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The phase evolution during annealing of AlJNi multilayer samples prepared by ion-beam sputtering 
with composition modulation wavelengths A between 10 and 400 nm was determined using x-ray 
diffraction and differential scanning calorimeter measurements. Samples with average compositions 
of &n,N10,6,, and Al,,,N&,~ were investigated. For the Al,,40Ni0.60 samples the following results 
were obtained. A measure of the degree of periodic@ and the sharpness of the interfaces in a sample 
with A=80 mn was the large number (over 20) of peaks observed in small-angle x-ray scattering 
measurements. A sample with A=10 nm was transformed by heat treatment directly to the AlNi 
phase. In the A=80 nm sample, the first phase formed after annealing was the metastable Y,I phase. 
The r] phase was identified as Al,Ni,. In the 400 nm wavelength sample, both the metastable 17 
phase and the stable Al,Ni formed after the first exothermic reaction. For the Alr,75Ni0,25 samples 
two results were obtained. A A=11.4 nm sample transformed directly on annealing into Al,Ni. The 
77 phase was the first phase formed on annealing a A=100 nm sample. The difference in the 
component diffusivities and the concentration gradient play an important role in controlling phase 
formation and evolution. 0 1994 American Institute of Physics. 

I. INTRODUCTION 

Intermetallic phases, formed by solid state reactions,ld3 
are important in technologies ranging from metallization lay- 
ers in microelectronics to corrosion and oxidation coatings 
for bulk materials. Although the formation of intermetallics 
in composites during reactions between the matrix and rein- 
forcement is generally detrimental, these reactions can be 
beneficial. For example, with proper control they may be 
utilized to create in situ interfacial debonding layers. The 
reactions producing the intermetallics are a result of an in- 
terplay between diffusion, and phase nucleation and growth. 
The phase sequencing depends on the temperature, reaction 
time, composition gradients, interfacial surface energies, 
Gibbs free energies, and other phases already present. 

It is especially important to identify the first phase to 
form because this phase can strongly influence the subse- 
quent phase evolution. Different sample geometries allow 
one to focus on different aspects of the phase evolution. For 
example, using bulk diffusion couples, in which there is an 
essentially infinite supply of the constituents, facilitates the 
study of the entire phase diagram. Much of the available 
information on the growth of intermetallic phases has been 
developed from classical, bulk diffusion couple studies. The 
nucleation oft the first intermediate phase and the sequencing 
of subsequent phase formation have been investigated using 
bilayer film samples, in which there is a finite supply of the 
reactants. Annealing thin-film samples typically produces 
fewer coexisting phases than result from annealing bulk dif- 
fusion couples.4 Multilayer thin-film samples, with precisely 
repeated composition modulations, permit studies that focus 
on the interfacial region and are thus well suited for investi- 
gating the early stages of phase nucleation and growth?-7 In 
multilayer samples, the new phases usually form in or near 
each interface, and because there are so many similar inter- 

faces, the new phase comprises a relatively large fraction of 
the sample. 

During the early stages of annealing, muhilayer systems 
may form metastable structures such as amorphous phases. 
For example, it has been suggested that Au/La and Ni/Zr 
multilayers5’7-form amorphous alloys before they form inter- 
metallic compounds. In other cases, such as the Al/Ni sys- 
tem, the formation of intermetallic compounds is preceded 
only by the formation of a solid solution.” 

In the current work, the phase evolution during anneal- 
ing has been investigated using AliNi multilayer samples 
prepared by ion-beam deposition with average compositions 
(c) of A10,40N&,60 (equal thickness Al and Ni layers) and 
A&,75N&,ZS. The samples had composition modulation wave- 
lengths A between 10 and 400 nm. Previously, Ma, Thomp- 
son, and Clevenger8 studied Al/Ni multilayers prepared 
by electron-beam (e-beam) evaporation, in which (c) 
=Al,,,Ni,,. In their work, only the Al,Ni phase formed. 
No metastable phases were observed. We find the first phase 
formed is a function of (c) and A. For example, for equal 
thickness Al and Ni layers with A= 10 nm, the AlNi phase is 
formed, while for A=80 nm, the first phase to form is a 
metastable phase, the 77 phase. Finally, for A=400 nm, two 
phases are initially detected, the 7 phase and the Al,Ni 
phase. The 71 phase was also formed in a sample with 

* 25 and A=100 nm, but in a sample with f;kpN$. 
C o.75 I~,~, A=11.4 nm, Al,Ni develops. Previously, 

the 7 phase of the AlfNi system had only been observed in 
rapidly solidified microstructures.‘-I1 

II. AI/Ni SYSTEM 

The AUNi system was chosen for this investigation be- 
cause it is well characterized by previous studies,4V12 the 
phases that form are technologically relevant, and it offers 
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some experimental advantages. For example, the large 
charge difference between Ni and AI increases the amplitude 
of small-angle x-ray scattering peaks. Both Ni and Al have 
fee structures but the lattice constant of Ni is 13% smaller 
than that of Al. With such a large lattice constant difference it 
is very difficult to produce coherent interfaces with each 
phase having the same structure and orientation. High- 
resolution electron microscopy on AgJNi films,13 which have 
a similarly large lattice constant difference, determined that 
the difference is accommodated by misfit dislocations at the 
interfaces. 

