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Abstract 

The suitability of using diffusion couples for the measurement of both phase equilibria and diffusivities is shown for the field 
of transition metal carbides and nitrides. Examples of the binary, ternary and quaternary systems Ti-N, Nb-N, Hf-N, Nb-C, 
Ta-C, T i -Zr -N  and TiCN-Ni are explained, together with preparation, investigation and evaluation techniques. The main 
topics, emphasized for binary systems in particular, are the investigation of phase equilibria by means of isothermal and 
temperature-gradient diffusion couples, the measurement of concentration-independent diffusivities from layer-growth data, the 
usefulness of wedge-shaped diffusion couples for the determination of both diffusivities and phase equilibria studies, and the 
evaluation of concentration-dependent diffusivities from diffusion profiles. 
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1. Introduction 

If two pure compounds  having a mutual  solubility 
and being in intimate contact with each other are 
annealed at an appropriate ly  high temperature ,  diffu- 
sion of the components  will occur as the system 
at tempts  to establish thermodynamic  equilibrium, 
which is reached when the chemical potentials of the 
constituents in the phases are identical. This diffusion 
process occurs in a concentrat ion (activity) gradient 
and is called chemical diffusion. Occasionally, one or 
more  phases can occur between the initial phases 
because of a super imposed chemical reaction: a so- 
called reaction diffusion. It is generally accepted that 
thermodynamic  equilibrium exists in the contact area 
of these grown phases. That  is, such a diffusion couple 
exhibits an isothermal section of the system on which 
it is based [1]. The most  information can be obtained 
prior to the state where overall thermodynamic  
equilibrium is reached and when all the phases are 
present  in an appropr ia te  thickness so that concen- 
t ra t ion-dependent  effects can be read as a function of 
the distance. As will be shown, this can also be 
pe r fo rmed  with the tempera ture  axis in order  to read 
tempera ture -dependent  effects as a function of dis- 
tance. 
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In many  technical processes - especially where high 
tempera tures  are a p p l i e d -  diffusion plays a dominant  
role in achieving the desired state of the prepared  
material.  This is also true for transition metal  carbides 
and nitrides because they are high-temperature  ma- 
terials. They are used as coatings and in cermets for 
metal-shaping processes. This summary  of the results 
obtained in our laboratory should provide some in- 
sight into how thermodynamic  and kinetic data, which 
are difficult or even impossible to collect with other 
techniques, can be obtained for these materials 
through solid-state reaction diffusion experiments.  

2. Preparation techniques 

Because a good contact between a metal  and the 
respective monocarbides  and mononitr ides is difficult 
to form, the most  straightforward technique for pre- 
paring a mult iphase carbide or nitride diffusion couple 
is to place the metals in a graphite bed or to anneal 
them in nitrogen atmosphere.  In the case of carbide 
diffusion couples the carbon is t ransferred mainly via 
the gas phase by the action of impurities. Thus, even if 
high-purity starting materials are used, a considerable 
amount  of carbon is t ransported to the metal  surface. 
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The use of hydrogen, which causes the formation of 
hydrocarbons and thus strongly favors the transport of 
carbon, does not give different results, at least for the 
VB meta l -ca rbon  couples, but does include the dan- 
ger of the formation of hydrides, and may have an 
undesirable influence on the diffusion process. During 
the diffusion process the carbide or nitride phases 
grow simultaneously from the outside to the inside of 
the sample. For  some nitrides (for which the nitrogen 
equilibrium pressure is not too low) the nitrogen 
activity at the surface can be adjusted via the nitrogen 
pressure (at a given temperature)  so that it is possible 
to grow a different number  of phases: for example, 
with and without the mononitr ide as the outer  phase. 
The carbon activities for the carbide diffusion couples 
are always unity at the surface if graphite beds are 
used, and subcarbides cannot be formed there. 

For  high-temperature heat treatments cold-waU 
autoclaves with tungsten heating tubes were used. The 
temperatures  were recorded by thermocouples or two- 
color IR pyrometers.  Gas pressures (mbar range up to 
40 bar) were measured with piezoelectric gauges. The 
conditions were recorded on a PC equipped with an 
A / D  converter.  The design of the autoclaves is such 
that extended heating periods can be maintained 
without any change in experimental  conditions. 

3. Investigative techniques 

3.1. X-ray diffraction 

etching 
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Fig. 1. Schematic representation of the investigation of a diffusion 
couple by Bragg-Brentano geometry in XRD phase analysis. Only 
the lattice planes perpendicular to the main diffusion direction can 
be detected because the main diffusion direction is perpendicular to 
the surface. The d values are the distances between these lattice 
planes. 

