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Sequence of Phase Formation in Nb/ Al Multi-Layered Samples 

Yoonsoon Im and J. W. Morris, Jr. 

Center for Advanced Materials, Lawrence Berkeley Laboratory 
Dept. of Materials Science and Engineering 

University of California, Berkeley 

A series of Nb/ AI multi-layered samples made by a sputter-deposi
tion or a cold-rolling technique was used to simulate reactions in powder 
metallurgy processed Nb/ AI superconducting wires. The sequence of 
phase formation observed in the Nb/ AI multi-layered samples was explained 
using knowledge about the crystal structure of each compound. Three dif
ferent controlling mechanisms were proposed: the activation energy for nu
cleation, the energy barrier associated with short range order, and the diffu
sion barrier by the previously formed phase layer. 

Introduction 

Reactions at the Nb/ AI interface are of particular interest because one of the phases 
formed is the superconducting Nb3Al. Nb3Al is a good candidate for a high field super
conductor that could replace Nb3Sn or NbTi cUITently in commercial useU1[2l. 

Nb3Al formation in powder metallurgy (P/M) processed Nb/ AI superconducting 
wires has been widely studied[2]-[9]. In the P/M approach, elemental Nb and Al powders 
are plastically deformed into thin ribbon-like fllaments between which a Nb/ AI interface is 
created. The microstructure of the P/M processed wires is so inhomogeneous that it is 
very difficult to study reactions at the Nb/ AI interface. Bormann et. al. studiecl reactions at 
Nb/Al interfaces using sputter-deposited Nb/Al multi-layered samples[lO]. Since their 
work was solely based on an X-ray diffraction technique, only indirect microstructural in
formation was obtained. 

Recently, the authors made samples similar to those of Bormann's in order to in
vestigate the interfacial reactions using transmission electron microscopy[ll]. Samples 
with both lOOOA Nb/ 270A AI and 300A Nb/ 80A AI multi-layers were reacted to form 
NbAl3 with some remaining Nb after a 600°C/100hrs heat treatment. The NbA13 phase 
reacted with remaining Nb to form the superconducting Nb3Al phase when the samples 
were further heat treated at 900°C for 20min. NbAl3 formed when a sample with 630 A AI 
layers was heat treated at 600°C. The NbAI3 phase and remaining Nb reacted to form a 
Nb3Al/Nb2Al/Nb3Allayer configuration after a heat treatment at 900°C for 20min. In the 
case of a Nb/ AI diffusion-couple sample with a O.Smm AI layer, only NbAI3 was observed 
regardless of heat treatment conditions. This sequential phase formation at Nb/ AI inter- . 
faces has not yet been explained. 
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Sequential phase formation has also been frequently observed in other thin fllm 
systems such as Ni/SiU2l, Co/Si[l3l, Pd/AIU4l, Pt/AIU5l, Au/InU6l and Cu/Al[17][18l. 
Usually the compounds are formed one by one in sequence; the appearance of a new phase 
being generally accompanied by the disappearance of the previously formed compounds. 
There have been efforts to predict the sequence of phase formation in thin films using equi
librium phase diagrams[19]-(21l. Kirkadly argued that a condition of (near-) equilibrium 
must exist at phase interfaces[22l. Eifert suggested that the interface compositions were 
essentially time constant although not those predicted by the equilibrium tie-lines[23l. 

However, formation of amorphous phases during solid state reactions has been ob
served and indicates that kinetics is responsible for the early state of reactions[24]-[26l. 
d'Heurle and Gas discussed reaction mechanisms in Ni/Si and Co/Si thin fllms[27l. They 
divided the reactions into three categories: diffusion-controlled, nucleation-controlled and 
reaction-rate-controlled. Gosele and Tu[28] have demonstrated that the competition be
tween interface-controlled and diffusion-controlled phenomena has specific effects on the 
sequence of phase formation, but their model failed to predict which compound was kineti
cally favorable in the competition in nucleation between compounds. Most of the work on 
thin flim reactions concerns the controlling mechanisms that are related to the growth of al
ready nucleated phases rather than prediction of a particular phase formation. Meng et al. 
suggested that differences in the relative ease of nucleation and differences in diffusivities 
are factors which determine the formation of the particular phases at Ni/Ti and Ni/Zr inter
face[29l. 

Experimental procedure 

Nb/ AI multi-layered samples with various Nb/ AI layer configurations were made in 
an attempt to determine the reaction mechanisms at the Nb/ AI interface. Two sets of sam
ples were made by sputtering Nb and AI alternatively on Nb or Si wafer substrates, with 
the thickness of the multi-layers being 300A Nb/ 80A AI and 1000A Nb/ 270A AI respec
tively (Fig. 1). Samples with thicker multi-layers were prepared by a cold-rolling tech
nique. Several Nb plates were polished, cleaned and coated with AI in a vacuum chamber. 
The stack of AI-coated Nb plates were then put into a 1/4" diameter AI tube and cold-rolled 
into a multi-layered sample. It was not possible to control AI layer thickness precisely in 
this way, but it was a straightforward method of producing Nb/ AI layers with AI layers of 
submicron to micron thickness. 

