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Abstract

Two methods, which are used for calculation of dif-
fusion coefficients in multiphase binary systems are
outlined and compared - the investigation of the layer
growth kinetics and the fitting of concentration pro-
files. The methods are discussed in view of their partic-
ular advantages and disadvantages and illustrated on
the non-metal diffusion coefficients in the Nb-N, Nb-
C, Cr-N, Cr-C, Ta-N and Ta-C systems. It is shown that
the best way for determining the non-metal diffusivity
in multiphase systems is the combined refinement of
diffusion coefficients employing both the layer growth
enhancement and the concentration profile fitting.

1 Introduction

The transition metal nitrides and carbides are hard re-
fractory materials, which are advantageously used as
diffusion barriers, as construction materials for high-
temperature applications, and in the production of cut-
ting tools. In these compounds, diffusion processes
occur both in production and use, and therefore the
knowledge of diffusion kinetics is important. In addi-
tion, the diffusion couple experiments can offer an ex-
ceptional opportunity to obtain an insight into binary
systems because the phase band structure arising dur-
ing the diffusion processes represents an isothermal cut
in the phase diagram. Still, the diffusion coefficients,
which characterise the diffusion kinetics, are lacking in

the majority of the nitrides and carbides of transition
metals.

In principle, chemical diffusion experiments can be car-
ried out as single-phase or multi-phase diffusion exper-
iments. In the first case the in- or out-diffusion of the
non-metal occurs in a single phase and only intraphase
boundaries are observed. In the second case, several
solid phases are formed and also interphase boundaries
occur. Of course, the layout of the diffusion experiment
determines the starting and boundary conditions upon
the mathematical description of the diffusion process.
For the starting and boundary conditions is not im-
portant how many phases are present in the diffusion
couple or if the non-metal diffuses from a solid phase
or from gas, but how the starting composition profile
in the diffusion couple looks like and if the source of
the in-diffusing non-metal is limited or not. As the ni-

trides and carbides of transition metals were prepared
through diffusion of nitrogen from Ny or carbon from
graphite into pure metal in our most experiments, we
will pay attention to the reactive diffusion assuming a
non-limited source of the non-metal.

As the diffusivities of both nitrogen and carbon are
much higher than the diffusivity of the metal in the ma-
jority of nitrides and carbides of transition metals, the
diffusion process is usually regarded as a diffusion of
the non-metal in a rigid metal grid. The positions of the
metal atoms are assumed to be fixed, and the diffusion
process is used to be described as the sole non-metal
diffusion.

2 Model of the reactive diffusion

If samples of the pure metal are annealed in the nitro-
gen atmosphere or in the graphite powder, the reactive
diffusion is described by the following model. At the
beginning of the diffusion process all phases accord-
ing to the phase diagram arise, starting from the non-
metal-richest which is located at the sample surface,
and ending with the non-metal-poor one which fills the
core. During the diffusion process the concentration
of the in-diffusing non-metal increases that can be ob-
served asweight gain, as growth of the individual phases
(the layer growth or the phase boundary movement) or
as the change in the concentration profile. The layer
growth in multiphase diffusion couples is known from
experiments to follow the parabolic rule [1, 2]:

z; = K/t (1)

where x; is the thickness of the phase (layer) i after the
diffusion time r. K; is the respective rate constant. By
using the first and the second one-dimensional Fick’s
laws,
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equation (1) was approved theoretically by Kidson [3]
to be valid for infinite (very thick) diffusion couples.
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In Eqgs. (2)-(4), J is the diffusion flow, D the diffusion
coefficient and ¢ the concentration of the non-metal.
Kidson’s analysis (3] also explained the meaning of the
rate constant K, as the movement of phase boundaries
was described by the following system of transcendental

equations:
&2
Ac f€1 exp( %i) dy’

for the positions of the (n-1) outer phase boundaries

and by
Dulet ), ow(-5t)
Aen 65: 1 exp( D/n)

€2
exp (- 7
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for the innermost (n-th) phase boundary. The symbols
z; and ; denote the positions of phase boundaries in
Cartesian co-ordinates and in the Boltzmann-Matano
variables (£ = z/(2,/t), respectively; D; is the non-metal
diffusion coefficient in the i-th phase, ¢;* and ¢;~ are
the maximum and minimum concentrations within the
phase i; Ac; is the concentration jump at the i-th phase
boundary (i.e. the width of the respective two-phase
region in the phase diagram). The terms in the square
brackets have the meaning of the rate constants K.
A similar approach has been applied for finite diffusion
couples taking into account that the non-metal diffuses
through both surfaces [4]. This calculation yielded the
same system of transcendental equations for the outer
phases (5) and a modified equation for the last phase
boundary:
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(6)

The additional term in Eq. (7) is a consequence of the fi-
nite sample geometry. In this case, the simplified equa-
tion of the layer growth contains rate constant, which
depends on both the diffusion time and the sample
thickness:

= K; (t,f) \/t (8)

Varying the diffusion time or the sample thickness, suf-
ficent number of equations are obtained for the calcu-
lation of the diffusion coefficients in all phases. In prac-
tical applications, the finite sample geometry causes a
layer growth enhancement against the parabolic law.
Particularly, a broadening of the layer thickness is ob-
served with decreasing sample thickness [5]. The ana-
lytical solution (Eq. 5 and 7) was proved by comparing
the calculated layer growth with the layer growth simu-
lated using the forward finite difference (FFD) method
(6].