The phase diagram for this system’4’15 exhibits two solid 
solutions (0.1 at. % solubility of Ni in Al, and approximately 
7 at. % solubility of AI in Ni at 400 “C), and five stable 
compounds, AlsNi, A.ljNi2, AlNi, AlsNi,, and AlNi, . Rapid 
liquid15 and vapor quenchingI may extend the Al-rich solid 
solution as high as 7.7 and 20 at. %, respectively. The Al,Ni 
phase forms with only 3:l stoichiometry. This phase was the 
initial phase formed in earlier investigations of Al/Ni 
bilayers.r7’r8 For Ni concentrations between 45 and 59 at. % 
at temperatures of 400 “(3 and below, the equilibrium phase 
is the AlNi phase. In addition, there is at least one metastable 
compound, usually formed by rapid quenching of aluminum 
alloys containing 2-12 at. % Ni, which has been identified as 
the 77 phase.‘-‘r From a comparison of the x-ray data, we 
suggest that the 7 phase is the metastable phase, Al,Ni,, 
reported by Perepezko and Furrer.19 

Colgan4 has reviewed the thin-film investigations of 
nickel aluminide intermetallic formation. His review reports 
the following findings. First, the AIsNi phase has been iden- 
tified as the initial phase to form between 250 and 275 “C. 
This phase was also the initial phase formed in earlier inves- 
tigations of AliNi bilayers.“0121 Second, phase formation ap- 
peared to be governed more by the kinetics of the dominant 
moving species rather than by the thermodynamic driving 
forces. Parabolic growth of AlsNi indicated diffusion-limited 
kinetics with Al as the fastest diffusing species.“’ Third, the 
growth may be either laterally uniform (usually with 
diffusion-limited growth and well-defined kinetics) or irregu- 
lar (proceeding preferentially along grain boundaries). The 
former is predominant except in cases of contamination 
when irregular growth is observede4 

Ill. EXPERIMENTAL AND ANALYSIS PROCEDURES 

Multilayer samples were prepared in a computer- 
controlled, ion-beam sputtering system that has been de- 
scribed previously.“2+zs The base pressure before sputtering 
was 10v7 Torr. In each run, multilayers were usually depos- 
ited on both NaCl and Si polished, single crystals. The sub- 
strate temperature was nominally at room temperature. With 
an argon-ion beam of 55 mA accelerated by 1000 eV at a 
chamber pressure of 3.4X10e4 Torr, the deposition rates 
were 0.323 mn/s for the Al and 0.167 rim/s for the Ni. These 
rates were determined from weight measurements and film 
thickness measurements made using a surface profilometer. 
The deposition times were chosen to produce samples with 
average compositions (c) of either Als40Ni0.60 (equal thick- 
ness layers) or Alo,NiO.u. Multilayers samples were fabri- 
cated with A between 10 and 500 nm, but most of the mea- 

surements were made on equal-layer thickness samples with 
h=lO, 80, or 400 nm. The total film thicknesses were ap- 
proximately 2000 nm. 

The temperatures at which phase transitions occur were 
determined by differential scanning calorimeter (DSC) mea- 
surements performed with a Perkin-Elmer 7 Series thermal 
analysis system. Free-standing film samples for the DSC 
measurements were obtained by exposing the films deposited 
on the single-crystal NaCl to moist air. Calibration of the 
DSC system consisted of first establishing a straight base line 
for the desired temperature range and heating rate with the 
cell empty. A 99.9999% pure Pb standard was then used to 
calibrate the phase change onset temperature and enthalpy 
change AH at the heating rate used in all the DSC measure- 
ments, 20 “C/min. 

All other measurements were made on films that had 
been deposited on single crystals of Si. The samples were 
prepared for annealing by putting them in sealed quartz tubes 
which had been thoroughly flushed with He and then evacu- 
ated to less than 50 mTorr. The encapsulated samples were 
heat treated using the same heating rate as in the DSC mea- 
surements, i.e., at 20 ‘Urnin, to temperatures selected based 
upon the DSC measurements. To facilitate phase identifica- 
tion, the heat treatment temperatures were chosen to be near 
the high-temperature end of the DSC exotherms. When the 
chosen temperature was reached, the tube containing the 
sample was immediately quenched in water. 

The layer-to-layer repeatability of the multilayer samples 
and the phases formed were investigated by x-ray scattering 
measurements performed using CuKa radiation in several 
instruments, including a rotating anode system. The different 
types of x-ray measurements performed were 8-28 scans, 
small-angle x-ray scattering (SAXS) and Read camera stud- 
ies. The Read camera studies permit the detection of diffrac- 
tion maxima that might be missed in t?-28 scans because of 
preferred orientation in the films. 

The SAXS measurements exhibit interference maxima 
which provide information on the periodicity and the sharp- 
ness of the interfaces. The angle 0, of the mth-order diffrac- 
tion peak, uncorrected for refraction, is given24 by 

h 
sin 8,=x m. (1) 

Diffusion increases the width of the interface region and de- 
creases the amplitude of the higher-order reflectance peaks. 
The amplitude of the mth-order retIectance peak R, is given 
by= 

R,=Rt exp[- (2nmalA)2], (2) 
where Rz is the vaIue of R, for perfectly sharp interfaces. In 
deriving Eq. (2), it was assumed that the gradient across the 
boundary can be represented by a Gaussian distribution of 
half-width (T. Deviations from periodicity also decrease the 
amplitude of high-order peaks. 

