400°C temperature. The experimental curves are taken from literature. The nitriding duration was
2 h, 6 h, 20 h. The calculated nitrogen depth profiles in CoCr alloy are in good agreement with the experimental nitrogen
depth profiles. The diffusion coefficient D is found from fitting of experimental data.
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INTRODUCTION

CoCrMo alloys are widely used for orthopedic
applications such as hip and knee joint replacements [1—4]
due to their excellent corrosion and wear resistances. The
highly biocompatibility of CoCr alloy is related closely to
the excellent wear and corrosion resistance, imparted by a
thin passive oxide film [2]. In general, with about 26 wt. %
—30 wt. % of chromium, it exhibits a very high resistance
to corrosion by a thin passive oxide Cr,O; film formed
spontaneously on the alloy surface [1]. There is a strong
demand to improve the mechanical reliability of
biomedical metallic materials to realize orthopedic
implants with long lifetimes. Consequently, much effort
has been made to enhance alloy design and optimize hot
deformation CoCrMo alloys [5].

It is known that surface treatments are applied to
produce coatings or protective layers to increase the wear
resistance and reduce the possibility of implant failure and
osteolysis. As one of the important surface strengthening
processes, nitrogen ion implantation has shown to improve
wear resistance of orthopedic components such as the knee
and hip replacements [1, 2, 5]. Nitriding of CoCr alloys has
been reported to improve wear resistance, typically showing
an increase of the surface hardness to (15-20) GPa in
combination with a wear rate reduced by a factor of
10-100 [6]. These improved mechanical properties are
caused by the insertion of up to 35 at. % nitrogen in the near
surface region, extending up to 10 um below the surface [6].

In order to conserve the intrinsic good corrosion
resistance, the nitriding has to avoid CrN precipitates on
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layer formation. Low-temperature plasma nitriding and
carburizing can improve the surface hardness and
tribological properties of austenite stainless steel without
losing its corrosion resistance by forming C or N
supersaturated face — centered cubic (fcc) expanded
austenite phase, so called S-phase [7-9]. Recently, Dong
et al. have discovered that S-phase can be generated in
Co-Cr alloys by low-temperature plasma surface alloying
with nitrogen (nitriding) to improve the corrosion — wear
resistance of Co-Cr alloys at very low temperatures
(between 300 °C and 400 °C) [7].

The profiles of nitrogen exhibit plateau — type shapes
with a very high concentration slightly decreasing in the yy
layer and followed by a sharp decrease and a tail in the bulk,
are not coherent with a simple diffusion-limited
incorporation (erfc. shape) [9,10]. As experimentally
observed, the transport of nitrogen in CoCrMo alloy is non-
Fickian, so understanding of nitrogen diffusion mechanisms
in CoCrMo alloys is of great importance. To explain the
such shape of nitrogen depth profiles several models were
proposed: 1) the trapping-detrapping model [11,12]
proposed by Parascandola and co-workers; 2)the model
based on Fick‘s laws and nitrogen diffusion coefficient
dependence on nitrogen concentration [13]; 3) the model,
based on nitrogen diffusion coefficient dependence on
nitrogen concentration and trapping, i.e. the strong affinity
between chromium and nitrogen [14, 15] and 4) the model,
based on residual stresses and distortions [16].

As mentioned above, nitrogen insertion in to CoCrMo
alloy leads to the formation of expanded austenite [6].
With the yy phase in the CoCrMo alloy the large lattice
expansions (up to 10 %) is associated [17]. Such values are
quite likely to induce compressive stresses in the yy layers
[17]. The expansion of the lattice after nitrogen insertion is



observed as a consequence of biaxial stress within the
substrate [18]. When measuring the stress in situ during
nitrogen implantation, a fast increase towards a plateau
near the yield strength of 1.5 GPa was reported [19]. The
stress gradient must be present to accommodate the
transition between the expanded lattice and the substrate,
which additionally leads to changes in the profile shape
[18].

The main aim of this work is to propose the model,
based on proposition that the transport of nitrogen in
CoCrMo alloy is driving by stress gradient created during
nitriding process.

