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Objective 

The objective of this program is to understand and develop a new approach to dampen 

micro-electrical-mechanical-systems (MEMS) structures in harsh environments.  The new 

approach relies on thin film active materials to absorb energy passively through domain wall or 

twin boundary motion. Damping is required in many military MEMS components used in harsh 

environments where accuracy and survivability are critical concerns.   Typically, MEMS 

components are used in sensors to provide information on position, velocity, and acceleration, or 
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are used in communication systems such as phased array antennas.  However, when MEMS 

components are used in military harsh and rugged environments (e.g. munitions or antennas) 

they are prone to failure, fatigue, and inaccuracies due to extreme mechanical vibrations. While 

current macroscale damping approaches rely on viscoelastic materials, viscoelastic materials are 

unsuitable for integration in micro devices.  Published microscale damping methods include 

thermoelastic damping, air damping, squeeze film damping, viscous energy dissipation, and 

constrained layer damping.  However all of these approaches provide marginal damping in the 

microscale and thus new approaches must be developed.  The approach being pioneered under 

this funding at UCLA is the passive use of active materials for thin film damping using the 

natural motion of domain walls and twin boundaries to absorb the energy. Therefore, the focus of 

this research is to develop new microscale damping techniques applicable to MEMS sensors to 

support future military operations. 

Manufacturing 

Nitinol and Terfenol-D were sputter deposited using a Denton High Vacuum DC 

magnetron sputtering system.  Details on the sputtering system used in this study can be found in 

[1].  While a number of different systems were evaluated, we present a description of a subset in 

this report.  The thin film is deposited onto a 100mm diameter silicon (100) wafer with 500 nm 

of wet thermal oxide layer. The Free Standing Zone Melt Terfenol-D target composition of 

Tb.33Dy0.67Fe1.92 (atomic ratio 0.33Tb:0.67Dy:1.92Fe) was acquired from Etrema while the 

Nitinol target composition of Ti52Ni48 (48% Ni by atomic weight) was acquired from SCI 

Engineered Materials.   The Nitinol film was produced using a Ar pressure of 2x10-8 Torr, 

substrate-to-target distance of 0.04 cm, and dc power of 300 Watts [1].  Different process 
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parameters were used to produce thin films of Fe-Tb-Dy.  The DC power was varied from 60 to 

400 Watts and Ar pressure was varied from 1.5x10-3 to 1.5x10-2 Torr.  In all these cases the as 

grown Fe-Tb- Dy films were amorphous. Different annealing temperatures and time were used to 

crystallize the film. The temperature was measured with a type K thermocouple located at the 

heating element.  The radiatively heated silicon substrate is 0.5cm from the heating element 

suggesting the actual film temperature is 150°C lower than the thermocouple reading.   

Once acceptable fabrication processes were developed for the Terfenol-D thin films, 

multilayer laminate structures were fabricated. The particular laminates discussed in this report 

follow.  First a Nitinol/Silicon/Nitinol laminate was produced.  Ten microns of Nitinol film was 

sputter deposited on either side of a 100 micron silicon beam (5 mm x 35 mm) and annealed.  A 

second laminate made up of Nitinol, Terfenol-D and Nickel was also produced.  The Terfenol-D 

film was sputter deposited on a nickel beam (5 mm x 35 mm) already coated with crystallized 

Nitinol film.  After crystallizing the Terfenol-D film a second layer of Nitinol was deposited on 

top of the Terfenol-D layer and subsequently crystallized.  This process was repeated on both 

sides of the Nickel beam.  Each Nitinol layer was 3.5µm thick, each Terfenol-D layer was 6.5µm 

thick and the Nickel layer was 100µm thick. 

