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The conventional isothermal diffusion couple technique was modified by introducing a temperature
gradient parallel to the diffusion bands. With this technique it is possible to study phase equilibria and
phase reactions as a function of both temperature and composition simultaneously. Portions of the
phase diagram are essentially direct projections of the observed microstructures (‘‘phase diagram
imaging’’). With the aid of microprobe techniques, an accurate determination of compositions of
coexisting phases is possible. The features of this technique are discussed for portions of the Ti-N

system and several further applications are suggested.

1. Introduction

Binary diffusion couples have been used
extensively for studying phase reactions to
establish phase diagrams. The Eindhoven
school has reported numerous results on
metal-metal interdiffusion couples [e.g.,
(1)] and—to a lesser extent—of metal-non-
metal couples [e.g., (2)].

It has been proven that at the interface
boundary between binary diffusion bands a
state which can be regarded as thermody-
namic equilibrium can be approached upon
heat treatment [(3) and references therein].
Thus, with the development of microana-
lytical probes—especially electron probe
microanalysis—this technique has become
a powerful tool for determining homogene-
ity regions and two-phase fields of phases
coexisting at the annealing temperature.
The merit of the diffusion couple technique
stems from the fact that a chemical gradient
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(activity gradient) which allows the simulta-
neous investigation of more than one ther-
modynamic equilibrium state is introduced.
However, in the diffusion couple studies re-
ported so far, only the composition across
isothermally annealed diffusion couples
(the latter represent a section through the
phase diagram at the respective tempera-
ture) has been considered. The possibility
of introducing an additional gradient—the
temperature—to further increase the
amount of observable phenomena has
never been suggested. By introducing a
temperature gradient, the usual two-dimen-
sional representation of phase reactions—
the phase diagram—is achieved. Figure |
shows an example of the potential of tem-
perature gradient diffusion couples for es-
tablishing phase equilibria and boundary
compositions of coexisting phases—called
phase diagram imaging.

If one component is gaseous and forms a
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Fi1G. 1. Phase diagram imaging: From the microstructure of a TiIN-Ti diffusion couple annealed in a
temperature gradient (left) the microprobe scans (EPMA; middle) at the «/8 interface (i, left) yield a
quantitative part of the two-phase field a-Ti(N) + 8-TiN,_, (right). Hence, this sample can be trans-
lated directly into a portion of the phase diagram. An alignment of several samples (Fig. 3) yields a
correspondingly larger portion of the phase diagram.

stable solid phase with the other compo-
nent, the use of gas—solid reactions is—un-
der certain conditions such as the formation
of even diffusion fronts, negligible grain
boundary diffusion, or negligible pore for-
mation—the easiest way to prepare diffu-
sion couples. For this in situ formation of
diffusion couples no experimental difficul-
ties arise; an intimate contact of the compo-
nents is easily achieved to make material
exchange possible. For the present case of
the titanium-nitrogen system diffusion
couples can be regarded as metal nitride—
metal (TiN-Ti) couples rather than nitro-
gen—metal (N,~Ti) coupies since only the
solid phases are considered here.

The subnitride region of the Ti—N system
has been under discussion for several
years: Since the rapid formation of &-Ti;N
was not realized, quenching had not bee
regarded as necessary, and the reported
decomposition temperatures for e-Ti;N
scattered over more than 1000 K (4).
Furthermore, the existence of two high-

temperature
5, 6).

To supply the basic information the
results obtained with arc-melted and
quenched specimens are plotted (Fig. 2).
The results represent more an experimental
summary of XRD results vs. composition
and quenching temperature than a portion
of a phase diagram (7): the phase reactions
could not be determined due to sample in-
homogeneities, which constitute the most
restrictive factor for this technique.

Because of the narrow composition and
temperature region in which the titanium
subnitride phases coexist, the successful
determination of these phase reactions with
the temperature gradient diffusion couple
technique should be a proof for the meth-
od’s applicability. The experimental tech-
nique is the subject of the present study
which includes examples for the Ti—N sys-
tem. Details of the Ti—-N system together
with a literature review will be published
elsewhere.

phases  was  reported
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F1G. 2. Results obtained by arc-melting and quenching of buttons for the subnitride region of the
Ti-N system (7). The true phase relationships could not be determined.

