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Transformation Characteristics of Sputter Deposited SMA Thin Film
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Experimental results often show that, with the substrate-attachment, transformation intervals and
transformation hysteresis are different in comparison with that of the same thin film in freestanding
condition. By reasonably assuming a stress gradient through the thickness of substrate-attached film, a
layer-by-layer transformation sequence is proposed and the transformation interval and hysteresis are

further analyzed. The analysis results show qualitative agreement with the experimental observations.
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1. INTRODUCTION

Sputter deposited thin film is generally found in a
stressed condition when the substrate is still attached
{1,2]. The stress existed in the substrate-attached shape
memory alloy (SMA) thin film is acting as a biasing force
for repeatable shape change and is of crucial importance
in their applications. The present research is to investigate
the effect of the stress on the transformation
characteristics of deposited SMA thin films. To
distinguish from other types of stresses, the stress arises
from substrate attachment is termed “substrate-induced
stress”. As expressed in equation (1), the substrate-
induced stress (& fin) is composed of three components

namely, intrinsic stress (G, ), thermal siress (G, ) and
transformation stress ( Gy, )-
Efm=6:in+gtm+5tr (1)
Intrinsic stress, formed during the deposition process,
depends on the lattice mismatch between the substrate
and deposited film. Thermal stress originates from the
difference in coefficients of thermal expansion (CTE)
between the deposited film and the substrate.
Transformation stress refers to the stress change due to
phase transformation. Once the deposition process is
completed, if without further treatment, the intrinsic stress
as well as the thermal stress evolution are fixed. During
the subsequent thermal cycles, the most significant
change in the substrate-induced stress is the change of
transformation stress.

In substrate-attached SMA film, stress, strain and
transformation temperature are interdependent. Such film
often has a smaller transformation hysteresis than that of
corresponding freestanding film [3-5]. The transformation
hysteresis of substrate-attached SMA thin film and its
controlling factors are not well understood. In the present
research, the evolution of the substrate-induced stress in a
NiTiCu SMA thin film and its effect on transformation
interval and  hysteresis are investigated both
experimentally and theoretically. The approach taken in
this study is applicable to examine the transformation
characteristics of other substrate-attached NiTi-base
shape memory alloy thin films.

2. EXPERIMENTAL PROCEDURES

TiNigg2Cu, ¢ thin film was co-sputtered at 450°C on
4-inch (100) Si wafer of 450um thick. The deposited thin
film was about 4.5um thick. The substrate-induced stress
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was calculated based on curvature change of the
substrate-attached film by using Stoney equation [6]:
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E and v are respectively the Young’s modulus and the

Poisson’s ratio of the substrate, #, ¢+ and AR are the

substrate thickness, the SMA film thickness and the
curvature radius change before and after deposition.

3. RESULTS AND ANALYSIS

Fig. 1 is the DSC result of the freestanding film
peeled off from the substrate. The film has a one-stage
transformation during both cooling and heating. The
transformation temperatures are indicated. The hysteresis
(47-M,) is about 25°C, and the transformation interval for
forward (M—My) and reverse (44, transformation is
about 7°C and 8°C, respectively.
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Fig 1. DSC result of a deposited TiNigg ,Cu, g freestanding
thin film. :

The evolution of the substrate-induced stress during
thermal cycling is shown in Fig. 2. During cooling from
deposition temperature of 450°C, the thermal stress is
built up due to different thermal contraction between
SMA thin film and Si-substrate. Such thermal stress was
completely released during martensitic transformation.
Upon heating and before the onset of reverse
transformation, the substrate-induced stress slightly
decreases with increasing temperature due to relaxation of
thermal stress in martensite. When the temperature is
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above A4, the stress began to increase drastically with
further increasing the temperature. When above A4;, the
stress began to decrease again with further increasing
temperature due also to a relaxation of the thermal stress
in austenite. When in austenite state, both cooling and
heating curves coincide, suggesting only thermal stress
was involved. Stress increase upon reverse transformation
implies a constrained shape recovery while stress
decrease upon forward transformation implies a stress-
induced microstructure accommodation.
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Fig 2. Substrate-induced stress of deposited TiNiCu film.

Determined from Fig. 2, the thermal stress relaxation
rate, dcy, [dT, is about —0.20MPa/°C and -1.1MPa°C

for martensite and austenite, respectively. The thermal
stress relaxation rate can also be calculated [7]:
dEtm _ Efm(ast—afm) (3)
dr I-v
E, v, and o are respectively the Young’s modulus,
Poisson’s ratio, and CTE. The subscripts fin and st denote
the film and the substrate, respectively. The estimated
CTE of the film was about 10.5x10°%°C for austenite and
6.5x10%°C for martensite, agreeing well with the
reported data. Taking 80 GPa for Ej, of austenite and 30
GPa for Ej, of martensite, 0.33 for v and 2.6x10/°C for
o, the calculated thermal stress relaxation rate is about —
0.17MPa/’C for martensite and -0.94MPa/°C for
austenite. These values are in good agreement with the
experimental results. The mean strain of the substrate-
attached SMA film can be estimated through dividing the
stress by the film’s biaxial modulus [8]. If taking above
values, the mean strain of this film is approximately
0.23% at M, (&), ) and ~0.07% at My () ). Obviously,

the mean strain is much higher at M, than that at M.