The x-ray peak intensities and widths of the SAXS spec- 
tra were also fitted to model calculations”61” to make further 
estimates about the microstructure. Because multilayers of 
fee systems often are textured with the (111) direction nor- 
mal to the plane of the film, it was assumed in the modeling 
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that both Ni and AI had this orientation. Bulk values were 
used for the interplanar spacings and atom densities on the 
planes. The relative scattering intensities were calculated us- 
ing different values for the number of Ni and Al planes, N,i 
mdN.u, respectively, and the number of bilayers that coher- 
ently scatter, N, . The calculated curves were labeled as fol- 
lows: (NNi, NAI, N, , a). The model calculations for a bilayer 
are sensitive to the thicknesses of the two layers. The thick- 
ness of each layer is the product of the atomic interplanar 
spacing in that layer and the corresponding number of pIanes 
in the layer. The calculated curves are not sensitive to the 
individual atomic interplanar spacings. Thus, one cannot use 
comparisons between the calculated and experimental spec- 
tra to determine the interplanar spacings. 

IV. EXPERIMENTAL RESULTS, (c)=A10.40Ni0.60 

X-ray-diffraction spectra of as-deposited, equal thick- 
ness AUNi multilayers with A=lO, 80, and 400 nm only 
show peaks corresponding to crystalline Ni, Al, and the Si 
substrate. Large-angle satellite peaks were not present be- 
cause of the incoherent interfaces. The crystalline geaks of 
the 10 mn sample were broad and the (111) Al peak was 
missing. A Read camera photograph on a sample with A= 10 
nm showed the Ni layers are textured with the (111) direction 
normal to the plane of the Si substrate but gave no clear 
evidence of a (111) AI reflection. NevertheIess, glancing 
angle x-ray scattering measurements provided f?irm evidence 
for the presence of the Al phase. The absence of the (111) Al 
reflection may be due to texturing. The brdadening at A=10 
nm may be due to interfacial strains. In the limit of R-+0, the 
strain is likely to become so large that the film is either 
amorphous or crystallizes into the AlNi phase. In this con- 
nection it is noteworthy that our as-deposited, sputtered films 
of AlNi are amorphous. 

Scanning tunneling microscopy measurements, shown in 
Fig. 1, were made to investigate whether the large lattice 
mismatch roughened or otherwise distorted the film. These 
measurements showed that the surface features of the films 
did not change appreciably as a function df wavelength. 
Though these features resemble the top view of a columnar 
growth film, it is not clear whether the size of these surface 
features is correlated with the crystalline grain size. For the 
areas studied, the maximum height excursions for most of 
the top surface of the film are less than 16 mn. 

Figure 2 shows the DSC spectra of samples with A= 10, 
80, and 400 nm. The heat released per mg of sample is plot- 
ted as a function of temperature. The masses of the h=lO, 
80, 400 nm samples were 3.970, 1.610, and 3.350 mg, re- 
spectively. In general the phase transformations are exother- 
mic and shift to higher temperatures with increasing A. The 
data shown in Fig. 2 differ in several respects from those of 
Ma and co-workers.* In their work, double-peak structures in 
the DSC spectra were observed for all A. The two peaks 
tended to merge into a single peak with decreasing A. The 
first peak was modeled as due to the nucleation and lateral 
growth of the Al,Ni phase at the interface and the second 
was associated with the thickening of this phase. In contrast, 
the number of peaks in the DSC spectra shown in Fig. 2 
depends on A. For A=10 nm, there is either a very broad 
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E3G. 1. Scanning tunneling microscope images of (a), (b) a 
(c)=.410.40Ni0,60, A=10 nm Al/Ni muMayer sample and (c), (d) a A=400 
MI Al/Ni multilayer sample. The total height scale from the white to black 
scale is 11.8, 15.6, 4.7, and 7.6 nm for (a), (b), (c), and (d), respectively. 

single peak or a superposition of two peaks, while for 
A=400 nm there are five peaks. The small A DSC peak from 
Ref. 8 is much narrower than the one or two peaks for the 
A=10 nm sample shown in Fig. 2. One reason for some of 
these differences between ou~results and those of Ma and 
co-workers is that in our samples phases other than A&Ni are 
formed. The phase identifications are discussed below and 
listed in Table I. Further analysis of the reactions in Fig. 2 
would require assumptions because: (1) Some mixing has 
occurred at the interface during fabrication; (2) there are en- 
thalpy changes due to diffusion; (3) due to peak overlap, one 
cannot always uniquely associate a given feature in the DSC 
spectra to a specific phase transformation; and (4) after the 
reactions the samples usually contained unknown amounts of 
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FIG. 2. Heat released during DSC temperature scans of Al/Ni multilayer 
samples with (c) =A&,~aNi,,,, and A=lO, 80, and 400 nm. 
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TABLE I. Summary of phases present after annealing in samples with 
(4 -%mGo. 

As-deposited 
First HT 

Second HT 

Third I-IT 

10 nm 80 MI 400 nm 

Ni, Al Ni, AI Ni, Al 
175 “C 250 “C 335 T 
NiAI Ni, ‘I Ni, Al, AIsNi, 77 

275 “C 310 OC 375 ‘C 
Nii Ni, v Ni, AisNi 

370 “C 
AIsNis, Ni 

several phases. Specifically, one cannot determine the energy 
given off per gram of material during a specific reaction from 
the data presented in Fig. 2 since one does not know the 
amount of mass that has reacted. Nevertheless, from the 
small enthalpy changes for the A=400 run sample it is clear 
that this sample is further from equilibrium than the 80 nm 
sample. 

