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  1   .  Introduction 

 Multiferroics are a class of multifunc-
tional materials in which at least two of 
the ferroic order parameters including 
ferroelectricity, ferromagnetism, and fer-
roelasticity simultaneously exist. [  1,2  ]  The 
coupling of the magnetic and electric 
properties opens up a host of new collec-
tive phenomena that are absent in each of 
the individual components, for example, 
the magnetoelectric (ME) effect, and ena-
bles next-generation device paradigms 
such as multiple-state memory elements, 
broadband magnetic sensors, electric-
fi eld controlled ferromagnetic resonance 
devices, and actuators. [  3–7  ]  The ME effect 
is defi ned by an electric polarization in 
response to an applied magnetic fi eld, 
or conversely an induced magnetization 
under an applied electrical fi eld. [  8  ]  The ME 
response was fi rst observed as an intrinsic 
effect in single-phase crystalline solids 
such as antiferromagnetic Cr 2 O 3  crystals, 
yttrium iron garnets, boracites, and rare-
earth ferrites. [  9–11  ]  However, such ME 
coupling is usually too small to be tech-

nologically viable and exists at low temperatures because the 
Curie temperatures of single phase multiferroics are generally 
below room temperature. Engineered two-phase composites 
in which the ferroic components are stress-coupled have been 
thus developed to overcome the diffi culties associated with 
uniting electrical and magnetic ordering in a single phase. [  12,13  ]  
The ferrite/piezoelectric ceramic composites, such as CoFe 2 O 4 /
BaTiO 3 , ferrite/lead-zirconate-titanate (PZT), and Tb-Dy-Fe 
alloys (Terfenol-D)/PZT, have been found to exhibit about two 
orders of magnitude higher ME response than the mono-phase 
multiferroics at room temperature. [  14–16  ]  By using thin fi lm 
growing techniques such as molecular beam epitaxy (MBE), 
epitaxial multiferroic BaTiO 3 -CoFe 2 O 4  composites has been 
synthesized and demonstrated a strong coupling of the order 
parameters through the hetero-epitaxy of the two lattices. [  17,18  ]  
Efforts to date have focused primarily on bulk ceramics and 
ceramic ME composites. However, colossal ME responses have 
been theoretically predicted in the ferroelectric poly(vinylidene 
fl uoride) (PVDF) based composites, which is attributed to large 
piezoelectric stress coeffi cients and great displacement transfer 
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capability of the polymer. [  19  ]  Indeed, strong ME effect has been 
experimentally observed in Metglas and Terfenol-D containing 
ferroelectric polymer laminate composites. [  20–25  ]  Multiferroic 
composites have also been prepared by blending Terfenol-D 
fi llers with ferroelectric poly(vinylidene fl uoride- co -trifl uoro-
ethylene), P(VDF-TrFE), matrix. [  26  ]  Compared to the ferroic 
ceramics, the polymer composites possess additional advan-
tages including easy processing, mechanical fl exibility, and 
ability to be molded into intricate confi gurations for advanced 
devices with reduced volume and weight. 

 In multiferroic composites, the ME effect is a product prop-
erty of the piezomagnetism, the piezoelectricity of the cor-
responding phases and their coupling. That is, when a mag-
netic fi eld is applied to the composites, the ferromagnetic 
phase deforms because of magnetostriction, and the strain is 
transferred to the piezoelectric phase, resulting in a change 
of electric polarization. Accordingly, the ME coeffi cient can be 
maximized by tailoring the properties of the ferroelectric and 
ferromagnetic constituents, and their strain transfer effi ciency. 
While tremendous progress has been made in the ME polymer 
composites in the last decade, the current strategies mainly 
utilize the high magnetic permittivity and piezomagnetic coef-
fi cients of the magnetostrictive phase to improve the ME coup-
ling, [  12,13  ]  with much less attention paid to the optimization of 
the ferroelectric component. 

