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Multilayer Al/Cu foils have a high potential to be used as filler materials for dif-
fusion welding or friction stir welding of difficult-to-weld materials. In this
work, we study EB-PVD-deposited multilayer Al/Cu foils with the modulation
periods (sum thickness of one Al layer and one Cu layer) of 50 nm and 1000 nm.
The total composition for both the foils is of about Al-30 wt.% Cu and the total
thickness is varied from 20 pum to 30 uym. The phase formations within the foils
during heating up to 500°C are investigated by x-ray diffractometry, scanning
and transmission electron microscopies, differential scanning calorimetry, and
electrical-resistance measurement. The correlation between the modulation pe-
riod and the formation of the Al,Cu, AlCus, and Al,Cuy phases is studied. The
sequence, temperatures, and kinetics of phase transformations, as well as the
heat of the reactions, are found to correlate significantly with the modulation
period. Mechanisms of the phase formations within the foils and their mechani-
cal properties are discussed.
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Bararormraposi Al/C-douii € mepcueKTUBHUME A8 BUKOPUCTAHHSA K IPUCAI-
KOBi MarTepisaau a1 qudysiiiHoOTo 3BapioBaHHA a00 3BapIOBAaHHA TEPTAM MaTe-
pisaiB, 1110 BasKKO 3BapIOIOThCA. ¥ IIiHl poboTi mociimsxeHo 6ararornaposi goJrii
3 TIepiogamMu MOAYJIAIl (CymMapHa ToBIIMHA ogHOTO 11apy Al i ogroro mapy Cu)
y 50 am i 1000 M, ogeprkaHi MEeTOI0I0 eJIeKTPOHHO-IIPOMEHEBOI'0 OCAMMKEeHHS.
3araabHUR CKJAL A 000X (oiaiii cranmoBuB npubiamsuo Al-30 mac.% Cu, a
sdarajgbHa ToBIUHA — 20—30 MKM. PazoyTBopeHHA y (oJigx mimg vyac Harpi-
BaHHA 10 500°C mociigkeHO MeTOmaMU PEHTI€HiBChKOI nudpaxKTomMerpii, cKka-
HYBaJIbHOI Ta TPaHCMiCifiHOI eJIEKTPOHHMUX MiKPOCKOIIiil, 1u()epeHIiifHOI cKa-
HYBaJIBHOI KaJIOPUMETPil Ta IIJIAXOM MipAHHA eJIeKTpuuHOTOo omopy. Iocuri-
IPKEHO KOPeIAIlilo MisK mepiogom moayaanii it yreopeuram gas AlsCu, AlCus it
Al;Cuy. BeTaHoBIEHO, III0 IOCILLOBHICTD, TEMIIEPATYPH Ta KiHeTuKa (ha30BUX
IIepeTBOPEeHb, a TAKOK TeIJIOBUI e()eKT peaKIliii icTOTHO KOPEeJIIIOTh i3 mmepio-
IoM MomyJisiii. PosrisuayTo MoKJINBI MexaHisMu (ha30yTBOPEeHHA y oiiax Ta
iXHi MexaHiuHi BJIaCTUBOCTI.

Karouosi caoBa: 6araroraposi Al/Cu-douii, iHTepmMeTaninu, TeKcTypa, Kajo-
puUMeTpiA, TBEPAICTD.
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1.INTRODUCTION

Multilayer Al/Cu foils with a composition of Al-33 wt.% Cu are be-
lieved to be promising for use as filler materials for welding difficult-
to-weld materials [1]. The advantage of using this Al/Cu multilayer
system, as compared to Al/Ni and Al/Ti foils, lies in the lower tempera-
ture at which phase transformations begin [2]. In particular, phase
transformations in such foils with submicron layer thickness were
found in the temperature range of 130—-360°C [3]. In addition, metasta-
ble structures often form during the annealing of multilayer films fab-
ricated by physical vapour deposition, due to the significant density of
interphase boundaries [4] and the special reaction kinetics in them [5].
Particularly, the primary formation of the tetragonal 6-Al.Cu phase,
and then the cubic y2-AlsCug [6—9] or monoclinic n-AlCu phase [10, 11]
was observed during the annealing of multilayer condensates of the
Al/Cu system. Moreover, Vandenberg and Hamm [12] reported that, in
addition to the first formed Al;Cu phase in bilayer films, an ordered
f.c.c. phase B;-AlCus with a lattice parameter close to 0.5801 nm
formed. This high-temperature phase occurs after the Al,Cu phase and
is a secondary phase throughout the investigated range of Cu concen-
trations (from 33 at.% to 83 at.%). At temperatures above 350°C, the
phase composition of the films approaches the equilibrium:
Al,Cu+AlCu. In another study, the authors [13] observed the for-
mation of the B;-AlCus and y:-AlsCuy phases during slow (0.4°C/min)
and rapid heating to the relevant annealing temperatures, respectively.
It is important to mention that the disordered f-AlCus phase (ao=0.290
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nm) serves as the parent structure from which both the 3;-AlCus phase
(a =0.5801 nm = 2a,) and the y2-AlsCuy phase (a = 0.8703 nm = 3a,)
originate [13]. It is also known that, in massive Cu—Al alloys, depend-
ing on the cooling rate, either the B:- or y2-phase is formed [14].

