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            Materials Science and Engineering B 163 (2009) 114–119 Contents lists available at ScienceDirect Materials Science and Engineering B journal homepage: www.elsevier.com/locate/mseb Geometry effects on magnetoelectric performance of layered Ni/PZT composites D.A. Pan a,∗ , J.J. Tian a , S.G. Zhang a , J.S. Sun b , A.A. Volinsky c , L.J. Qiao a a School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083, PR China b Faculty of Materials and Metallurgical Engineering, Kunming University of Science and Technology, Kunming, Yunnan, 650093 PR China c Department of Mechanical Engineering, University of South Florida, Tampa, FL 33620, USA article info Article history: Received 25 November 2008 Received in revised form 6 May 2009 Accepted 24 May 2009 Keywords: Functional composites Layered structures Vibration Magnetoelectric properties abstract Layered magnetoelectric (ME) composite structures of varying geometry consisting of PZT and Ni layers were prepared by electrodeposition. Trilayered plate, bilayered and trilayered cylindrical structures’ ME performance was compared. The ME voltage coefﬁcient increased with Ni layer thickness. Cylindrical composites show better ME performance than the plate structures with the same magnetostrictive- piezoelectric phase thickness ratio under high applied magnetic ﬁelds at resonant frequencies. Bilayered cylindrical Ni/PZT structure has the best performance in axial mode under high magnetic ﬁeld, exhibit- ing linear ME voltage coefﬁcient dependence on the applied magnetic ﬁeld, which makes it a promising candidate for magnetic ﬁeld sensor applications. Cutting the ring along the axial direction drastically decreased its performance. © 2009 Elsevier B.V. All rights reserved. 1. Introduction Layered multiferroic materials are candidates for the next- generation multifunctional devices [1–6]. In these structures, the interaction between ferroelectric and ferromagnetic layers pro- duces new coupled magnetoelectric (ME) effect [7,8]. The ME response appears as an electric polarization upon applying mag- netic ﬁelds and/or a magnetization upon applying electric ﬁelds, and has been observed in some single-phase materials [9,10], including BiFeO 3 and BaMnF 4 [11,12]. The ME effect comes from the local exchange between the internal orderly magnetic struc- ture and ferroelectric sub-lattice [13]. Unfortunately, single-phase materials exhibit weak ME effect, which explains their limited application. Magnetoelectric layered composite structures provide an alternative, exhibiting higher ME effect due to mechanical cou- pling between piezoelectric and ferromagnetic layers [14]. When magnetic ﬁled is applied to the ferromagnetic layer, it deforms, transporting mechanical strain onto the piezoelectric layer, thus generating an electric potential. The magnetoelectric coefﬁcient is the voltage generated in the piezoelectric due to the applied magnetic ﬁeld per piezoelectric thickness, and has the units of V/(cmOe). Ferroelectric and ferromagnetic layered materials have Curie and Neil temperatures above room temperature, and exhibit larger piezoelectric and piezomagnetic effects compared with tra- ditional single-phase ME materials. There are two major types of synthesized ME composites: par- ticulate and layered composites. Particulate composites include ∗ Corresponding author. Tel.: +86 10 82376835; fax: +86 10 62333375. E-mail address: [email protected] (D.A. Pan). sintered and organic solidiﬁed composites [15–20]. The ME effect is weak in these sintered structures because of the diffusion between phases and the seepage phenomenon. The same problem exists with organic solidiﬁed composites made by hot pressing of piezo- electric and piezomagnetic granular materials. Layering has become a popular method for synthesizing ME composites. This is especially true for joining together piezoelec- tric and piezomagnetic phases by bonding or hot pressing [21–28]. The ME effect in layered composites is much higher compared with the particulate composites made from the same materials [29]. However, interfacial effects in laminate composites are inevitable, and constrain the improvement and applications of ME laminate composites due to ageing and fatigue. Liu and co-workers made layered composites with improved ME effect by bonding layers of varying geometry [30]. However, based on the limitation of the gluing method, only simple pla- nar shapes could be produced, including laminated squares and disks [31,32]. Laletin et al. reported the