 We describe herein a new approach to high-performance 
multiferroic polymer composites via utilizing hydrogen 
bonding interaction to enhance the piezoelectricity of the ferro-
electric polymers. It was found that hydrogen bonding not only 
promoted the formation of the polar   β   phase and also improved 
the polarization ordering in the ferroelectric polymer, which 
subsequently increased the remnant polarization and the piezo-
electric coeffi cient of the polymers and led to one of highest ME 
voltage coeffi cients among the known multiferroic materials.  

  2   .  Results and Discussion 

  2.1   .  Ferroelectric Polymer Films 

 Poly(vinylidene fl uoride- co -hexafl uoropropylene), P(VDF-HFP) 
(10 wt% HFP), was employed as the piezoelectric phase in the 
composites. Different from the typical ferroelectric polymers 
such as PVDF and its copolymer with trifl uoroethylene (TrFE) 
whose transverse piezoelectric coeffi cient  d  31  is about half of the 
longitudinal piezoelectric coeffi cient  d  33 , P(VDF-HFP)s exhibit 
an unusual piezoelectric response, that is, | d  31 / d  33 | >1. [  27  ]  This 
makes P(VDF-HFP) particularly desirable in the laminate mul-
tiferroic composites operated in longitudinally (L) magnetized 
and transversely (T) poled (or L–T) mode. The crystalline   β   
phase that accounts for the ferroelectric and piezoelectric prop-
erties of the PVDF based ferroelectric polymers has been con-
ventionally obtained by casting from polar solutions, stretching 
process, and fast quenching from the melt state. [  28–32  ]  In this 
study, Al(NO 3 ) 3 ·9H 2 O (8 wt%) was added in the  N , N -dimeth-
ylformamide (DMF)/acetone (1:1 v/v) solution of P(VDF-HFP). 
The concentration of the salt in the polymer was optimized 
according to previous studies. [  33  ]  It was found that, when the 

salt content was higher than 8 wt%, the aggregated salt led to 
high leakage currents and thus made it diffi cult to polarize the 
ferroelectric polymer under electric fi eld. 

 The cast ferroelectric polymer fi lms were dried at 135  ° C 
under vacuum and then rapidly quenched in liquid nitrogen, 
followed by uniaxially stretching at 135  ° C with a draw ratio 
( L  fi nal / L  initial ) of 4 to yield the fi lms denoted as  P2 . For the pur-
pose of comparison, the pristine P(VDF-HFP) was processed 
under the same condition and referred to as  P1 .  P2  was further 
annealed at 110  ° C for 3 h to produce the fi lms named as  P3 . 
The typical thickness of the fi lms was   ≈  ∼  15  μ m.  

  2.2   .  Microstructures and Crystallite Structures 

 As shown in  Figure    1  a, the presence of hydrogen bonding 
interaction between O–H from the Al(NO 3 ) 3 ·9H 2 O salt and 
C–F from P(VDF-HFP), where fl uorine acts as an hydrogen 

      Figure 1.  FTIR spectra of a) the Al(NO 3 ) 3 ·9H 2 O hydrated samples ( P2  
and  P3 ) in the wavenumber range of 2000–4000 cm −1  and b) the polymer 
fi lms in the wavenumber range of 400–2000 cm −1 . 
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bond acceptor, was clearly manifested by the emergence of a 
broad absorption band centered at 3400 cm −1  in the Fourier 
transform infrared (FTIR) spectra of the Al(NO 3 ) 3 ·9H 2 O doped 
P(VDF-HFP) fi lms  P2  and  P3 . [  33,34  ]  C–H stretching vibrations 
of P(VDF-HFP) were located at 3019 and 2971 cm −1 . The char-
acteristic peaks of P(VDF-HFP), that is, CH 2  wagging [ ω (CH 2 )], 
antisymmetric CF 2  stretch [ ν  a (CF 2 )] and CF 3  out-of-plane 
deformation [ γ (CF 3 )] absorbed IR radiation at 1400, 1189, and 
1064 cm −1 , respectively. The absorption bands at 510, 614 and 
1288 cm −1  shown in Figure  1 b were assigned to the vibration of 
the CF 2  group for trans-gauche (T 3 G), TG, and all-trans (T  m >4 ) 
chain conformations, respectively, of the polymers. [  35  ]  Their 
relative intensities were used to evaluate the relative   γ  ,   α  , and 
  β   contents in the fi lms according to the following equation: [  36  ] 