On the other hand, the y2-Al4Cuy phase is considered in works [15—17]
as a superstructure of the B-AlCu phase of the structural CsCl type and
an approximant of icosahedral quasi-crystals of the Al-Cu—Fe system
[17]. This phase is characterized by a concentration of electrons close to
quasi-crystals and contains local pseudopentagonal configurations of
atoms and distorted icosahedrons [15]. The cubic phase y.-AlsCuy is sta-
ble at low temperatures, and its stabilization is associated with the
Hume-Rothery mechanism, similar to that is observed for the icosahe-
dral phase. At the same time, the number of atoms per unit cell (52 at-
oms) is significantly greater than in ordinary metals but less than in
most approximants. In addition, besides a cubic y2-AliCuy phase with a
lattice parameter a,» = 0.860 nm, metastable cubic  and : phases with
lattice parameters a = 0.287 nm and 0.572 nm, respectively, were also
found [15]. Furthermore, the ratio between the parameters of these cu-
bic phases was noted: a,» = 3ap and ap: = 2ap [15]. Even though the y,-
Al,Cuy phase has a complex structure, it is formed in a wide concentra-
tion range. To explain the mechanism of formation of the b.c.c. y2-Al:Cuy
phase, Besson et al. [18] proposed a model of its formation from a solid
solution of f.c.c. Al(Cu) by a shear mechanism, which can be considered
as a classical (uniaxial) Bain transformation.

While phase transformations in the Al/Cu multilayer system were
extensively investigated, variations in their sequence and kinetics can
be related to factors such as modulation period, heating rates, grain
sizes, and the relative orientations between phases. In addition, from
the point of view of using these foils as the filler materials for diffu-
sion welding, it is of practical interest to study the influence of their
modulation period on the plasticity coefficient after annealing at dif-
ferent temperatures. Therefore, this work aimed to study the effect of
the modulation period on the sequence of phase transformations, the
thermal characteristics of the reactions, and the mechanical properties
of Al/Cu eutectic foils obtained by physical vapour deposition.

2. EXPERIMENTAL

Al/Cu multilayer foils of two types, A and B with a modulation period A
of 50 nm and 1000 nm, respectively, were produced by the layer-by-layer
electron beam deposition of components on a substrate rotating at a con-
stant speed. During this process, evaporation from aluminium and cop-
per sources separated by an impermeable screen occurs [3]. The varying
intensities of aluminium and copper vapour flow, as well as the sub-
strate rotation rate, allow the deposition of Al/Cu multilayer foils with
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different thicknesses of elemental layers. To obtain self-standing con-
densates, a layer of CaF; salt was first deposited on the steel substrate,
thus enabling easy separation of the foil from the substrate later on.
Chamber pressure was 5:10~% Pa. Evaporation intensity provided the
deposition rate of 50 nm/s and substrate temperature during deposition
was in the range of 90—-100°C. The total composition for both types of
foils was close to the eutectic A1-30 wt.% Cu and the total thickness was
in the 20—30 pm range. The foils were annealed in a furnace at the resid-
ual pressure of 107! Pa. The temperature intervals of phase transfor-
mations in multilayer foils were determined using the differential scan-
ning calorimetry (DSC). The thermal signal from the samples was rec-
orded using a NetzschDSC 404 F1 Pegasus calorimeter in the tempera-
ture ranges of 20—-550°C in the heating mode at a rate of 40, 20, 10, 5
K/min in an atmosphere of 99.99% helium. X-ray diffraction studies of
multilayer foils were carried out using a DRON-4 diffractometer using
CuK, radiation. Lattice parameters of Al were determined according to
positions of (220), (311) and (222) peaks. The texture analysis of foils
was conducted using an x-ray DRON-3 diffractometer with a texture
attachment in CoK, radiation. The measurement was carried out using
parallel beam geometry and scan angles from 0° to 80° and from 0° to
360° for o and [, respectively. Data collected on a textureless BaTiOs
specimen were used to take into account the defocusing effect. The anal-
ysis of the crystallographic texture was carried out by constructing pole
figures (PFs) using the MTEX MATLAB software package [19]. Micro-
structures of cross-sections of as-deposited and annealed multilayered
Al/Cu foils were analysed with a TESCAN MIRA facility equipped with
an In-Beam SE detector. Planar-TEM of the annealed foils was per-
formed using a JEM-2000FXII. Measurements of electrical resistivity
were performed in automatic mode on foils 50 mm long and 1-2 mm
wide during their continuous heating with the heating rates of 3°C/min
in the range from 20°C to 500°C. The reduced temperature coefficient of
electrical resistance a.=Ry 'dR/dT was also determined, where R, is the
initial resistance of the foil at room temperature.

