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Abstract: The phase transformation behaviors of ultrathinfi®tn under uniaxial

tensile stress are investigated using moleculaahyo simulation. With the stress
increasing, Cu film undergoes a successive phassfarmation, i.e. firstly fcesbcc,

then bce-hcp. The phase transformation process is veryaadtthorough, i.e., all
parents phase can transit into the new phase alnmsantaneously. The
crystallography mechanisms of two martensitic tiamsations are exactly
corresponding to Bain and Burgers mechanism, réspgc By examining the

formation conditions of such phase transformationCu film, we reveal that this

fcc—bcc—hcp successive phase transformation will be sulyjecthe very strict

simulation conditions, namely stretching along [[LO0Qor [010], [001]) direction,
definitive tensile speed ¥1.0'Y/s), appropriate film thickness (0.7230 -18.08 nimy;

temperature T<10K), and continuous stretching process without ashaxation

procedure.
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Molecular dynamic simulation



O Introduction

Nanometer-scale-thick metallic films are widebed in modern technologies such
as the microelectronics and nanofabrication[1,2)r & safe and reliable design of
such systems, it is very important to understaedniechanical behaviors of the films
under the deformation. For the nano-films or namesvof many metals, e.g. Fe, Ni,
Co, etc, the martensitic phase transformationtsnobbserved during the deformation
process (tension or compression) [3-8]. A martensiinsformation is a stress-driven
diffusionless structural phase transition that eogscthrough -collective atomic
motion[9,10]. For example, some pioneering expenimaliscovered that the iron
underwent a stress-induced martensitic phase tnamafion where the ground state
crystal structure of body-centered cubic (bcc) sfammed into a hexagonal
close-packed (hcp) structure[11]. Within a certange of pressure and temperature,
bcc iron was also found to transform into a revsesiface-centered cubic (fcc)
structure[12-14].

The martensitic phase transformation of Cu hiaced great attention in the past
two decades owing to the experimental observatibassome higher-energy phases
of Cu (bcc and hcp Cu) existed in the pseudomorghidilms grown on the {001}
surface of Pd[15], Pt[16], Ag[17], and Fe[18,19Han multilayers of Cu with Nb [20,
21]. The lattice structure of fcc is the groundtestaf Cu while bcc or hcp is
considered to be unstable based on first-principtgal energy calculations[22,
23].Wang and Sob et al.[24] studied the phase foamsition modes in Cu, finding
that its higher energy phases (bcc Cu and 9R Cy[24dh be stabilized in the region
of extended defects by certain imposed constrdiosa and Marcus et al. [25] had
also proved by vacuum deposition of Cu on W{0013ttthe hcp Cu is stable in small
regions, even in surprising thick films. Mishin &t[23] used the embeded-atom
method (EAM) potentials to calculate the structtability of different phases in Cu,
indicating that the bcc structure of Cu is ela#tjcanstable, while the hcp or 9R
structure of Cu are metastable. Additionally, malac dynamic (MD) simulation is

employed to study the dynamics of structural phesgsition and the path. Kolluri et
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al. [26] investigated the dynamic process of—+$dwp phase transformation in
biaxially strained thin film of Cu, indicating thatartensitic transformations nucleate
heterogeneously at the film's surface and subségugow into the bulk, and that the
growth process is mediated by the propagationatkstg faults. S. Tang et al. [27]
studied the multistep nucleation process of fcestalg from non-equilibrium liquid
using phase-field crystal simulations. It was edateéd that bcc precursors provide a
‘substrate’ for formation of fcc nuclei, i.e. [11&irfaces and steps on [110] surfaces
of bcc precursors serve as energetically favorsibés for fcc nucleation.