During the diffusion process also the concentration pro-
file changes. At the beginning of the diffusion process
the composition profile is characterised by a concen-
tration sink having the maximum non-metal concen-
tration at the sample surface and the zero non-metal
concentration inside. After the diffusion time ¢, the
concentration profile within individual phases can be
approximated by:

y 1 oy 2dy” '

e(y) = (¢t —c) Ly D(y'>e"P( o) By )
y(€) L oy 2pdy”

: 12657 ptay e (= S0y B ) dy'

+ct 9

which is the result of the analytical solution of the sec-
ond Fick’s law (3), see (7], for example. y is the time-
dependent Boltzmann-Matano variable (y = x/(2/1)),
Dthe diffusion coefficient, ¢~ the minimum and c* the
maximum concentration within the phase being inves-
tigated. For the concentration-independent diffusion
coefficient, the equation describing the concentration
profile takes the simple form of the error function (1, 7].

3 Calculation of diffusion coefficients

3.1 Layer growth

Uponssolving the system of transcendental equations (5,
6) the positions of phase boundaries can be calculated
if the homogeneity ranges (¢t and ¢ ™) and the diffusion
coefficients are known for all phases. On the contrary,
the observed layer growth cannot be used to calculate
diffusion coefficients, because the system of Egs. (5)
and (6) consists of n equations (for n known positions
of phase boundaries) but it contains n+1 unknown dif-
fusion coefficients. In addition, as the rate constants
in Eq. (1) do not depend on the diffusion time, it is
impossible to obtain the complete set of diffusion coef-
ficients (the diffusion coefficients in all phases) from a
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series of diffusion experiments carried out with differ-
ent diffusion times. This has first been stated by Jost [1],
who already reported several approaches, which should
overcome this difficulty.

If one diffusion coefficient is known, the system of n
transcendental equations (5) and (6) is sufficient for
calculation of the n unknown remaining diffusion co-
efficients. However, this requirement is very restrictive
when the diffusion coefficients are not accessible by
using other methods. Another approach neglects the
diffusion flow in the core. Thus, the diffusion coeffi-
cient for the non-metal in the core is not involved in the
calculation of layer growth, and consequently the mod-
ified system of equations based on (5) and (6) is suitable
for calculation of the n remaining diffusion coefficients
(1]. This approximation can, however, be applied only
if the concentration profile in the core is very flat, i.e.
if its gradient is nearly equal to zero. This is the case if
the solubility of non-metal in the metal is very low or if
the diffusion experiment is started with a homogeneous
sample containing only the solid solution of non-metal
in the host metal that possesses the highest non-metal
concentration. Then, the concentration profile in the
core is completely flat, the concentration gradient is
equal to zero and therefore the diffusion flow is negligi-
ble despite the finite diffusivity of the non-metal in the
core.

3.2 Layer growth enhancement

Our procedure for calculating the non-metal diffusion
coefficients from layer growth employs the layer growth
enhancement and the successive disappearance of in-
dividual phases in wedge-shaped samples (Fig. 1). Such
a sample geometry is favourable because the wedge
contains apparently more samples with different thick-
nesses, which are annealed in the same experimental
run (with exactly the same experimental conditions). If
the angle of the wedge is sufficiently small (10°-15°),
the wedge can still be regarded as a one-dimensional
diffusion couple. This was verified experimentally by
annealing wedge-shaped samples together with the pla-
nar diffusion couples having different thicknesses. The
observed positions of phase boundaries were the same
both in the wedges and in the parallel sheets.

The computing routine [8] used for calculation of diffu-
sion coefficients simulates first the positions of phase
boundaries for a single sample thickness and a certain
diffusion time. Typically, a large sample thickness is
used, at which all phases which are stable at the given
temperature are still presentin the sample. The calculus
needs the maximum and the minimum concentrations
in individual phases and the diffusion coefficient in the
core as the inputdata. The limit concentrations must be
known precisely, whereas the estimate of the diffusion
coefficient in the core is sufficient. In the first computa-
tion step, the diffusion coefficients in outer phases are
calculated. In the second step, the complete phase band

Figure 1: An example of the layer growth enhancement in
wedge-shaped diffusion couples (Ta-C). The finite sam-
ple geometry accelerates the in-diffusion of non-metal,
which can be observed as a deviation from the parabolic
layer growth or as the layer growth enhancement in wedge-
shaped specimens.

structure, i.e. the positions of the phase boundaries at
different sample thicknesses, are simulated with the dif-
fusion coefficients calculated in outer phases and with
the estimated diffusion coefficient in the core. If the
estimate of the diffusion coefficient in the core is lower
than its correct value, the calculated layer growth en-
hancement is smaller than the measured one and vice
versa. Thus the diffusion coefficient in the core can be
refined by repeating this procedure until the differences
between the calculated and the observed positions of
phase boundaries drop below a desired limit.