A. A=10 nm sample 

Figure 3 shows x-ray spectra from a 8-213 scan taken on 
samples with A=10 nm before and after they had been an- 
nealed to 175 and 275 “C at 20 “c/mm After annealing, only 
peaks corresponding to the AlNi phase are observed. Figure 
4 shows experimental spectra for an as-fabricated sample, a 
sample annealed to 175 “C, and the calculated SAXS spectra. 
Values for A of 9.4 and 10.0 nm were obtained using Eq. (1) 
and the angular positions 8, of the sharp peaks of the spec- 
trum for the as-fabricated and 175 “C annealed samples, re- 
spectively. The values of A were determined from the slopes 
of the lines that result from plotting the values of 8, vs m 
(~tl= 1,2,3,4). The compound formation that has occurred 
by 175 “C has attenuated the sharp structure associated with 
periodicity but it has not totally removed it. The amplitude of 
the sharp features as a function of m were fitted to Eq. (2). 
This fit was used to determine the thickness of the interfacial 
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FIG. 3. Comparison of AINi standard with the x-ray spectra of the 
(c)=AIo,,NiO,er,, A=10 nm, multilayer samples as-fabricated and after an- 
neals to 170 and 275 “C at 20 “amin. Additional peaks are due to the Si 
substrate. 
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FIG. 4. SAXS spectra of the as-fabricated and 175 “C annealed, 
(c)=AIa,.@ii,,a, A=10 nm, multilayer samples. The periodicity of the 
sharp peaks yields a calculated wavelength of 9.4 nm. 

width which we define as t,=Zu. Using this procedure we 
found tl equal to-l.1 and 2.1 mn for the as-fabricated and 
175 “C annealed samples, respectively. The remaining peri- 
odicity can either be attributed to some residual unreacted Ni 
or to composition gradients within the AINi layer. 

Both experimental spectra in Fig. 4 are more compli- 
cated than the spectra one expects for a multilayer with per- 
fect square-wave modulation. If the square-wave modulation 
were perfect, then the amplitude of the even-integer, sharp 
peaks should be zero. This property, which is a consequence 
of the symmetry and the fact that the amplitudes are 
weighted Fourier transforms, is seen to be approximately sat-~ 
isfied for the -calculated curve labeled (18, 21, 10, 0.5). The 
amplitudes and sharpness of the calculated peaks increase if 
one increases the number of bilayers. To obtain the correct 
half-width of the sharp features in the modeling, one must 
assume that the film contains segments of approximately ten 
or more 9.4 nm bilayers which scatter coherently. 

In addition to the sharp features, broad features were 
also observed at 219=0.8, 1.4, and 2.1. These broad features 
may result from scattering off a smaller number of planes 
which scatter coherently. Because the broad features seem to 
occur at more closely spaced values of 28, the basic scatter- 
ing units within the segments appear to be larger than 10 nm 
and may be the result of diffusion. The sharp features, which 
are associated with the sharp interfaces of the as-fabricated 
sample, are attenuated in the sample annealed to 175 “C. The 
broad features are at least as pronounced in the as-prepared 
sample. The fact that the broad features are not attenuated is 
consistent with their being independent of the sharp inter- 
faces. The-sum of the two model curves qualitatively repro- 
duces most of the features of the experimental spectra. 

B. A=80 nm sample 

Figure 5 shows x-ray spectra taken on the samples with 
A=80 nm after they had been heated to 250, 310, and 
370 “C at 20 “C/min. The Read camera microgram of. the 
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FIG. 5. X-ray spectra of the as-fabricated and annealed (c)=Alo,40Nio,60, 
A=80 nm multilayer samples provide evidence for the formation of the 
A&N%, phase at 370 “G 

sample annealed to 250 “C showed more diffraction maxima 
than the spectra shown in Fig. 5. The additional maxima are 
probably due to texturing. After the 250 “C anneal, no dif- 
fraction lines associated with the fee Al phase were observed. 
The absence of these lines suggests complete reaction of the 
Al. After the 370 “C anneal, the x-ray spectrum shows the 
AlsNi, phase. Magnetization data= and the x-ray data shown 
in Fig. 5 indicate that not all the Ni has reacted even after the 
370 “C anneal, however, the Ni peak at 28=-98” had broad- 
ened considerably. 

Figure 6 shows an expanded view of the data shown in 
Fig. 5. After the 250 “C anneal, there are ten peaks that cor- 
respond to peaks previously assigned to the 77 phase.Y Of 
these peaks, seven cannot be attributed to the AlaNi phase. 
This is rather convincing evidence that the 7 phase has 
formed. In addition there are two peaks that could be as- 
signed to the AlaNi phase but, alternatively, these peaks 
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28 

FIG. 6. Comparison of the x-ray spectra of the annealed (c)=A10~40Nii,60, 
A=80 nm, multilayer samples and the average reported 20 positions for the 
metastable r]-phase peaks. The positions of the major peaks for the 
A13Ni phase are also shown. 
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FIG. 7. (a) A comparison of observed and calculated SAXS spectra of the 
as-fabricated, (c) =Al,,,,Ni,,,,, A=80 nm, multilayer. (b) SAXS spectra of 
the as-fabricated and annealed (c) =Alo,4&Jii.sa, A=80 run, multilayer 
samples show intermixing in the annealed samples. 

could belong to the ~7 phase. Calculationsr’ have predicted 
many peaks which have not yet been observed. At 310 “C, 
the ~7 phase is still present, but the evidence for the formation 
of AlsNi is not substantially stronger. Thus, the evidence for 
the formation of the AlaNi phase at either 250 or 310 “C is, at 
best, inconclusive. 