THE MODEL

The stress induced nitrogen diffusion model is based
on the fact that the incorporation of nitrogen into CoCr
alloy causes lattice expansion which induces local internal
stresses in matrix. Originally this model first was approved
for analysis of chemical potential of hydrogen diffusing in
self-stressed isotropic elastic metal [20—22]. The same
expression of chemical potential was applied for diffusing
nitrogen in stainless steel [23, 24]. According to Ref.
[23, 24] described model will be used for analysis of
nitrogen diffusivity in CoCr alloy.

In general case the diffusion flux is expressed by the
gradient of component chemical potential u(C, T, p):

J=-DVu(C,T,p), 1)

where D is diffusion coefficient. Chemical potential is the
function of concentration C, temperature T and pressure p.
If temperature gradient does not exist the Eq. (1) can be
expressed as:

J=-D(VC +k,Vp). @)

This equation involves Fickian diffusion and baro-
diffusion driving by the pressure p. Pressure p for solids is
related with stress tensor ¢ = oy + gy + 0, induced by the
presence of nitrogen in the alloy. Stress factor k, is
expressed (Eq. (25) in Ref.[20]) as k,=VNC/RT, kp
represents the elastic part of the chemical potential
gradient. It describes the stress-induced diffusion (SID).
R =8.314 m*Pa K™ mol™ is the gas constant.

The chemical potential of nitrogen p as a mobile
component in the CoCr alloy matrix depends on nitrogen
concentration C and mechanical stress o (Eg. (21) in
Ref. [21]):
u=p(0,C)-Vyo, @)
where pn(0,C) is the chemical potential in the stress-free
state and Vy is the nitrogen partial molar volume. For
CoCr alloy Vy = 3.79x107° m* mol™ [25].

The equation of the nitrogen diffusion in presence of
internal stress is expressed as:

J :—D(VC —V ¢ VO'\J . 4)
RT

Assuming that Vy and D do not depend on concentration
the following equation of the nitrogen concentration
variation from Eq. (4) can be expressed as:

ac(x,t) V,, (x,1)-C(x,1)
ot

= DV(VC(x,t) - T

Vo(x,t)j . (5)
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The boundary conditions involving flux of nitrogen from
outside to the surface can be written as:

aCc(0,1)

o -, B
= (N, - C(0.1)

N

surface

A (0 t) ©
+ DV(VC(O,t)

22 Vea (0, t)j
The first term of this equatlon is the adsorption term,
which describes the process of nitrogen adsorption on the
surface, where ig is relative flux of nitrogen, a is the
sticking coefficient of nitrogen to the surface atoms, Ny is
host atoms atomic density and Ngyee IS the surface
concentration of host atoms.

In order to solve Egs. (5) and (6) the stress profile oy
has to be defined. The stress-depth profile o, induced by a
composition profile is obtained from Eq. (15) in Ref. [26]):

()

where g is Vegard’s constant for nitrogen, E the Young’s
modulus of alloy, v the Poisson’s constant and C, is

average nitrogen content in the sample. In Ref. [26] it was
shown that for nitriding of alloy the linear dependence on

Oy

-E a0,
-V

compositionally  induced  compressive  stress  on
concentration (Eg. (18) in Ref. [26]) can be expresses as:

G(X t) stresscnltrogen(x t) (8)
where value of Xges Was taken as Xgyess = 200 MPa

(at. %)™, According to the similarity of such values as
Young’s modulus of steel (200.4 GPa) and of CoCr alloy
(210 GPa [28]), Poisson’s constants (v = 0.33 for steel and
v=0.3 for CoCr alloy [27]) and Vegard’s constant
£ =0.0080 A (at.%)™ N for steel and CoCrMo alloy, we
also will use this value for calculation.