SiO 2 was applied for polishing after diamond polish- 
ing. The SiO2 suspension provides a combination of 
chemical (the pH is about 9) and mechanical attack. 
However,  this procedure causes a surface relief on the 
sample, and should be avoided if the samples are to be 
investigated by E P M A  (see Section 3.3). In some cases 
anodic oxidation was carried out with phosphoric or 
sulfuric acid. 

Phase identification was performed by X-ray diffrac- 
tion in Bragg-Bren tano  0-20  geometry. For  plane- 
sheet diffusion couples to be investigated in this 
geometry the detected lattice planes are perpendicular 
to the main diffusion direction, z, of carbon and 
nitrogen (Fig. 1). A rotating sample holder was pref- 
erentially applied in order  to minimize texture effects 
in the x - y  plane. Orientational effects due to diffusion 
generally occur relative to the main diffusion direction 
of the metalloid, which is the growth direction of the 
crystallites. A connection between growth and the 
diffusion direction exists since the shortest repeating 
distance of unit cell dimensions is in the z direction 
[ 1 ] .  

3.2. Metallography 

The samples were cut perpendicular  to the surface 
and embedded in a cold-setting resin. Then they were 
polished with 125 txm and 20 ~m diamond discs. After  
ultrasonic cleaning, further polishing was carried out 
with 3 ~m and occasionally 1 p.m diamond. This pro- 
cedure took about 2 -5  h. For  opt imum phase identifi- 
cation in polarized light an aqueous suspension of 

3.3. Measurement o f  concentration profiles 

Substantial progress in electron-probe microanalysis 
(EPMA) has been made in the last two decades, so 
that it is possible to determine ultra-light elements 
such as boron,  carbon and nitrogen with this technique 
[2,3]. The lateral resolution, the high accuracy and the 
high degree of automation for performing line-scans 
make E P M A  a unique tool for the determination of 
diffusion profiles as long as the thickness of the layer is 
greater than 10 p.m. 

In the present study a Cameca SX50 microprobe 
was used, which initially was equipped with four, and 
in later studies five, spectrometers and a variety of 
crystals ranging from W/Si multilayer crystals with a 
lattice spacing of 100 and 60 A respectively to crystals 
for heavy elements. The W/Si crystals have a poorer  
resolution but a much bet ter  peak-to-background ratio 
and a bet ter  background function than non-artificial 
crystals such as lead stearate. The microprobe scans 
were usually applied in the step scan mode with a 
counting time of 6 - 3 0 s  per step, 6 0 -3 0 0 n A beam 
current and 10-15 kV voltage. The PAP model [4] for 
the description of the mass-depth  curve was used in 
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the concentration calculations. Throughout  the E P M A  
analyses homotypic standardization was applied [5], 
meaning that homogeneous  single-phase samples from 
the system under investigation were used as standards. 
These standards were chemically analyzed. This pro- 
cedure should provide a bet ter  calibration because 
carbon and nitrogen line shifts due to the influence of 
chemical bonding and any unusual background shapes 
could be bet ter  corrected. The longer counting time 
and the higher beam current were applied for diffusion 
couples that contained very heavy elements such as 
Ta. In the course of the most recent optimizations for 
this technique a liquid-nitrogen cold trap and an 
oxygen jet were applied in order  to avoid any drift in 
the carbon scans due to enrichment of hydrocarbons 
stemming from the gas phase, from resin around the 
samples and from the metallographic preparations. 
The oxygen inlet was set so that the pressure in the 
sample chamber  reached 3 × 10 4 mbar. 

Precautions had to be taken to keep the sample as 
flat as possible during the metallographic preparation 
process. Light-optical microscopy requires a high-qual- 
ity preparation if the often very small differences in 
appearance between different phases are to be proper- 
ly distinguished. As mentioned above, this was pos- 
sible when an aqueous silica suspension was used in 
the very last polishing step. A major disadvantage of 
this preparation technique, however, is the pro- 
nounced surface relief that it causes, which can be 
unfavorable for E P M A  investigation, where a flat 
specimen with small differences in height between 
crystallites is best. These opposing requirements are 
further complicated by the fact that the relief-polished 
surface also helps in locating the appropriate places in 
the microprobe,  which is normally equipped with a 
microscope of poorer  quality than metallographic 
microscopes. 