3.3 Concentration profile fitting

Upon the concentration profile fitting, the diffusion co-
efficient in a single phase can be calculated by fitting
the function (9) on the measured concentration profile.
The diffusion coefficient can either be assumed to be
independent of the non-metal concentration, D#D(c),
or to be a function of the non-metal concentration,
D = D (c¢). The calculation of the concentration pro-
files with the concentration-dependent diffusion co-
efficients according Eq. (9) must be performed itera-
tively. First, a starting concentration profile is calcu-
lated with a concentration-independent diffusion coef-
ficient. The starting concentration profile is then used
for calculation of the spatial distribution of the diffu-
sion coefficient, D = D(c(y)). This is only possible if
the relationship between the diffusion coefficient and
the non-metal concentration is known. Regarding the
experimental errors in the concentration profile mea-
surement and the numerical stability of the solution, it
is impossible to obtain a general form of the function
describing the concentration dependence of the diffu-
sion coefficient from the concentration profile fitting.
Therefore, the concentration dependence of the diffu-
sion coefficient is usually characterised by an analytical
function, which parameters are refined. The following
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exponential function has been established [9]:

D(c) = Doexp [a (¢t —¢)] (10)
which has two free parameters, Dy and a. ¢t means
the highest non-metal concentration in the respective
phase. More general concentration dependence of the
diffusion coefficient can be obtained if the measured
concentration profile is approximated “per partes” by
the function (9) assuminga concentration-independent
diffusion coefficient in each particular window. How-
ever, this approach works only with perfect concentra-
tion profiles.

Regarding the Arrhenius dependence of diffusivity and
Eq. (10), the temperature and concentration depen-
dence of the non-metal diffusion coefficient can be
characterised by the function:

D(T.c) = Dgexp (——Ef—T> expla(ct —¢)] a1
which describes a two-dimensional surface in the semi-
logarithmic representation of the diffusion coefficient.

4 Survey on the non-metal diffusion
coefficients

Results presented in this section were obtained by us-
ing the combined refinement of diffusion coefficients
if the quality of measured concentration profiles was
sufficient. This approach yielded the concentration-
independent diffusion coefficients (calculated from the
layer growth enhancement in wedge-shaped samples)
and the concentration-dependentdiffusion coefficients
(calculated from the concentration profiles). The inves-
tigation of the layer growth enhancement yielded dif-
fusion coefficients in all phases which were present in
the diffusion couple, whereas the concentration profiles
were suitable only for calculation of diffusion coeffi-
cients in the non-metal-rich phases. Whenever both
methods could be applied, the diffusion coefficients
were compared. As these methods are independent,
their combination offered a better insight into the dif-
fusion kinetics because the concentration-dependent
diffusion coefficients can be assigned to a certain
non-metal concentration, whereas the concentration-
independent diffusion coefficients correspond to the
average non-metal concentration in the respective
phase.

4.1 Nb-N system

The Nb-N system was investigated between 1400°C and
1800°C [10]. In this temperature region three phases
are stable: the solid solution of nitrogen in niobium,
a-Nb(N), having the space group Im3m and two nitride
phases, 3-NbyN (P31m) and §-NbN (Fm3m). The ho-
mogeneity ranges measured using the electron probe
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Figure 2: A part of the phase diagram for the Nb-N sys-
tem. The circles indicate the limit concentrations used for
calculation of diffusion coefficients from layer growth.

microanalysis (EPMA/WDS) [11] are shown as a part
of the phase diagram in Fig. 2. As the position of
the nitrogen-rich boundary in the phase diagram (the
maximum concentration) for the §-NbN;_, phase de-
pends strongly on the nitrogen pressure, a different ni-
trogen pressure was applied at different temperatures
to keep the nitrogen concentration at the sample sur-
face constant. The diffusion coefficients obtained from
layer growth for a-Nb(N), 3-NbyN and §-NbN are sum-
marised in Fig. 3 (open symbols) and compared with
the diffusion coefficients calculated from the nitro-
gen concentration profiles in -NbNj _, (solid circles).
The Arrhenius dependence of the diffusion coefficients
yielded the activation energies and pre-exponential fac-
tors, which are given in Tab. 1. Comparable activation
energies have been published in [12] for the tempera-
ture range 1100°C~1900° Casaresultof the layer growth
study: E (6-NbN) = (3.31£0.26) eV and E (3-NbgN) =
(3.35+£0.40) eV.

Table 1: Activation energies and pre-exponential factors
calculated from the temperature dependence of the ni-
trogen diffusivity in niobium and niobium nitrides, which
was obtained by using concentration profile fitting and the
forward finite difference simulation.

Concentration profile fitting

rPhase H §-NDbN (high c) I d-NbN (low ¢)
E [eV] 3.19+0.10 3.20+0.10
Do[cm?/s] 0.68 03 110 *5%3

Forward finite differences

| Phase [ 4-NbN,_, 3-Nb,N «-Nb(N)
E [eV] 3.32+0.03 4.040.1 2.44+0.04
Dolcm?/s) || 2.2 *94 [ 12x10° *I7 | 1.8x107" 0§
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Figure 3: The nitrogen diffusion coefficients obtained from
layer growth for o-Nb(N) (open triangles), 3-Nb;N (open
squares) and §-NbN (open circles). Diffusion coefficients
calculated from the nitrogen concentration profiles in 6-
NbN; _; are plotted by solid circles.