Fi = Ai

AI + AII + AIII   (1)     

 where  i  = I, II, and III,  A  I ,  A  II , and  A  III  are the absorbance 
of crystal forms I, II, and III, that is, all-trans, T 3 G, and TG 
sequences, respectively, and  F  i  is the fraction of chain sequence 
 i . The result is presented in  Table   1 . As expected, fast quenching 
and mechanical drawing induced the transformation from the 
non-polar   α   phase that was dominant in the pristine P(VDF-
HFP) to the polar   β   phase in  P1 . The fraction of the   β   phase 
was further increased from 0.62 of  P1  to 0.77 and 0.82 of fi lms 
 P2  and  P3 , respectively, indicating that the addition of hydrate 
and subsequent annealing favored the crystallization of the   β   
phase.   

 Consistent with the FTIR results, the characteristic peaks 
at 20.3 °  and 36.5 °  attributable to the (110, 200) and (020) 
diffractions, respectively, of the crystalline   β   phase [  37  ]  became 
increasingly pronounced from the fi lms  P1  to  P3  in the wide-
angle X-ray diffraction (WXRD) spectra as shown in  Figure    2  . 
Concomitantly, the intensities of the diffractions at 17.6 ° , 18.5 ° , 
and 26.6 °  originated from the (100), (020), and (120) planes, 
respectively, of the nonpolar   α   phase were reduced progres-
sively from  P1  to  P2  and  P3 . The crystalline and amorphous 
regions shown in the XRD patterns were separated by using the 
Gaussian function to calculate crystallinity. The size of crystal-
lites was determined according to the Scherrer formula:

t = 8/B cos θB  (2)     

 where  t  is the crystallite size,  B  is the normalized full width 
at half maximum of the diffraction peak,   λ   is the X-ray wave-
length (1.54 Å) and  2 θ  B   is the diffraction angle corresponding 
to the Bragg maximum. As summarized in  Table   2 , the crystal-
linity of the polymer was increased from 67% of  P1  to 75% of 
 P2  and 80% of  P3 . Concurrently, the crystallite size of the   β   

phase was improved from 5.4 nm of  P1  to 5.7 nm of  P2  and 
6.5 nm of  P3 .   

 In agreement with the trends observed in the WXRD and 
FTIR studies, a systematic increase of melting temperature 
from 148 to 150  ° C, accompanied by an associated improve-
ment in the heat of fusion ( Δ  H   m  ) from 33.7 to 39.3, and 41.6 J 
g –1  was found from  P1  to  P2  and  P3 , respectively in the DSC 
measurements. These results could be rationalized that the 
hydrogen bonding interactions between the salts and P(VDF-
HFP) result in the interchain registration of the all-trans con-
formations, which consequently function as nucleation sites to 
improve the crystallinity and crystallite size and the content of 
the polar   β   phase of the polymer from the fi lms  P1  to  P2  and 
 P3 . [  38  ]   

  2.3   .  Polarization 

 In addition to the crystalline phase, polarization ordering is 
known to play an equally important role on the ferroelectric 
and piezoelectric properties of the ferroelectric polymer. [  33,39  ]  
As a result of anisotropic orientational polarizability of PVDF 
crystals, the fi lms with the crystal  c -axes perpendicular to the 
electric fi eld exhibit larger maximum/remnant polarization 
and accordingly, higher electromechanical properties as com-
pared to the fi lms with randomly oriented crystals.  Figure    3  a 
shows 2D WXRD patterns of the polymer fi lms. The pristine 

 Table 1.   Fractions of all-trans, TG, and T 3 G conformations calculated 
from the FTIR spectra of P(VDF-HFP). 