Using slope-line extension method, the estimated
transformation temperatures are shown in Fig. 2. In the
substrate-attached condition, the transformation intervals
are wider and the hysteresis is much lower than those in
freestanding mode. The substrate-induced stress was
further differentiated with respect to temperature and the
smoothed curve is shown in Fig. 3. The stress rate is
nearly constant in both martensite and austenite regions.
The constant stress rate is due to thermal expansion.
Phase transformation deviates the stress rate from the
constant value. As a result, a peak of the stress rate exists
within the transformation region. The maximum stress
rate, do,/dT, in both forward and reverse transformations
is about 24MPa/°C.
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Fig 3. Substrate-induced stress rate as a function of
temperature in TiNig.Cu g film. DSC curve of the
corresponding freestanding film is also plotted.

Based on the stress rate vs. temperature curve, the
transformation temperatures can also be estimated by
using the slope-line extension method. The estimated
values are respectively, M; = 57°C, M;= 37°C, 4, = 50°C
and A¢ = 69°C. All these values are different from those
determined based on stress-temperature curve in Fig. 2.
Since the stress-rate is more sensitive to the change of the
volume fraction of the transformation product than does
the stress magnitude, the transformation temperature
determined based on the stress-rate curve should be a
closer estimation. If taking (4~M) as the transformation
hysteresis, it is about 12°C for the substrate-attached film,
a significantly lower value than that of the freestanding
film (25°C).

o

Oty —
substrate

austenite

Co|—

T

Fig 4. Schematic transformation sequence in substrate-
attached SMA thin film. See text for details.

The temperature dependence of the average stress is
schematically illustrated in Fig. 4. In the substrate-
attached austenitic film, the residual strain is not evenly
distributed through the thickness. At the film-substrate
interface, the residual strain is the highest before forward
transformation due to strong constraint exerted by
substrate. On the outer film surface, the residual strain is
the lowest due to relatively less-constrained shape
recovery. Thus, above M, the film’s residual stress at the
substrate-film interface is the highest, while that at the
outer surface layer is the lowest.



Yong Liu et al.

According to Clausius-Clapeyron equation, applied
stress increases the transformation temperatures. Thus,
the forward transformation will start from the substrate-
film interface where the highest stress exists and thus the
highest M, temperature. During cooling and above M,
(point 1), the sample is completely austenitic. The overall
average stress is o, which is the highest siress value

experimentally determined. As soon as the martensite is
formed (point 2), the stress is released, meanwhile, the
stress is redistributed through the film thickness. The
transformation front propagates outwards layer-by-layer
through the film thickness. Due to strong constraint by
the substrate, it is unlikely that the reverse transformation
will start from the film-martensite interface. Upon reverse
transformation (point 4), the austenite transforms from
the film outer surface and the transformation front
propagates inwards layer-by-layer.
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Fig 5. Distribution of the residual stress and strain
through film thickness upon cooling for (a) temperatures
higher than M, and (b) between M; and M.

The distribution of the residual strain and stress
through the film thickness is illustrated in Fig. 5. oy

refers to the residual stress of austenite at the substrate-
film interface, while &,,, refers to the residual stress of

austenite at the outer surface layer. Above M, the
residual stress and strain are a linear distribution through
the film thickness. In Fig. 5a, the lowest shape recovery
corresponds to the highest residual strain, thus the highest
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residual stress at the substrate-austenite interface. As
shown in Fig. 5b, during forward transformation, the
overall stress relaxes due to self-accommodation of
martensite variants. The residual strain as well as residual
stress at the substrate-film interface decrease, During
martensitic transformation, the stress redistributes
through the film thickness. Similar to forward
transformation, in the reverse transformation, the
interfacial stress between martensite and austenite
increases with increasing the volume fraction of austenite
and plays a critical role in controlling the reverse
transformation process.

Assuming a linear distribution of the stress from the
substrate-film interface to the outer surface as shown in
Fig. 5a, before transformation at T = M, we have,

O M =$tL42:'ﬁ)ﬂ OF Ot =205 — Oyt “

Gy 18 the average stress of austenitic film (T = ).

When a martensite layer is formed, the force applied to
the film is the sum of the forces shared by both martensite
and austenite:

Ffm=FM+FA or EfmAfm=EMAM+EAAA (5)
Alternatively, we have

G fn = OmVy +54(1-Vyy) § (6)
Subscripts 4 and M denote austenite and martensite. F is
the force, o is the average stress, 4 is the cross-sectional
area, V is the volume fraction. Based on the stress
analysis shown in Figure 5b, during phase transformation,
we further have

Gy=c' and G,=T o +§"“’ ™
Substituting Eq. (7) into (6) leads to
=0V +2'_j‘70_uz(1_VM)
. o ®
=£’2-(1+VM)+ 2 (1-vy,)
26 g, — O \L -V
and o'= fm out( M ) ()