2. Experimental

2.1 Prepreparation of Diffusion Couples

Titanium sheets of various dimensions
(typically 1 mm thick) were heated in high-
purity nitrogen atmosphere with the usual
precautions to avoid oxygen and water va-
por contamination. During heating a gold-
colored 8-TiN,;_, layer formed at the sur-
face. For metallographic preparation and
development of the diffusion layers a mini-
mum thickness of the outer 8-TiN,_, layer
of about 100 um was sufficient. This in-
volved for example heating times of 14-21
days at around 1420 K and 5 days at around
1620 K. After these periods the core of the

sample consisted of a-Ti(N). Depending on
the temperature, between the 8-TiN,_, sur-
face and the core, three subnitride phases
(n-Ti3N,—,, -TigN;—,, &-TiN) can occur,
having compositions between 29 and 33
at% N (see Fig. 2). After heat treatment the
samples were cooled to room temperature
within about 2 min. Because of the rapid
formation of e-Ti,N the samples so-ob-
tained contained—independent of heating
temperature—an &-Ti,N layer between
o-TiN;_, and o-Ti(N).

2.2 Temperature Gradient Annealing

In order to reestablish equilibrium condi-
tions which can be frozen upon quenching,
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FiG. 3. Top, example for a temperature gradient in which the samples were annealed. Middle,
alignment of samples. Bottom, schematic drawing of the SiC furnace used for temperature gradient
annealing. Dotted and hatched areas, cut through the ceramic tubes which are the internal devices to

adjust the samples.

the samples were aligned in 0.025-mm thick
Mo-foil and sealed under Ar in silica tubes.
They were then subjected to a heat treat-
ment in a resistively heated SiC furnace
(Fig. 3) in which the vertex temperature
was automatically controlled. Before and
after positioning the samples in the furnace
the temperature gradient was measured by
means of a thermocouple introduced in an
empty silica tube with one end sealed,
which was of the same size as the tube for
heat treating the samples. Typical tempera-
ture deviations of the T vs distance curves
before and after heat treatment were 1-3 K.
The accuracy of positioning the samples
was better than =0.5 mm. A small system-
atic error in the temperature occurs since
different thermal conductivities of the sam-
ple and the thermocouple wires exist. This
error could not be corrected.

In order to keep conditions sufficiently
near the equilibrium conditions established
during prepreparation of the diffusion
couples, the temperature interval of the
gradient experiment was maximum 50 K
apart from the prepreparation temperature.
Therefore for each gradient experiment at a
separate temperature a separate prepre-
paration step had to be performed.

After 2-5 days of annealing in the tem-
perature gradient the samples were
quenched in water.

Metallographic preparation was per-
formed by grinding with a diamond disk and
subsequently polishing with diamond paste.
Best results for inspection in polarized light
were obtained by polishing the samples
with an aqueous aluminum oxide suspen-
sion for a few minutes within the last step
and avoiding any organic solvent.
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3. Results and Discussion

As indicated in Fig. 1, a portion of the
phase diagram can be obtained directly
from the boundary compositions of two co-
existing phases as determined by micro-
probe measurements and plotted as a func-
tion of temperature.

Figure 4 shows a microstructure from
which the formation/decomposition of Ti—
N subnitride phases can be observed. Be-
sides the possibility of placing several mi-
croprobe scans at a corresponding constant
temperature to directly plot the phase dia-
gram, the formation/decomposition tem-
peratures and hence the phase reactions
can be determined in a quite straightfor-
ward manner. In particular, it can be seen
that the bright &-Ti,N phase band vanishes
at 1353 K. It should be noted that this rep-
resents one of the most direct recordings of
the formation/decomposition temperature
of a compound. Usually such measure-
ments are performed using more ‘‘indirect’’
sources such as reaction enthalpies (DTA),
high-temperature X-ray diffraction, or
Knudsen-cell mass spectrometry, which
may not have the same degree of sensi-
tivity.

An internal check of the decomposition
temperature can be performed by compar-
ing the results of two opposite surfaces of
the same sample which correspond to the
same temperature. Nearly identical temper-
ature values indicated that grain boundaries
do not substantially influence the results.
This is especially true for the formation/de-
composition of the £-Ti;N phase, where
this (relative) error was well below =1 K.