P(VDF-HFP)   F  m >4   F  TG    F  T3G   

Pristine  0.15  0.59  0.26  

P1  0.62  0.26  0.12  

P2  0.77  0.10  0.13  

P3  0.82  0.07  0.1  

 Table 2.   The crystallinity, crystalline size and d-spacing calculated from 
X-ray diffraction patterns of P(VDF-HFP). 

P(VDF-HFP)  Crystallinity 
[%]  

Crystal Size [nm]  d-spacing 
[Å]  

Pristine  59.7  11.8 (  α  )  4.41  

P1  67.8  5.4 (  β  )  4.33  

P2  75.5  5.7 (  β  )  4.32  

P3  80.2  6.5 (  β  )  4.28  

      Figure 2.  XRD patterns of the P(VDF-HFP) samples. 
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P(VDF-HFP) fi lms exhibited sharp isotropic rings, indicative of 
a random orientation of the crystals with respect to the normal 
direction of the fi lm. For  P1 ,  P2 , and  P3 , the  c -axes of the   β   
phase crystalline regions were preferentially oriented parallel 
to the drawing direction ( y ) because the (110/200)   β    refl ec-
tion appeared in the horizontal  x  direction in the  z  2-dimen-
sion wide-angle X-ray diffraction (2D WAXD) pattern. Since 
the direction of the polarizing electric fi eld is perpendicular 
to the fi lm surface, this crystallite distribution orientation 
favors dipole alignment and consequently, polarization and 
piezoelectricity of the fi lm. The azimuthal angle dependence 
of the WXRD peak intensity of the   β   phase at (110/200) plane 
is displayed in Figure  3 b. The Herman’s orientation function, 
 f , a quantitative sign of chain and crystalline orientation in a 
polymer with anisotropic crystalline structure, can be deter-
mined according to the following equations: [  40  ] 

f =
3 < cos2 φ > −1

2  
 (3)

      

with

< cos2 φ >=
∫ B

2
0 I(φ ) cos2 φ sin φ dφ

∫ B
2

0 I(φ ) sin φ dφ
 
 (4)

      

where   Φ   is the azimuthal angle that is the angle between the 
normal of the crystallographic plane and the reference direc-
tion in the fi lm plane and  I (  Φ  ) is the intensity as a function 
of azimuthal angle.  f  varies from 0 for random orientation to 
1 for perfect orientation along the reference axis or −0.5 for 
perpendicular orientation relative to the reference axis. It was 
found that  f  was increased from −0.30 of  P1  to −0.33, and 
−0.35 of  P2  and  P3 , respectively, signifying the improvement 
of the crystalline chain orientation by hydrogen bonding and 
post-annealing. We hypothesize that the hydrogen bonded O–H 
group (O–H···F–C) increases the stability of the molecular 
chain orientation after stretching, leading to better alignment 
of dipoles.  

 To further quantify the chain orientation, the dichroic ratio 
(DR) of the polarized FTIR spectra shown in  Figure    4   was cal-
culated according to:

D.R. = IT − I//

IT + I//  
 (5)

     

 where  I  T  and  I ll   are the intensities of the FTIR absorption 
bands perpendicular (90 ° ) and parallel (0 ° ) to the polarizer 
direction, respectively. The DR value ranges from 0 for random 
orientation to 1 for perfect orientation. The peak at 880 cm −1  is 
assigned to the vibration of CH 2  rocking and CF 2  asymmetric 
stretching and rocking in the   α  -phase, while the 842 cm −1  band 
is characteristic of CF 2  symmetric stretching in the   β  -phase. [  41  ]  
The presence of stronger absorption bands at 842 and 880 cm −1  
when polarizer was placed at 0 °  indicated that the polar  b  axis 
of the P(VDF-HFP) copolymer chain was perpendicular to the 

      Figure 4.  Polarized FTIR spectra of  P1 ,  P2  and  P3  fi lms with polarizer 
set at 0 °  and 90 ° . 

