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(57) ABSTRACT 

A nickel titanium hafnium copper thin ?lm shape memory 
alloy having a composition (TiHf)5_55(NiCu)45_5O compris 
ing about 2 atomic percent to about 10 atomic percent 
copper and the fabrication method of said shape memory 
thin ?lm by magnstron sputtering using Kr as Working gas 
and conducting the deposition at elevated substrate tempera 
ture. 
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FABRICATION OF HIGH TEMPERATURE LOW 
HYSTERISIS SHAPE MEMORY ALLOY THIN 

FILM 

TECHNICAL FIELD 

[0001] This invention relates to shape-memory alloy ?lms. 
In particular, it relates to high temperature shape-memory 
nickel titanium hafnium copper ?lms having loW hysterisis, 
narroW temperature difference betWeen Af and Mf, and more 
stable shape memory recovery. 

BACKGROUND OF THE INVENTION 

[0002] Various metallic materials capable of exhibiting 
shape-memory characteristics are Well knoWn in the art. 
These shape-memory capabilities occur as the result of the 
metallic alloy undergoing a reversible crystalline phase 
transformation from one crystalline state to another crystal 
line state With a change in temperature and/or eXternal stress. 
In particular, it Was discovered that alloys of nickel and 
titanium exhibited these remarkable properties of being able 
to undergo energetic crystalline phase changes at ambient 
temperatures, thus giving them a shape-memory. These 
alloys, if plastically deformed While cool, Will revert, exert 
ing considerable force, to their original, undeformed shape 
When Warmed. These energetic phase transformation prop 
erties render articles made from these alloys highly useful in 
a variety of applications. An article made of an alloy having 
a shape memory can be deformed at a loW temperature from 
its original con?guration, but the article “remembers” its 
original shape, and returns to that shape When heated. 

[0003] For eXample, in nickel titanium alloys possessing 
shape-memory characteristics, the alloy undergoes a revers 
ible transformation from an austenitic state to a martensitic 
state With a change in temperature. This transformation is 
often referred to as a thermoelastic martensitic transforma 
tion. The reversible transformation of the NiTi alloy 
betWeen the austenite to the martensite phases occurs over 
tWo different temperature ranges Which are characteristic of 
the speci?c alloy. As the alloy cools, it reaches a temperature 
(Ms) at Which the martensite phase starts to form, and 

?nishes the transformation at a still loWer temperature Upon reheating, it reaches a temperature at Which 

austenite begins to reform and then a temperature at 
Which the change back to austenite is complete. In the 
martensitic state, the alloy can be easily deformed. When 
sufficient heat is applied to the deformed alloy, it reverts 
back to the austenitic state, and returns to its original 
con?guration. 
[0004] Shape-memory materials previously have been 
produced in bulk form, in the shape of Wires, rods, and 
plates, for utilities such as pipe couplings, electrical con 
nectors, sWitches, and actuators, and the like. Actuators 
previously have been developed, incorporating shape 
memory alloys or materials, Which operate on the principal 
of deforming the shape-memory alloy While it is beloW its 
phase transformation temperature range and then heating it 
to above its transformation temperature range to recover all 
or part of the deformation, and, in the process of doing so, 
create moments of one or more mechanical elements. These 

actuators utiliZe one or more shape-memory elements pro 
duced in bulk form, and, therefore are limited in siZe and 
usefulness. 
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[0005] The unique properties of shape-memory alloys 
further have been adapted to applications such as micro 
actuators by means of thin ?lm technology. Micro-actuators 
are desirable for such utilities as opening and closing valves, 
activating sWitches, and generally providing motion for 
micro-mechanical devices. It is reported that the advanta 
geous performance of micro-actuators is attributed to the 
fact that the shape-memory effect of the stress and strain can 
produce substantial Work per unit of volume. For eXample, 
the Work output of nickel-titanium shape-memory alloy is of 
the order of 1 joule per gram per cycle. Ashape-memory ?lm 
micro-actuator measuring one square millimeter and ten 
microns thick is estimated to eXert about 64 microjoules of 
Work per cycle. 