Despite lots of effort have been paid to expltwe mechanisms of the martensitic
transformation of Cu[15-26], a fundamental and clatgp understanding remains
elusive. For instance, the existence of the bchopr Cu phase needs to be verified.
Even if the bcc or hcp phase does exist, its dexifactors and the exact paths of
fcc—bcc or bce-»hcp phase transformation are not clear yet. In 281 Reogi and N.
Mitra [28, 29] discovered the phase transformathmhavior induced by shock
compression of single crystal Cu via classical Mwations as well asb-initio
MD simulations. They found that during shock wavepgagation along [100] and
[110], a fcc-to-bece phase transformation has bdsseiwved to occur behind the shock
front at higher intensity of shock (piston velocityl.5 km/s). Three different local
lattice structure identification methods had be#éhzad to confirm such structural
phase transformation.

To further understand the structural transitiod predict the mechanical behaviors
of Cu thin films, we perform molecular dynamic (MBnulations to study the phase
transformation of ultrathin (~ a nanometer) Cu filnat has been strained uniaxially
along [100] direction. Interestingly the structwfeCu film, with the stress increasing,
goes through successive phase transformationdjrsty fcc—bcc, then bcerhcp.
Moreover, these phase transformations are thoranghrapid, namely the whole Cu
film with fcc structure completely transits intoettone with bcc structure, then into
the one with hcp structure in a very short time.tAi® best of our knowledge, it is the
first time in computer simulation to observe the—ftbcc—hcp successive phase

transformation of Cu film under stretching stre$he mechanisms and formation
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conditions of such phase transformation are diszlgs detail. We expect that this
work helps to understand theoretically the mechmare$ martensitic transformation,
as well as to provide the experiments with a guidethe search for possible

metastable phases.
1 Details of molecular dynamics simulation

The simulated system is a Cu film with dimenswrb0a x 30a x 3& (& is the
lattice constant of fcc Cupa 0.3615 nm), and it contaiidé = 18,000 atoms. We
orient x axis along the [100] directiory, axis along the [010] direction, armaxis
along the [001] direction. Periodic boundary coiodis are adopted in all directions,
and the temperatur€ is kept at 10K during the whole simulation processvoid
thermal activation. In the beginning of the simigiat the system of Cu film is relaxed
for 50 ps to minimize the potential energy of sgstdhen a uniaxial tension with a
constant strain rate (1x1¥5) is loaded along the direction until the total strain
reaches 60%. It is noted that the simulation ofuiai tension is continuous without
any relax procedure during stretching process.ti#dl simulations are performed in
the isobaric-isothermd@(PT) ensemble with a stress-free condition algngnd z
directions, and the time step is 1 fs. MD simulagi@re accomplished by solving the
equations of motion, which is a combination of asdl#oover thermostat and a
Parrinello-Rahman barostat[30]. The system strgsgalculated using the virial
definition without the kinetic portion [31], as wken previous MD simulations
[32-33].

Molecular dynamics simulations have been carriedt in Large scale
Atomic/Molecular Massively Parallel Simulator (LAMRS) package developed by
Plimpton [34] at Sandia National Laboratories. Togential of Mishin’'s embedded
atom method (EAM) [25] for Cu has been chosen i pinesent investigation to
describe the interaction between Cu atoms. Thisrpiall is widely used to study the
mechanical properties and associated deformationchamsms in  Cu
nanowires/nanopillars[35]. After such MD simulatsorOvito software [36] is used

for visualizing the evolution of the atomic strugpand the local structure around
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each atom is resolved by using the common neigabalysis (CNA) technique[37].
2 Results and discussion

Figure 1 (a) shows the evolution of the phasesfamation of Cu film with the
increasing of applied strain. The percentages of different lattice structures a
plotted as the strain increases. Due to overlapuoifes, the two insets in Figure 1(a)
show the variations of percentages of differertidatstructures in details. It can be
seen that when the strain is less than 10%, the Kéeps the perfect fcc structure.
Once the strain is more than 10%, the percentage gghase decreases rapidly, while
the bcc structure increases sharply. When thenstegiches 11%, the whole Cu film
completely transits into bcc phase structure. Herethe bcc phase only exists in a
narrow range of straire, for it instantly disappears and the second phase
transformation bce-hcp takes place whenreaches 14%. Until the strain reaches
32%, the percentage of the hcp phase begins teasrand the fcc and bcc phases
emerge again, thus resulting in a mixture of fa; bBnd hcp structure. In the final
stretching stage, the fcc phase is dominant oweother two phases.