giant ME effect in layered transition metal/PZT samples synthesized by bonding thin disks of PZT and Fe, Co or Ni with an adhesive [33]. As for more complex shapes, such as cylinders, new techniques had to be developed. It is possible to improve the ME layered composite performance by depositing each layer directly, without the use of a bonding agent, which provides much better mechanical coupling and can produce more complex shapes that will help improve the ME effect. Electrodeposition is widely used for making composite func- tional materials with good interfacial adhesion. Electrodeposition process has the ability to coat complex shapes, while controlling coating thickness and composition [34–36]. Magnetic materials, including Fe, Co, Ni and their alloys can be deposited by elec- trodeposition from the corresponding salt solutions. Moreover, the 0921-5107/$ – see front matter © 2009 Elsevier B.V. All rights reserved. doi:10.1016/j.mseb.2009.05.017 
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 a b s t r a c t
 Layered magnetoelectric (ME) composite structures of varying geometry consisting of PZT and Ni layerswere prepared by electrodeposition. Trilayered plate, bilayered and trilayered cylindrical structures’ ME
 ccepted 24 May 2009
 eywords:unctional compositesayered structures
 performance was compared. The ME voltage coefficient increased with Ni layer thickness. Cylindricalcomposites show better ME performance than the plate structures with the same magnetostrictive-piezoelectric phase thickness ratio under high applied magnetic fields at resonant frequencies. Bilayeredcylindrical Ni/PZT structure has the best performance in axial mode under high magnetic field, exhibit-ing linear ME voltage coefficient dependence on the applied magnetic field, which makes it a promising
 eld se.
 ibrationagnetoelectric properties
 candidate for magnetic fidecreased its performanc
 . Introduction
 Layered multiferroic materials are candidates for the next-eneration multifunctional devices [1–6]. In these structures, thenteraction between ferroelectric and ferromagnetic layers pro-uces new coupled magnetoelectric (ME) effect [7,8]. The MEesponse appears as an electric polarization upon applying mag-etic fields and/or a magnetization upon applying electric fields,nd has been observed in some single-phase materials [9,10],ncluding BiFeO3 and BaMnF4 [11,12]. The ME effect comes fromhe local exchange between the internal orderly magnetic struc-ure and ferroelectric sub-lattice [13]. Unfortunately, single-phase
 aterials exhibit weak ME effect, which explains their limitedpplication. Magnetoelectric layered composite structures providen alternative, exhibiting higher ME effect due to mechanical cou-ling between piezoelectric and ferromagnetic layers [14]. Whenagnetic filed is applied to the ferromagnetic layer, it deforms,
 ransporting mechanical strain onto the piezoelectric layer, thusenerating an electric potential. The magnetoelectric coefficients the voltage generated in the piezoelectric due to the applied
 agnetic field per piezoelectric thickness, and has the units of/(cm Oe). Ferroelectric and ferromagnetic layered materials haveurie and Neil temperatures above room temperature, and exhibit
 arger piezoelectric and piezomagnetic effects compared with tra-itional single-phase ME materials.
 There are two major types of synthesized ME composites: par-iculate and layered composites. Particulate composites include
 ∗ Corresponding author. Tel.: +86 10 82376835; fax: +86 10 62333375.E-mail address: [email protected] (D.A. Pan).
 921-5107/$ – see front matter © 2009 Elsevier B.V. All rights reserved.oi:10.1016/j.mseb.2009.05.017
 ensor applications. Cutting the ring along the axial direction drastically
 © 2009 Elsevier B.V. All rights reserved.
 sintered and organic solidified composites [15–20]. The ME effect isweak in these sintered structures because of the diffusion betweenphases and the seepage phenomenon. The same problem existswith organic solidified composites made by hot pressing of piezo-electric and piezomagnetic granular materials.
 Layering has become a popular method for synthesizing MEcomposites. This is especially true for joining together piezoelec-tric and piezomagnetic phases by bonding or hot pressing [21–28].The ME effect in layered composites is much higher compared withthe particulate composites made from the same materials [29].However, interfacial effects in laminate composites are inevitable,and constrain the improvement and applications of ME laminatecomposites due to ageing and fatigue.