Figure 7(a) shows a comparison of a SAXS spectrum 
taken on an as-fabricated A=80 run sample with model cal- 
culations. The large number of observed higher-order diffrac- 
tion peaks indicates that interfaces are abrupt relative to the 
modulation wavelength and that the periodicity is good. The 
agreement between the calculated values and experiment is 
good for 2K2.6”. Again both even and odd m  modes are 
seen. Figure 7(b) shows SAXS data taken after different heat 
treatments. After the 310 “C anneal, diffusion has removed 
all but the lowest-order angle peaks. Even these are removed 
after the 370 “C anneal. Values of h of 75.9 and 78.8 nm 
were obtained using Eq. (1) and the angular positions 0, of 
the sharp peaks of the spectra for the as-fabricated and 
310 “C annealed samples, respectively. Fitting the m  depen- 
dence of the amplitudes of the peaks of Eq. (Z), tl was de- 
termined to be 1.2 and 2.1 nm for the as-fabricated and 
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FIG. 8. X-ray spectra of the as-fabricated and annealed, (c)=A&~~N~~.~~, FIG. 9. Heat released during DSC temperature scans for samples with 
A=400 mn multilayer samples indicating the formation of the AI,Ni phase (c)=AI,,75Ni0,25, h=11.4 and 100 nm. The samples weights were 2.110 and 
at 335 “C followed by dissolution at 375 “G 1.050 mg for the h=11.4 and 100 nm samples, respectively. 

310 “C annealed samples, respectively. It should be noted 
that t, of the as-fabricated A=10 and 80 nm samples were 
1.1 and 1.2 mu, respectively, i.e., the interfacial widths or 
region with a large composition gradient are small and ap- 
proximately independent of A. 

C. A=400 nm sample 

Figure 8 shows x-ray spectra taken on samples with 
A=400 nm in the as-fabricated condition and after the 
samples had been annealed to 335 and 375 “C. After the 
335 “C anneal both the AlaNi and the 17 phase are present. 
After the 375 “C anneal, the Al,Ni is still present but the v 
phase is no longer observed. Because (c)=A10~40Nio~60, it is 
expected that additional solid-state reactions will occur upon 
further annealing which will produce either the AlaNi, or 
AlNi phase. The small area under the DSC curve for the 
A=400 nm sample is consistent with this expectation. 

The phase identifications made using the x-ray data after 
the different thermal treatments are summarized in Table I. 
The listed temperatures are the heat treatment temperatures 
and not the onset reaction temperatures as determined by the 
DSC. 

V. EXPERIMENTAL RESULTS, (c)=A10.75Ni0.25 

Motivated by the difference between our results on AllNi 
multilayers with (c)=A10.40Nie6c, and those of Ma and 
co-workers* with (c) =A.lu75Nie.25, we decided to investigate 
multilayers with (c)=A&~N&,~. The objective was to de- 
termine whether the difference in phase formation was due to 
the average composition or some other cause. 

A. A~11.4 nm sample 

Figure 9 shows the heat released per mg of a 2.110 mg 
sample with A=11.4 nm during a DSC scan. There is a 
broad feature at 150 “C and a sharp feature at 250 “C. X-ray 
examination of a sample heated to 200 “C shows no evidence 
of any compound formation, and therefore it is likely that the 
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FIG. 10. X-ray spectra of samples with (c)=A&,75Nio,zfi, A=11.4 and 
100 nm. 
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broad feature is due to diffusion. The x-ray spectrum, shown 
in Fig. 10 of a sample heated to 285 “C provides clear evi- 
dence for the formation of AlaNi. There is no evidence for 
any other phase although some unreacted Ni should be 
present. 

6. A=100 nm sample 

Figure 9 also shows the heat released per mg of a 1.050 
mg sample with A=100 nm during a DSC scan. There are 
now three features. The x-ray spectrum, shown in Fig. 10, of 
a sample that had been heated to 260 “C shows that the sharp 
peak at 240 “C in Fig. 9 is due to the exothermic formation 
of the 17 phase. The x-ray spectrum of this sample that had 
been heated in the DSC scan to 450 “C also indicates the 
presence of the ~7 phase and provides no evidence for another 
phase although some umeacted Ni should be present. 

0: Reportedq-PhasePeaks 
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VI. DISCUSSION TABLE II. Selected activation energies Q for diffusion in the Al-W system. 