The variation of the stress during phase transdtion is shown in Figure 1(b).
Combining with Figure 1(a), we can see clearly thatstress in the film along thxe
direction changes significantly when the phasesfiamations occur. At first, the
stress increases almost linearly with the strairerwls < 9.5% due to elastic
deformation. Then the stress begins to drop inistantil it becomes zero &= 11.2%
where the fcesbcc phase transformation exactly takes place. Whenl11.2% -
13.6%, the stress is approximately equal to zetoing this stage, the Cu film have
complete bcc phase structure. When the second pgrassgformation of beehcp
occurs, the stress continues to decrease untiledornes negative. During the
following stretching processE14.4% - 15.2%), the hcp phase begins to form, and
the stress raises linearly with the increasing.diVhen the strain reaches 15.2%, the
stress once again becomes zero, and the whole IQutrfnsits into hcp phase
structure completely. When the strain exceeds 3P#,Cu film becomes a mixed

structure of fcc+bcc+hcp and correspondingly thesstonce again decreases rapidly.
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Meanwhile we also plot the volume of the film s$ the strain in Figure 1(c).This
curve is similar to that of the pressure since phessure is regulated by volume
change inNPT ensemble[30]. The variations of stress and volsimavn in Figure
1(b) and 1(c) provide an indirect evidences thatghase transformations indeed take
place in the course of Cu film stretching. As iowm, there would be change in the
volume during the martensitic transformation beeaofsthe variation of lattice type
and lattice constant, and the stress, as the dridrce of phase transformation, will
also change accordingly[38, 39].

In the 1980s, Milstein and Farber [40] used thgoal arguments to show that, for
a fcc crystal homogeneously deformed under a $firil] uniaxial tensile load, a path
of minimum energy takes the crystal into an unsedsbcc configuration via the
bifurcation path. But from the viewpoint of dynamstability, many theoretical
studies had suggested that bcc structure of Cesepted an unstable state in which
the bulk modulusC' [=(Cy31-Cy2)/2] vanished or was even negative[23, 41-43]. Thus
the bcc structure in the bulk of pure Cu has nendeund under common conditions.
Even in computer simulation studies on the Cu fdeformation (compression or
stretching), unitary and complete bcc phase of<Oarely observed. For instance, the
simulation investigation on shock compression ofjl& crystal Cu, performed by A.
Neogi and N. Mitra[28, 29], had elucidated that mh@ximum volume fraction of bcc
lattice configuration of single crystal Cu can omlgach 85% at 1.8 km/s shock
intensity in [100] direction. The phase transfonmatof fcc—hcp is usually found to
occur in Cu stretching since hcp structure of Curegarded as a metastable
state[23-26, 44], namely a state that can be ial loechanical equilibrium but is not
that of the lowest Gibbs free energy.

In the present work, we observed this novel phemwon that the feebcc—hcp
successive phase transformation takes place dtlmmgiltrathin Cu film stretching.
Furthermore, this phase transformation processery fast and thorough (see Fig.
1(a)), i.e., all parents phase can change into¢hiephase almost instantaneously. All
of those interesting results indicate that the &wmn system used in our study is

distinctive, which provides an ideal model for istigating the exact path of
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martensitic phase transformation in Cu film andedeining the decisive factors in
forming these higher-energy phases.