Mechanical properties of multilayer foils were studied using a uni-
versal differential nanoindenter “Micron-Gamma” at the 30 g loading.
The Meier microhardness (HM), Young’s modulus (E), and the plastic-
ity coefficient for the material were determined using the indentation
data[20].

3. RESULTS AND DISCUSSION
3.1. Changes in the Structure of Al/Cu Multilayer Foils During Annealing

The cross-sectional microstructures of deposited foils with modulation
periods of 50 and 1000 nm are shown in Fig. 1. It can be seen that the
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Fig. 1. Microstructure of the cross-section of A1-30 wt.% Cu multilayer foils
of two types: A—with a modulation period, 2 =50 nm (a) and B—with 2 =1000
nm (b).

foils after deposition consist of continuous layers of copper (light) and
aluminium (dark) with some areas with grey contrast, which can be con-
sidered as the result of mixing of atoms between the layers. From the
analysis of diffraction patterns of the foils in an as-deposited state and
after annealing’s at different temperatures for 30 minutes (Fig. 2), it is
clear that, in the case of a short modulation period (50 nm), the for-
mation of the Al.Cu phase occurs in the foils even during the deposition
process, i.e., at temperatures in the 90-100°C range. At the same time,
parallel growth of the Al;Cu phase and the metastable Al,Cuy phase is
already observed at 130°C.

The appearance of the Al,Cuy phase in the foil is accompanied by a
sharp decrease in the copper phase fraction and further rapid growth
of this phase is observed until a temperature of 150°C is reached, after
which its volume fraction decreases and eventually disappears in the
temperature range from 200°C to 250°C.

In foils with A =1000 nm, in the initial state, there are no peaks
from the Al;Cu phase, and the appearance of the weak peaks of both
Al;,Cu and A.Cuy are observed at T'=135°C, after which their volume
fractions gradually increase. Moreover, peaks of the B:-AlCus cubic
phase with a lattice parameter a= 0.5801 nm are observed at T
= 215°C. It should be noted that this phase was previously observed in
Ref. [12] and its diffraction pattern (Fig. 3) contains intense peaks
(111) and (311) at angles 26 = 26.8° and 52.5°, respectively, which dis-
tinguishes it from the Al,Cuo phase.
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Fig. 2. Diffraction patterns from foils with a modulation period of 50 nm (a)
and 1000 nm (b) after annealing at different temperatures.
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Yet, we can suppose that the foil contains a mixture of these AlCus;
and AlsCuy phases. The mix of the AlCu; and Al,Cuy phases grows to a
temperature of 245°C, after which its volume fraction decreases, and
at 425°C, it completely disappears. Annealing at higher temperatures
approach the phase composition of the film to the equilibrium one:
Al + Al,Cu.

From the analysis of changes in the diffraction patterns of studied
foils during the annealing process (Fig. 2), we can conclude that in
both cases the 6-Al:Cu phase forms first and grows gradually with
temperature (Fig. 4).

The further y,-AliCuy phase appears at temperatures of about 130°C
also for both these foils. For the foil with the ling modulation period
(1000 nm), in addition to the Al,Cu and A4Cuy, the B;-AlCus phase
forms at the temperature range of 180—-215°C. Further rapid growth of
the A4Cuy and B:-AlCus phases occurs up to temperatures of 150°C and
235°C, respectively, where their volume fractions are maximal.
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Fig. 3. X-ray diffraction patterns of foils with a modulation period of 50 nm
and 1000 nm after annealing at temperatures of 170°C and 245°C, respectively.
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It should be noted that the growth of the y:-Al;Cuy and B:-AlCus
phases is accompanied by a slight increase in the volume fraction of the
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Fig. 4. Change in the relative intensities of diffraction peaks of Cu and the
Al;Cu, Al,Cuy, and B1-AlCus phases depending on temperature.
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0-Al>Cu phase. This suggests that these phases grow in parallel. On the
contrary, the growth of the y,-AlsCuy and B:-AlCus phases is accompa-
nied by a sharp decrease in the copper content in the foils. Thus, we can
suppose a two-channel transformation scheme in Al/Cu foils: (1) The 0-
Al;Cu phase forms from a supersaturated solid solution of Al(Cu) due
to the diffusion of copper atoms into aluminium; (2) The remaining
copper forms a Cu(Al) solid solution, which, through reaction interac-
tion with aluminium, leads to the formation of the y.-AliCuy. In the
case of the long-period foil, the ;-AlCus phase forms additionally.