      Figure 3.  a) 2D WAXD patterns of P(VDF-HFP) fi lms. The X-ray beam 
was directed normal to the fi lm surface. The fi lm is in  x – y  plane with the 
stretching direction along the y axis. b) Azimuthal angle distribution of 
XRD intensity of composite (110/200) plane of the   β   phase of  P1 ,  P2 , and 
 P3  fi lms, respectively. Azimuthal angle at 0 °  corresponds to the stretching 
direction ( y  axis) and the reference direction to calculate Hermen’s ori-
entation parameter, and azimuthal angle at 90 °  is perpendicular to the 
stretching direction ( x  axis) in the fi lm plane. 
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fi lm surface and the planar zigzag chains were aligned par-
allel to the fi lm surface. The DR values were found to increase 
monotonously from 0.6 of  P1  to 0.72 and 0.74 of  P2  and  P3 , 
respectively, at 842 cm −1  and from 0.35 of  P1  to 0.44 and 0.48 
of  P2  and  P3 , respectively, at 880 cm −1 , clearly manifesting that 
higher degrees of chain orientation were achieved by hydration 
and post-annealing in  P2  and  P3 .  

 The enhancement of polarization ordering induced by 
hydrogen-bonding interaction has also been substantiated 
in the frequency dependence of the dielectric constant of the 
polymer fi lms. As show in  Figure    5  a, the dielectric constants of 
the polymers measured along the poling direction were reduced 
after poling due to the alignment of the dipoles along the direc-
tion of the applied fi eld. The dielectric constant of  P1  meas-
ured at 1 kHz decreased from 11.9 to 10.9 after poling under 
200 MV m −1  for 5 min. at room temperature. Comparatively, 
the dielectric constants of  P2  and  P3  at 1 kHz were reduced 
from 13.9 to 9.8 and from 15.2 to 10.1, respectively, after poling 

under the same condition. A more pronounced reduction in 
the dielectric constant upon poling suggests that  P2  and  P3  
fi lms possess a better alignment of dipoles and polarization 
ordering. [  42  ]  Additionally, it is evident from the dielectric relaxa-
tion spectra shown in Figure  5 b that the peak corresponding to 
the transition from the polar to nonpolar phases shifted pro-
gressively from approximately 44  ° C in  P1  to 82  ° C in  P2  and 
127  ° C in  P3 , again verifying the existence of higher ordering of 
the polar phase in  P2  and  P3 . [  43  ]   

  Figure    6   compares the polarization-electric fi eld ( P–E ) loops 
of the fi lms measured at 200 MV m −1  using a modifi ed Sawyer-
Tower circuit. Typical ferroelectric  P–E  loops characterized with 
hysteresis and remnant polarization ( P  r ) have been observed in 
the fi lms. Compared to the pristine P(VDF-HFP) with a  P  r  of 
15 mC m −2 ,  P1  exhibited an improved  P r   value of 47 mC m −2 . 
 P r   was increased markedly to 78 and 87 mC m −2  in  P2  and  P3 , 
respectively, originating from the constant increase in the polar 
  β   phase and the polarization ordering from  P1  to  P2  and  P3 . 
Analogously, the increase of storage modulus measured by 
dynamic mechanical analysis (DMA) from 1.26 GPa of  P1  to 
1.66 and 1.87 GPa of  P2  and  P3 , respectively, is well correlated 
with the enhancement of crystallinity, crystallite size and chain 
orientation. Since the piezoelectric coeffi cient is directly propor-
tional to the remnant polarization in the PVDF based ferroelec-
tric polymers, higher piezoelectricity was thus anticipated in  P2  
and  P3  (see the discussion below). [  44  ]    

  2.3   .  Multiferroic and Piezoelectric Properties 

 The multiferroic laminate composites were fabricated by 
attaching the transversely poled P(VDF-HFP) fi lms on the cen-
tral part of iron-based Metglas sheet to take advantage of the 
magnetic fl ux concentration effect. Metglas was chosen as the 
magnetostrictive layer due to its high piezomagnetic coeffi cient 
( ≈ 4   ×   10 −6  Oe −1 ). [  45  ]   Figure    7  a presents the dependence of the 
ME voltage coeffi cient   α   ME  on dc magnetic fi elds ( H  dc ) for the 
laminate composites measured at 20 Hz. Negligible output 
voltage was detected in the pristine P(VDF-HFP)-Metglas 

      Figure 5.  a) Frequency dependence of the dielectric constant of the fi lms 
before and after poling. b) Temperature dependence of the dielectric con-
stants of the fi lms measured at 100 Hz. 