A rapid check for the presence of surface relief 
effects can be made by plotting the total amount  of 
constituents vs. distance. For  this procedure it is 
necessary to measure all constituents. The influence of 
surface reliefs can be seen from Fig. 2 for a T a - C  
couple, where this effect is very pronounced because 
of the low amount  of carbon. The carbon profile ( top) 
in the inner/3-Ta2C phase is obviously not symmetric. 
A corresponding discontinuity can be observed in the 
analytical total (bot tom) which shows the left part 
below 100% and the right part above 100%, indicating 
a difference in the detected total radiation relative to 
that of the standardizing procedure.  This difference 
stems from the variations in crystallite height caused 
by polishing. In heavily relief-polished samples, dis- 
continuities at both interphase as well as intraphase 
boundaries could be observed because of different 
heights due to different hardnesses. 

Relief effects in diffusion couples have not yet been 
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Fig. 2. E P M A  results from a T a - C  diffusion couple. Top: carbon 
concentrat ion profile. Bottom: analytical total (sum of carbon and 
tantalum analysis). The jump of the measured  analytical total in the 
/3-Ta:C core phase is due to a relief effect. 

reported in the literature. However,  when Bastin et al. 

[6] measured the nitrogen concentration profile of a 
nitrided titanium sample, they measured the edges of a 
TiN couple twice, turning it after the first scan. With 
this procedure they found a difference between the 
results of the two scans, showing the round-off of the 
sample edge upon polishing. In both cases a nitrogen 
content well below 50 at.% N was found, and hence 
they concluded that the surface was substoichiometric. 
However,  it can be proven experimentally (XRD)  that 
TiN has a strictly stoichiometric composition not only 
at the applied conditions but even at nitrogen 
pressures several orders of magnitude lower. There- 
fore the apparent  substoichiometry can only be ex- 
plained by the facts that the outermost  few jxm are 
practically inaccessible by standard metallography, 
together with the fact that the nitrogen profile is very 
steep at these depths because of a concentration- 
dependent  diffusivity. A measurement  from our lab- 
oratory shows this steepness in the profile (Fig. 3). 
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Fig. 3. Nitrogen profile in a plane-sheet Ti N diffusion couple 
annealed at 1600°C for 7.5h in nitrogen (3bar).  A steep con- 
centration profile forms near the surface, which does not allow one 
to measure the surface concentration by EPMA together with 
normal cross-sectional metallographic preparation. However, it can 
be proven (e.g. XRD)  that the surface concentration of 6-TiN~ , is 
indeed 50 atY/,, N. 

4. Results and discussion 

4.1. Invariant temperatures determined with diffusion 
couples 

4.1.I. Isothermal diffusion couples 
Probably the best-known characteristic of reaction 

diffusion couples is their unique suitability for estab- 
lishing portions of phase diagrams. Diffusion couples, 
annealed at different temperatures,  give a picture of 
phase reactions at these temperatures,  so that it is 
often possible to determine the formation or de- 
composition temperature  of a phase. Such a result is 
shown in Fig. 4 for the ~'-Ta4C 3 , phase [7]. At  T >~ 
2175°C the layer sequence is 6-TaC 1 , / /3-Ta2C/a-  
Ta(C)  and at T~<2147°C the layer sequence is 6- 
TaC~ •/~'-Ta4C 3 x//3-TazC/c~-Ta(C). In other words, 
the ~r-Ta4C3 ~ phase decomposes between these two 
temperatures.  Upon measurement  of the carbon diffu- 
sion profiles, isothermal sections of the T a - C  system 
could be determined. This information helped us to 
establish a more precise phase diagram [8]. If narrow 
diffusion bands such as that for ~ - T a 4 C  3 ., are ob- 
served, E P M A  is preferentially carried out on samples 
of restricted sample geometry. This enhances the 
thickness of diffusion layers (see Section 4.3). 

4.1.2. Temperature-gradient diffusion couples 
A further step in the determination of decomposi- 

t ion/ format ion temperatures  of phases is possible if a 
temperature  gradient is introduced in a diffusion 
couple in such a way that it is perpendicular to the 
concentration axis. The axes are then in the same 
configuration as that used for the usual representation 

I 
200/gn ~-Ta4C3_ x 

Fig. 4. Microstructures of wedge-shaped Ta C diffusion couples 
(anodically oxidized with phosphoric acid; polarized light). 'Fop: 
annealed at 2175 °C: the (-Ta4C ~ , phase is absent between/3-Ta2C 
and ,6-TaC~ . Bottom: anncaled at 2147 °C; the (-Ta4C , , phase is 
present. These results are indicative of a inwtriant phase reaction 
,8-TalC + 6-TaC~ , --~ £-Ta~C, , at 2147--2175 °C 18}. 

of a phase diagram, T vs. composition. The tempera- 
ture gradient causes an additional nitrogen flux (Soret 
effect [9]), which can be parallel or anti-parallel to the 
gradient, depending on the sign of the transport 
energy Q. For metalloid diffusion in transition metal 
carbides and nitrides Q < 0 so that the flux is from the 
cool end of the temperature  interval to the hot end. 
Thus the phase boundaries move slightly (but hardly 
detectable within the applied conditions). It can be 
concluded that the additional flux does not perceptibly 
influence the equilibrium conditions between the 
phase bands in any direction, analogous to the situa- 
tion for the isothermal case where thermodynamic 
equilibrium (or a state very near to it) also exists 
locally at slow-moving interfaces. 