The Egs.(5) and (6) for one dimensional case
expressed in finite increments obtain the following form

[23, 24]:
For surface layer k=0
ac®  a-i D
—— =" (N,-CY)+—=
ot Nsurface h (9)
V
Jlck) _c® ) IN (c kD (5keD _ 500
(e -cm)-Yafornforn o)
and for other layers k >0
(k+1) (k-1) (k)
6C(k) ~ D (C +C -2C ) ,(10)
ot n? |- ViN(C(k-v-l) (U(k+1) _g )+ C(k)(o_(k—l) _g ))
RT

where h is the thickness of one monolayer.

RESULTS AND DISCUSSION

The experimental results were analyzed by the
proposed model. The experimental depth profiles of
nitrogen taken from Ref. [17] and obtained by GDOES
after plasma nitriding of CoCrMo alloy (medical grade
alloy D30, 1SO 5832-12) at 400 °C for different nitriding
times 2 h, 6 h and 20 h are presented in Fig. 1 (points). The
alloy was nitrited in a low-pressure (~60 mTorr) radio-
frequency plasma under a gas mixture of 60 % N, — 40 %
H, [17].
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Fig. 1. Experimental (points) [17] and calculated (lines) nitrogen
concentration depth profiles obtained at different nitriding
times (2 h, 6 h and 20 h)

The plateau is seen in all curves, which cannot be
fitted by simple diffusion models. The similar types of
profiles for nitrided stainless steel are fitted by stress
induced diffusion model [23, 24]. We suggest the same
mechanism for CoCrMo alloy.

The nitrogen depth profiles in CoCrMo were calculated
by solving Egs. (9)—(10). In order to fit experimental curves
the calculations were performed by varying diffusion
coefficient D. Other parameters were kept as constants and
found from experiment [17] or literature data [25-28].
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 [25-27]

Xsress = 200 MPa (at. %)™ Diffusion coefficients:

R =8.314 m*Pa Kt mol™ Nitriding D,
Vi = 3.79%10°° m* mol ™ time,h | x10™ cm?s™
T =673K é 1-f9

— 21 -3
Ng = 5.138x10“" cm 20 0.7

The calculation results are presented in Fig. 1 (solid
lines) together with the experimental points [17]. All three
calculated depth profiles (2 h, 6 h and 20 h of nitriding) are
in a good agreement with experimental points. 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
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 [29]. To check Einstein-Smoluchowski
relation for our case, the obtained values of diffusion
coefficients were plotted versus parameter 1/Cy (Cy is total
nitrogen concentration in sample). The plot is presented in
Fig. 2.

All three points are in one line, which confirms
assumption that diffusion coefficient depends on concen-
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tration according to Einstein-Smoluchowski relation as
function D oc 1/Cy.

The line of Fig. 2 is fitted by function:
D(Cy)=3-10"/Cc, —8-107%. (11)
Analyzing the dependence of total nitrogen concentration
on time (from Fig. 1) it was found the following function:
Cy (t) =1.265t%4% (12)
Combining the last two relations the dependence of
diffusion coefficient on time can be expressed as:
D(t) = 2.372-10 7110428 _g.1072 (13)
(for the experimental conditions described above). Using
these expressions (Egs. (11)—(13)) the depth profiles of
nitrogen and stress profiles for any nitriding duration can
be calculated.
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Fig. 2. Function of obtained by fitting D, values versus 1/Cy

The calculated stress profiles extracted from fitted data
are presented in Fig. 3. It is seen that the increasing the
nitrogen duration, the internal stresses increase.
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Fig. 3. The calculated (Egs. (9) and (10)) stress profiles in

nitrided CoCrMo alloy at 400°C for 2, 6 and 20h,
calculated with different diffusion coefficients values,
listed in Table. 1

By using Eqgs. (11) —(13) the diffusion coefficients can
be determinate for any nitriding time. The diffusion
coefficients, listed in Table 1 are in good agreement with
the experimental results, published in Ref. [27], where
diffusions coefficients were calculated for the same
CoCrMo alloy, nitrided in the same conditions — the
average nitrogen diffusion coefficients were obtained from
1.131x10™ to 1.81x107 cm?s™ [27]. The determination
of diffusion coefficient at any nitriding duration allows to
calculation of depth profiles (Fig. 4) and stress profiles