[0006] The most Well knoWn and most readily available 
shape-memory alloy is an alloy of nickel and titanium. With 
a temperature change of as little as about 10° C., this alloy 
can eXert a force of as much as 415 MPa When applied 
against a resistance to changing its shape from its deforma 
tion state. 

[0007] Although numerous potential applications for 
shape-memory alloys noW require materials featuring phase 
transformation temperatures above about 100° C., the mar 
tensite start point for the common commercially available 
nickel-titanium alloys barely eXceeds about 80° C. In order 
to meet higher temperature applications, ternary alloys have 
been investigated, using various additional metallic ele 
ments. For eXample, substitution of noble metals (Au, Pd, 
Pt) for Ni in NiTi alloys successfully accomplishes higher 
temperature phase transformations, but the costs introduced 
are someWhat prohibitive for many commercial applica 
tions. Ternary nickel-titanium shape-memory alloys includ 
ing a Zirconium or hafnium component appear to be poten 
tially economical high temperature shape-memory 
candidates. HoWever, such ternary nickel-titanium shape 
memory alloys including Zirconium or haffiium exhibit 
intrinsically larger hysterisis Which prolongs phase transfor 
mation response times, making these alloys less favorable in 
some applications. 

SUMMARY OF THE INVENTION 

[0008] NoW an improved high temperature, loW hysterisis 
shape-memory alloy thin ?lm has been developed. Accord 
ing to the present invention, there is provided a nickel 
titanium hafnium copper shape-memory alloy ?lm compris 
ing about 2 to about 10 atomic percent (“at %”) copper. 

[0009] It has been discovered that While nickel titanium 
hafnium alloys can be utiliZed in applications requiring high 
temperature shape memory thin ?lm alloys, the addition of 
copper to the ternary Ni—Ti—Hf system can markedly 
reduce transition hysteresis. Furthermore, copper addition 
tends to decrease the temperature differences betWeen the 
martensite start and ?nish temperatures and that betWeen 
austenite start and ?nish temperature. Accordingly, thin ?lm 
alloy applications featuring quicker actuation times can be 
fabricated. Mechanical properties of ternary Ni—Ti—Hf 
thin ?lm also may be impacted by the addition of Cu. It has 
been noted that the addition of Cu to Ni—Ti—Hf thin ?lms 
results in reduction in ductility and transformation tempera 
tures. HoWever, the maXimum recoverable strain remains at 
considerably high level and fully recoverable stress Was 
increased. Consequently, the quaternary Ni—Ti—Hf—Cu 
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thin ?lms exhibit more stable recovery during thermal 
cycling than the ternary Ni“Ti“Hf thin ?lms at similar 
applied stress level. 

[0010] According to the present invention, an improved 
nickel titanium hafnium copper shape memory thin ?lm and 
a method for fabrication of such an alloy has been devel 
oped. The shape memory alloy comprises a (TiHf)5r 
55(NiCu)45_5O quaternary composition With a Cu content from 
about 2 at % to 10 at % (preferably about 6 at % to about 10 
at %), and an Hf content from about 5 at % to about 25 at 
% (preferably from about 10 at % to about 20 at %). The 
Ni+Cu combined content is about 45 at. % to about 50 at. %, 
preferably from about 48 at % to about 50 at %); the Ti+Hf 
combined content is about 50 at % to about 55 at %, 
preferably from about 50 at % to about 52 at %. Preferably, 
the thin ?lm is sputter deposited onto a substrate heated to 
a temperature ranging from about 350° C. to about 500° C. 
during deposition to form an in-situ crystalline structure; 
and, preferably krypton or Xenon (particularly preferably 
Kr) is used as process gas during deposition. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The above discussed and other features and advan 
tages of the present invention Will be appreciated and 
understood by those skilled in the art from the folloWing 
detailed description and ?gures. 