The samples were heat treated at temperatures ranging between 300°C and 11 00°C 
for various lengths of time in a vacuum-encapsulated quartz tube backfilled with Ar gas. A 
variety of techniques was used for characterization: X-ray diffraction, optical microscopy, 
scanning electron microscopy and transmission electron microscopy with convergent beam 
microdiffraction and EDX capabilities. Cross-sectional T.E.M. specimens of multi-lay
ered samples were made by dimpling followed by ion milling. 
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Results 

For heat treatments below 650°C, the tetragonal NbAl3 phase was found to form 
regardless of holding time at temperature and Nb/ AI layer configuration. The NbAI3 phase 
formed after a short heat treatment at a temperature as low as 300°C. The composition of 
NbAl3 was measured by EDX to be about 75 atom% AI. Nb layers remaining after reac
tions contained no measurable AI in solid solution. 

For heat treatments above 700°C, however, the reactions were affected by the AI 
layer thickness provided there was a sufficient Nb supply. When the AI layers were thin
ner than 300A, all the AI was consumed to form the superconducting Nb3Al phase. Some 
samples were reacted at 600°C for 100 hrs prior to a higher temperature heat treatment 
above 700°C. The NbAI3 phase that formed during the 600°C heat treatment reacted with 
remaining Nb to form Nb3AI. A Nb-AI solid solution and Nb2AI as well as Nb3AI were 
reported to form in the sample with lOOOA Nb/300A AI layers by Bormann et al. but were 
not seen in this work. Reactions at the Nb/ AI interface with thicker AI layers (>300A) 
were studied using the cold-rolled samples. The microstructure of a sample with 630A 
thick AI layers heat treated at 900°C/20min showed a Nb3Al/Nb2Al/Nb3Al layer 
configuration. For samples with very thick AI layers, only NbAI3 was found to grow re
gardless of heat treatment conditions as long as both the Nb and Allayers remained. Nb
AI solid solution was not found in any of the cases. The results of the reactions are sum
marized in table 1. 

Discussion 

The reactions at the Nb/ AI interface cannot be explained from the Nb/ AI binary 
phase diagram[30l. The Nb/ AI equilibrium phase diagram, shown in Fig. 2, indicates that 
Nb-Al solid solution, Nb3AI, Nb2AI and NbAI3 are expected to be thermodynamically sta
ble over a large temperature range. In the case ofNb/AI multi-layered samples, however, 
not all of the phases predicted by the equilibrium phase diagram were observed simultane
ously; phase formation occurred in sequence. 

An effort was made to explain the sequential phase formations in the Nb/ AI thin 
fllms using knowledge about the crystal structure of each compound NbAI3 has the DOn 
tetragonal structure and can easily form by substitutionally replacing 2 AI atoms with Nb 
atoms in 2 fcc AI unit cells. Fig. 3a illustrates the structural similarity between NbAI3 and 
AI. The superconducting Nb3AI phase has the A15 type cubic structure, with 6 Nb atoms 
being interstitially placed at the distorted tetrahedral sites in the bee Al sub-structure (Fig. 
3b). The Nb2AI phase has the tetragonal sigma structure, with 30 atoms per unit cell as 
shown in Fig. 3c. 

Using knowledge about the crystal structures of the compound phases, three reac
tion mechanisms are proposed to explain the reactions at the Nb/ AI interface. 
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The Activation energy for nucleation: 

For heat treatments below 650°C, NbA13 formed regardless of holding time at tem
perature and Nb/ Allayer configuration. We believe that Nb3Al and Nb2Al could not 
overcome the activation energy for nucleation at these low temperatures. According to 
classical nucleation theory, the competition between the volume free energy LlG and the 
surface energy a gives rise to the activation energy for nucleation which is proportional to 
a3/ilG2. Since the structure ofNbAl3 is similar to that of Al, the interfacial free energy 
between AI and NbAl3 is thought to be very low. Thus the nucleation of NbA13 at the 
Nb/ A1 interface is kinetically favored, and NbA13 can nucleate at relatively low temperatures 
( <650°C) regardless of AI layer thickness as illustrated in Fig. 4. 

The energy barrier associated with short range order: 

At reaction temperatures above 700°C, reactions were affected by the AI layer 
thickness. NbA13 continued to grow as long as both Nb and AI layers remained. Nb3Al 
formed in samples with AI layers thinner than 300A, while Nb2Al did not form. We pro
pose that the reactions at higher temperatures are governed by the energy barrier associated 
with short range order to form an ordered state. 