In the previous researches on martensitic phasesformations occurring during
metallic solidification, the crystallography mecksans of fce-bcc and bce>hcp
were studied extensively[23,40,45,46] to presemetailed process of crystal structure
transition and to reveal the physical fundamentdlphase transformation. Among
those theories, Bain mechanism and Burgers mechahed been proved to be
classical theories for describing the phase transitions process of feebcc and
bcc—hcep, respectively[47-49]. In term of these two nathms, the crystal structure
transitions are accomplished by the shortest amgplest movement of atoms. In
order to examine whether the phase transformatapysearing in our work are
corresponding to Bain mechanism and Burgers mesimmnwe select some adjacent
atoms as tracer atoms [37] to observe microstracewolution of the lattice and the
distance evolutions between atoms.

Firstly, the crystallography mechanism of-febcc is studied. Figure 2 shows the
microstructural evolution of the lattice and thestdnce evolutions between the
adjacent atoms. Under the tensile force in the J[td@ction, all atoms in the lattice
slide not only along the stretching direction [1,080it also along the shear direction
[010]. Interestingly, when the strain reaches 1@®@.(2(c)), the lattice begins to
deform by stretching in the [001] direction and gwessing in the [010] direction.
When the strain is 12.4%, this lattice deformai®more severe. The deformation of
the lattice can be clearly verified by the variatiaf D;.3, D4 and D11 in the Figure
2(e). In the case of not stretching,-4PD,.4 and D.1; are approximately equal to the
lattice constant of fcc Cu {a.= 0.3615 nm). As the strain increases,zDegins to
increase slightly since the direction of.Ds just in the stretching direction, and.D
and D.11 reduced slightly. When the strain reaches 9.4%,; &hd D.1; begin to
change significantly, i.e., D decreases rapidly while,; increases rapidly. When
the strain reaches 12.4%;.Pand DB.1; have the same values of 0.406 nm, and D
decreases to 0.286 nm.

Based on the evolutions of distance between atevescan see clearly that the
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initial fcc structure has completely transited ibtx structure with the lattice constant
of 0.286 nm when =12.4%.The lattice constant of bcc Cu presented pezcisely
agrees with the results reported by the literat{B8s51] in which equilibrium lattice
constant of bcc Cu was obtained by first-princigleasity-functional calculation. The
path of phase transformation is also consistenh whie classic Bain martensitic
transformation theory, in which crystal structunansition results from lattice
compressing in one direction and stretching inréicad direction[48]. By calculation,
the size of initial fcc lattice increases by 12%itte [001] and [100] directions and
decreases by 21% in the [010] direction after thasp transformation of feebcc.

Microstructural evolutions of beehcp are shown in Figure 3, in which 17 atoms
are selected as tracer atoms to observe the chahggsms configuration with the
strain increasing. Figure 3(a) -(d) display thenaoconfiguration in bcc lattices (
=12.4%) and in hcp latticee E22.0%) from the view of [010] direction and [100]
direction, respectively. By comparing Figure 3(ajl 8(b), we find that as the strain
increases the atoms in the middle layer (i.e., atoml0, 11 and 12) move towards
the [001] direction, while the left atom layer (j.atoms of 1, 2, 13, 14, 15, 16 and 17)
and the right atom layer (i.e., atoms of 3, 4,,57,68 and 9) move towards the Q0
direction, which results in the drop of4 B correspondingly. Figure 3(e) shows the
distance evolutions between atoms during the phassformation. It can be seen
that the distances between atom layers describ&_hwynd 3.,7 also appears to be a
modest increase from 0.410 nm to 0.465 nm owingsttetching force in [100]
direction. Even in the same atom layer there aghtsthanges in the distances among
the atoms 3, 4 and 5 (see the plots @f Bnd O5). Figure 3(f) shows the variations
of anglesa andp as the strain increase. It is not difficult todithat angles and g
change from 110 degree and 125 degree in the hHaxelaespectively into identical
120 degree in hcp lattice. When the phase transfioom completes, the (110) plane
of bcc lattice in Figure 3(a) transits into the @Y plane of hcp lattice in the Figure
3(b).