This temperature-gradient  diffusion couple tech- 
nique was developed for temperatures where the 
samples could be placed in silica tubes for protection 
against the ambient atmosphere, and was applied for 
diffusion couples of the T i - N  system, where several 
invariant reactions occur in a small temperature inter- 
val [10], which is not accessible for individual iso- 
thermal experiments. The temperature  intervals had to 
be carefully chosen under consideration of isothermal 
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results because the diffusivity is strongly temperature- 
dependent. Thus the layers would be much thicker at 
the high-temperature end than at the low-temperature 
end of the couple. The experiment was therefore 
performed in such a way as to re-anneal an already 
isothermally prepared couple (prepared at an inter- 
mediate temperature) in the gradient in order to 
anticipate the largest amount of the diffusion process 
within the isothermal part (e.g. formation of the thick 
~-TiN~_~ layer). The temperature-gradient annealing 
was then carried out for a relatively short time since 
only short nitrogen diffusion distances had to be 
overcome to stabilize a sequence of thin subnitride 
layers. The short reheating cycle also provides good 
temperature stability of the heating device. 

The grain boundary structure of a temperature- 
gradient diffusion couple is shown in Fig. 5 (the true 
microstructures are readily visible only in a high- 

quality color reproduction [10]). These figures were 
obtained by tracing the grain boundaries of the TGDC 
microstructures. Whenever the phase band sequence 
changes (appearance or disappearance of a phase 
band) a non-variant phase reaction takes place. Fig. 5, 
left part, illustrates the formation of rt-Ti3N2_ x from 
a-Ti(N) and e-Ti2N at 1066 °C, Fig. 5, right, contains 
the traced microstructure of two non-variant phase 
reactions: r/-Ti3N 2 x + e-Ti2N--~ g°-Ti4N3 x, at 1078 °C, 
and e-Ti2N---~ (-TizN3_ x + 6-TIN1_ ~, at 1080°C. 

It is clear that such phase reactions cannot be 
determined by DTA [11] and/or quenching experi- 
ments. Thus it would be desirable to design similar 
experiments for higher temperatures, where silica 
tubes cannot be applied and instead high-temperature 
furnaces are used. A variety of questionably invariant 
temperatures can be found in the literature [8], not 
only in carbide and nitride systems. 
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4.2. Diffusivities obtained from layer growth data 

The layer growth in multiphase diffusion couples 
has been treated by several authors, e.g. Wagner cited 
in [12], and Kidson [13]. The diffusion problem within 
carburization and nitridation where a carbide or ni- 
tride surface layer is formed is graphically represented 
in Fig. 6 for three phases, where (i are the positions of 
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Fig. 5. Tempera ture-grad ien t  diffusion couples,  which resolve the 
phase reactions in a narrow concentrat ion and tempera ture  interval 
of  the T i - N  system. Left: formation of "q-Ti3N 2 ~ at 1066°C 
(invariant reaction e-TizN+oL-Ti(N)--*7/-Ti3N 2 ~). Right: forma- 
tion of sr-Ti4N3 ~ at ~ 1 0 7 8 ° C  and decomposi t ion of e-Ti2N at 
1080°C (phase  reactions r/-Ti3N 2 x + ~-Ti2N---~(-Ti4N3-~ and e- 
Ti2N--~ (-Ti4N ~ , + &TiN l ,, respectively). 

Fig. 6. Top: schematic  diffusion profile in a three-phase diffusion 
couple. Bottom: corresponding microstructure,  N b - C  couple; phase 
3, 6-NbCt ,; phase 2, J3-Nb2C; phase 1, a -Nb(C) .  
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the interfaces between the phases. The growth of a 
diffusion layer at constant temperature  is given by 

4.3. Inf luence o f  restricted di f fusion geometry  on 
layer thickness 

sci= 2k,(D,, D i + l ,  Ac i ,  A c  i +1 ) ~/1 ( 1 )  

where sei is the layer thickness of phase i; D~, D,,  1 are 
the diffusivities of carbon or nitrogen in the phase i 
and i + 1 respectively; Aci, Ac~+ ~ are the homogeneity 
ranges of phases i and i + 1 respectively; t is the 
diffusion time; and k, is a known function of the values 
given in parentheses. The function k, (for an analytical 
expression see [14]) does not depend on the diffusion 
time if the process is diffusion controlled (that is, when 
the layers grow simultaneously and no reaction-con- 
trolled mechanisms exist) and if the geometry is semi- 
infinite. Eq. (1) states the parabolic law of layer 
growth (Tammann's  rule). 