Formation of the NbA13 phase requires less rearrangement of atoms than that of 
Nb3Al. The largest rearrangement of Nb ·and A1 atoms, however, is required to form the 
Nb2Al phase whose unit cell is composed of 30 atoms. Therefore, the energy barrier as
sociated with short range order is smallest for NbA13 formation and largest for Nb2Al for
mation. Consequently, the kinetically favorable NbA13 phase will grow continuously as 
long as both Nb and AI layers remain. When all the A1 is consumed to form the NbAl3 
phase, the next favorable Nb3Al will start to form at the Nb/NbA13 ~terface (Fig. 5). If 
the reacted NbAl3 layer is sufficiently thin, all the NbA13 phase will react with remaining 
Nb to form the superconducting Nb3Al phase as observed in the sputter-deposited samples. 

The diffusion barrier controlled mechanism: 

When the Allayers were between 300A and lJ.Lm, Nb2Al formed between two 
Nb3Al phase layers at reaction temperatures above 700°C as described in table 1. The 
average grain size of Nb2Al was much smaller than that of the Nb3Al phase. The thick
ness of the Nb3Allayers was about 700A-800A regardless of the initial AI layer thickness. 
Fig. 7 shows that Nb2Al started to form between Nb3Al and NbAl3 layers. If Nb2Al 
formed by consuming Nb3Al and NbA13, then the thickness of the resulting Nb3Allayers 
would be dependent on the thickness of Nb2Al between the Nb3Allayers. Therefore we 
concluded that Nb3Al phase did not dissolve after it formed. 

Formation of the Nb2Al phase can be explained by a diffusion-barrier controlled 
mechanism. Nb diffusion through a Nb3Al layer is expected to be much slower than 
through a NbA13 layer. When Nb3Al grains grow to form a continuous layer, further dif
fusion is allowed only through the Nb3Al grain boundaries. An insufficient Nb supply 
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causes the formation of the Nb-depleted NbzAl phase to become kinetically favorable, re
sulting in the Nb3Al/NbzA1/Nb3Ailayer configuration (Fig. 6). 

This mechanism can explain why the Nb3Ailayers do not grow thicker than a cer
tain thickness. Since diffusion is very limited through the Nb3AI phase, Nb3AI grains will 
grow faster laterally along the Nb/NbAI3 boundaries than to the perpendicular direction. 
When they grow large enough to form a continuous layer, grain growth stops and the re
sulting Nb3AI grains tend to have elongated shapes. However, we do not understand why 
Nb3AI does not react with NbAl3 to form the NhzAl phase as expected from the Nb/ AI 
equilibrium phase diagram. More work on multi-layered samples is planned to better un
derstand the NbzAI phase formation. 

The proposed reaction mechanisms are consistent with observations in powder 
metallurgy processed Nb/ AI superconducting wires: 

1] NbAI3 forms below 650°C while Nb3AI and NbzAI form above 700°C. 

2] The Nb3Al/NbzAIINb3AI configuration is observed. 

3] Nb-AI solid solution is not observed. 

4] A high reduction ratio (ie. thinner AI layers) yields more Nb3AI. 

Summary 

The reactions at Nb/AI interfaces were studied using multi-layered samples made by 
a sputter-deposition or a cold-rolling technique. Nb/ AI layers of various thickness and 
distribution were used to simulate the reactions in powder metallurgy processed Nb/ AI su
perconducting wires. 

It was found that phase formation occurred in sequence. Only NbAl3 formed be
low 650°C regardless of Nb/ Al layer configuration. Above 700°C, reactions were af
fected by the AI layer thickness. NbAI3 continued to grow as long as Nb and AI layers 
remained. Nb3Al formed by consuming NbAI3 and Nb along the Nb/NbAI3 interface. 
The Nb3Al formation stopped when it formed a continuous layer. Nb diffused along the 
Nb3AI grain boundaries to react with the remaining NbAI3 phase to form the Nb-depleted 
NbzAI. 

Three different controlling mechanisms were proposed to explain the sequence of 
phase formation in Nb/AI multi-layered samples using knowledge about the crystal struc
ture of each compound. NbAl3 formation below 650°C was explained by the activation 
energy for nucleation. Nb3AI formation above 700°C was explained by the energy barrier 
associated with short range order. And the formation of the NbzAI phase was explained 
by the diffusion barrier of the previously formed Nb3Allayer. Formation of the 
Nb3AIINbzAl/Nb3Ailayer configuration was interpreted using the proposed mechanisms. 
The proposed reaction mechanisms were consistent with observations in P/M processed 
wires. 
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Figure Captions 

Fig. 1: T.E.M. micrograph of sputter-deposited Nb/ Al multi-layered samples (transverse 
view) Dark thicker layers are Nb and light thinner layers areAl. 
a) 20 pairs of 300A Nb/ 80A Allayers were deposited on a Nb substrate. 
b) 10 pairs of 1000A Nb/ 270A Allayers were deposited on a Nb substrate. 