Annealed films are characterized for their crystallinity by using a PAN Analytical X’pert 

Pro powder diffractometer.  A JEOL electron microprobe with WDS (Wavelength Spectrometry) 

capability was used to determine Terfenol-D compositions.  Magnetic properties were measured 

using a Quantum Design Model: MPMS XL Superconducting Quantum Interference Device 

(SQUID).  A DSC provides transformation temperatures of the Nitinol film  

Nitinol film was tested in a Q800 Dynamic Mechanical Analyzer (DMA) using thin film 

tension grips.  The film is griped on one end while the other end is loaded sinusoidally in tension.  
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A strain sweep was preformed with strain amplitudes from near zero to 1.0% strain at a 

frequency of 1Hz at room temperature.  Multilayer laminate beam samples were also tested in a 

Q800 DMA using cantilever beam grips.  The sample is clamped at one end while the other end 

is sinusoidally oscillated.  For the purpose of this report, a strain sweep was preformed with 

strain amplitudes from near zero to ±1.0% strain (a full load reversal) at a frequency of 1Hz at 

room temperature.  Data measured was damping in terms of tan δ, where δ is defined as the lag 

between stress and strain.   

Model of Laminate Damping 

An analytical model was developed to predict damping behavior of a multilayered 

laminate.  Each layer has a distinct tan δ and is related to the storage (χ’) and loss modulus (χ”) 

as shown in equation 1.   

tan
χδ
χ

′′
=

′
      (1) 

Where χ is defined as a general linear elastic modulus for an orthotropic material (i.e. χ = E1, E2, 

E3, G12, G23, G31).  While the material elastic response can be orthotropic, the following 

development assumes that damping is isotropic.  Storage and loss modulus can also be expressed 

in terms of tan δ and modulus (equation (2)).   

2 2

tan

1 tan 1 tan

χ χ δχ χ
δ δ

′ ′′= =
+ +

     (2) 

Where tan δ is assumed to be small (tan δ < 1) and constant.  The modulus (χ) of each layer can 

be written in terms of its real (storage modulus) and imaginary (loss modulus) components. 

iχ χ χ′ ′′= +       (3) 

For plane stress the reduced compliance matrix (S) of an orthotropic material is 
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Where S’ and S” are the real and imaginary components of the compliance matrix.  Strain (ε) is 

related to stress (σ) by  

{ } { }[ ] { }[ ]Q i Qσ ε ε′ ′′= +      (5) 

Where, [Q’] = [S’]-1 and [Q”] =[ S”]-1.  Assuming small strains (linear elasticity), perfect 

bonding between layers and that shearing strains in planes perpendicular to the middle surfaces 

are negligible (γ xz = γ yz =0).  The strains in the layered system can be expressed as a function 

of distance (see figure 3-2) from the midplane (z) by 

{ } { } { }o zε ε κ= +       (6) 

Using equation (6) in equation (5), the resultant forces and moments acting on a layered system 

containing n layers are obtained by integrating the stresses in each layer though the laminate 

thickness. 

{ } { } { }
1

/ 2

1/ 2

k

k

zt n

k
kt z

N dz dzσ σ
−

=−

= =∑∫ ∫      (8) 

{ } { } { }
1

/ 2

1/ 2

k

k

zt n

k
kt z

M zdz zdzσ σ
−

=−

= =∑∫ ∫      (9) 

Where, N is the force per unit width of the cross section of the laminate, M is the moment per 

unit width.  The zk terms are the distance of each lamina interface from the middle-surface; z0 

defines the top surface and zn defines the bottom surface (Figure 1).   
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Figure 1: General dimensions for Classic Laminate Theory. 
 

Using the stress-strain relationships (equation (7)) and the applied loads and moments (equation 

(8) and (9)) relations since midplane strain (εo) and midplane curvature (κ) are independent of z 

the resultant force and moment equations can be rewritten as 

o oN A B A B
i

M B D B D

ε ε
κ κ

′ ′ ′′ ′′        
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    (11) 
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D Q z z −
=
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For isotropic layers where the poisson’s ratio of each layer similar (e.g. Terfenol-D and NiTi), 

the complex Young’s modulus for the laminate (EL) reduces to 

( )( ) ( ) ( )1
111 11 0 0

1 1 n

L i i i i
in n

E E iE z z
a ia z z z z −

=

′ ′′= = + −
′ ′′+ − − ∑    (12) 

Where, [a] = [A]-1.  Using equation (1), tan δ of the laminate can also be expressed in terms of 

Storage and Loss Modulus of each layer (equation (13)).   