It is known that the formation of intermetallic compounds in Al-Cu
foils leads to a change in their electrical resistivity [9]. Figure 5 shows
the dependence of the electrical resistance of studied foils on tempera-
ture at a heating rate of 3°C/min. It can be seen that the change in elec-
trical resistance of foil with a short modulation period occurs at lower
temperatures compared to foils with a long period. Local maximums of
electrical resistance are observed at temperatures of 150° and 230—
260°C for the foils with A of 50 nm and 1000 nm, which corresponds to
the maximum content of the metastable y:-AliCuy or B:-AlCus phase.
These metastable phases have an electrical resistance approximately 2
times greater than that of the Al,Cu phase [21] and their decomposi-
tion leads to a decrease in the temperature coefficient of electrical re-
sistance at temperatures in the 160—190°C range for the foil with A of
50 nm and in the 230-300°C range for the foil with A of 1000 nm. In
the latter case, there is an additional increase in the temperature coef-
ficient of electrical resistance followed by a subsequent decrease with-
in the temperature range of 300°C to 400°C. This behaviour can likely
be attributed to the interplay of two factors: the decomposition of the
B1-AlCu; phase and an increase in the volume fraction of the 6-Al.Cu
phase. Above 410°C, the B:-AlCus phase vanishes, and the subsequent
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Fig. 5. Temperature dependence of electrical resistance (a) and temperature
coefficient of electrical resistance (b) for foils with modulation periods of 50
and 1000 nm.
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behaviour of the temperature coefficient of electrical resistance is in-
fluenced by the phase composition, which closely resembles the equi-
librium Al + Al,Cu composition.

From the images of the microstructure of the foil obtained using
transmission electron microscopy (Fig. 6), it is clear that both alumini-
um and the Al,Cu phase in the foil with A = 50 nm after annealing at a
temperature of 150°C have nanostructured grains of 50-100 nm. The
distribution of reflections in the electron diffraction pattern of this foil
proves the presence of Al, Al.Cu, and Al,Cuy phases. It should be noted
that the presence of a superstructure reflection (210) in the electron
diffraction pattern indicates the partial ordering of the AliCuo phase in
the foil [18].

As can be seen from Fig. 7, the foil with A = 1000 nm after annealing
at a temperature of 200°C contains aluminium crystallites of 150—300
nm in size and Al,Cu intermetallic of 70—-200 nm in size.

The distribution of reflections in the electron diffraction pattern of
this foil indicates the presence of Al, Al.Cu, and AlCus phases. The ab-
sence of reflections of the Al,Cuy phase for this foil suggests this phase

Fig. 6. Bright field (a), electron diffraction pattern (b), dark field in reflec-
tions of aluminium (¢) and Al;Cu phase (d) from the Al-30 wt.% Cu foil with a
layer period of 50 nm after annealing at 150°C.
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Fig. 7. Bright field (a), electron diffraction pattern (b), dark field in reflec-
tions of aluminium (c¢) and AlxCu phase (d) from the Al-30 wt.% Cu foil with a
modulation period of 1000 nm after annealing at a temperature of 200°C.

disappeared after annealing at 200°C.

The lattice parameter aa was calculated from the positions of the
(220), (311) and (222) peaks of aluminium in the diffraction patterns
of studied foils in the initial state and after annealing. It was found
that, for the foil with A = 1000 nm after annealing at 150°C, it decreas-
es from 0.4049 nm to 0.4044 nm (Fig. 8), which is probably due to the
formation of a supersaturated Al(Cu) solid solution consistent with the
Al-Cu phase diagram [22]. To quantify the copper content (ccy) in it, an
empirical equation from [23] was used. Thus, the value at this stage
was about 2.5 at.%. Increasing the annealing temperature to 170°C
leads to a sharp increase in the lattice parameter to 0.4047 nm and a
decrease in the copper content in the solid solution to 0.6 at.% . A fur-
ther increase in temperature up to 500°C did not significantly affect
the change in the Al lattice parameter. In contrast, for the foil with
A=50 nm in the initial state o = 0.4043 nm, which can be considered
as the result of mixing atoms between layers and forming a supersatu-
rated Al(Cu) solid solution with a copper content of about 3.1 at.% di-
rectly during the deposition process. Annealing of the foil at a temper-
ature of 150°C leads to a sharp increase in the Al lattice parameter to
0.4049 nm and decomposition of the Al(Cu) solid solution. A further
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Fig. 8. Changes in the Al lattice parameter for the studied foils during the an-
nealing process.

increase in the annealing temperature from 200°C to 500°C had an in-
significant effect on the aluminium lattice parameter in these foils.
Thus, the data obtained confirm the assumption of a two-channel
transformation scheme in Al/Cu foils and the formation of the 6-Al,Cu
phase from Al(Cu) solid solution, as noted above. In addition, the dif-
ferent nature of the dependences of the aluminium lattice parameter
on the annealing temperature of the studied foils also confirms the da-
ta on the different kinetics of phase formation processes in them.

3.2. Texture of Formed Phases in Al/Cu Multilayer Foils

A characteristic feature of films obtained by vacuum deposition is
their texture. Figure 9 shows the PFs from Al, Cu, and the 6-Al;Cu, ya-
Al,Cuy, and B:-AlCus phases. PFs were constructed using reflections
(111), (200), and (220) for Al and Cu, (110), (200), and (202) for O-
Al,Cu, (330), (600) and (721) for y.-AlsCue and (111), (220) and (311)
for the B:-AlCus phase. It can be seen that in both cases, the original
Al/Cu multilayer foils had a sharp axial texture <111> of both alumin-
ium and copper layers (Fig. 4), which may be due to the lowest surface
energy of the (111) planes [24]. At the same time, the resulting phases
Al;Cu, AlsCuy, and B:-AlCus are also characterized by an axial texture.
Thus, in foil with A = 50 nm, the resulting tetragonal Al.Cu and cubic
v2-Al4Cuy phases are characterized by an axial texture <110>. In the
case of foil with A = 1000 nm, the resulting tetragonal phase has a weak
texture, while the cubic phase B:-AlCu; has a pronounced axial texture
<110>, which may indicate the formation of this phase directly from
the textured copper phase.