For the shortest A sample with (c) =A10.75Nie25, AlsNi is 
the only phase observed in the present work and that of Ma 
and co-workers.* The present results, however, differ from 
those of Ma and co-workers.* because of the appearance of 
other phases at other values of A and (c). Specifically, the 
A=100 nm sample with (c) =A10.75Nis25 showed the forma- 
tion of the v phase and not AlsNi as Ma and co-workers 
found. Thus, the difference between our results for equal 
thickness layers and their results is not simply due to the 
difference in (c). The most obvious remaining difference is 
that their samples were prepared using e-beam evaporation 
whereas our samples were prepared using ion-beam 
sputtering.“’ There are at least three major differences be- 
tween the two deposition techniques. First, in e-beam evapo- 
ration the deposition rate is usually faster than in ion-beam 
sputtering. In e-beam evaporation one easily achieves rates 
of several nanometers per second whereas the deposition rate 
was of order 0.1 rim/s for our ion-beam sputtering. The effect 
of impurities is unclear. Impurities can reside at the inter- 
faces and within the Iayers. The lower deposition rates in 
sputtered films allows more time for the possible incorpora- 
tion of impurity atoms into the layers, e.g., Ar. Interface im- 
purity effects should be most pronounced at small A; how- 
ever, the expected phases formed at small A. Second, atoms 
evaporated from an e-beam source arrive with low energies 
corresponding to thermal energies kT where T is typically 
less than 1200 “C. In ion-beam sputtering, the atoms can 
arrive at the substrate with much greater energy (several eV). 
Besides having a direct effect, the differences in deposition 
rates and arrival energies can also change the substrate tem- 
perature. Third, e-beam deposition is usually performed at 
low chamber pressures and, hence, is a line-of-sight process. 
Sputtering is performed at higher chamber pressures and col- 
lisions occur in route to the substrate. Because of these major 
differences it is likely that these two deposition techniques 
produce films with different microstructures. 

Diffusing 
species Matrix 

Al Al 
Al Ni 
Ni Al 
Ni Ni 
Al AlNi 

(50% Ni) 
Ni (50%) 

% tracer diffusion. 

Q (kcal/mol-‘) 

34.0 
64.6” 
34.82 
67.2 

58” 
73.4 
41 

Temperature 
range (“C) Ref. 

450-650, 1 
1ooo-13908 42 

470-650 42 
870-1404 42 

1ooo-13508 43 
1000-1350 44 
428-610 45 

Therefore, Ni should diffuse faster in Al than Al will diffuse 
in Ni. Thus, the Ni concentration should fall off more slowly 
than the Al concentration in the region of interdiffusion. The 
concentration profiles reported by Ma and co-workers,* ex- 
hibit such an asymmetry. Although other factors such as re- 
sidual stresses can affect the diffusion rate, the diffusion of 
Ni in Al should determine the initial phase formation. 

Different microstructures may influence the number and 
nature of the nucleation sites. For example, Shutthanandan, 
Saleh, and Smith reported3’ that the initial Al/Ni phase 
formed when Ni was deposited on Al depended on the crys- 
tallographic orientation of their Al single crystal. Elastic 
stress can effect the growth kinetics and the sequence of 
phase formation in thin-film systems.31 According to Ma and 
co-workers, the formation rate of the first intermediate phase 
also depends on the crystalline size. 

Due to the importance of the initial phase formation, a 
number of rules and analysis approaches has been proposed 
for predicting the initial phase formed under a given set of 
conditions.1P32-35 The rules are often based upon thermody- 
namic terms, as represented in a phase diagram or in the heat 
of formation. Most of the rules have limited applicability, but 
the effective heat of formation AH’ model is known to be 
generally successful.35 Unless there are favorable interface 
energies, when the thermodynamic driving free energy for 
phase formation is large, AH’ will also be large, The phase 
nucleation will tend to reflect this relative driving force. For 
the Al-Ni system and the compositions examined in this 
work, the effective heat of formation mode134,35 yields AH’ 
values for A13Ni and Al,Ni, that are similar. Thus, minor 
kinetic preferences could determine the initial phase formed; 
however, even when the phase formation rules do account 
for the observed initial phase, they do not provide insight 
into the kinetics of phase formation. 

Regions with suitable compositions for forming new 
phases are established by diffusion. Initially, the Al and Ni 
atoms only diffuse through Al- and Ni-rich solid solutions. 
Although the equilibrium solubility is small, metastable solid 
solutions containing approximately 20% Ni have been 
reported.16 Since Ni and Al are isostructural, even greater 
supersaturation is possible and, indeed, appears to occur in 
the initial regions containing steep concentration gradients. 
The known activation energies for the diffusion of Al in Ni 
and in Al are listed in Table II. The activation energy for the 
diffusion of Ni in Al is very similar to that for self-diffusion 
of Al in Al. On the other hand, the activation energy for 
diffusion of Al in Ni is almost twice the value for Ni in Al. 

To better understand the initial phase selection and sub- 
sequent phase sequencing, it is useful to consider the relative 
thermodynamic phase stability and the free-energy changes 
for various reactions. It should be appreciated that phase 
nucleation in multilayer diffusion couples is fundamentally 
different from the case where a precipitating phase develops 
from an initially compositionally uniform, supersaturated 
solid solution. For multilayer samples, extensive supersatu- 
ration can develop, but a concentration gradient with a high 
initial value is also present. 

The initial interdiffusion forms a solid solution, As a first 
level of analysis, consider the intermediate phases that result 
from polymorphic reactions. The polymorphic reaction path- 
way and the free-energy changes between fee solid solution 
and the various intermediate phases were evaluated using the 
detailed thermodynamic model analysis and phase equilibria 
assessment of Ansara, Sundman, and Willemin.36 For the 
analysis, the thermodynamic functions that have been estab- 
lished for the stable phase equilibria from a sublattice solu- 
tion model and experimental measurements were extended 
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TABLE III. Free-energy changes AG, for polymorphic transformations (fee 
A&N&) (in k.J/cm3). 