The diffusion coefficients of nitrogen in -NbN; _, were
found to be nearly independent of the nitrogen con-
centration, the first indicator of which was a good
agreement between the measured concentration pro-
files and the concentration profiles simulated using the
FFD method with concentration-independent diffusion
coefficients (Fig. 4a). Note that upon the calculation of
diffusion coefficients from the layer growth only the
measured and the simulated positions of phase bound-
aries are compared, not the concentration profiles. The
negligible concentration dependence of the nitrogen
diffusion coefficient for §-NbN;_, was confirmed by
the concentration profile fitting (Fig. 4b), which yielded
a very low value of the parameter a in Eq. (10), a =20
cm3/mol.

4.2 Nb-Csystem

The Nb-C system was investigated between 1500°C and
2100°C [13]. Four phases are stable below 1570°C: a-
* Nb(C) (Im3m), 3-NbyC (P31m), ¢-NbsC3 (R3m) and
0-NbC (Fm3m); above 1570°C, the (-Nb4C3 phase dis-
appears. The homogeneity ranges measured using
EPMA/WDS are shown as a part of the phase diagram
in Fig. 5. The homogeneity range of (-Nb4C3; was mea-
sured using EPMA (40.1 -40.7 at %) [11], thus this phase
behaves as a line compound. Accordingly, the (-Nb,4C;
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Figure 4: (a) the nitrogen concentration profile measured
over §-NbN;_,, 8-Nb,N,_, and a-Nb(N) (open circles)
and simulated by the FFD method using concentration-
independent diffusion coefficients (solid line). (b) the ni-
trogen concentration profile in 6-NbN,_, (open circles)
approximated by the function (9) assuming the diffusiv-
ity depends on the nitrogen concentration according to
Eq. (10), solid line.

phase was only observed in the Nb,C/C diffusion cou-
ples but not in the Nb/C diffusion couples [14]. The
reason is that the large concentration gradient and con-
sequently the large diffusion flow in the Nb/C diffu-
sion couples (in comparison with the Nb,C/C diffusion
couples) restricts the development of line compounds
during the diffusion process [3]. Consequently, the (-
Nb4C3 phase was not considered for calculation of the
diffusion coefficients at 1500°C although it is thermo-
dynamically stable at this temperature.

The carbon diffusion coefficients obtained from the
layer growth for a-Nb(C), 3-Nb,C and §-NbC are sum-
marised in Fig. 6 (open symbols) and compared with
the diffusion coefficients calculated from the carbon
concentration profiles in §-NbC _ (solid circles). The
Arrhenius dependence of the diffusion coefficients
yielded the activation energies and pre-exponential fac-
tors, which are given in Tab. 2. The activation energies
given in the literature for the carbon diffusion in §-NbC
vary among 3.21 eV [15] and 4.02 eV [16] as studied by
the layer growth or by weight gain, respectively.

The diffusion coefficients of carbon in 6-NbC; _, were
found to be strongly dependent on the carbon con-
centration; the differences in the diffusivity of carbon
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Figure 5: A part of the phase diagram for the Nb-C sys-
tem. The circles indicate the limit concentrations used for

- calculation of diffusion coefficients from the layer growth.
The ¢-Nb4C; phase did not grow in the diffusion couples
used for calculation of the diffusion coefficients. -
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Figure 6: The carbon diffusion coefficients obtained from
the layer growth for a-Nb(C) (open triangles), 3-Nb,C
(open squares) and 6-NbC (open circles). Diffusion coeffi-
cients calculated from the carbon concentration profilesin
6-NbC,_, are plotted by the solid circles. The higher dif-
fusivities correspond to the respective minimum carbon
concentration; the lower diffusivities are for the stoichio-
metric §-NbC.

Table 2: Activation energies and pre-exponential factors
calculated from the temperature dependence of the carbon
diffusivity in niobium and niobium carbides, which was
obtained using the concentration profile fitting and the
forward finite difference simulation.

Concentration profile fitting
[ a-NbC (highc) | 6-NbC (low ¢) |

LPhase

E [eV] 3.86+0.13 3.35+0.20

Dolcm?/s] 04 103 0.12 *933
Forward finite differences

[Phase [ 6-NbCi_. | 8-Nbo.C | a-Nb(©) |

E [eV] 3.97+0.14 | 3.95+0.10 | 3.40+0.10

Dolcm?/s] || 0.4 *%% | 29 *33 1045 518

in the carbon-rich and in the carbon-poor §-NbC_,
are up to one order of magnitude. This was first in-
dicated by a poor agreement between the measured
concentration profiles and the concentration profiles
simulated using the FFD method with concentration-
independent diffusion coefficients (Fig. 7a) and proved
by the concentration profile fitting (Fig. 7b), which
yielded a=100 cm®/mol.