The movement  of an interface between two diffu- 
sion bands of phases i and i + 1, d( , /d t ,  in a multi- 
phase binary system is proport ional  to the surplus of 
substance that arrives at the interface (which for a 
two-phase system is equal to (,) over that which leaves 
the interface and enters phase 1: 

d#i 
±c  ~ -  = 4 - J,~, (2) 

where J~ and Ji + ~ are the fluxes of material leaving and 
arriving at the interface respectively, and Ac is the 
difference in composition of the two phases at the 
interface. After  Fick's first law, Eq. (2) can be given as 

d(i Oc 
i 0~ i+ (2a) k c  d 7  = Di Oxx - D i  + 1 I 

where D~ and Di+ t are the diffusion coefficients of the 
metalloid in the two phases respectively, and (ac/Ox)~ 
and (Oc/Ox)~+t are the derivatives of the concentra- 
tions on either side of the interface respectively. 

A possible solution of Eq. (2a) is to assume an error 
function for the concentration profiles in the two 
phases and to insert that into Eq. (2). The reader is 
referred to standard textbooks for this procedure (e.g. 
[15], p. 25). From this equation it is then possible to 
determine the thicknesses of phase bands by knowing 
the diffusivities in the respective phases. However,  as 
already stated by Jost [12] as well by Philibert [15], the 
thickness measurements of diffusion layers in a series 
of diffusion experiments annealed at a given tempera- 
ture for a number  of different durations cannot give 
the absolute values of the diffusion coefficients if not a 
single diffusivity is known or neglected (e.g. for zero 
solubility of a component  in the metal) because there 
are two unknown coefficients D,, D , ~  but only one 
equation, Eq. (1) or Eq. (2a). In some cases with the 
application of finite diffusion geometry a solution to 
that problem is possible that allows one to measure all 
the diffusivities. This is shown in Section 4.3. 

According to the relationship above the diffusion- 
controlled growth of phase bands is parabolic (Eq. 
(1)). This is true only for the case of semi-infinite 
diffusion geometry. In the case of restricted geometry 
the phase bands grow faster than in the semi-infinite 
case, which means that the growth parameter  k in- 
creases at a given time as the size of the sample 
dec reases -  or vice v e r s a -  with time at a given thick- 
ness. Restricted diffusion geometry has been described 
by Crank [16], but for multiphase diffusion nothing 
has been reported since the work by Pawel and 
Campbell [17] on the oxidation of sheets of Zr  alloys. 

For plane-sheet geometry the influence of restricted 
diffusion geometry on the development  of phase bands 
can be shown in a quite straightforward way by using 
wedge-type diffusion couples, provided that the wedge 
angle is small so that to a good approximation it 
represents plane-sheet diffusion behavior. Numerous 
samples with different thicknesses are represented by 
such a wedge-type sample, all of which can be an- 
nealed and investigated at the same time. Such a 
diffusion couple is shown in Fig. 7 for the Hf-N system 
[18]. It can be seen that the ( phase band increases as 
the thickness of the sample decreases. This is caused 
by an increasing exhaustion of the sink (saturation of 
the respective core phase) upon decreasing sample 
thickness. Because of this the diffusion profile flattens, 
which in turn causes the phase bands to expand owing 
to the thermodynamic constraint of fixed boundary 
concentrations. This phase-band expansion can be 
used to determine the presence or absence of other- 
wise thin diffusion bands (phase stability, compare 
Section 4.1.1.) and to measure the homogeneity re- 
gions of otherwise narrow bands even using laterally 
restricted microanalytical techniques such as EPMA 
(lateral resolution about 2 txm). This is especially 
valuable if light elements have to be determined in the 

Fig. 7. Wedge-type sample of the Hf-N system prepared by anneal- 
ing Hf metal in nitrogen atmosphere (71 h, 1650°C. lObar N~). 
Note the increase of the phase band thickness of the (-Hf,N; , 
phase with decreasing sample thickness. 
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presence of heavy elements, since the inaccuracy due 
to data scatter can be overcome by placing many more 
point measurements along a phase band. Thus not 
only the average concentration but also the homo- 
geneity range can be determined [18]. 