Tkmperature 
03 A19Niz A13Ni W% AU% 

175 1.28 2.12 3.02 2.58 
250 1.01 1.85 2.71 2.40 
310 0.88 1.64 2.63 2.32 
335 0.81 1.57 2.56 2.28 
375 ii.67 1.43 2.48 2.23 .i 

into metastable regions and separate measurements for the 7~ 
phase were incorporated to complete the calculations.37 The 
results are listed in Table III and provide a lower bound on 
the level of driving free energy available for phase formation 
from an initial supersaturated fee solid solution at different 
annealing temperatures. A calculation based on a polymor- 
phic reaction path will underestimate the driving free energy 
for a reaction involving phases with different compositions. 
Based upon the equilibrium phase diagram, the stable state 
for k> =&.4oNio.co is a mixture of AlNi and A13NiS but, due 
to limited data, the AIsNi, phase was not included in the 
analysis. Moreover, for Aa80 nm some Ni-rich regions re- 
main after the formation of Al-rich intermediate phases. For 
these reactions, the evaluation of the free-energy changes 
requires a more complete description of the composition 
changes and layer microstructures. 

Following an initial interdiffusion and the establishment 
of supersaturation conditions in a multilayer sample, the in- 
termediate phases usually form by a heterogeneous nucle- 
ation process. In previous work* on AliNi multilayers in 
which (c) =Alo.7sNia25, the nucleation of AlaNi was ob- 
served to be associated with grain-boundary triple-junction 
sites. The increase in phase nucleation onset temperature 
with increasing A was related to the decrease in triple- 
junction site density with increasing A. In the present results 
both the phase nucleation onset temperature and phase selec- 
tion are dependent on A. Thus, other factors agpear to con- 
tribute to the kinetic control. In traditional nucleation analy- 
sis, the critical size or thickness L* of a nucleus of a new 
phase in the form of a slab can be estimated from - 2 rlAG, 
where y is the interfacial energy. A more complete analysis 
of nucleus shape has been made by Hoyt.38 The listing in 
Table III for AG, of polymorphic reactions can be used to 
obtain a lower bound on AG, for phase nucleation.The in- 
terfacial energies between the intermediate phases and the 
supersaturated solution are not known, but a typical value for 
an incoherent interface is 0.5 J/m’. The effect of a heteroge- 
neous nucleation site is to lower the effective value of 7. 
Within the limiting estimates for AG, and 35 L * should not 
be larger than about l-l.5 nm and is most likely smaller. 

Although diffusion decreases Vc, Vc can still be large 
when phase nucleation occurs. For example, at 252 “C, Ma 
and co-workers’ observed a gradient of 4X 10’ cm-’ extend- 
ing across a 25 nm zone. This is approximately the tempera- 
ture at which they observed the formation of A13Ni. The 
thermodynamic analysis of Des& and Yavari39 incorporates 
the idea that such a large value for Vc tends to suppress the 
thermodynamic driving force for the nucleation of a new 
phase from an amorphous phase. Amorphous layers form and 
persist to a critical thickness before intermediate crystalline 
phases heterogeneously nucleate. The critical thickness in- 
creases with increasing Vc. For Vc . greater than a critical 
value the new phase cannot nucleate. It is important to note 
that their analysis can be generalized to include systems such 
as Al-Ni where a solid solution, instead of an amorphous 
region, forms prior to intermediate phase nucleation. The 
major effect of a concentration gradient is to provide an ad- 
ditional barrier to phase nucleation. This suppression, which 
typically extends over a distance of (V c)- ‘, will be larger 
for a line compound such as Al,Ni. Based upon the analysis 
presented by Desri and Yavari, the critical thickness at which 
intermetallic compound formation is possible decreases as 
one approaches closer to the pure components. Thus, the 
most Al-rich phase, A19Ni2, would be favored. It is notewor- 
thy that in the Al-Co system, which is analogous to the Al-Ni 
system, the first phase to develop during annealing of bilay- 
ers is Al&02, which is the most AI-rich equilibrium phase. 
Our x-ray results are consistent with the 7 phase being 
A19Ni, and having the same structure as A19C02, namely, 
monoclinic. Further, the dynamics of the system must also 
play a role. As noted by Highmore et aL4’ transient effects 
during phase evolution can significantly suppress the devel- 
opment of new crystalline intermediate phases during inter- 
diffusion in multilayer samples and act to alter phase selec- 
tion. 

A. Early diffusion and initial phase formation 

We now discuss the phase evolution as a function of A 
and consider why the initial phase nucleated depends upon A 
and (c). 

1. Small A 

As discussed earlier, a broad feature at 150 “C in the 
DSC spectrum for a sample with (c) =Alo.75Nio.25, A=11.4 
nm, is probably due to diffusion. Based upon this result, it is 
likely that diffusion also broadens the peak in the DSC spec- 
trum shown in Fig. 2 for (c) =Ale40Ni0.60, A= 10 nm. 