( )

( )

1
1

1
1

tan

n

i i i
iL
n

L
i i i

i

E z z
E

E
E z z

δ
−

=

−
=

′′ −′′
= =

′ ′ −

∑

∑

     (13) 
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Equations (12) and (13) are valid for axial loading only; a different set of equations must be 

developed for bending.  To predict damping properties from bending measurements (i.e. DMA), 

the D components of the ABD matrix are used.  For layups with isotropic layers and similar 

Poisson’s ratio, the complex Young’s Modulus in bending reduces to  

( )( ) ( )
( )( )3 3

13 3
111 11 0 0

12 4 n

L i i i i
in n

E E iE z z
d id z z z z

−
=

 ′ ′′= = + − 
′ ′′+ − −  

∑
    (14) 

Where, [d] = [D]-1.  Using equation (1), tan δ of the laminate can also be expressed in terms of 

Storage and Loss Modulus of each layer (equation (15)).   

( )

( )

3 3
1

1

3 3
1

1

tan

n

i i i
iL
n

L
i i i

i

E z z
E

E
E z z

δ
−

=

−
=

′′ −′′
= =

′ ′ −

∑

∑

      (15) 

Results and Discussion 

Terfenol-D Processing 
Before examining damping properties it is necessary to discuss the processing approach 

for thin film Terfenol-D.  A series of thin film characterization techniques are used to evaluate 

deposited film’s composition, crystallography, microstructure, and magnetic properties as a 

function of deposition parameters.  This is important because processing will influence domain 

wall motion and subsequently damping properties.  NiTi deposition and characterization is 

discussed in detail in reference [1]. 

WDS measurements were taken for a Terfenol-D film deposited at 100W sputtering 

power, 10mTorr Ar pressure and a target to substrate distance of 4cm (100W10Ar4cm).  Results 

show the thin film composition is 75at%Fe, 8.3at%Tb and 16.6at% Dy, compared to the 

measured composition of 66at%Fe, 11at%Tb, 23at%Dy for the target.  The deposited film has 

substantially larger Fe content than Terfenol-D.  For material with compositions richer in iron 
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than RFe1.95, RFe3 precipitates have been shown to form [2-4].  Such precipitates form as narrow 

plates in the {111} planes of the matrix and potentially impede domain rotation thus decreasing 

both the magnetostrictive effect and potentially the damping.   To reduce the Fe component the 

sputtering parameters were modified.   

Figure 2 shows the results of argon gas pressure on composition.  The deposition 

parameters were 100 W, 4 cm distance, and annealing at 875°C for 15 minutes.  The results show 

that as the sputtering pressure is increased the Fe composition decreases and converges to the 

target values which are desirable for this study.  At argon pressures of 15 mTorr, the Fe 

composition was 67at%, which is very near the 66.4at% composition of Terfenol-D.  In addition 

to argon pressure, sputtering power was varied from 80 W to 400 W.  While the results are not 

shown here, the Fe content changed by only 3.4at% over this range which was considered 

inconsequential.  Therefore sputtering power did not significantly change film composition and 

was held fixed at 100W for the damping studies.   
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Figure 3 shows XRD plots of the deposited film sputtered at 80W-15mTorr Ar and 

annealed at 875°C for 5, and 15 minutes.  Annealing times of 30 and 120 minutes were also 

studied but not shown here for brevity.   
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Figure 2:  Film composition as a function of sputtering pressure.  a) film composition at center of wafer, 

b) compositional uniformity across diameter of the substrate. 
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Figure 3a shows a 5 minute anneal produces relatively higher oxide peak at 2θ = 28° compared 

to a 15 minute anneal in Figure 3b.  The 28 degree peak in Figure 3a corresponds to unwanted 

R2O3 i.e. a rare earth oxide.  When the film is annealed longer than 15 minutes, the oxide peak 

again predominates, and at 120 minutes of annealing (not shown) this oxide peak far over 