(Fig. 5) for any nitriding durations. The calculated nitrogen
depth profiles at different moments of time including the
initial stage are presented in Fig. 4. It is seen that at initial
stages of nitriding shape of curve is erfc type, i. e. the same
as for simple diffusion. Up to ~10min of nitriding
nitrogen depth profiles are erfc type. At later nitriding
stages (approximately after 10 min. Fig. 4) the shapes of
curves begin to change, and after about t=30 min of
nitriding the plateau starts to be observed. The compressive
stresses are induced by the lattice expansion, which are
reliant on incoming nitrogen concentration. As mentioned
previously, the nitrogen concentration in CoCrMo alloy is
dependent on nitriding time. It is seen in Fig. 5 that at
initial stage of nitriding internal stresses are small.
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Fig. 4. The calculated (Egs. (9)—(13)) nitrogen depth profiles at

different nitriding durations
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Fig. 5. The calculated (Egs. (9)—(13)) nitrogen depth profiles at
different nitriding durations.

The analysis of stress induced diffusion model shows a
great important of the stresses influence to nitrogen
distribution in to CoCrMo alloy. The stress is described by
the stress factor Xgess (EQ.(8)), which value
Xstress = 200 MPa (at.%) ™ was proposed in Ref. [23, 24, 26].
The influence of the stress factor Xq.ess for nitrogen depth
profiles is analyzed in Fig. 6. The nitrogen concentration and
depth profiles are calculated with value of D obtained from
fitting of the experimental results (Fig. 1) D=7x10"?cm?s™
for 20 h nitriding duration with different Xgess Vvalues:
100 MPa (at.%)™, 150 MPa (at.%)™, 200 MPa (at.%)™.
With increase of Xqess the nitrogen concentration slightly
reduces on the surface but the variation of Xgyess Strongly
influences the profile of nitrogen at deeper layers (shown in
Fig. 6). The influence of the stress factor Xyyess for stresses
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profiles is analyzed in Fig. 7. It is seen from Fig. 7 that the
internal stresses and thickness of stressed layer increase with
increase of Xqess. From those results it follows that diffusion
process is more intensive as the internal stresses are higher.
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Fig. 6. The nitrogen depth profiles calculated (Egs. (9) - (10)) for
different values of stress factor Xgyess. The nitriding time is

20 h and diffusion coefficient is 7x107*2 cm?s™!
04

D=7*10""cm’s"

~10004 =20 h

-2000

-3000 -

Stress, MPa

-4000 o
1——X,,...=100 MPa (at.%)"
2——X__ =150 MPa (at.%)"
3—X,,,,,=200 MPa (at.%)"

5000

-6000

T T T T
0 2 4 B 8

Depth, um

Fig. 7. The stress profiles calculated (Egs. (9)—(10)) for different
values of stress factor Xgyess. The nitriding time is 20 h and

diffusion coefficient is 7x107%? cm?s™

CONCLUSIONS

1. The nitrogen penetration during plasma nitriding of
CoCrMo alloy can be explained by stress induced diffusion
mechanism and nitrogen depth profile can be calculated by
this model.

2. The nitrogen diffusion coefficient in nitrided
CoCrMo alloy depends on nitrogen concentration according
to Einstein- Smoluchowski relation D oc 1/Cy. Availing
Einstein-Smoluchowski relation were derived equations
showing the relationship between the nitridation time, the
nitrogen concentration and the diffusion coefficient. These
calculations allow to determinate the nitrogen concentration
and diffusion coefficient for any nitriding duration.

3. According to the analysis of initial stage of nitriding
it is seen that the plateau starts to be observed after about
30 min of nitriding duration. Until this time nitrogen depth
profiles are erfc type — this is can be explained by small
internal stresses at initial stages of nitriding.

4. The analysis of the internal stresses, formed in
CoCrMo alloy during nitriding, shows that diffusion
process is more intensive as the internal stresses are higher.
The penetration depth of nitrogen increases with increasing
of stress factor Xgess.
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