In the H f - N  system a very large thickness enhance- 
ment was found [19] so that it was possible to prepare 
single-phase hafnium subnitrides by performing diffu- 
sion couple experiments in which the desired phase 
was in the center of the couple to create a large core, 
followed by subsequent removal of the outer layer(s) 
by grinding and/or  cutting. With this technique the 
sr-Hf4N3 x phase could be prepared in single-phase 
form [19], which is not possible by standard methods 
such as arc-melting or hot-pressing. 

An additional interesting point in the usefulness of 
wedge-shaped diffusion couples (quasi plane-sheet) or 
an array of plane-sheet diffusion couples of different 
thicknesses is the possibility of measuring the metall- 
oid diffusivities in a / / t he  phases present, provided that 
a thickness enhancement can indeed be observed 
(otherwise the sample behaves as if it were semi- 
infinite). As follows from the formalism given in 
Section 4.2, in semi-infinite samples only the ratios of 
diffusivities (D t/D2) can be obtained from a series of 
thickness measurements on diffusion layers, because k e 
does not depend on the diffusion time. On the other 
hand, for a plane-sheet couple this set of equations 
changes to the form 

(i = 2ke(De, De+l, Ace, ACe+l, t) V't (la) 

where k i is a known function with a time dependence 
(an analytical expression for k e is given in [14]). Thus 
for the application of at least two different diffusion 
times, two different equations (la) for two variables D e 
and De+ ! exist and thus can yield the absolute values 
of all the diffusivities in all the phases in the diffusion 
couple. Because of the reciprocal relationship of space 
and time, expressed in the Boltzmann variable y = x~ 
2V't, two different thicknesses for a given time also 
yield all the diffusivities. 

The experimental verification is preferentially per- 
formed by measuring the layer thicknesses in wedge- 
type samples at more than two sites with different 
thicknesses or by preparing more than two plane-sheet 
diffusion couples with different thicknesses since then 
a good average value of each of the Dis c a n  be 
obtained. This procedure has a further advantage in 
that only a single experiment is necessary for a given 
temperature, thus avoiding the large error introduced 
by even slightly different temperatures of multiple 
diffusion experiments. In our laboratory, D. Rafaja has 
designed computer programs to implement these for- 
malisms and evaluate diffusivities [20]. As a result of 
the investigation of wedge-shaped and plane-sheet 

diffusion couples the concentration-independent dif- 
fusivities of metalloids in a variety of carbide and 
nitride phases have been measured [8,18] after the 
homogeneity regions of these phases were reinvesti- 
gated. Examples of the nitrogen diffusivities in haf- 
nium nitride phases are shown in Fig. 8, from which it 
can be seen that the activation energy of nitrogen 
diffusion is independent of the nitrogen content since 
the transport mechanism in these phases is the same 
(diffusion via octahedral sites). 

Multiphase diffusion in spatially restricted areas or - 
because of y = x/2V~t - relatively long diffusion 
periods are important in technical applications. The 
geometry can be plane parallel, as in the oxidation or 
dip coating of sheets, or cylindrical, as in the fiber- 
matrix interaction or the preparation of Nb3Sn super- 
conducting multi-filaments, or (nearly) spherical, as for 
powder particles in P/M parts. In view of its technical 
importance it is surprising that this phenomenon has 
as yet attracted so little attention, an exception being 
the oxidation of Zr alloy sheets in fission reactor safety 
design [17]. 

4.4. Concentration-dependent diffusivities 

The monocarbides and nitrides in the rock-salt 
structure have a large region of homogeneity; in other 
words, the vacancy concentration varies from near 
zero to sometimes more than 50% (as in t~-TiN~_ x at 
high temperatures). It is therefore not surprising that 
the diffusivity is strongly concentration dependent. 
This dependency has not been studied in detail by 
chemical diffusion couples since the work published by 
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Fig. 8. Arrhenius  plots of the nitrogen diffusivities in the various 
hafn ium nitride phases.  The activation energy (slope) is identical 
(2.75 eV), representat ive of an identical diffusion mechanism.  
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van Loo et al. [21] for TiC and ZrC. A study in our 
laboratory is in progress [22] with the aim of measur- 
ing this dependency in a variety of f.c.c, carbides and 
nitrides. It is based on the analytical solution of the 
diffusion equations with a concentrat ion-dependent  
diffusion coefficient. The concentration profile is 
calculated in an iterative procedure until satisfactory 
agreement (expressed in a reliability value) is reached 
with the EP MA data obtained on multiphase diffusion 
couples of the type shown in Fig. 6. In these calcula- 
tions it is assumed that the diffusion coefficient is 
exponentially dependent  on the concentration: 

D(c) = D o e x p ( - Q / k T )  exp[--a(Cma× -- C)] (3) 

where D(c) is the concentrat ion-dependent  diffusion 
coefficient, D o e x p ( - Q / k T )  has the usual meaning, c 
is the concentration of carbon or nitrogen, given 
respectively in mole carbon or nitrogen per cm 3 of the 
compound,  c .... is the maximum nonmetal  concen- 
tration in the investigated composition range (metal- 
loid-rich boundary)  and a is a constant. 