Thus, in the case of foils with a modulation period of 50 nm, the fol-
lowing orientational relationships are observed between the texture
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Fig.9. PFs from Al, Cu (not shown, similar to PF from Al) and phases 6-
Al,Cu, y2-Al4Cuy and B1-AlCus for foils with modulation periods of 50 nm and
1000 nm.

directions and the planes of the original aluminium, copper, and the
resulting phases 6-Al,Cu and y2-AlsCug:

directions <11 1>cu||<1 1 1>A1||<1 10>9.A12Cu”<1 10>72-A14Cu9,
planes {111 }cu{111}all{110}oncil{ 110} a1cure

For foils with a modulation period of 1000 nm, the following rela-
tionship is observed between the initial Al, Cu and the resulting [:-
AlCus phase:

directions <111>cy[<111>4)<110>p, aicus
planes {1 11 }cu”{ 111 }Al”{ 1 lo}ﬁl-AICug-

Several studies previously observed orientation relationships be-
tween copper and the tetragonal phase 0-Al:Cu, as well as copper and
the cubic phase y:-AlsCuy in Al/Cu films [25, 26]. Thus, using TEM in
Ref.[24], the following orientation relationships were discovered:

[110]0|[[111]cu (zone axis), (001)e//(110)c, and (110)e|[(112)c, on the
(111)Cu surface,

[110]¢[[110],, (zone axis), (110),](112),, on the (111)Cu surface.

The formation of the 0-Al,Cu phase while maintaining the orienta-
tional relationships with the initial Al and Cu can lead to a decrease in
the interface energy, which significantly lowers the energy barrier to
nucleation and allows the appearance of very small nuclei, thus facili-
tating the formation of a new phase [24]. Note also that the misfit be-
tween the 0-Al,Cu and Al lattices on the {111}Al||{110}6 plane in the
[110]6|[110]Al direction is 1.23%, and in the [001]6|[112]Al direction,
it is 1.71% [27]. Similarly, the misfit between the 0-Al,Cu and Cu lat-
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tices on the {111}Cul|{110}0 plane in the direction [001]¢[112]c. is
3.09%, and in the [110]6||[[110]a direction, it is 4.6% [25].

In both cases, the lattice of the 0-Al.Cu phase experiences compres-
sive stress. Finally, it is noteworthy that of the available intermetallic
compounds of the system, the 6-Al.Cu phase has the chemical composi-
tion closest to aluminium. All these factors indicate a possible decrease
in the surface energy and the energy barrier for the formation of the 6-
Al;Cu phase in Al/Cu multilayer foils while maintaining the orienta-
tional relationships between the phases.

The presence of orientational relationships between the y.-AlsCu,,
B1-AlCus, and Cu phases also indicates a decrease in the surface energy
of formation of the y2-Al,Cuy and B:-AlCus phases, which may facilitate
their formation in comparison with the n-AlCu phase. The work [25]
also shows a relatively small level of misfit between the lattices of the
v2-Al,Cuy phase and copper in the {111}¢,/|{110},,.a1,c0, Planes under the
condition [110]cy/[[111],.a1,cu,- In addition, as can be seen in Fig. 10, the
Al-Al;Cu transformation leads to a decrease in the specific volume per
atom by 9.8%, and the Cu—AlCus and Cu—CuyAl, transformations lead
toits increase by 3.18% and 7.29%, respectively.

Taking into account the fact that both y,-Al4«Cuy and B:-AlCus phases
can be considered as b.c.c.-derivative structures [13, 28, 29], it is in-
teresting to note that the presence of orientational relationships be-
tween directions of the axial texture of the initial f.c.c. Cu(Al) phase
with lattice parameter about a¢ = 0.362 nm and the y.-AlsCuy phase
formed by the b.c.c. phase (a = 0.8703 nm = 3ao, ao=0.290 nm) and -
AlCu; phase (¢ =0.5801 nm = 2a,) may also be evidence of a shear (or
diffusion-shear) transformation mechanism, as it was proposed by
R. Besson et al. in Ref. [18]. Particularly, the observed relationship
{111}c4|{110},,5, between directions of the textures of initial f.c.c.-

0.30+ - 0.30
0.25 L 0.25
0.20 L 0.20
0.15 L o.15
0.10] Cu—Cu Al [ 0.10
0.05 ] Cu—>CugA.1x. alF 005

E 0.00 "Cu e - 0.00

< -0.054 Al—CuAl, .- |-0.05
-0.10 o L 0.10
0.15 [0.15
-0.204 L-0.20
.0.25 [-0.25
-0.30 ] L S e L LA S BN SR R B 0.30

0 10 20 30 40 50 60 70 80 90 100
Cu Al, at.% Al

Fig. 10. Changes in the specific volume of crystalline phases during phase
transformations in the Al-Cu system.
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based and final b.c.c.-based structures corresponds to Kurdjumov—
Sachs orientation relationship [30], and the schematic mechanism of
the possible transformation is shown in Fig. 11.