In other cases such as for the decomposi-
tion of {-TisNs_, it was observed that near
the phase’s decomposition temperature the
phase band vanishes where a grain bound-
ary of the a-Ti(N) core is met. This is prob-
ably due to the close structural relation-
ships of the phases and the formation
mechanism involved [shearing of lattice
planes (7)], which may influence the deter-

283

mined critical temperatures. However,
since the grain size is relatively small as
compared to the applied temperature gradi-
ent (compare Fig. 1 and 3) the differences
observed for opposite surfaces were less
than 2 K. The absolute accuracy of the
measurement using standard Pt/PtRh-ther-
mocouples was within =3 K (determined
from a comparison of several thermocou-
ples at the same temperature) and the error
arising from sample positioning was, de-
pending on the gradient, about 1 K.

Problems may arise for systems where
optical differentiation is difficult. For the
present case polarized light was suitable for
observation of the &-Ti,N phase. The differ-
entiation of the two phases %-Ti;N,_, and -
TisN;_, (which both occur in the vicinity
and above the decomposition temperature
of &-Ti;N) was more difficult since the ap-
pearance in polarized light is less intense
and both have a very similar hatched tex-
ture. However, with sample rotation in po-
larized light and increased light intensity
the interface of 7-TisN,-, and {-TiyNs_,
could be detected in most cases.

With the application of this technique the
most complicated portion of the phase dia-
gram of the Ti—N system could for the first
time be established. It was possible to de-
termine the true phase diagram from a
choice of three different proposals consis-
tent with the results from isothermal diffu-
sion couples (8). As cne of the most impor-
tant results the presence of two nonvariant
three-phase equilibria (9-TisN,-, + ¢-
Ti4N3_x + S-TizN and g—Ti‘;N;_x + S-TizN +
5-TiN,_,), which exist only 2 K apart from
each other, could be detected (8). It seems
impossible to obtain this information by the
conventional isothermal diffusion couple
technique.

4. Further Possibilities for Applying the
Temperature Gradient Diffusion
Couple Technique

This temperature gradient diffusion tech-
nique is apparently applicable not only for
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FiG. 4. Temperature gradient diffusion couple directly showing the phase reactions in a portion of
the Ti~N system. Temperature gradient about 24 K/cm. The existing phase bands between a-Ti(N)
and 8-TiN|_; at the respective temperatures are given on the right margin. &-Ti,N decomposes at 1353
K (phase reaction: &-Ti,N — {-Ti,N;., + &8-TiN,_,). Slightly above 1351 K the phase reaction
7-Ti;N;_, + &-Ti,N — {-Ti,N;_, could be detected.
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the determination of formation/decomposi-
tion temperatures of phases, homogeneity
regions, and extensions of two-phase fields
as a function of temperature as shown
above, but also seems to be applicable to
order—disorder studies. The order—disorder
transition of a compound is usually a func-
tion of composition and temperature. The
investigation of this transition temperature
for different compositions of the same com-
pound is extremely time consuming and has
generally not been performed. With the
present technique however (not necessarily
to be performed in a silica tube), a single
temperature gradient diffusion couple can
reveal the ordering temperature as a func-
tion of composition, provided that a spe-
cific property is obtainable from the pol-
ished surface (polarized light, etching
behavior). Furthermore, probe measure-
ments should make it possible to distin-
guish between first- and second-order tran-
sitions (the presence or absence of a
composition jump).

For transition metal-nitrogen systems
there are already numerous applications to
clarify previousy unresolved points [e.g.,
order—disorder transitions in the systems
Ti-N (8-TiN,_, — &8'-TiN,_,), Nb-N (é-
NbN;_; = y-NbyN;_,), Mo-N (y-MoN,_,
— f-Mo;N), and V-N (5-VN,_, — §'-
VN;_,) and phase reactions of subnitride
phases in all transition metal-nitrogen sys-
tems].

The modification of the experimental
setup to include special (high-temperature,
high-pressure) furnaces, accurate (optical)
temperature measurements, and/or an im-
proved quenching procedure (if necessary)
as well as investigations of appropriate tem-
perature and composition gradients will
certainly improve this technique.
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5. Conclusion

The introduction of a temperature gradi-
ent during annealing of solid—solid diffusion
couples for the so-called phase diagram
imaging has shown very encouraging
results. It was possible to clearly establish
the phase equilibria in the Ti—-N system in a
region where several phases occur and
where nonvariant three-phase equilibria are
only 2 K apart. Since this temperature gra-
dient diffusion couple technique has been
successful for a quite complicated system,
it should also be applicable for most other
solid-solid diffusion studies dealing with
the measurement of critical temperatures,
the investigation of order-disorder transi-
tions, and the establishment of phase dia-
grams.
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