 Liu and co-workers made layered composites with improvedME effect by bonding layers of varying geometry [30]. However,based on the limitation of the gluing method, only simple pla-nar shapes could be produced, including laminated squares anddisks [31,32]. Laletin et al. reported the giant ME effect in layeredtransition metal/PZT samples synthesized by bonding thin disks ofPZT and Fe, Co or Ni with an adhesive [33]. As for more complexshapes, such as cylinders, new techniques had to be developed. Itis possible to improve the ME layered composite performance bydepositing each layer directly, without the use of a bonding agent,which provides much better mechanical coupling and can producemore complex shapes that will help improve the ME effect.
 Electrodeposition is widely used for making composite func-
 tional materials with good interfacial adhesion. Electrodepositionprocess has the ability to coat complex shapes, while controllingcoating thickness and composition [34–36]. Magnetic materials,including Fe, Co, Ni and their alloys can be deposited by elec-trodeposition from the corresponding salt solutions. Moreover, the http://www.sciencedirect.com/science/journal/09215107
 http://www.elsevier.com/locate/mseb
 mailto:[email protected]
 dx.doi.org/10.1016/j.mseb.2009.05.017

Page 2
                        
                        

and E
 bes
 2
 tcCIaueT
 Pticilto2r
 iwrw1es(
 Fd
 TT
 d
 5
 D.A. Pan et al. / Materials Science
 onding glue layer can be avoided with this method. We utilizedlectrodeposition to make layered ME composites with complexhapes and improved ME properties, which are discussed later.
 . Experimental procedures
 Three different structure types were made, and include planarrilayered Ni/PZT/Ni, cylindrical trilayered Ni/PZT/Ni, and cylindri-al bilayered Ni/PZT composites, presented schematically in Fig. 1.ommercial PZT-5H ceramic (Pb(Zr0.52Ti0.48)O3 supplied by the
 nstitute of Acoustics, Chinese Academy of Sciences) was utilizeds the piezoelectric layer and electrodeposited pure nickel (Ni) wastilized as the magnetic layer, which had good piezoelectric prop-rties. The main performance parameters of PZT-5H are shown inable 1.
 Sample preparation consisted of the following steps: first, theZT was mechanically cut into desired shape, then polarized (vec-or P shows the polarization direction in Fig. 1), and then bathedn a plating solution to electrodeposit Ni. The thickness of Ni wasontrolled by the deposition time. For a plate layered ME compos-te, shown schematically in Fig. 1(a), the dimensions of PZT centerayer are W × L × tPZT = 10 mm × 20 mm × 0.25 mm, where tPZT is thehickness of PZT. Varying thickness Ni layers were electro-platedn both sides of the PZT samples. The deposition times were 1,and 4 h, which resulted in 0.1, 0.2 and 0.4 mm thick Ni layers,
 espectively.For the cylindrical trilayered ME composite, shown schemat-
 cally in Fig. 1(b), the dimensions of PZT are R1 × R2 × h mm3,here R1 = 9 mm is the inner radius, R2 = 10 mm is the outer
 adius, h = 8 mm is the PZT cylinders height and tPZT = (R2 − R1). Ni
 as deposited on both inner and outer PZT cylinder surfaces for 0 h, which resulted in total 1 mm Ni layer thickness (0.5 mm onach side of the cylinder). For the cylindrical bilayered structure,hown schematically in Fig. 1(c), the PZT cylinder height is 3 mmh = 3 mm), and the other two dimensions are the same as for the
 ig. 1. Schematic of (a) planar trilayered Ni/PZT/Ni and (b) cylindrical trilayered Ni/PZT/Niirection. Other vectors identify the direction of applied magnetic field, and correspondin
 able 1he main performance parameters of PZT-5H.
 33 (×10−12 C/N) d31 (×10−12 C/N) ˛ (×10−6 ◦C−1) TC (◦C)
 00 −175 10 300
 ngineering B 163 (2009) 114–119 115
 trilayered cylindrical structure (R1 = 9 mm R2 = 10 mm). The corre-sponding PZT radii are R1 and R2 shown in Fig. 1(c). Besides havingsmaller height compared with the trilayered cylindrical structure,Ni was only deposited on the outer PZT cylinder surface for 20 h,resulting in 1 mm Ni layer thickness. For both cylindrical samples,PZT was polarized in the radial directions (P in Fig. 1(b) and (c)).