0

10000

20000

30000

40000

50000

20 30 40 50 60 70

80W-45mm-40min

R
2O

3

R
F

e 3
R

F
e 3

R
6F

e 2
3

R
Fe

2

R
F

e
3

R
Fe

2

 

0

5000

10000

15000

20000

25000

30000

20 30 40 50 60 70

R
2
O

3

R
F

e 3
R

F
e 3

R
6F

e 2
3

R
F

e2

R
2
O

3

80W att-45m m-40min

R
2O

3

R
F

e 3

R
F

e2 R
F

e 2

 
Figure 3: XRD plots of Terfenol-D film under varying annealing times.  a) 5 minutes b) 15 minutes at 875°°°°C 
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shadows other peaks.  This indicates that an oxide layer forms fairly quickly (i.e. after 5 

minutes).  At 15 minutes the desired RFe2 phase predominates as indicated by the higher 

intensities at 2θ = 48 and 33° in Figure 3b.  However with greater annealing times (i.e. 30 

minutes), the oxide peak again predominates.  This indicates that 15 minutes annealing is 

sufficient to crystallize the film with relatively minimal oxides.  In addition to studies of 

annealing time, annealing temperature was also evaluated.  Three different annealing 

temperatures were studied; 750°C, 820°C, and 875°C (i.e. ≈ 600oC, 670oC and 725oC at 

substrate) at a fixed time of 15 minutes.  At 750°C the film did not fully crystallize, while at 

higher temperatures of 820oC and 875°C there were minimal oxide peaks and high RFe2 peaks.  

Films used in this damping study were annealed at 875oC (i.e. 725oC at substrate).    

Figure 4 plots magnetization versus applied field for the Terfenol-D target and for two 

thin film Terfenol-D samples.  The films were produced with 100W power in either a 1.5mTorr 

or 15mTorr argon pressure (i.e. indicated on figure 5) and annealed at 875oC from 15 minutes.  

The saturation magnetization of 0.6 Tesla for the film samples compares favorably with that of 

the target material of about 0.9 Tesla.  However the hysteresis of both thin film samples is 

substantially larger than the bulk material.  This is attributed to oxides pinning the domains.  

While this increased hysteresis may be an undesirable actuation attribute, it maybe desirable for 

damping.  In particular the 15mTorr sample produced the greatest hysteresis.  In addition the 

remnant magnetization exhibited by the deposited film indicates the possible presence of 

unreacted and undesirable Fe. 
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Damping Results 
Figure 5 provides DMA experimental results for dynamic testing of the NiTi film sample 

in tensile loading.  A plot of tan δ versus strain amplitude at room temperature is presented.  

Tests were preformed at room temperature and a frequency of 1Hz.  Figure 5 illustrates the strain 

dependency of the damping mechanism.  At larger strain amplitudes larger tan δ values are 

measured with values ranging from 0.06 to at 0.25% strain to 0.17 at 0.9% strain. 
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Figure 4: Magnetization versus applied field plots for a) deposited Terfenol-D film b) the Terfenol-D 

target and c) published values from Wun-Fogle et al.1999 [10]. 
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Figure 5: tan δ versus strain amplitude. 

Figure 6 and Figure 7 show storage modulus and tan δ respectively versus temperature 

over a range of 30oC to 100oC for dynamic testing of the thin film NiTi.  In this experiment the 

sample was oscillated at constant strain amplitude of 0.2% while the temperature was stepped at 

0.20oC intervals from 30oC to 100oC and back to 30oC.  During the heating portion in Figure 6, a 

notable increase in modulus is observed near 69oC, indicative of the stiffening that occurs as the 

material transforms to austenite.  During heating, the damping as shown in Figure 7 decreases at 

or near the austenite transformation temperature.  Above Af negligible damping exists as there 

are no twins to absorb energy.  Returning to Figure 6, in the cooling portion a sharp decrease in 

modulus is observed while in Figure 7 an increase in tan δ is observed during cooling.  The sharp 

increase in damping at T = 69oC corresponds to the start of the R-phase of the material.  At the 

start of the R-phase, twins begin to form creating a dramatic decrease in modulus and increase in 

damping.  The largest damping (seen in the martensite phase) is a tan δ of 0.07. 
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Figure 6: Storage modulus versus temperature for heating and cooling curves. 