Based on the results above, we can concludehbathase transformation process

shown in Figure 3 is fully corresponding to the @ens mechanism proposed by
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Dmitriev [47, 49]. Ate =15.2 %, the value of D, is 0.4174 nm, the £, is 0.2558 nm,
and the R4/ D34 is 1.63 (exactly the ideal axial ration c/a of Hafiice) as well as
the angles of: andg completely evolve into 120 degree. Therefore tlodxservations
reflect an interesting fact that the bcc structofeCu film has transited completely
into a perfect hcp structure &£15.2 %. Such results presented here are morespreci
than those reported by Jona et al. [25] who usstgrinciples total-energy method
to calculate the lattice parameters of hcp Cu fiimwing epitaxially on a W{001}
substrate.

The fact that this feebcc—hcp successive phase transformation of Cu film unde
tensile stress is never observed previously magiuseto the rather strict formation
conditions. To determine the conditions for-felsacc—hcp phase transformation, a
series of MD simulations under different parameténsluding tensile direction,
tensile speed, film thickness, simulation tempeggtand relax time, are carried out.
The percentages of atoms with bcc structure andshature formed during the
stretching process are plotted as a function ofsthain. It is noted that orthogonal
experimental method is used for the simulation matars, i.e., only a single
parameter changes while others keep constant dsiietghing process.

Figure 4 describes the percentages of atomsheithstructure (Figure. 4(a)) and
hcp structure(Figure. 4(b)) under different tenglieection. In the case of [100]

tensile direction, the percentages of atoms with $tcucture and hcp structure can
reach 100% when the strain=10%~ 14% ande =14%-~ 32%, respectively, as

discussed above. For the [110] tensile directionvdver, the atoms with bcc structure
only account for about 65% at= 16%, and the percentage of hcp structure reaches

95% ate =20%. For the [111] tensile direction, the caseasse because there are few

bcc atoms formed and the hcp atoms only accounb®6 whens =10%-~ 15%.

These observations suggest that during stretchefigrration along [110] and [111]
direction the phase transformations are not thdrargl complete. This result is fully
consistent with Neogi's simulation investigation oshock-induced phase

transformations of single crystal copper[28, 29].
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The dependence of formation of bcc and hcp stractur the tensile speed is

shown in Figure 5. To examine the influence of ilenspeed, tensile speed is set
within a wide range from ¥10%/s to x10"/s. Seen from Figure 5(a), fcc Cu can

transit into bcc Cu completely in the considerenlgeof tensile speed, however the
existence time of bcc structure will be variables #he tensile speed increases, the
existence time of bcc structure will be extendegjufe 5(b), which displays the

percentages of atoms with hcp structure formingeurttle different tensile speed,

suggests that only tensile speedl@%s can make it possible to form 100% hcp Cu.

That is to say, the optimum tensile speed for thgho phase transformation of
bcc—hcp is a unique value rather than a range. To exflte mechanisms for this
confusing behavior, the stress-strain plots under different tensile speeds were

observed. We found that compared with other tesgited, the stress value in case of
tensile speed of ¥10'%s was maximum at the strain =14.2%, where phase

transformation from bcc to hcp began to take plate detailed mechanism remains
unsettled at present, which calls for a furthedgtun future.

Several studies had proved that size effects, agckize, shape, or aspect ratio,
have a great influence on the mechanical propeaties deformation mechanism of
nano-scale materials[52-55]. For instance, P. Radtital.[56] implemented molecular
dynamics (MD) simulations to investigate the inflae of aspect ratio on tensile
deformation of [100] Cu nanowires. The simulatiesuits indicated that the Young’s
modulus and yield strength have been sensitive lpnamn nanowire cross-section
width and remains independent of nanowire length.ofder to examine the
dependence of phase transformation on the filmigktiess h, five different
thicknesses, namely = 0.7230 nm, 1.0850 nm, 2.169 nm, 4.338 nm an@8lBm,
respectively, are considered to examine the foonatif bcc and hcp structure, as
shown in Figure 6. Seen from Figure 6(a), the théds of Cu film have no effect on
the formation of bcc structure except that theterise time of bcc structure is slightly

short in the case of thicker film. For the hcp stawe, too thick {=18.08 nm) or too
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thin (h=0.7230 nm) film is unfavorable to the formationhaip lattice structure as it
only makes 90% atoms transit into the hcp strudisee Figure 6(b)).