 Ni electrodeposition process is described in detail elsewhere[37]. Nickel aminosulfonate plating solution (concentration of600 g/L) was used due to its stability, rapid plating speed and smallfilm residual stresses. Nickel chloride (20 g/L) was added to the plat-ing bath to help the anode dissolution. Boric acid (20 g/L) actedas a buffer to stabilize the plating solution pH. The pH value wasadjusted to 4 by using sulfamic acid and sodium hydroxide. Surfac-tant of sodium lauryl sulfate (0.1 g/L) was added to prevent pinholeson the film surface. The total volume of the electro-plating solutionwas about 1 L, and plating occurred at 60 ◦C with 5 A/dm2 currentdensity.
 The magnetoelectric measurement system is described in detailelsewhere [38]. The ME voltage coefficient was calculated basedon ˛E = �V/(tPZT·�H), where �H is the amplitude of the sinusoidalmagnetic field generated by Helmholtz coils. For the plate sample,the polarization direction is along the PZT thickness (transversedirection), denoted as P in Fig. 1(a). We can obtain ME voltage coef-ficients effect of ˛T–L
 E and ˛T–TE when the magnetic fields are applied
 in the longitudinal and transverse directions, respectively. Magne-toelectric voltage coefficient ˛T–L
 E direction notation used in thispaper is the following: the first superscript T denotes the transversePZT polarization direction and L denotes the longitudinal magneticapplied direction. Similarly, ˛T–T
 E assumes that the PZT thickness istaken along the transverse plate direction, and the magnetic field
 is applied in the same plate transverse direction. For these cylindrical layered samples, two ME voltage coef-ficients ˛R–A
 E and ˛R–VE were obtained corresponding to two
 conditions where HDC and �H were applied along the cylinder axis,or in the vertical direction along its diameter, respectively. For ˛R–A
 E
 and (c) cylindrical bilayered Ni/PZT ME composite. Vector P shows PZT polarizationg ME voltage coefficients.
 ε K tgı � (kg/m3) Qm
 1750 0.65 0.02 7.5 × 103 50
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 nd ˛R–VE , R denotes radial polarization direction, while A and V
 enote axial and vertical axis along which direction the magneticeld is applied.
 . Results and discussion
 .1. ME effect in the plate layered composites
 Three plate structures with varying Ni layer thickness, shownchematically in Fig. 1(a), were tested in both longitudinal andransverse modes as a function of applied magnetic field ampli-ude and frequency. At 1 kHz magnetic field frequency it was foundhat the transverse ME voltage coefficient reaches a sharp peak at.5 kOe, while in the transverse mode the maximum was reachedt 0.16 kOe [39].
 Fig. 2 shows the magnetoelectric voltage coefficients of the0 mm × 20 mm × 0.65 mm Ni/PZT/Ni composite structure shownchematically in Fig. 1(a) as a function of the applied magnetic field,DC in transverse (˛T–T
 E ) and longitudinal (˛T–LE ) directions. The
 otal thickness of top and bottom Ni layers is 0.4 mm, and the dataas obtained at 1 kHz magnetic field oscillation frequency. With theagnetic filed amplitude increase, the longitudinal ˛T–L
 E shows aharp peak, reaching a maximum of 0.5 V/(cm Oe) at Hm = 0.16 kOe,hen decreases rapidly to zero at 3 kOe. In contrast, the transverseT–TE has two peaks, one at low HDC, and a second maximum of.13 V/(cm Oe) at Hm = 4.5 kOe.
 Fig. 3 compares the ME voltage coefficients frequencyependence of the trilayered Ni/PZT/Ni composite structure in
 ongitudinal, ˛T–LE and transverse, ˛T–T
 E , directions obtained atorresponding optimized magnetic fields of 0.16 kOe and 4.5 kOe,espectively. The longitudinal ˛T–L
 E is much larger than the trans-erse ˛T–T
 E , although both peaks occur at the same resonantrequency. This means that regardless of the magnetic field appli-ation direction, the sandwich structure vibrates at its naturallectromechanical resonance (EMR) frequency of 90 kHz. ME volt-ge coefficient magnitude and the field dependence are related to a
 ariation of the demagnetization effect [40]. The magnetostrictiveayer plate geometry dictates that the longitudinal line magne-ostriction will be much higher than the transverse one, so the aximum of ˛E is larger and the corresponding DC magnetic field
 ig. 2. Magnetoelectric voltage coefficient in transverse ˛T–TE and longitudinal ˛L–T
 Eirections at room temperature for Ni–PZT–Ni trilayered composites with Ni layershickness of 0.4 mm.