 
Figure 7: tan δ versus temperature for heating and cooling curves. 

 

Figure 8 shows NiTi thin film modulus and tan δ versus frequency with measurements 

performed at room temperature with a strain amplitude of 0.20% (figure 3C).  This figure shows 

a relatively constant response in both modulus and tan δ over a frequency range of 0 to 100Hz.  

Therefore, damping is relatively independent of frequency below 100Hz.  
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Figure 8:  tan δ and storage modulus versus frequency. 
 

While the values of NiTi thin film tan δ presented thus far are acceptable, at first glance 

they may appear below those of viscoelastic materials.  It is important to realize that damping 

measured under pure tensile loadings is possible due to residual stresses in the film.  When the 

film is placed in tension the twin boundaries move and when the tension is released the residual 

stresses in the film produce a restoring force to move the twins back.  However, when the film is 

subjected to tensile/compressive load, substantially larger values of tan δ are expected.  If the 

film was integrated into a MEMS device subjected to cyclic bending it would be exposed to 

tension and compressions loads and thus produce higher damping values than presented in 

Figure 5 and Figure 7.   

Figure 9 provides DMA experimental results for the Nitinol/Silicon/Nitinol beam.  Figure 

9 plots tan δ data as a function of strain amplitude for the laminate (diamonds) as well as 

theoretically extracted values for the Nitinol film (squares).  The laminate measured tan δ values 

shows an increasing tan δ with strain amplitude.  Due to the brittleness of the silicon, strain 

values were limited to below 0.27%.  The laminate data in Figure 9 was used in equation (15) 
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along with stiffness properties for the Nitinol (Young’s modulus of 28GPa) and silicon (Young’s 

modulus of 150GPa) to back out the Nitinol film tan δ values (i.e. squares).  As can be seen in 

figure 8 the Nitinol thin film has tan δ as large as 0.27 and the damping has not yet saturated.  

Also, for strain amplitudes below 0.21% there is negligible damping produced from the film.  

This corresponds to the region below the threshold strain for twin boundary motion (Van 

Humbeeck, 2003). 

 

 

Figure 9: Tan delta versus strain amplitude for the Nitinol/Silicon laminate. 
 

Figure 9 provides DMA experimental results for the Nitinol/Terfenol-D/Nitinol/Nickel/ 

Nitinol/Terfenol-D/Nitinol beam.  Below 0.2% strain, the damping provided by the laminate is 

attributed to the Terfenol-D layers.  Above this strain level, domain wall motion saturates and 

Terfenol-D should not provide additional damping [5].  At approximately 0.2%, the strain 

threshold required for martensite reorientation in the Nitinol layers is reached and the Nitinol 

begins to contribute to damping.  As the strain increases above 0.28%, the Nitinol damping 

continues to increase.   
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Figure 9: Tan delta versus strain amplitude for the Nitinol/Terfenol-D/Nickel laminate. 

Figure 10 provides DMA experimental results for the Nitinol/Terfenol-D/Nitinol/Nickel/ 

Nitinol/Terfenol-D/Nitinol laminate as presented in figure 9 as well as theoretically calculated 

values for the Terfenol-D film.  The theoretically calculated values were obtained using the tan δ 

values of Nitinol film provided in figure 8 along with the stiffness properties for Nitinol, nickel 

and Terfenol-D in equation 15 to back out the Terfenol-D tan δ values (squares).  As can be seen, 

the damping provided by the Terfenol-D layer increases from a very low strain (0.05%) and 

saturates at a tan δ of 0.21 at 0.2% strain.  The tan δ value of 0.21 compares favorably with 

“bulk” values measured by Ho [6] of 0.29.  The Nitinol/Terfenol-D/Nickel laminate was tested at 

higher strains (i.e 0.5% as shown in Figure 9), however the Terfenol-D film damping could not 

be extracted at these larger strains as tan δ values of the Nitinol film were limited to 0.27% strain 

(i.e. see figure 8).   