It is worth noting that similar relationships between directions of
textures of the initial f.c.c. phase and final b.c.c.-based phase were also
observed for multilayer Cu—20 wt.% Al foils with a modulation period
of 60 nm [31]. We suppose that the formation of the Al,Cuy phase can
occur through the following steps: (1) diffusion of Al atoms into the Cu
layer and the formation of the supersaturated solid solution Cu(Al)
with a local composition close to y:-AlsCug; (2) chemically induced in-
stability leads to the displacive transformations from f.c.c. Cu(Al) lat-
tice to b.c.c. lattice through the contraction by 34% along a; axis and
elongation by 14% along a: axis; (3) chemical rearrangements and or-
dering of vacancies with formation of b.c.c.-derivative structures, in-
cluding the y.-AlsCuy phase [18].

The high degree of texture for both studied foils implies their struc-
ture consists of columnar-like grains. Values of the initial Cu layer
thickness are about 7 nm and 100 nm for the foils with modulation pe-
riods of 50 nm and 1000 nm, respectively. Therefore, we can assume
that copper diffuses into aluminium, leading to the formation of the

Fig. 11. Schematic illustration of the Kurdjumov—Sachs orientation relation-
ship between the initial f.c.c. Cu(Al) and derivative from b.c.c. -phase.
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Al;Cu phase (Fig. 12).

On the other hand, aluminium diffuses into the copper layer, form-
ing a Cu(Al) solid solution, followed by the AliCuys phase. The for-
mation of both Al,Cu and y:-Al.Cuy predominantly takes place at the
interphase boundaries between the Al and Cu layers, and between the
Al:Cu and Cu layers, respectively. The volume fraction of these phases
at the interfaces is approximately 20 times greater in the short-period
foils compared to the long-period foil. This fact, in particular, explains
the absence or smaller fraction of y;-AlsCug and Al,Cu phases for the as-
deposited long-period foil (Fig. 2, b).

It should be noted that the apparent copper layer thickness in the
short-period foil appears to be larger due to the formation of Al,Cu
phase during the deposition. The growth of the y,-AliCus phase is re-
stricted by consuming the Cu layer. For the case of the foil with
A =1000 nm, the Cu layer thickness is about 100 nm and the diffusion
of Al into Cu occurs via boundaries of the columnar-like grains (Fig.
12), which presumably leads to the formation of the 3:-AlCu; phase at
temperatures above 180°C. The formation of the y2-AlsCuy or B:1-AlCus
phases can occur either by the diffusion mechanism of nucleation and
growth of a new phase, in which the orientation relationships between

P e |

I
: Lo
i i
A L
]
A=50nm 7 nmI iocu . A,Cu A Cu 7
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i 1
: |
|
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I
I

et S e |

AlCu

Cu

A =1000 nm 100 nm AzcuA4Cu9

Fig. 12. Schematic diagram of initial stages of the phase formation in Cu—Al
foils with modulation periods of 50 nm and 1000 nm.
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the phases play an important role or by the Bain shear mechanism of
transformation of the f.c.c. lattice Cu(Al) into the b.c.c. lattice .-
Al4Cuy, as proposed in Ref. [18]. In this case, as shown in [32], the driv-
ing force for such a transformation can be the chemically induced me-
chanical instability of the f.c.c. lattice.

It should also be emphasized that the growth of the y;-AlsCuy or Bi-
AlCus phases should be accompanied by an increase in the specific vol-
ume, while the parallel growth of the Al;Cu phase occurs with a de-
crease in the specific volume. This circumstance, as well as the pres-
ence of excess vacancies [33] in the foils, probably reduces the level of
elastic stress that arises during the growth of the y,-AliCus or B:-AlCus
phases.

3.3. Calorimetric Study of Al/Cu Multilayer Foils

A study of the obtained foils using differential scanning calorimetry
(Fig. 13, a) showed that the heat flux as a result of the exothermic re-
action in foils with a modulation period of 50 nm is approximately 2—
2.5 times higher than in foils with A of 1000 nm. This is apparently due
to the increase in the number of reaction interfaces per unit volume,
which increases the rate of heat release from the reaction compared to
the rate of heat dissipation. This, in turn, leads to an increase in tem-
perature at the interface and an increase in the reaction rate. Similar
results were observed when the modulation period in multilayer Ni/Si
films was decreased [34]. The maxima of exothermic peaks in the DSC
curves taken at a heating rate of 40°C/min corresponded to tempera-
tures of 187.6°C and 267.4°C for foils with short and long modulation
periods, respectively, which correlates with x-ray diffractometry and
electrical resistivity data (Fig. 2, Fig. 5).