      Figure 6.   P – E  loops of the P(VDF-HFP) fi lms measured at 200 MV m −1 . 
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composites. For the  P1 –Metglas composites, a   α   ME  value of 
10.5 V cm −1  Oe was obtained, which was increased to 19.1 and 
22 V cm −1  Oe for  P2  and  P3  based composites, respectively. 
The achieved   α   ME  are compared favorably to the values of the 
reported multiferroic polymer composites. For example, the 
P(VDF-TrFE) based composites exhibit the maximum value 
of   α   ME  of 6.9 V cm −1  Oe, and the   α   ME  of Metglas/PVDF and 
Terfenol-D/PVDF composites are 7.2 and 3 V cm −1  Oe, respec-
tively. [  12,20  ]  It is important to note that the prepared composites 
required an applied magnetic fi eld of only  ≈ 4 Oe to achieve 
a maximum ME coeffi cient, which is more than 50% lower 
than the magnetic bias of the PVDF/Metglas laminates. [  24  ]  A 
low magnetic bias fi eld is highly desirable for highly sensitive 
magnetic sensors and miniaturized transducers. The frequency 
dependence of the   α   ME  of  P3 –Metglas composite is presented 
in Figure  7 b. A colossal   α   ME  of 320 V cm −1  Oe was obtained 
at a frequency of 68 kHz, which is attributed to the electrome-
chanical resonance enhancement of elastic coupling interaction 
between the P(VDF-HFP) and Metglas layers.  

 The laminated ME composites represent a serial combina-
tion of the magnetostrictive and piezoelectric layers, where the 

intrinsic transverse piezoelectricity of the poled P(VDF-HFP) 
implies a linear relationship between the induced transverse 
electrical polarization and the longitudinal stress. According to 
the equivalent circuit method, the ME voltage coeffi cient can be 
expressed as: [  46  ] 

"ME =
∂ E

∂ H
=

nd33,md31, p

ng0gS
33s E

11 + (1 − n)s H
33(g0gS

33 + d2
31, p / s E

11)
 
 (6)

       

 where  n  is the magnetic phase thickness ratio, s E
11   and s H

33   are 
the elastic compliances of the piezoelectric and magnetostric-
tive layers, respectively, g0   is the vacuum permittivity, gS

33   is 
the dielectric constant of the piezoelectric material at constant 
strain, and d33,m   and d31,p   are the longitudinal magnetostric-
tion and transverse piezoelectric strain coeffi cients, respectively. 
While it is rather diffi cult to unambiguously determine  d  31  of 
the thin fi lms in the experiments, the effective  d  31  can be esti-
mated according to Equation  6 . Based on the measured   α   ME , 
dielectric constant and elastic moduli, and the magnetostric-
tive coeffi cient found in the literature, [  20  ]  the effective  d  31  was 
assessed to be approximately 18.4, 25.8, and 28.6 pC/N for  P1 , 
 P2  and  P3 , respectively. Interestingly, these values are greater 
than those of uniaxially stretched PVDF and P(VDF-TrFE) 
whose  d  31  are typically around 18 and 10 pC/N, respectively. [  47  ]    

  3   .  Conclusions 

 In summary, the hydrogen bonding interaction between hydrate 
salts and ferroelectric polymers was exploited in the design 
of high-performance ME composites. The effect of hydrogen 
bonds on the polarization ordering of the ferroelectric polymers 
was investigated by 2D WXRD, polarized FTIR, and dielectric 
relaxation spectra. The increase of chain orientation, coupled 
with the expected enhancement of the evolution of the polar 
phase of the ferroelectric polymers stemming from hydrogen-
bonding interactions, entails marked improvement in the ME 
voltage coeffi cients relative to analogous composites. Addition-
ally, the notably low dc bias requirement is an important advan-
tage of the prepared composites over the previously reported 
ME materials. The simplicity and scalability of the described 
method further suggest their potential in practical applications. 
We expect this work presents a promising direction to enhance 
the electromechanical and ferroelectric properties of the elec-
troactive polymers for the multifunctional composites exhib-
iting collective properties and functionalities.  