4.3 Cr-Nsystem

The Cr-N system was investigated between 1230°C and
1420°Cusing diffusion experiments carried outat31 bar
Ny [17]. In this temperature range (and for this nitro-
gen pressure) three phases are stable: «-Cr(N) (Im3m)
with a very low solubility of nitrogen in chromium, 3-
CroN (P31m) and 6-CrN (Fm3m) [18]. The homogeneity
ranges measured using EPMA/WDS are shown as a part
of the phase diagram in Fig. 8. Because of the limited
nitrogen pressure, the nitrogen-rich limit of 6-CrNj_;
was shifted to lower concentrations. As the nitrogen-
poor boundary of §-CrN;_; in the phase diagram also
shifts to lower concentrations, which is given by the
thermodynamics of the Cr-N system, the mean nitro-
gen concentration in §-CrN; _; decreased with increas-
ing temperature.

The nitrogen diffusion coefficients obtained from the
layer growth in a-Cr(N), 5-CroN and 6-CrN are given in
Fig. 9 (open symbols) and compared with the diffusion
coefficients calculated from the nitrogen concentration
profiles in 6-CrN;_, and 3-CryN;_, (solid symbols).
The Arrhenius dependence of the diffusion coefficients
yielded the activation energies and pre-exponential fac-
tors, which are given in Tab. 3. The nitrogen diffusiv-
ity in 6-CrNy _ is strongly dependent on the nitrogen
contents. The concentration gradient near the sam-
ple surface (at high nitrogen concentrations) is sub-
stantially higher than the concentration gradient inside
of §-CrN;_, (at low nitrogen concentrations), which
could not be approximated by the concentration profile
calculated with a concentration-independent diffusion
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”E ] Table 3: Activation energies and pre-exponential fac-
8 ] tor determined from the temperature dependence of
= . the concentration-independent (FFD simulation) and the
£ ] concentration-dependent diffusion coefficient (calculated
PR from the concentration profiles) in the Cr-N system.
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Figurg 8: A part of the phase diagram for the Cr-N system.
The c_xrcles indicate the limit concentrations used for cal-
culation of diffusion coefficients from layer growth. The

maximum nitrogen concentrations were reached with 31
bar Ng.

ficients of nitrogen obtained from layer growth in a-Cr(N)
(open triangles), 3-Cr,N (open circles) and §-CrN (open
squares) are compared with the concentration-dependent
diffusion coefficients calculated from the nitrogen concen-
tration profiles in 3-Cr,N;_, (solid circles). Solid squares
denote the nitrogen diffusion coefficients in §-CrNo 7
(high diffusivity) and in §-CIN (low diffusivity). These
values were obtained by extrapolating the concentration-
dependent diffusion coefficients calculated from concen-
tration profiles to 40 at % N and 50 at % N, respectively.
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coefficient (broken line in Fig. 10a). The nitrogen con-
centration profile was well approximated by the analyt-
ical function if the concentration-dependent diffusion
coefficient was employed (solid line in Fig. 10a). The
temperature and concentration dependence of the ni-
trogen diffusion coefficient in §-CrN; _, was described
by the logarithmic surface (Fig. 11):

2.92¢V
kpT

D [cm2/s] = 0.018 x exp <— ) x exp (17.2x)

(12)
where x is the deviation from stoichiometry. The dif-
ference in the nitrogen diffusivities for 6-CrN and §-
CrNo 67 is more than two orders of magnitude. Such a
broad homogeneity range has not been reached for high
temperatures because of the limited nitrogen pressure
or is not present at low temperatures (see the phase
diagram, Fig. 8). Nevertheless, the temperature shift in
the mean nitrogen concentration together with the very
strong concentration dependence of the nitrogen diffu-
sion coefficient had an important consequence for the
diffusion coefficients calculated from the layer growth.

As the mean concentration decreased with increasing
" temperature, a steeper increase of the diffusion coeffi-
cient was found than it corresponds to its sole tempera-
ture dependence because the temperature dependence
was overlapped by the concentration dependence of
the diffusion coefficient in §-CrN; _, (Fig. 11). Regard-
ing the low scatter in the measured concentrations, it
was also possible to evaluate the nitrogen diffusion co-
efficients in 3-CruN from the concentration profiles.
These diffusion coefficients agree well with those ob-
tained from the layer growth, and the diffusion coeffi-
cients in 3-CraoN were found to be independent of the
nitrogen concentration (Fig. 10b).

4.4 Cr-Csystem

The Cr-C system was investigated between 1260°C and
1410°C[17]. In this temperature range four phases hav-
ing very narrow homogeneity ranges are stable: Cr(C)
(Im3m), Cry3C¢ (Fm3m), Cr;C3 (Pnma) and Cr3Cs
(Pnma) (18]. The homogeneity ranges measured us-
ing EPMA/WDS are shown as a part of the phase dia-
gram in Fig. 12. However, because of the narrow ho-
mogeneity ranges the measured concentration profiles
(see Fig. 13) were not suitable for calculation of diffusion
coefficients, and therefore the comparison of two inde-

pendent sets of diffusion coefficients cannot be given
here.