With an increase in the heating rate for both types of multilayer
foils, a shift of the peaks towards higher temperatures is observed,
which is characteristic of thermal activation processes. This shift with
increasing heating rate is related to the activation energy of the reac-
tion and can be described using the Kissinger equation [35]:

H E
In| — | = const — —,
(Tp] kT,

where H is the heating rate, T, is the peak temperature on the DSC
curve, kis Boltzmann’s constant, and E is the activation energy.

For foil with a modulation period of 50 nm, when heated in the tem-
perature range from 130°C to 150-160°C, two processes occur almost
simultaneously with the formation of the 6-Al,Cu and y:-AlsCug phases,
which is reflected in the nonlinear dependence of the change in the log-
arithm of the reaction rate on temperature (Fig. 13, b).
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Fig. 13. DSC curves taken at different heating rates v = 5, 10, 20, and 40
K/min for the foils with a modulation period of 50 nm and 1000 nm (a).
Change in the logarithm of the reaction rate versus temperature for these
foils.

Assuming the same reaction model for the formation processes of
the 6-Al;Cu and y:-AlsCuy phases, the effective activation energy, de-
termined from the slope of the Kissinger dependence, for a process
consisting of two competing reactions will be expressed as follows [36]:
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_ER(M + ER(T) 1948 X 4 99 ey
of k,(T) + ky(T) mol ’

where E1, k1(T) and E2, ks(T) are the activation energy and the effec-
tive reaction-rate constant for reactions with the formation of 6-Al,Cu
and v:-AlsCuy phases, respectively. As expected, the obtained E.: value
lies between reported values [13] of the activation energy for the Al,Cu
(E.=1.21eV)and Al,Cuy (E.=1.59 eV) phases.

In the case of foils with a modulation period of 1000 nm, in the tem-
perature range from 180°C to 245°C, an increase in the ;-AlCus phase
is observed, while the volume fraction of the 6-Al;Cu phase remains
below 10—-20 vol.% (Fig. 4). The low growth rate of the 0-Al,Cu phase
may be due to the absence of orientation relationships between the
formed phase and the initial Al and Cu phases (Fiig. 7), which increases
the interface energy and complicates the growth of this phase com-
pared to the 31-AlCus phase, for which the orientation relationships are
observed. In this regard, the activation energy E.:, determined by the
Kissinger method, for this foil can be associated with the formation
reaction of the f;-AlCus phase. Therefore, we can estimate the activa-
tion energy of the formation reaction of the B1-AlCus phase as Eg, aicu; =
~141.6 kJ/mole =1.46 eV. The obtained value is close to the activation
energy for the y:-AlsCuy phase reported in Ref. [13] and is higher than
E. for the foil with A = 50 nm, which confirms another mechanism of
the formation for the phase. Moreover, it is worth noting that in foil
with A of 50 nm, the formation of a primary layer of Al,Cu intermetal-
lic compound at the interface between the aluminium and copper layers
was observed during the deposition process (Fig. 2), which could affect
the kinetics of further transformation.

3.4. Mechanical Characteristics of Al/Cu Multilayer Foils

It is known that the hardness of multilayer foils can significantly de-
pend on the layer thickness, orientational epitaxy, interface structure,
and deposition method. Therefore, it was of interest to study the mi-
crohardness (HM) and Young’s modulus (E) of foils of different modu-
lation periods in the initial state and after annealing (Fig. 14). It can be
seen that for the foil with A of 50 nm after deposition HM = 4.7 GPa
(E =138 GPa), which is = 3 times greater than for the foil with A of
1000 nm (HM = 1.6 GPa, E = 82 GPa). This may be explained by the ac-
tion of the following strengthening mechanisms: reduced layer thick-
ness, grain size effect, and interface alloying [37]. Annealing of the
studied foils at 150°C leads to the growth of intermetallic compounds,
which increases the microhardness and Young’s modulus of Al/Cu
multilayer foils to values of 5.6 GPa and 147 GPa for the foil with A of
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Fig. 14. Mechanical properties of foils with different modulation periods af-
ter deposition and annealing at different temperatures.

50 nm and 2.6 GPa and 92 GPa for the foil with A of 1000 nm, respec-
tively. The fact that the hardness of foil with a nanoscale modulation
period (L =50 nm) after annealing at temperatures of 150°C, 200°C,
and 500°C remains approximately 3 times higher than that of foil with
A =1000 nm proves the prevailing role of the grain-boundary strength-
ening mechanism as compared to the interphase alloying strengthen-
ing [37].