Initial results of this evaluation are shown in Figs. 9 
and 10 for an N b - C  couple. Fig. 9 shows the carbon 
diffusion profile as determined by E P M A  and recalcu- 
lated using unit cell volumes to give the concentration 
in mole carbon per cm 3 of compound. The latter was 
used to calculate the concentration dependence of the 
carbon diffusivity in 6-NbC, ~ for the temperature 
range 1500-2100 °C, which yielded the following (com- 
pare Eq. (3)): 
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Fig. 9. Carbon diffusion profile in a N b - C  diffusion couple annealed 
for 23 h at 1896 °C. Recalculated profile from an EPMA measure- 
ment used for the evaluation of the concentration-dependent carbon 
diffusivity in 6-NbC~ ~. 
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D 0 = 0 . 4 7 c m  2s ] 

Q = 3.68 eV 

a = 110.4 mol ~ cm 3 

c ..... = 0.0723 mol cm 3 

Fig. 10 gives an Arrhenius plot for the highest and 
lowest concentrations of 6-NbC~ x where the con- 
stancy of the activation energy (which is represented 
by the slope) of the carbon diffusion process can be 
seen. This is the same result as for the hafnium nitride 
phases, where the diffusion mechanism is identical for 
all compositions and the variation in diffusivity is 
reflected by a change in the frequency factor D 0. 

4.5. Observations of  concentration-dependent 
martensitic transformations 

Some transformations in transition metal nitride 
systems cannot be suppressed by quenching, which is 
an indication that they are not diffusion-controlled but 
are instead martensitic transformations. These trans- 
formations can occur only in a certain concentration 
range of a compound and temperature range. Two 
examples are the formation of various metastable 
phases in the vanadium-ni t rogen system [8] and the 
6-NbN~ , ~ T-Nb4N 3 ~ transformation upon cooling. 

Wedge-type samples were prepared of the latter 
system, which show the transformation in the micro- 
structure. From this the concentration dependency can 
be immediately seen (Fig. 11, top), since the curve of 
the boundary where the martensitic phase precipi- 
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tation occurs has the same shape as an interphase 
boundary. The measurement  of the concentration 
range where this transformation occurs is possible by 
EPMA,  as shown in Fig. 11, bottom. It can be seen 
that a concentrat ion jump between 6-NbN~ ~ and 
T-Nb4N3 x is absent because no two-phase region 
exists. The  determination of the nitrogen-poor con- 
centration of T-Nb4N 3 x is somewhat difficult because 
of the scatter due to fl-Nb2N precipitations (which 
could be suppressed by more rapid quenching). Taking 
the highest E P M A  values in the y/fl area (which are 
supposed to be free from an influence of fl-Nb2N ) a 
linear regression gives 38 .9 -41 .7a t .%N for the 
composition of the "y-Nb4N3_ x region for T = 1777 °C. 
Further  investigations have to be performed in order  
to show whether  a two-phase field between T-Nb4N3_ x 
and 6-NbN 1 ~ exists at low temperatures  [23]. 

4.6. Orientational effects in layer growth 

The orientational effect occurring during layer 
growth is reflected in an X-ray diffractogram of an 
e-Ti2N layer, and becomes apparent  when the ex- 
perimental  and calculated diffractograms are com- 
pared (Fig. 12). It can be seen that essentially only a 
single very strong (002) diffraction line actually occurs 
( top) as compared with the calculated powder  diffrac- 

togram (bottom). This result shows that the unit cell of 
e-Ti2N (anti-rutile type, tetragonal structure, a = 
0.483 88 nm, c = 0.303 66 nm) is indeed oriented in 
such a way that the shortest repeating distance is in 
the direction of nitrogen diffusion (c axis parallel to 
this direction), as was found for a variety of interstitial 
compounds by van Loo and co-workers [24]. 

The dependency of orientation on the main diffu- 
sion direction can also be seen in a microstructure 
from Fig. 13. When investigated in polarized light the 
color of the e-phase band changes at a corner owing to 
the different orientation relative to the polarizator. 