1+ VM

From Fig. 2, the average stress in thin film is a
function of volume fraction of martensite and it can be
estimated experimentally. For simplicity, its dependence
on temperature is assumed to be a linear function and can
be expressed by the following simple equation:
G fin =EMfVM+EMs(1_VM) (10)
Combining Egs. (9) and (10) leads to
o'= 2EM]’VM + (2EMs ~Oout Xl - VM) (1 1)

1+ ¥V

Equation (11) gives the estimation of the stress at the
martensite-austenite interface as a function of volume
fraction of martensite. It can be verified that when Vy =
0%, 0'=20}4, — 0,y (the stress at the substrate-austenite

interface). When Vy = 100%, o'= EMf, which is the

average stress existed in the martensite and can be
obtained from the experimental result shown in Fig. 2.
If Gy is negligibly small as in the present case,

(ZEMS ~ Oput Xl - VM) (12)
1+ VM

L

Employing Clausius-Clapeyron equation and neglecting
the deduction details, we have:
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-1
Ms(o}us)—Mf<0)=Ms<0)—Mf(0)+(d—"] O
dT 13

Af(a;f)—As(0)=Af(O)—As(O){%%) o

[M,@u)-M(O0)] and [Ag(oy)-4,(0)] are
respectively forward and reverse transformation intervals
of substrate-attached film. [M (0)-M(0)] and

[A7(0)~4,(0)] are respectively forward and reverse
f s

transformation intervals of the stress-free samples.

The above equations suggest that the transformation
intervals of substrate-attached SMA thin film are always
wider than those of stress-free sample of the same
material. Such prediction agrees qualitatively with the
experimental results shown in Fig 3. In addition to the
present result, the transformation hysteresis has also been
observed to decrease in various other substrate-attached
SMA thin films [3-5] including NiTi, NiTiCu with Cu-
content up to 25%, and NiTiPd thin films. Zero-hysteresis
[3] and even “negative hysteresis” [9] have been reported.

It is known that the thermoelastic transformation is
due to a local balance between chemical and non-
chemical forces [10-13]. The equilibrium condition in
thermoelastic transformation is that the chemical force
equals to the non-chemical force,

AHM—-%A _TASM—)A =_AEeAlf—)A +AE};{—>A (15)

where AE, is the change of elastic strain energy, and
AE; the frictional energy. The stored elastic energy
during forward transformation acts as driving force for
the reverse transformation. It can be assumed that
AE:}_’M :AEéLZJ—-)A =AE,, AEI,Q’——)M =AE%_-)A =AEfr
and ASA—)M =__ASM—>A )

Near to the completion of the reverse transformation,
the residual strain in the untransformed martensite layer
reaches its maximum value. In such a transformation
process, an extra chemical driving force is required to
compensate the extra strain energy (AE,, ) needed for

proceeding the transformation. The extra strain energy
built up during the reverse transformation is a part of the
driving force for the forward transformation. Thus, we
have the following equilibrium condition for the
substrate-attached SMA film.

Ty —-T4M =(AEel+AEﬁ —AEAM )/ASA*’M (16)

Ty -4 - AR, +AE, +AE§,{*A)/ASM‘*A (17)
Re-arranging above equations we obtain an expression of
transformation hysteresis (AT):

AT = ATy + (AEQ,{ A _ApAM )/ ASAM (18)
Where AT, is the transformation hysteresis under stress-

free condition, AEAM and AEM™4 are respectively
the extra strain energy for forward and reverse
transformation. When AEA™M = AEM™4 =0 it is the

stress-free condition. When AEA™M = AEM>4 40 it

is the conventional constraint shape recovery under
uniaxial stress. In this case, the transformation hysteresis

is unchanged and, in principle, it is the same as that of
stress-free condition. However, if AE;C_’M > AEaAg >4

the transformation hysteresis decreases. According to Fig.
2, such assumption is experimentally valid. The stress
level at 4; is lower than that at M,. Such thermal stress
difference is solely due to temperature difference between
M, and A; Further, the difference in CTEs between
martensite and austenite should further add to the
difference in thermal stresses between that at substrate-
austenite interface (T = M,) and that at substrate-
martensite interface (T' = Ap. By further taking into
account Fig. 5 and equation (4), it is envisaged that the
first austenite layer transforming to martensite should
have been under a much higher stress level than that of
the last martensite layer transforming to austenite. Thus,

we can reasonably expect that AEA™M > AEM=4 | and

this is responsible for the observed decrease of the
transformation hysteresis in substrate-attached SMA thin
films.

4. CONCLUSIONS

This article presents an attempt to understand the
effect of substrate-induced stress on the transformation
interval and transformation hysteresis of sputter deposited
NiTi-base SMA thin films. By assuming a stress gradient
through the thickness of substrate-attached SMA thin film
due to different amount of shape recovery, a layer-by-
layer transformation sequence is proposed. The
transformation front propagates from the substrate-film
interface outwards during forward transformation and
inwards  during  reverse  transformation.  The
transformation interval and Tysteresis are further
analyzed based on above transformation sequences. The
analysis confirms that, in the substrate-attached SMA thin
films, due to the presence of the interfacial thermal stress,
the transformation intervals increase while the
transformation hysteresis decreases.
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