From the viewpoint of the possible use of Al/Cu foils as filler mate-
rials for diffusion welding, it is important to study the effect of an-
nealing on their plasticity behaviour. In particular, the plasticity coef-
ficient of the studied foils with A of 50 nm and 1000 nm in the initial
state are 0.78 and 0.83, respectively. Annealing of the foil with A of 50
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nm at temperatures from 150°C to 200°C results in a decrease in plas-
ticity coefficient to 0.74. In contrast, annealing of the foil with A of
1000 nm in this temperature range only slightly decreases the plastici-
ty coefficient to 0.82, which can be caused by the fact that the struc-
ture modification due to the formation of intermetallic Al,Cu, Al,Cu,,
and AlCus phases [37, 38] in this foil is compensated by a significant
contribution to the plasticity of large aluminium grains (see Fig. 6 and
Fig. 7). A further increase in the annealing temperature up to 500°C
led to an increase in the plasticity coefficient to 0.77 and 0.89 for foils
with A of 50 nm and of 1000 nm, respectively. The observed greater
plasticity of the foil with A =1000 nm as compared with the foil with A=
50 nm can be due to the greater contribution from the modification of
their microstructure than the phase composition which was close to the
equilibrium Al + Al;Cu at the final stage of annealing.

4. CONCLUSIONS

1. It has been established that the modulation period, A, of eutectic
Al/Cu multilayer foils affects the sequence and temperature range of
reactions. The observed sequence of reactions can be represented as fol-
lows:

Al + CUW)AI‘F Cu+AIZCuW>

Al + AL,Cu + Cu,Al, —— 5 Al + Al,Cu

T=200°C
for the foils with A =50 nm;

+(Cu9A14) W)Al + A12Cu + Cu3Alw>A1 + AlZCu

for the foils with A =1000 nm.

The formation of both Al;Cu and y.-AlsCuy predominantly takes
place at the interphase boundaries between the Al and Cu layers, and
between the Al,Cu and Cu layers, respectively, while the formation of
the B1-AlCu; phase presumably occurs at the boundaries of columnar-
like Cu grains.

2. It has been shown that, in the case of multilayer Al/Cu foils with
A =50 nm, because of the mixing of atoms between the layers during
the deposition process, supersaturated solid Al(Cu) with a copper con-
tent of about 3.1 at.% is formed. For foils with A=1000 nm, the for-
mation of a solid solution with a maximum copper content of up to 2.5
at.% is observed when heated up to the reaction onset temperature. Af-
ter the start of reactions for both types of foils, the copper content in
the solid solution decreases to 0.5—-0.6 at.%.

3. It has been established that the metastable phases $:-AlCus and A»-
Al,Cuy formed as a result of the reactions, as well as, in the case of the
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Al/Cu foil with A = 50 nm, the phase 6-Al,Cu have an axial texture. In
this case, the following orientational relationships are observed be-
tween the directions of textures of the initial Al and Cu phases and the
formed phases:

<111>¢y[<111>4|<110>0.a1,c0/|< 110>, a1,cu, foOr foils with A = 50 nm;
<111>¢y[<111>4)|<110>p, aicu; for foils with A = 1000 nm.

The presence of orientational relationships between the texture di-
rections of the initial Al and Cu phases and the formed 6-Al.Cu, Bi-
AlCus, and y2-AlsCuy phases may indicate a decrease in the surface en-
ergy and energy barrier for the formation of these intermetallic com-
pounds, which facilitates their formation.

4. It has been shown that the Al-Al;Cu transformation leads to a de-
crease in the specific volume per atom by 9.8%, and the Cu—AlCu; and
Cu—CuoAl, transformations lead to its increase by 3.18% and 7.29%,
respectively. Analysis of the orientational relationships between the
texture directions of the initial Cu phase and the formed :-AlCus and
v2-Al4sCuy phases indicates a possible shear (Bain) mechanism of trans-
formation from f.c.c. copper to structures based on the b.c.c. phase.

5. A study of the obtained Al/Cu foils using differential scanning calo-
rimetry showed that the heat flux as a result of the exothermic reac-
tion in foils with a short modulation period is approximately 2—2.5
times higher than in foils with a large period, which is associated with
an increase in the number of reaction interfaces per unit of volume.
The Kissinger method was used to determine the activation energy for
the formation of the B1-AlCus phase in foils with A=1000 nm: Eg, aicu, =
~141.6 kJ/mole =1.46 eV. For the foil with A = 50 nm, the effective
activation energy was determined for a process consisting of two com-
peting reactions with the formation of the 6-Al,Cu and y.-Al4Cus phas-
es: E4s=124kJ/mole=1.29 eV.

6. It has been established that the increase in the volume fraction of
the intermetallic phases 6-Al,Cu, B:-AlCus and y2-AlsCus observed dur-
ing the annealing process is accompanied by an increase in the micro-
hardness and Young’s modulus of Al/Cu multilayer foils. It has been
shown that the hardness of foil with a nanoscale modulation period
(A =50 nm) in the initial state and after annealing at temperatures of
150°C, 200°C, and 500°C remains approximately 3 times higher than
that of foil with A=1000 nm, which indicates the prevailing role of the
grain-boundary strengthening mechanism. At the same time, it was
found that the plasticity of foil with A=1000 nm is higher than that of
nanostructured foil with A =50 nm, which is associated with a signifi-
cant contribution to the plasticity of large aluminium grains.
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