 

NiTi threshold  



 

 
 

19

 

0

0.05

0.1

0.15

0.2

0.25

0 0.05 0.1 0.15 0.2 0.25 0.3

Strain (%)

ta
n

 d
el

ta

 

Figure 10: Tan delta versus strain amplitude for the Nitinol/Terfenol-D/Nickel laminate and Terfenol-D film. 
 

Figure 11 shows theoretical predictions of the damping of a symmetric Nitinol/Terfenol-

D/Nitinol/Nickel/Nitinol/Terfenol-D/Nitinol laminate as a function of the volume fraction of 

Terfenol-D and the percent strain as predicted using the developed model (equation 15).  The lay 

up of this laminate was taken to be Nitinol/Terfenol-D/Nitinol/Nickel/Nitinol/Terfenol-

D/Nitinol.  The volume fraction of Terfenol-D is defined to be the total thickness of the 

Terfenol-D layers divided by the total thickness of all the damping layers (Terfenol-D and 

Nitinol).  A Terfenol-D volume fraction of one implies that the damping layers consist of 

Terfenol-D alone, while a volume fraction of zero implies that the damping layers consist of 

Nitinol alone.  The tan δ versus strain amplitude values were obtained from experimental data for 

thin film Nitinol (Figure 9) and previously published data on bulk Terfenol-D [7].  Figure 11 

illustrates how Nitinol and Terfenol-D can be combined to achieve improved damping at both 

low and high strain amplitudes.  At low Terfenol-D volume fraction very little damping is seen at 
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small strain amplitudes while larger damping is observed at larger strain amplitudes.  As the 

Terfenol-D volume fraction is increased the damping at low strain amplitudes increases.  By 

utilizing a combination of Nitinol and Terfenol-D damping layers the low strain damping can be 

improved while still maintaining a relatively large tan δ at high strain amplitudes thus producing 

a broadband damper with relatively constant tan δ for strain values between 0.05% and 1%. 

 

 
 
 

Figure 11: Laminate tan δ versus strain amplitude and Terfenol-D volume fraction. 
 

Figure 12 provides theoretical values of laminate tan δ as a function of stiffness ratio and 

thickness ratio (equation 15).  The hypothetical laminate is composed of a non-damping 

structural layer coated on either side by a layer of damping material.  The damping layer is 

assumed to have a tan δ of 0.2 (same order as both Terfenol-D and Nitinol).  The stiffness ratio is 

defined as the Young’s modulus of the damping layer (E1) divided by the Young’s modulus of 

Nitinol only 

Terfenol-D only 
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the non-damping structural layer (E2).  The thickness ratio is defined as the thickness of the 

damping layer (t1) divided by the thickness of the whole laminate (ttot).  As expected the largest 

thickness ratio results in the largest laminate tan δ.  The results in Figure 12 also show that for 

compliant damping layers (i.e. E1/E2<1), the damping is severely limited compared to stiff 

damping layers (i.e. E1/E2>1).  This illustrates the advantages of using stiff layers such as Nitinol 

and Terfenol-D as compared to viscoelastic layers.   

 
Figure 12: Peak laminate tan delta versus damping layer to substrate layer Stiffness Ratio (E1/E2) 

and damping layer thickness to total thickness ratio (t1/ttot). 
 
 

Conclusion 

NiTi and Terfenol-D films were successfully deposited by DC magnetron sputtering.  A 

model for prediction of the damping properties (tan δ) of a laminate using the material properties 
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of the layers was developed.  Damping properties in Nitinol thin film due only to residual 

stresses was measured to be as high as tan δ = 0.17 for large strain (0.9%).  At lower strain levels 

a Nitinol/Silicon laminate was tested in a cantilever load frame.  The damping value of the film 

was measured to be 0.28 (at 0.27% strain).  This was a significant improvement over the tensile 

only loading which exhibited tan δ = 0.06 at the same strain level.  A Nitinol/Terfenol-D/Nickel 

laminate was fabricated and tested in a cantilever loading.  The damping value of the film was 

measured to be 0.2 (at 0.27% strain).   
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