After annealing the interdiffusion region in short- 
In multilayer samples it is necessary to consider whether wavelength samples is comparable to A. Annealing short A 

the large concentration gradients affect phase formation. It is samples with average concentrations corresponding to equi- 
likely that A and the concentration gradient play an impor- librium phases will probably directly produce those equilib- 
tant and, perhaps, decisive role in determining phase nucle- rium phases without forming intermediate phases. This state- 
ation. Consider how heating a short A multilayer and a long ment is supported by the fact that Al,Ni was formed both in 
A multilayer sampIe to the same temperature affects the av- our sample with (c)=A&,Ni,,, A=11.4 nm, and in Ma 
erage concentration and concentration gradient Vc. One ex- and co-workers samples with (c) =Alo.7sNio.25 at small A. It 

pects that the Ni concentration is higher and Vc is lower in 
the Al layer at short A, because Ni atoms diffuse into the Al 
layer from both sides. As is discussed below, both the higher 
Ni concentration and smaller Vc facilitate phase formation. 
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also is supported by the fact that AlNi was formed in our 
sample with (c) =A10.40Nio~60, A= 10 nm. After annealing 
samples with (c) =A10.75Ni0.X, Vc becomes small at posi- 
tions where the composition c is equal to A10,75Ni0,B Thus, 
the volume having the composition c equal to Al,,,Ni,, 
was large. This facilitated forming AlaNi. Because our 
samples with (c)=Alo~40Nio,60 contained a higher average 
concentration of Ni, it was likely that when the composition 
was correct for forming AlsNi at some position the gradient 
was large. 

2. Intermediate A 

At intermediate modulation wavelengths, such as 80 nm, 
complete multilayer mixing is not achieved when the onset 
reaction temperature for phase formation is reached. A con- 
centration gradient exists within the interdiffusion zone 
which acts to suppress crystallization. The asymmetry in the 
interdiffusion leads to relatively larger regions with small 
composition gradients on the Al-rich side of the interdiffu- 
sion zone than on the Ni-rich side. This favors the develop- 
ment of the most Al-rich phase, which is the 17 phase. This is 
consistent with the strong intluence of Vc on phase forma- 
tion indicated by the Desri and Yavari analysis. It is also 
possible that the ~7 phase is favored because the interface 
energy between the 17 phase and Al may be small. 
Bendersky41 found that there is an orientation relationship 
between precipitated Al,(Fe,Ni), and the cr-Al matrix which 
permits the formation of interfaces that have a small mis- 
match between the two phases. A more complete analysis 
requires detailed microstructural analysis and kinetic mea- 
surements which are in progress. 

3. Long A 
At the still longer modulation wavelength of 400 nm, the 

first phase formation occurs at a higher temperature than it 
did in the 80 nm sample. The higher temperature increases 
the diffusion rate and decreases Vc. A smaller Vc can facili- 
tate the formation of a line compound such as AlaNi which 
was observed for (c) =A10.40Ni0.6r,, A=400 nm after the first 
heat treatment. The microstructure also might be different at 
longer A. 

B. Later diffusion and subsequent phase formation 

After a new phase has formed, diffusion through the in- 
termetallic must be included and is likely to be the rate- 
controlling step for further reactions. Experiments shows that 
Al diffuses more readily than Ni in the intermetallics. The 
SAXS data determined the thickness of the interface region 
and permits an estimate of how far the atoms must diffuse 
through the interface layer. After the initial phase formation, 
the thickness of the interface layer was approximately the 
same, namely 2.0 and 2.1 nm for the (c) =Alr,40Ni0.60, A= 10 
and 80 nm samples, respectively. This implies that large con- 
centration gradients confined to relatively narrow interface 
zones still remain at 175 and 310 “C for the A=10 and 80 
nm samples, respectively. 

If diffusion through the 77 phase is the rate-controlling 
step, and if Al is the faster diffusing species, then one reac- 
tion that can occur is further growth of the 17 phase. Under 

these conditions thickening will occur faster at the Ni/v 
phase interface. In any case, it should be noted that the Al 
phase is consumed before the Ni phase in the 
(c> =A-b.&,.~, samples. This is to be expected since the ~7 
phase contains more Al than Ni. In the (c) =A10.40Ni0,60, 
A=80 mn sample, after the 370 “C anneal, Al,Ni, appears. 
This phase is closer in composition and structure to the equi- 
librium phase, AlNi, than either A13Ni or the 77 phase. 

VII. SUMMARY 

Multilayer samples provide enhanced sensitivity for de- 
tecting phase nucleation reactions at interfaces. An indication 
of this sensitivity is that the initial phases of short modula- 
tion samples were observed to form at lower temperatures 
than the 250-300 “C observed in bilayer studies.4 This en- 
hanced sensitivity facilitated the phase identification as a 
function of A, composition, and heat treatment. For our 
Al/Ni multilayer samples, the initial phase formed and the 
subsequent phase sequencing is a function of A..This result 
is in contrast to bilayer studies and Ma and co-workers 
multilayer studys in which the initial phase was always 
AlsNi. We have found that for {c)=A10.40Nio~60, A=10 nm, 
only AlNi forms. At longer A, for (c) =Al,,.40Ni0.60, the meta- 
stable 7 phase forms but decomposes on further heat treat- 
ment to Al,Ni,. The ~7 phase was also formed in our 
(c) =Ala75Ni0,25, A= 100 nm, sample. Other investigations 
have observed the 7 phase only in rapidly quenched bulk 
samples and not in multilayer samples. In contrast to the 
earlier work on Al/Ni multilayers and bilayers, we found 
that, for (c) =A10.40Ni0,6,-,, AlsNi only enters the phase se- 
quencing at larger A, i.e., A=400 nm. The asymmetry of the 
component diffusivities and the concentration gradient in 
multilayers appear to play important roles in controlling ini- 
tial phase formation. 
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