The concentration-independent diffusion coefficients
obtained from the layer growth are summarised in
Fig. 14. Their temperature dependence yielded the acti-
vation energies and pre-exponential factors, which are
given in Tab. 4. As the measured concentration pro-
files could not be evaluated by the profile fitting, the
concentration dependence of the diffusion coefficient
could not be examined. Nevertheless, regarding the
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Figure 10: (a) the steep concentration gradient at the sam-
ple surface observed in §-CrN;_, is a typical indicator of
the strong concentration dependence of the diffusion co-
efficient. Therefore, the concentration profile calculated
with the concentration-independent diffusion coefficient
(dotted line) cannot approximate the measured concentra-
tion profile (open circles). A good fit was obtained with the
concentration-dependent diffusion coefficient. (b) no sig-
nificant concentration dependence of the diffusion coeffi-
cient has been observed for 3-Cr;N; _, and therefore the
concentration profile calculated with the concentration-
independent diffusion coefficient approximates the mea-
sured concentrations well.

Table 4: Activation energies and the pre-exponential fac-
tors in the Cr-C system calculated from the concentration-
independent diffusion coefficients, which were obtained
from layer growth.

| Phase | E[eV] | Dy [cm?/s] |

Cr3Cy || 2.5+0.6 | 1.21x102
Cr;Cs | 2.9+0.2 0.718
Cro3Cg || 3.2£0.6 1.28
Cr(C) || 2.9+0.3 1.54
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Figure 11: Logarithmic surface describing the tempera-
o 5 8 b Cr-C diffusion couple.

ture and concentration dependence of the nitrogen diffu-
sion coefficient in §-CrN,_,. Solid circles are used for the
diffusion coefficients obtained by the concentration pro-
file fitting. The solid lines indicate the Arrhenius plots for
0-CrNo.67 and 4-CrN, respectively. The broken line rep-
resents the oblique cut through different mean concentra-

tions, which corresponds to the false Arrhenius plot for dif- Temperature (°C)

fusion coefficients in §-CrN; _, obtained from layer growth
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narrow homogeneity ranges the diffusion coefficients
can be assumed to be independent of the carbon con-
centration. The relatively high scattering in the car-
bon diffusion coefficients is caused partly by different
porosity of the sample surface arising during the reac-
tive diffusion, partly by the lower precision of diffusion
coefficients calculated in phases with a narrow homo-
geneity range. The sample surface porosity influences
especially the diffusion coefficients in the carbon-rich
phases, Cr3Cy and Cr7C3, where the largest fluctuations
of the diffusion coefficients were observed. The narrow
homogeneityrangesimplyalow concentration gradient
inside the individual phases, which implies a low diffu-
sion flow again. In such a case, the calculated positions
ofthe phase boundaries are less sensitive to the changes
of the diffusion coefficients. Thus a good match in the
calculated and observed phase boundary positions was
obtained upon a lower precision in the diffusion coeffi-
cients. The consequence is a higher fluctuation of the
diffusion coefficients calculated from the layer growth.

Additional errors in the diffusion coefficients calculated
from the layer growth are due to the limited accuracy
of the homogeneity range measurement. According to
Egs. (5) and (7), the accuracy of both, the widths of
the homogeneity ranges of individual phases and the
widths of the two-phase regions, influences the pre-
cision of the calculated diffusion coefficients. This is
striking in line compounds (phases with a VEry narrow
homogeneity range), where the relative error in the ho-
mogeneity range width is larger than in the phases with
a broad homogeneity range. Nevertheless, as the ho-
mogeneity ranges in the Cr-C systemn remain the same
in the investigated temperature region, the inaccuracy
of the concentration measurement might cause only a
temperature-independent shift of diffusion coefficients
in the Arrhenius plot that does not affect the obtained
activation energies, but only the pre-exponential fac-
tors.

4.5 Ta-Nsystem

The Ta-N system was investigated in the temperature
range 1800°C - 1960°C [14]. Below 1860°C, four phases
are stable: the a-Ta(N) solid solution of nitrogen in tan-
talum (Im3m), the intermediate 3-TagN phase (P31m),
the §-TaN;_, phase (Fm3m) and the stoichiometric e-
TaN (P63/mmc). Below 1860°C, in equilibrium with
e-TaN the homogeneity range of §-TaN; _ is very nar-
row; the e-TaN phase grows as a line compound. Above
1860°C, e-TaN is not stable, and the homogeneity range
of 6-TaN;_, becomes broader. The maximum nitro-
gen concentration in ¢-TaN;_, depends strongly on
the partial nitrogen pressure. The homogeneity ranges
measured using EPMA/WDS are shown as a part of the
phase diagram in Fig. 15, where also the influence of the
nitrogen pressure on the maximum nitrogen concentra-
tionin§-TaN; _, isillustrated. Diffusion experiments at
the lower temperatures were performed with the nitro-
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Figure 15: A part of the phase diagram for the Ta-N system.
The measured limit concentrations are labelled by solid
circles, the refined concentrations by crosses. Up to 1903°
C, the maximum nitrogen concentration corresponds to 25
bar N,; the diffusion experiment at 1955° C was performed
with 10 bar No.

gen pressure of 25 bar, the diffusion process at 1955°C
was investigated at 10 bar No.

The concentration-independent diffusion coefficients
obtained from the layer growth are given in Fig. 16 (large
open symbols). Within 3-TapN; _,, the diffusion coeffi-
cients were additionally calculated from the measured
concentration profiles (solid triangles). The concen-
tration profile fitting yielded the nitrogen diffusivity in
3-TagN, _, beingindependent of the nitrogen contents.
Moreover, the diffusion coefficients obtained from the
layer growth and from the concentration profile fitting
were completely matched. Therefore, the nitrogen dif-
fusion coefficients for 3-TagN_, can be regarded as
determined very precisely as they were obtained using
independent approaches.