The plots in Figure 7 depict the dependence whémion of bcc and hcp structure
on the temperature. As is shown in Figure 7(a)h hgmperatures will lead to the
short existence time of bcc structure. This propalises from the thermal activation
induced by high temperature, which destroys thaleggonfiguration of atoms in the
film. Such an impact of high temperature appeatsetaore notable for the formation
of hcp structure. We have found that only whenttmaperaturel < 10K, the whole
Cu film can transit completely from bcc structunéoi hcp structure(see Figure 7(b)).

In the present work, the uniaxial tension simulatis continuous without any
relax procedure during stretching process, whichthess same as the “continuous
straining” mode described by Komanduri et al.[5§l &Vang et al.[58]. On the other
hand, some MD simulations on the tensile test ofathe film adopted quasistatic
stretching[4, 5, 6], namely, the relax procedurpagormed for a period of time after
a part of stretching has be completed. To exploecitfluence of relax time on the
formation of bcc and hcp structure, we carry ouisile simulations with different
relax time. During the process of tension simulatite bcc structure of Cu can form
in the case of existence of relaxation procedwreth®e existence time of bcc structure
becomes more and more short with the relax timeeasing (see Figure 8(a)). As for
the bce~hcp, the relax procedure has a greater impact ®mep formation. Figure
8(b) shows that even the relax time of 0.05 ps make transformation of hcp
structure be incomplete. The relaxation procedwreng stretching process, as is
known, will reduce the internal stress in thin filthus the phenomenon shown in
Figure 8 indicates that reduction in stress indutgd relaxation procedure is

unfavorable to the occurrence of phase transfoonati
3 Conclusions

MD simulation has been performed to study thexial tensile process of ultrathin
Cu film along the [100] direction. It is discover#tht with the increasing stress, the

Cu film undergoes a successive phase transfornsatbmcc—bcc—hcp. Moreover,
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the phase transformation process is very fast lamugh, i.e., all parents phase can
transit into the new phase almost instantaneo&slgh novel phenomenon has never
observed in the previous MD simulation studies lo@ deformation of metalic thin

films. The tracer atoms analysis is used to explloeecrystallography mechanisms of

two phase transformations, which indicates thatwleephase transformation are fully
corresponding to Bain and Burgers mechanism, réispgc For the fce>bcc
transformation, the formed bcc structure has ac&ttonstant of 0.286 nm at the
straine =12.4%, and for the bedicp transformation, the formed hcp structure has an

axial ratio of 1.63 at the stram=15.2%. Those interesting results indicate that the
simulation system used in our study is distinctiwljch provides an ideal model for
investigating the exact path of martensitic phasesformation in Cu film and

determining the decisive factors in forming thesgghér-energy phases. We examine
the formation conditions of fedocc~hcp successive phase transformations in Cu film,
revealing that it can only occur under the strichwdation conditions, namely
stretching along [100) or [010], [001])direction, definitive tensile speedX10'%s),
appropriate film thickness (0.7230 salm<18.08 nm), low simulation temperature (