  4   .  Experimental Section 
  Preparation of Ferroelectric Polymer Films : P(VDF-HFP) (10 wt.% HFP, 

Knyar 2801, Arkema) solutions were prepared by dissolving P(VDF-HFP) 
powder in DMF/acetone (1:1 v/v) with or without addition of 8 wt% 
of Al(NO 3 ) 3 ·9H 2 O (99.995%). The thin fi lms were deposited through 
a solution-casting process on glass slide. The as-cast fi lms were dried 
at 135  ° C for 12 h under vacuum. The samples were quenched by 
immersing them in liquid nitrogen for 15 min, and followed by uniaxially 
stretching by means of a narrow zone drawing process, with the 
temperature of the heating zone at 135  ° C. The stretching ratio is fi xed at 
4. After stretching, some of the samples were annealed at 110  ° C for 3 h. 

  Preparation of ME Laminate Composites : The P(VDF-HFP) fi lms were 
sputtered with 50 nm thick gold on both sides of surface as electrodes 

      Figure 7.  a) ME voltage coeffi cient of the composites as a function of dc 
magnetic fi eld. b) ME voltage coeffi cients of the  P3 -Metglas composite 
at varied frequencies. 
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and transversely poled by a 200 MV m -1  constant electrical fi eld at 
room temperature for 5 min. Iron-based Metglas 2605 SA1 (Metgals, 
Inc., Conway, SC) and poled P(VDF-HFP) thin fi lm layers were glued 
using a thin layer of commercial available epoxy to obtain the two-layer 
ME laminates. The thickness of Metglas layer is 25  μ m. The length of 
Metglas sheet is 30 mm, and the width is 4.5 mm. P(VDF-HFP) layers 
are fi xed at 7 mm long and 4 mm wide, attached on the central part of 
the Metglas sheets. 

  Structure Characterization : The thermal transition data were obtained 
by a TA Instruments Q100 differential scanning calorimeter (DSC) at a 
heating and cooling rate of 10  ° C min –1 . Dynamic mechanical analysis 
(TA DMA 2980) was carried out to investigate the elastic modulus of 
the P(VDF-HFP) fi lms at 1 Hz. The crystalline and microstructure of the 
copolymers was characterized by FTIR spectroscopy (Nicolet 510) and 
WXRD (Scintag CuK α  diffractormeter with a X-ray wavelength of 1.54 Å). 

  Dielectric and ME Property Measurement : The weak fi eld dielectric 
constant and loss tangent of the P(VDF-HFP) copolymer fi lms were 
measured by an Agilent E4980A LCR meter from 20 Hz to 2 MHz. 
Temperature dependence of the dielectric constant at frequencies ranging 
from 10 2  to 10 6  Hz were characterized using a HP LCR meter (4284A) 
equipped with a Delta Design Oven (Model 2300). The polarization-
electrical fi eld ( P–E ) hysteresis loops were measured using the modifi ed 
Sawyer-Tower circuits, and the ac fi eld used has a sinusoidal waveform 
with a frequency of 1 Hz. To measure the ME coupling coeffi cients of 
the laminates, dc ( H  dc ) and ac ( H  ac ) magnetic fi elds were applied along 
the length of the laminates. At 20 Hz frequency, an electromagnet was 
used to provide  H  ac  and  H  dc  at  H  ac  = 0.724 Oe. At frequency larger than 
20 Hz, Helmholtz coils were used to generate  H  ac  and  H  dc . A function 
generator generated a controllable input current to the electromagnet or 
Helmholtz coil, and a lock-in amplifi er was used to measure the output 
voltage induced across the P(VDF-HFP) layer of the ME laminates.  
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