On the contrary, the diffusion coefficients for §-TaN; _,
showed a strong deviation from the expected linear de-
pendence in the Arrhenius plot. We believe that the
reason is a low accuracy of the maximum nitrogen con-
centration in §-TaN; _, measured using EPMA/WDS in
the samples prepared at the highest temperatures. This
hypothesis was supported by inspecting Egs. (5) and (7).
As the maximum and the minimum concentrations and
the diffusion coefficients occur as a product in these
equations, they are strongly correlating and therefore
a systematic error in one of them is deceptively cor-
rected by deprecating the quality of the other. Thus,
the surface nitrogen concentration was refined to lin-
earise the Arrhenius plot for the §-TaN,_, phase. The
refined maximum nitrogen concentrations are plotted
by crosses in Fig. 15, the corresponding diffusion coef-
ficients by small open squares in Fig. 16. The activation
energies and the pre-exponential factors are given in
Tab. 5.
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Figure 16: The concentration-independent diffusion co-
efficients of nitrogen in a-Ta(N) (open turned triangles),
B-Ta;N;_, (open triangles), §-TaN;_, (open squares) and
e-TaN (open circle) as obtained from the layer growth.
Large open squares denote diffusion coefficients calcu-
lated with the “as measured” limit concentrations; small
open squares are the diffusion coefficients calculated with
the refined limit concentrations. The diffusion coefficients
in3-Ta;N,_,, which were obtained from the concentration
profile fitting, are plotted by solid triangles.
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Figure 17: A part of the phase diagram for the Ta-C system.
The circles indicate the limit concentrations used for the
calculation of diffusion coefficients from the layer growth.

Table 5: Activation energies and pre-exponential factors
for the nitrogen diffusion in tantalum and tantalum ni-
trides calculated from the diffusion coefficients obtained
from the layer growth. In 8-Ta;N;_, also the diffusion co-
efficients obtained from the profile fitting were taken into
calculation.

[Phase [ Elev] [ Dolcm?/s] |
6-TaN, _, 3.6+0.1 3.4 132
B-Ta;N;_, || 3.30£0.09 | 1.4 *93
a-Ta(N) 2.840.5 | 0.03 *99

Upon measurement of the non-metal concentration
profiles using EPMA, the edge of the sample and conse-
quently the highest non-metal concentration is not well
accessible in many cases. In addition, the concentra-
tions measured near the edge are often affected by pol-
ishing effects [11]. Nevertheless, the surface concentra-
tion can frequently be obtained from the extrapolation
of the measured concentration profile. This approach,
however, failed for §-TaN; _, as it was discovered when
calculating the activation energies. Thus, it can be as-
sumed that the nitrogen concentration decreases very
fast at the sample surface (as observed from the sam-
ple surface toward the centre). This is associated with
a steep increase of the concentration gradient toward
the sample surface, which is an indicator for the strong
concentration dependence of the diffusion coefficient
(see Cr-N). Unfortunately, as the concentration profiles
in §-TaN;_, were not suitable for calculation of diffu-
sion coefficients, this hypothesis has not been verified

yet.

4.6 Ta-Csystem

The Ta-C system was investigated between 1700°C and
2200°C [14]. Below 2160°C, four phases are stable: a-
Ta(C) (Im3m), 5-TayC (P63/mmc up to approximately
2020°C and P3m1l above 2020°C), ¢-Ta4C3 (R3m) and
0-TaC;_; (Fm3m). The (-TayCs phase does not grow
above 2160°C. The homogeneity ranges measured us-
ing EPMA/WDS are shown as a part of the phase dia-
gram in Fig. 17. The carbon diffusion coefficients ob-
tained from layer growth are shown in Fig. 18 (open
symbols) and compared with the diffusion coefficients
calculated from the carbon concentration profiles taken
in 6-TaC;_, (solid squares). In several samples, high-
quality concentration profiles have also been measured
in the 3-TapC phase, and therefore it was possible to
obtain the independent set of diffusion coefficients for
(3-TayC as well (solid triangles).

Whereas no significant dependence of the diffusion co-
efficient on the carbon concentration was found for the
B-TagC phase, the differences in the carbon diffusiv-
ity for the non-stoichiometric §-TaCy 77 and stoichio-
metric 6-TaC are nearly one order of magnitude. The
temperature and concentration dependence of the dif-
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Table 6: Activation energies and pre-exponential factors
for the carbon diffusion in tantalum and tantalum car-
bides calculated from the diffusion coefficients obtained
from the layer growth. In 8-Ta,C,_ the activation energy
and the pre-exponential factor were calculated from dif-
fusion coefficients as obtained both from the layer growth
enhacement (FFD simulation) and the concentration pro-
file fitting.