< 10K), and continuous stretching process withoutratgxation procedure.
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Figure 1 Process of uniaxial tensile of ultratbirD8 nm) Cu film. The continuous
MD simulation without any relax procedure is penf@d in the

isobaric-isothermaNPT) ensemble with the temperature of 10K, the terdilection
of [100], and the tensile speed of1D's. (a) Variation of percentage of different

lattice structures where the black, red and gréees|stand for fcc, bcc and hcp
structures, respectively. The two insets show Hr@ations of percentages of different
lattice structures in details. The one at the &fpdorner presents the variations of fcc
and bcc lattice structures, and the other one attdlp right corner presents the
variations of bcc and hcp lattice structures. (BYyidtion of the pressure in the

direction. (c)Variation of the volume of the Cuniil
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Figure 2 (a) - (d) Snapshots of tracer atoms shgwhe phase transformation of
fcc—bcc. To show the movement of tracer atoms clearlyirtual simulation box is
added. From (@) to (d), the strain applied on thefilin is 0%, 6%, 10% and 12.4%,
respectively; (e) Evolution of the distance betwatyms as the strain increases from

0% to 12.4%.
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Figure 3 (a) - (d) Snapshots of tracer atoms shpwhe phase transformation of

bcc—hcep. (a) View from [010] direction, and the straire 12.4%; (b) View from

[010] direction, and the strain= 22.0%; (c) View from [100] direction, and theash

e = 12.4%; (d)View from [100] direction, and theasire = 22.0%; (e) Evolution of

the distance between atoms as the strain incréase<l2.4% to 30.0%; (f) Evolution

of the angles andg as the strain increases from 12.4% to 30.0%.

19



5 1004 (a) i) —o— [100]
=155 —om [010]
2 807 —a—[111]
® 70 !
8 60
% 50 -
o 404
E 30
.g 20 -
2 107 i
0-
T T T T T 1
0 5 10 15 20 25 30
€ (%)
100 (b) —o— [100]
© g9 &
3 ] Fa) [L —0—[010]
5 90 —a— [111]
B 704
e
E 60" O
£ 50
i 40 A
] —
Eal D1 L Lo
o ;20 y,lAAMA. »
S 10 N |
S ] o) L\%ﬂ
0 -
¥ I 1 1

= S =5 e i s i, it .
0 5 10 15 20 25 30 35 40 45 50 55 60
e (%)

Figure 4 Variation of percentage of atoms wittied#nt structures as the applied
tensile straire increases.(a) Bcc structure; (b) Hcp structure. Glaek, red and blue

lines stand for the tensile direction of [100],(1&nd [111], respectively.
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Figure 5 \Variation of percentage of atoms withfedént structures under
different tensile speeds as the applied tensirsirincreases. (a) Bcc structure; (b)

Hcp structure. The black, red, blue, green, cyaagenta, yellow, and dark yellow

lines stand for the tensile speed &fL0"Y/s, 5<10's, 2x10"Ys , 1x10'"s, H*10%s, 5

10%s, 1x10%s and ¥10%s, respectively.
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Figure 6 Variation of percentage of atoms withetdint structures in the Cu film
with different thicknesses as the applied tendi&irse increases. (a) Bcc structure; (b)
Hcp structure. The black, red, blue, green and mtagénes stand for the film's

thicknesses of 0.7230 nm, 1.085 nm, 2.169 nm, 4n83&nd 18.08 nm, respectively.
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Figure 7 Variation of percentage of atoms withetdint structures under different
temperatures as the applied tensile steaimcreases. (a) Bcc structure; (b) Hcp
structure. The black, red, blue, green, cyan, magemd yellow lines stand for the

temperatures of 5K, 10K, 20K, 50K, 100K, 300K al@&, respectively.
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Figure 8 Variation of percentage of atoms withetéint structures as the applied
tensile straire increases. (a) Bcc structure; (b) Hep structutee Black, red, blue,
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1) A fcc—bcc—hep successive phase transformations are discovered
during the Cu film stretching.

2) Very fast and thorough phase transformation process.

3) The two phase transformations are consist with Bain and Burgers
mechanisms.

4) The successive phase transformations occur only under very strict

conditions.