[0012] Referring noW to the ?gures: 

[0013] FIG. 1 is a graph reporting comparative room 
temperature tensile tests of a Ni49Ti33_6Hf17_6 alloy thin ?lm 
and a Ni43_1Ti32_1Hf18_3Cu6_5 all thin ?lm. 

[0014] FIG. 2 shoWs strain-temperature curves of a 
Ni43_1Ti3'2_ 1Hf183Cu6:5 alloy thin ?lm during thermal cycling 
under different applied stresses. 

[0015] FIG. 3 depicts strain-temperature curves of a 
Ni49Ti33_6Hf17_6 alloy thin ?lm during thermal cycling under 
different applied stresses. 

[0016] FIG. 4 reports thermal cycling characteristics of a 
Ni43_1Ti32_1Hf18_3Cu6_5 cycling Was conducted by Joule heat 
ing and the sample Was stressed at 200 MPa during cycling. 

[0017] FIG. 5 is a graph reporting thermal cycling char 
acteristics of a Ni49Ti33_6Hf17_6 alloy thin ?lm, Wherein 
thermal cycling Was conducted by Joule heating and the 
sample Was stressed at 200 MPa during cycling. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

[0018] In a sputtering process, as in the present invention, 
the sputtering deposition generally takes place in a chamber, 
such as a Perkin Elmer chamber. The particular process 
parameters for sputtering deposition are dependent on the 
speci?c sputtering equipment employed. An initial base 
vacuum pressure ?rst is established; this pressure ranges 
from about 2x10“6 torr or loWer. Preferably, the base 
vacuum pressure ranges from about 5><_7 torr or loWer. 

[0019] During the ion sputtering process, ioniZation pro 
cess gas should be maintained at a pressure ranging from 
about 0.5 to about 5.0 mTorr. Preferably, process gas pres 
sure ranges from about 0.5 mTorr to about 2.0 mTorr. The 
ioniZing process gas may be any typical sputtering process 
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gas such as argon, krypton, or Xenon. The preferred process 
gas is kyton or Xenon; krypton is particularly preferred. 
PoWer applied during sputtering should range betWeen about 
300 Watts to about 6 kiloWatts for 8“-diameter target (cor 
responding to poWer density from about 9.2 kW/m2 to about 
185 kW/m2); preferably the poWer applied ranges from 
about 500 Watts to about 3 kiloWatts (corresponding to 
poWer density about 15.4 kW/m2 to about 92.5 kW/mz). 

[0020] Thin alloy Ni—Ti—Hf—Cu ?lms having a Wide 
range of compositions and thicknesses can be deposited 
using the present process. Preferred shape memory alloy 
thin ?lm compositions are nickel titanium hafnium copper 
alloys featuring compositions in the range: (TiHf)50_ 
ss(NiCu)45_5O, With a Cu content from about 2 at % to 10 at 
%, and an Hf content from about 5 at % to about 25 at %. 

[0021] Film thicknesses ranging from about 0.5 micron to 
about 10 microns are preferred; particularly preferred are 
deposited ?lm thicknesses ranging from about 3 microns to 
about 5 microns. 

[0022] Pursuant to the present process, metal targets hav 
ing an elemental composition close to that of the desired 
alloy ?lm to be deposited are utiliZed, based on the empirical 
results of composition shift betWeen deposited ?lm and the 
target. The targets preferably are hot pressed metal poWder 
targets, Which can be fabricated using standard hot-pressing 
procedures. 
[0023] The folloWing eXamples are provided to further 
describe the invention. The eXamples are intended to be 
illustrative and are not to be construed as limiting the scope 
of the invention. 

EXAMPLE 1 

[0024] 8“-diameter targets With different Ni—Ti—Hf— 
Cu compositions Were prepared by hot pressing method. 
Based on the empirical composition shift betWeen thin ?lm 
and target, compositions of the targets Were selected in order 
to make slightly Ti+Hf rich ?lms. Hot pressing Was accom 
plished by standard procedure and the ?nal density of the 
target Was measured to determine fraction of porosity. Table 
A shoWs the composition of targets that Were used for this 
study, their theoretical and measured density, and the frac 
tion of porosity calculated accordingly. To protect targets 
from oXygen contamination, they Were sealed in Ar until 
ready to be put into vacuum chamber. 