Fig. 2: The equilibrium Nb/ Al binary phase diagram indicates that not only Nb3Al but 
also Nb2Al, NbA13 and Nb-Al solid solution are stable over a large temperature 
range. 

Fig. 3: 

Fig.,4: 

Fig. 5: 

Fig. 6: 

Fig. 7: 

Crystal structures of compound phases in Nb/Al system 
a) NbAl3 has the D022 tetragonal structure which is similar to 2 fcc unit cells. 
b) Nb3Al has the A15 type cubic structure. 
c) Nb2Al has the sigma type tetragonal structure with 30 atoms in a unit cell. 

Since the nucleation of NbAl3 at the Nb/ AI interface is kinetically favored, NbAl3 
will nucleate at relatively low temperatures ( < 650°C) regardless of Allayer 
thickness. 

The kinetically favorable NbA13 will grow continuously as long as both Nb and 
Al remain, and the next favorable Nb3Al will start to form at the Nb/NbAl3 
interface when all the Al is consumed to form NbA13. 

When Nb3Al grows to form a continuous layer at the Nb/NbAl3 interface, further 
Nb diffusion is allowed only through Nb3Al grain boundaries. An insufficient 
Nb supply causes the formation of the Nb-depleted Nb2Al phase resulting in the 
Nb3Al/Nb2A11Nb3Allayer configuration. 

T.E.M. micrograph of a cold-rolled Nb/Al multi-layered sample heat treated at 
900°C for 10 min (cross sectional view) 
Nb3Al formed a continuous layer and Nb2Al started to grow at the Nb/Nb3Al 
interface. Some remaining NbAl3 is seen in the middle of the reacted region. 

Table 1 Sequential phase formation observed in Nb/Al multi-layered samples 
Reactions were affected by heat treatment temperature and AI layer thickness. 
, * Nb3A11Nb2Al/Nb3Allayer configuration 
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Figure Captions 

Fig. 1: T.E.M. micrograph of sputter-deposited Nb/Al multi-layered samples (transverse 
view) Dark thicker layers are Nb and light thinner layers are Al. 
a) 20 pairs of 300A Nb/ soA AI layers were deposited on a Nb substrate. 
b) 10 pairs of 1000A Nb/ 270A Allayers were deposited on a Nb substrate. 

Fig. 2: The equilibrium Nb/ AI binary phase diagram indicates that not only Nb3Afbut 
also Nb2Al, NbA13 and Nb-Al solid solution are stable over a large temperature 
range. 

Fig. 3: Crystal structures of compound phases in Nb/Al system 
a) NbAl3 has the D022 tetragonal structure which is similar to 2 fcc unit cells. 
b) Nb3Al has the A15 type cubic structure. 
c) Nb2Al has the sigma type tetragonal structure with 30 atoms in a unit cell. 

Fig. 4: Since the nucleation ofNbAl3 at the Nb/Al interface is kinetically favored, NbAl3 
will nucleate at relatively low temperatures ( < 650°C) regardless of Allayer 
thickness. 

Fig. 5: The kinetically favorable NbA13 will grow continuously as long as both Nb and 
A1 remain, and the next favorable Nb3Al will start to form at the Nb/NbAl3 
interface when all the AI is consumed to form NbA13. 

Fig. 6: When Nb3Al grows to form a continuous layer at the Nb/NbAl3 interface, further 
Nb diffusion is allowed only through Nb3Al grain boundaries. An insufficient 
Nb supply causes the formation of the Nb-depleted Nb2Al phase resulting in the 
Nb3Al/Nb2Al/Nb3Allayer configuration. 

Fig. 7: T.E.M. micrograph of a cold-rolled Nb/Al multi-layered sample heat treated at 
900°C for 10 min (cross sectional view) 
Nb3Al formed a continuous layer and Nb2Al started to grow at the Nb/Nb3Al 
interface. Some remaining NbAl3 is seen in the middle of the reacted region. 

Table 1 Sequential phase formation observed in Nb/Al multi-layered samples 
Reactions were affected by heat treatment temperature and AI layer thickness. 
* Nb3Al/Nb2Al/Nb3Allayer configuration 
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< 650°C > 700°C Allayer thickness 

Nb+Al NbA13 NbA13 >> liJ.IIl 

Nb+Al NbA13 (+ Nb) Nb3Al ~3ooA 

Nb+Al NbA13 (+Nb) Nb3Al+Nb2Al* intermediate 
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