 Fig. 3. Frequency dependence of the longitudinal and the transverse ME voltagecoefficients for the Ni–PZT–Ni trilayered composite with 0.2 mm Ni layer thicknessat Hm corresponding to the maximum ME coupling [39].
 is lower. Srinivasan et al. also obtained a similar result [40]. PZT isnot constrained in the transverse direction due to the layered platestructure geometry, thus it is under plane stress conditions.
 We also measured the dielectric constant and the dielectric lossof the laminated Ni–PZT–Ni composite as a function of frequency,and found that the dielectric constant discontinuity happens atthe resonance frequency of 90 kHz [39,41]. Fig. 4 shows the lon-gitudinal ME coefficient, ˛T–L
 E , as a function of frequency for threesamples with different Ni layer thicknesses, tNi. The EMR frequencyshifts towards higher values with increasing Ni thickness due to thefact that thicker Ni is more efficient in straining PZT and the struc-ture becomes stiffer [30]. According to Bichurin’s theoretical modelof the magnetoelectric resonance effect, the ME coefficient peakvalue is determined by the effective piezomagnetic and piezoelec-
 tric coefficients, compliance and permittivity [42]. HDC curves of aplate layered ME composite shown in Fig. 2 indicate that the maindifference between ˛T–T E and ˛T–LE is that while there is a sharp
 peak at low magnetic field for ˛T–LE , there is a broader peak at high
 Fig. 4. Ni layer thickness effect on the ME voltage coefficient of the plate structurein the longitudinal mode [39].

Page 4
                        
                        

and Engineering B 163 (2009) 114–119 117
 fipdHa
 ddfsdimtlPt
 iteolrnoNrttpmwbsblhet
 3
 amctel0tvs
 tacacsassp
 The ME effect for the cylindrical composites at low magneticfields (<0.16 kOe) in the vertical mode is similar to that of theplate composites in the longitudinal mode, but it is similar to thatof the transverse mode in high magnetic fields (>4.1 kOe). For a
 D.A. Pan et al. / Materials Science
 eld only for ˛T–TE . Dong et al. also obtained similar results for a
 late structure [43]. As HDC and �H are applied along the longitu-inal direction, a sharp peak of ˛E always appears at the low field.owever, as HDC and �H are applied along the transverse direction,flat peak of ˛E appears at the high field.
 For the trilayered plate ˛T–LE measurement, the magnetic field
 irection is applied along the composite plate length (in-planeirection), but it is along the PZT thickness direction (out of plane)or ˛T–T
 E , which is aligned with the PZT polarization direction. Nihrinks in the direction of the applied magnetic field. Absoluteimension change (shrinkage) due to the magnetostrictive effect
 s larger in the plane of the plate composite structure (when theagnetic filed is applied in the longitudinal direction) than in the
 ransverse out-of-plane direction, since the in-plane dimension isarger in this case. That is why there is a sharp peak at HDC applied inZT polarization direction, while there is a broad peak in the direc-ion perpendicular to the PZT polarization for the plate structure.
 For the magnetoelectric layered structure, the interfacial bond-ng between magnetostrictive and piezoelectric layers is importanto their ME performance. Liu et al. theoretically predicted the influ-nce of interfacial bonding layer thickness and its shear modulusn the magnetoelectric effect [44]. With the interfacial bindingayer thickness increase and its shear modulus decrease, the MEesponse will rapidly decrease. It is worth to note that the mag-etostriction of Ni is two orders of magnitude smaller than thatf the Terfenol–D, but the ME voltage coefficient of the laminatedi–PZT–Ni composite synthesized by electrodeposition is compa-
 able with that of the Terfenol–D/PVDF/PZT bulk samples becausehe adhesive Polyvinylidene Fluoride (PVDF) interfacial layer inhe Terfenol–D/PVDF/PZT system is eliminated in the electrode-osited Ni–PZT–Ni system [29,45]. The shear modulus of metal isuch higher than that of PVDF, and the metal layer bonds directlyith PZT, without the need for adhesive PVDF bonding. Hence,
 etter interfacial coupling between PZT and Ni layers offsets Ni’smaller magnetostriction compared with Terfenol-D. It is possi-le to enhance the ME coefficient further by polarizing PZT in the
 ongitudinal direction and electrodepositing thicker metals withigher magnetostriction coefficient. We showed that thicker Ni lay-rs results in higher ME voltage coefficient. The possible reason ishat Ni has lower demagnetization factor than the Terfenol-D [46].