TABLE A 

Target composition, ?nal density and calculated porosity 

Composition of Target 
Theoretical Density (g/cc) 
Density Measured (g/cc) 7.29 7.27 
Porosity (‘70) 11.9 12.6 

Composition and Transformation Temperatures 

[0025] Ni Ti Hf Cu ?lms With different compositions Were 
sputter deposited on 5“-diameter oXide passivated Si sub 
strates from the hot pressed targets. Deposition parameters 
included: base pressure 5x10“7 torr before deposition, Work 
ing gas Kr pressure 1.5 mTorr during deposition, target-to 
substrate distance 3.7 inches, deposition poWer 2.5 kW, 
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substrate temperature about 450° C. during deposition and 
deposition time 25 minutes. The thickness of thin ?lm Was 
about 4.8 pm. Chemical composition of the ?lm around 
Wafer center Was measured by X-ray Energy Dispersive 
Spectrum (EDS) equipped on a Scanning Electron Micro 
scope (SEM), and the transformation temperatures Were 
measured by Differential Scanning Calorimetry (DSC). The 
composition and the transition temperatures of ?lm depos 
ited from each target are shoWn in Table B. The data 
indicates that, compared With a sample Without copper 
addition, Ni—Ti—Hf—Cu quaternary ?lms have loWer 
transformation temperatures, and increased copper additions 
loWered the transformation temperatures further. HoWever, 
copper additions to Ni—Ti—Hf thin ?lm have decreased the 
transformational hysteresis considerably. At the same time, 
the temperature intervals of both forWard transformation 
(Ms-Mf) and reverse transformation (Af-As) are also 
decreased, especially for the sample With 6.5 at. % copper, 
Which records only 11° C. of the temperature difference 
While sample Without copper has 30° C. to 45° C. of the 
temperature difference. As a result, the temperarture differ 
ence betWeen Af and Mf temperatures, a parameter that 
determines response rate from high-temperature state to loW 
temperature state, Was decreased by 40% or more. 

TABLE B 

Composition and Transition 
Temperatures of Films Sputterred From Different Targets. 

Ms(° c.) 77 114 165 
Mf(° c.) 50 103 135 
As(° c.) 86 149 190 
Af(° c.) 110 160 235 
Hysteresis(° C.) 35 45 65 
Af-Mf (° c.) 60 57 100 

Mechanical and SME Properties 

[0026] Mechanical and shape-memory properties of the 
deposit Were evaluated by tensile testing at room tempera 
ture and thermal cycling under constant load. Thin ?lm Was 
mechanically delaminated from the substrate and cut to 3.0 
mm><30.0 mm dimension. Tensile testing Was conducted at 
room temperature using an Instron tensile machine. As 
shoWn in FIG. 1, at strain rate of ~0.08/min, the fracture 
strength stress Was close to above 900 MPa, and the room 
temperature failure strain Was about 6%. As a comparison, 
FIG. 1 also includes the room-temperature tensile test result 
of the sample Without copper addition, Which has over 8% 
of ultimate elongation and fracture stress is about 1300 MPa. 
It is demonstrated that While copper additions appeared to 
make the sample less ductile, the ultimate elongation still 
Was favorable, considering that the majority of applications 
require strain ranging from 0.5% to 2%. 

[0027] Shape-memory properties Were evaluated by ther 
momechanical tests Which are accomplished by thermal 
cycling the thin ?lm betWeen 50° C. and 250° C. under 
constant load. FIG. 2 shoWs the results of 

Ni43_1Ti32_lHflssCua5 ?lm schematically. Shape-memory 
strain is produced at minimal applied stress from 150 MPa 
to 175 MPa, and the recovery of shape-memory strain still 
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takes place at applied stress as much as 800 MPa. Also, 
perfect recovery of nearly 2.5% strain at applied stress of 
300 MPa. 