4. 7. Reaction diffusion in ternary and quaternary 
nitrides and carbonitrides 

4. 7.1. The system T i - Z r - N  
According to the Gibbs phase rule in higher-than- 

binary systems there are one ( ternary systems) or 
more (quaternary and higher-order systems) addition- 
al degrees of freedom, making complicated diffusion 
paths possible. These can be determined when the 
average total composition is plotted onto a concen- 
tration diagram (i.e. on a Gibbs triangle in the case of 
a ternary system). Formation of an intermediate phase 
need not necessarily occur if the boundary phases are 
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Fig. 12. X R D  pat terns of a T i - N  diffusion couple taken in the 
geometry  given in Fig. 1 at the surface (top) and after removal of 
3(1 [xm (center). The  top figure shows the X R D  pattern of f.c.c. 
6-TiN~ ~: the middle tigure shows the X R D  pattern of the e-Ti~N 
diffusion band. Essentially only one strong reflection (002) is 
observed for a-Ti2N, which is indicative that the c axis of the 
tetragonal unit cell is perpendicular to the surface and parallel to the 
main diffusion direction• Bottom: calculated powder pattern of 
e-Ti~ N. 

lOOt~m 

Fig. 13. Microstructure of an ~:-'I'i~N phase band, which shows the 
orientational relationship relative to the surface. The main diffusion 
direction of nitrogen is perpendicular  to the surface• 

contacted, since the diffusion path could be of such a 
form that it does not pass the phase [1]. 

The nitridation of Ti /Zr  alloys was recently investi- 

gated in order to observe the phase formation in a 
ternary system• TiN and ZrN have useful properties, 
so a modification by partial replacement of Ti through 
Zr could be expected to bring some new non-additive 
behavior. The phase reactions in this particular ternary 
system were of special interest since the systems of 
T i - N  and Z r - N  are quite dissimilar with respect to the 
numbers of phases [23]. Furthermore, it was a good 
opportunity to determine how TiZrN can be prepared 
through the nitridation route, taking into considera- 
tion the possibilities of various diffusion paths• 

A major result of these nitridation experiments was 
a dramatic shift in the Ti /Zr ratio for Ti /Zr alloys 
with a starting composition other than T i / Z r = 6 0 /  
40at.%. In alloys with a Ti content higher than 
60 at.%, Zr was enriched in the core of the sample, 
while in alloys with a lower Ti content Ti was en- 
riched. Only the 60/40 alloys showed a constant Ti/Zr 
profile (Fig. 14). This behavior can be attributed to a 
diffusion path that deviates from the connecting line 
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alloy composition-nitrogen for alloys with other than 
60 at.% Ti. For this reason it is not possible by the 
nitridation route to obtain homogeneous T i /Zr  alloys 
(except 60 at.% Ti alloys), which would be required to 
measure solid-state properties (Fig. 15). 

4. 7.2. Contact reaction TiCN-liquid Ni 
This type of reaction is very interesting for the 

liquid-phase sintering of titanium-based hardmetals 
(sometimes called cermets). In cermets the interaction 
of liquid nickel with phases like TiMoCN causes a 
so-called core-and-rim structure [25]. A similar reac- 
tion can be seen from the microstructure shown in Fig. 
16 together with a microprobe scan through the grain. 
A substantial shift in the [C]/[N] ratio can be observed 
in the reacted rim, which is caused by the preferential 
dissolution of "TIC" leaving behind a nitrogen-rich 
carbonitride. The core is unreacted and still has the 
starting composition. The formation of the rim proba- 
bly proceeds via a dissolution-reprecipitation cycle, 
since the rim has a faceted structure. The higher the 
carbon content in the titanium carbonitride the more 
intensive is the contact reaction with Ni, as can be 
seen from Fig. 17. 
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Fig. 16. E P M A  in a TiCo.2N0 ~ reacted at 1500°C for 2 0 m i n  with 
liquid nickel in a contact reaction couple. TiC is preferentially 
dissolved from the outer  rim [26]. 

5. Conclusions 

It has been explained that information on a variety 
of solid-state properties such as phase equilibria, 
diffusion kinetics, and homogeneity regions of nitride 
and carbide phases can be obtained from diffusion 
couple studies, and even temperature and concen- 
tration regions of metastable phase transformations 
can be determined. This is because the diffusion 
couples often cover the full composition range so that 
composition-dependent effects are spatially resolved. 
As shown for the T i -N system, further resolution with 
respect to the temperature axis can be achieved by 
introducing a temperature gradient so that the two- 
dimensional imaging of phase reactions is possible. 

Further investigations must be made in order to 
determine concentration-dependent diffusivities, since 
any f.c.c, monocarbide and mononitride phase shows a 
large vacancy concentration. In addition, the tem- 
perature-gradient diffusion couple technique may be 
suited to several other systems where the phase 
diagrams show questionable invariant reactions (com- 
pare [8]). 
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