 .2. ME effect in cylindrical layered composites
 Fig. 5 compares the ME voltage coefficients for trilayerednd bilayered cylindrical composites obtained at 1 kHz appliedagnetic field frequency. For the Ni/PZT/Ni cylindrical trilayered
 omposite the PZT dimension are Ø 18 mm × Ø 20 mm × 8 mm. Therilayered cylinder axial HDC curve is similar to that of a plate lay-red ME composites when the magnetic fields are applied in theongitudinal direction. There is a sharp peak at low field (below.5 kOe) in both axial and vertical modes observed in Fig. 5 for therilayered cylinder. With the increased bias magnetic field the MEoltage coefficient decreases in the vertical mode, but there is aecond wide maximum peak at 4.1 kOe [47].
 Similar to the trilayered plate structure in the vertical direction,here are two peaks observed for the trilayered cylinder, one at low,nd one at higher magnetic fields. The cylindrical ME compositean be divided into a series of infinitely small vertical units. In thexial mode, the fields are applied along the axis of each infinitesimalylindrical unit, so a sharp ˛R–A
 E peak appears at low magnetic field,
 imilar to the plate longitudinal mode. When the magnetic fieldsre applied perpendicular to the cylinder axis (vertical mode), theituation is more complex. In this condition, each infinitesimal unitlopes with the fields, and can be treated as a combination of twolate units, one parallel and another one normal to the fields. As a Fig. 5. Dependence of vertical trilayered cylinder, axial trilayered and bilayeredcylinder ME voltage coefficients on the bias magnetic field HDC at f = 1 kHz of ACfield �H for the Ni-PZT cylindrical layered composites [37,39,41].
 result, a sharp peak of ˛R–VE appears at a low applied magnetic field
 and a flat peak appears at a high field, similar to the sloping or theparallel combination of two plate structures.
 Fig. 6 shows cylindrical trilayered structure’s ˛R–AE and ˛R–V
 E asfunctions of frequency measured at fixed bias fields. A sharp reso-nance peak at f ≈ 63.8 kHz was detected for both directions, wherethe large ME coefficient is associated with the EMR [43]. A similarresonance was already analyzed in the plate trilayered compos-ites. For the cylindrical ME composite with the thickness ratio oftNi/(tNi + tPZT) = 1/2, the maximum ME voltage coefficient is ˛R–V
 E =35 V/(cm Oe) at 0.16 kOe, which is about two times larger than thatof a plate trilayered composite with the same magnetostrictive-piezoelectric phase ratio, ˛T–L
 E = 16 V/(cm Oe).
 Fig. 6. Frequency dependence of the ME voltage coefficient for Ni–PZT–Ni cylindri-cal trilayered composite measured at different applied magnetic fields in axial andvertical directions [41].
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 E E(�) E(ω)For a plate or disc trilayered composites, there is no constraint onthe boundary of the ferromagnetic phase, and then no ˛E(ω) appearsunder high field, i.e. ˛E = ˛E(�). For the ring bilayered compositeillustrated in Fig. 1(c), ˛E = ˛E = ˛E(�) + ˛E(ω) and ˛E(�) plays the main
 18 D.A. Pan et al. / Materials Science
 late composite, the longitudinal ME voltage coefficient is an orderf magnitude larger than the transverse one [36]. The same rea-on is for the cylindrical structure vertical ME voltage coefficientt HDC = 0.16 kOe being an order of magnitude lager than that atDC = 4.1 kOe in the vertical mode. However, for the axial, ˛R–A
 E , andhe vertical, ˛R–V
 E , modes the different ME effects originate from thehape demagnetization influence on the magnetostrictive layers40].