Forward finite differencies
Phase E [eV] ] Do [cm?/s]
§-TaCi—, | 4.240.2 11 28
¢-TasCs—, | 5.0+0.1 20 3!
3-Ta,Cy—, | 6.5+0.3 1.1x10° *+32
a-Ta(C) 3.9+0.2 42 *51

Concentration profile fitting
6-TaC 3.6+0.1 0.023 *9-0l¢
5-TaCo.77 | 3.6%0.2 0.14 92

fusion coefficient can be expressed by the exponential
surface:

D(T,¢) = (0.023 £ 0.010) cm?s ™! x
(3.6 £0.1)eV
kBT

exp [(105 +2) cm®mol 7! x (¢t - c)]

exp [—
(13)

with ¢ = 0.0747 mol C/cm3, which is the concentra-
tion of carbon in the stoichiometric §-TaC. The con-
centration dependence of the diffusion coefficient for
d-TaC; _, is comparable with that for §-NbC;_,. Fur-
ther activation energies and pre-exponential factors are
given in Tab. 6.

Similar to the §-CrN;_, phase, different activation en-
ergies were obtained either from the layer growth or
from the concentration profile fitting for §-TaC; _ .. The
reason is the same in both cases - the concentration-
independent diffusion coefficient calculated from the
layer growth is related to different average concen-
trations at different temperatures as the homogeneity
range changes. This phenomenon is, of course, more
striking for 6-CrN|_, than for §-TaC,_, because the
shift in the limit concentrations is larger in §-CrN; _.
Nevertheless, this result can explain some discrepan-
cies found in the literature. Resnick et al [19] re-
ported the activation energy for the carbon diffusion
in §-TaC of 3.7 eV as investigated by carburizing TaC g
and by evaluating the measured concentration profiles.
Nearly the same activation energy (3.64 eV) was given
by Wakelkamp et al. [20] as a result of the diffusion cou-
ple technique (performed with the solid/solid diffusion
couples). Inboth cases, the mean carbon concentration
was kept constant, and therefore the activation energy
corresponded to an iso-concentration cut in the expo-
nential plane (Eq. 13). On the other hand, the activa-
tion energy given by Brizes [21] and Fromm et al. [22]

was 3.9 eV and 4.3 eV, respectively. This was obtained
from the layer growth in multiphase diffusion experi-
ments, and therefore the activation energy was higher
as it corresponds to the non-identical mean composi-
tion. These results agree perfectly with our findings (see
Tab. 6).

5 Discussion

The diffusion kinetics was studied in relatively narrow
temperature ranges. The choice of the appropriate tem-
perature range was a compromise - the diffusion is a
temperature-activated process, thus the non-metal dif-
fusivity decreases exponentially with decreasing tem-
perature, and the low temperatures imply very long dif-
fusion times. Besides, the grain boundary diffusion,
which can be neglected at high temperatures, becomes
comparable with the bulk diffusion atlow temperatures.
The overlap of the grain boundary diffusion and the bulk
diffusion would complicate the interpretation of the re-
sults.

Specific problems arising during the calculation of dif-
fusion coefficients have been discussed above for in-
dividual materials. Besides, there are two common
sources of errors in diffusion coefficients - inaccuracyin
the concentration measurement and, investigating the
layer growth, particularly the inaccuracy in reading the
phase boundary positions. The inaccuracy in the con-
centration measurement affects both, the diffusion co-
efficients calculated from the layer growth and from the
concentration profiles, but differently. Whereas large
scatter in the measured concentrations or some arte-
facts in the concentration profiles due to the polishing
effects are the principal difficulties upon the concentra-
tion profile fitting, the diffusion coefficients obtained
from layer growth are mainly affected by the inaccu-
rate maximum and minimum non-metal concentra-
tions within individual phases (see §-TaN, for example).
Problems in the reading of the phase boundary posi-
tions arise if a phase decomposes upon cooling or if the
phase band is very narrow. The very narrow layer thick-
ness does also the concentration profile fitting impos-
sible because of the limited lateral resolution of EPMA.

6 Conclusions

Two methods for calculation of the non-metal diffusion
coefficients were presented and illustrated on the Nb-
N, Nb-C, Cr-N, Cr-C, Ta-N and Ta-C systems. The first
method employed the layer growth enhancementin the
wedge-shaped diffusion couples; by using the second
one the diffusion coefficients in individual phases were
calculated directly from the shape of the concentration
profiles. Whereas the investigation of the layer growth
could be applied in all systems with known phase dia-
grams, the concentration profile fitting was applicable
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Figure 18: Diffusion coefficients of carbon in «-Ta(C)
(turned triangles), 3-Ta,C,—, (triangles), ¢-Ta4Cs_, (cir-
cles) and §-TaC, _, (squares). Open symbols are used for
the diffusion coefficients obtained from layer growth; solid
symbols are for the diffusion coefficients calculated from
concentration profiles.

only for non-metal-rich phases with a sufficiently broad
homogeneity range, which excluded the solid solution
of the respective non-metal in the host metal as well as
the line compounds definitely.

On the contrary, the investigation of the layer growth
enhancement yielded the concentration-independent
diffusion coefficients, whereas the information on the
concentration dependence of the diffusion coefficients
could only be obtained by the concentration profile
fitting. Therefore, the best way how to achieve the
maximum information on diffusion coefficients was
to compare the concentration-independent diffusion
coefficients calculated from the layer growth with
the concentration-dependent diffusion coefficients
calculated from concentration profiles.
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