[0028] FIG. 3 presents the results of thermomechanical 
tests for Ni49Ti33_4Hf17_6 ?lm, Which Was also deposited at 
elevated substrate temperature so that the as-deposited ?lm 
is crystalline structure and possesses shape memory effect. 
Comparison betWeen the results for samples With copper or 
Without copper indicated that, samples With copper need 
higher stress to effect a shape-memory strain (For eXample, 
at 150 MPa applied stress, Ni—Ti—Hf—Cu barely pro 
duced shape memory strain on cooling, but Ni—Ti—Hf has 
about 0.5%). HoWever, the prefect recovery strains for both 
samples Were almost the same. Furthermore, Cu-added SMA 
?lm appears to be advantageous on some other aspects. 
First, the temperature change required to obtain maXimum 
shape-memory strain and that to recover the strain are 
considerably reduced by addition of copper. This character 
istic is related to the fact that Ni—Ti—Hf—Cu thin ?lm has 
narroW temperature intervals for both forWard martensitic 
transformation and reverse transformation, and it is particu 
larly desired When quick completely releasing or closing 
action is required and “aj ar” condition needs to be avoided. 
Second, less temperature change is required to complete a 
strain-temperature loop, or an activation/deactivation cycle 
for copper-added SMA ?lm. This property is related to the 
fact that the temperature difference betWeen Af and Mf is 
reduced by adding copper and it is particularly useful for fast 
cycling. Third, the stress for complete recovery seems to be 
increased by addition of copper. This property is related to 
the improvement of critical stress for slip and it should 
ensure more stable cyclic characteristics, as shoWn beloW. 

Thermal Cycling Characteristics 

[0029] Thermal cycling Was conducted by Joule heating, 
i.e., applying pulsed dc. power to the SMA sample to heat 
it (at poWer-on state) and to alloW the sample naturally to 
cool doWn in ambient air (at poWer-off state), While constant 
load is applied to the sample during thermal cycling. FIG. 
4 and 5 shoW the thermal cycling results for 
Ni43.1Ti32.1Hf8.3Cu6.5 and Ni49Ti33.4Hf17.6 samples at 
200 MPa applied stress, respectively. It is indicated that 
copper addition improves the stability of the thermal 
cycling, especially the stability of recovery. For examples, 
after 5000 cycles, about 0. 1% residual strain Was developed 
for copper-added sample, at the same time, about 0.55% 
residual strain is observed for sample Without copper addi 
tion. 

EXAMPLE 2 

[0030] In contrast to the sputtering method Wherein the 
substrate is hot enough to produce in-situ crystalline struc 
ture, quaternary shape-memory thin ?lms have also been 
sputter deposited from Ni37_5Ti34_5Hf18Cu1O and 
Ni395Ti335Hf18Cu8 targets at loWer substrate temperature 
(100° C. to 350° C.) Thin ?lms contained similar compo 
sitions as listed in Table 2. The as-deposited sample did not 
shoW shape memory effect, but that is not surprising because 
crystalline structure, particularly B2 parent phase or mono 
clinic or orthorhombic martensite, is required for shape 
memory effect. Heat treatment Was applied in order to 
crystalliZe the thin ?lms. The procedure of the heat treatment 
includes heating the sample to a temperature above crystal 
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liZation temperature (about 500° C.) and holding the sample 
at that temperature for a period of time (from several 
minutes to hours). Although the phase transformation Was 
detected by thermal analysis (such as DSC) or electrical 
resitivity measurement, the sample Was very brittle. At room 
temperature, it Was almost impossible to impart an observ 
able amount of plastic strain Without breaking the sample. 
Therefore, shape-memory effect could not be determined. 
HoWever, the brittle nature of the annealed sample indicated 
that the annealing method Was not suitable to produce the 
Ni—Ti—Hf—Cu shape memory thin ?lm With satisfactory 
mechanical properties. 

EXAMPLE 3 

[0031] In contrast to produce the Ni—Ti—Hf—Cu shape 
memory thin ?lm by using krypton as Working gas, argon as 
Working gas Was also investigated. As described in Example 
1, the substrate temperature Was heated to about 450° C. 
during deposition. Indeed, crystalline structure Was obtained 
Without further heat treatment. HoWever, as-deposited ?lm 
appeared rather brittle, and it Was almost impossible to 
conduct shape-memory property evaluation With those thin 
?lms. 

[0032] Various other embodiments or other modi?cations 
of the disclosed embodiments Will be apparent to those 
skilled in the art upon reference to this description, or may 
be made Without departing from the spirit and scope of the 
invention de?ned in the appended claim 

We claim 
1. A nickel titanium hafnium copper thin ?lm shape 

memory alloy having a composition (TiHf)5O_55(NiCu)45_5O 
comprising about 2 atomic percent to about 10 atomic 
percent copper. 

2. The nickel titanium hafnium copper thin ?lm shape 
memory alloy composition of claim 1 comprising about 6 
atomic percent to about 10 atomic percent copper. 

3. The shape memory alloy thin ?lm composition of claim 
1 Wherein the combined nickel and copper content is about 
48 to 50 atomic percent. 

4. The shape memory alloy thin ?lm of claim 1 Wherein 
the hafnium content is about 5 to 25 atomic percent. 

5. The shape memory alloy thin ?lm of claim 4 Wherein 
the hafnium content is about 10 to 20 atomic percent. 

6. The shape memory alloy thin ?lm of claim 5 Wherein 
the combined TiHf content is about 50 to 52 atomic percent 
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7. A magnetron sputter deposition process for producing 
a (NiCu)(TiHf) thin ?lm alloy exhibiting shape memory 
characteristics comprising: 

conducting the deposition using krypton as process gas; 
and, 

heating a substrate onto Which the thin ?lm alloy is 
deposited to maintain a temperature ranging from about 
350 ° C. to about 500° C. during said deposition. 

8. The process of claim 7 using a hot pressed poWder 
sputter target comprising components selected from the 
group consisting of nickel, titanium, hafnium, and copper in 
proportions so as to produce a thin ?lm alloy having a 
composition (TiHf)5O_55(NiCu)45_5O comprising about 2 
atomic percent to about 10 atomic percent copper. 

9. A magnetron sputter deposition process for producing 
a thin ?lm alloy exhibiting shape memory characteristics 
comprising: 

conducting the deposition using krypton as process gas; 

heating a substrate onto Which the thin ?lm alloy is 
deposited to maintain a temperature ranging from about 
350 ° C. to about 500° C. during said deposition; and, 

using a hot pressed poWder sputter target comprising 
components selected from the group consisting of 
nickel, titanium, hafnium, and copper in proportions so 
as to produce a thin ?lm alloy having a composition 
(TiHf)50755(NiCu)45_5O comprising about 2 atomic per 
cent to about 10 atomic percent copper. 

10. The process of claim 9 comprising using a hot pressed 
poWder sputter target comprising components selected from 
the group consisting of nickel, titanium, hafnium, and cop 
per in proportions so as to produce a thin ?lm alloy having 
a composition (TiHf)5O_55(NiCu)45_5O comprising about 2 
atomic percent to about 10 atomic percent copper and about 
5 atomic percent to about 25 atomic percent hafnium. 

11. The process of claim 10 comprising using a hot 
pressed poWder sputter target comprising components 
selected from the group consisting of nickel, titanium, 
hafnium, and copper in proportions so as to produce a thin 
?lm alloy having a composition (TiHf)5O_25(NiCu)48_5O com 
prising about 6 atomic percent to about 10 atomic percent 
copper and about 5 atomic percent to about 25 atomic 
percent hafnium. 