 In our previous study, the cylinder can be simplified as annfinitesimally plate layered structure, the boundary conditions ofhe cylinder are not the same as those of the plate layered struc-ure [48]. Both outer Ni layers of the plate structure are under planetress conditions and are not constrained in the vertical directionthe free vertical state), while the cylinder outer and inner facesre constrained in the axial, radial and circumferential directionsthe self-bound state). When the Ni ring shrinks (or expands) inhe magnetic fields, not only does its circumference decrease (orncrease) but also its diameter and height decrease (or increase)t the same time due to the self-bound effect. Then each PZTnfinitesimal unit will suffer radial and tangential forces simulta-eously due to the change in the shape of the NI layers. Two PZTodes of d33 and d31 contribute to the ME coefficient at the same
 ime. Hence, the cylindrical layered ME composite can be simpli-ed as a plate trilayered ME composite in the self-bound state49].
 The self-bound state can promote the ME effect in layeredomposites, which strongly depends on the mechanical couplingetween the layers. Guo et al. reported that the clamped ME com-osites had a larger ME voltage coefficient than those in the freetate [49]. The cylindrical shape forces its infinitesimal elementsn the self-bound state naturally, therefore, we predicted that theylinder would have a much larger ME voltage coefficient than thelate. The maximum of ˛T–L
 E was about 16 V/(cm Oe) for the plateample, while the maximum of ˛R–V
 E is about 35 V/(cm Oe) for theylindrical sample with the same magnetostrictive–piezoelectrichases thickness ratio [39,47]. Our experimental results are in goodgreement with the theoretical predictions.
 The dependence of ˛R–AE on bias magnetic field HDC at f = 1 kHz
 or �H of a Ni/PZT cylindrical bilayered ME composite presentedchematically in Fig. 1(c) with the dimension of Ø 18 mm × Ø0 mm × 3 mm is shown in Fig. 5. It can be seen that ˛R–A
 E atkHz has a maximum value at Hm = 0.6 kOe, and then continues
 o increase with increasing HDC > 3 kOe.The bilayered cylinder ME composite frequency dependence of
 R–AE was measured at the bias field of HDC = 0.6 kOe and HDC = 6 kOe,espectively, shown in Fig. 7. For both HDC = 0.6 kOe and HDC = 6 kOe,here are sharp peaks at 60 kHz. The electromechanical resonanceeak under high field of HDC = 6 kOe is ˛R–A
 E = 21 V/(cm Oe) and isuch larger than that under low field of Hm = 0.6 kOe.A linear relationship between the ME voltage coefficient and the
 agnitude of applied magnetic field at resonance frequency wasbserved [37]. Fig. 8 shows the bias field dependence of ˛R–A
 E atesonance frequency of 60 kHz for the bilayered cylindrical ME com-osite. It can be seen that the ˛R–A
 E increases linearly with increasingias field above 1 kOe. This result was unexpected because the HDCurve linearity does not exist in conventional (plate) layered com-osites whose ME voltage coefficient approaches zero at high biasagnetic fields. Therefore, we could not use the traditional theory
 o explain this phenomenon.For ferromagnetic materials, like Ni, line magnetostriction
 = �l/l increases with increasing bias magnetic field, HDC, then it
 eaches a saturation value �s at Hs. The volume magnetostrictionhanged with HDC, when HDC > Hs, the volume magnetostrictionncreased with increasing field HDC when HDC < Hs, the volumehange ω = �V/V is too small to be measured [50]. Under low mag-etic field, i.e. HDC < Hs, the field dependence of the ME voltage Fig. 7. Frequency dependence of the axial ME voltage coefficient, ˛R–AE , at 0.6 kOe
 and 6 kOe for Ni-PZT cylindrical bilayered composite.
 coefficient is determined by the variation of the piezomagnetic cou-pling q with the field HDC, and ˛E is proportional to q, i.e. to ��/�H,where �� is the differential magnetostriction. When HDC = Hs, � = �s
 and then ��/�H = 0, therefore, the ˛E(ω) caused by the line mag-netostriction is equal to zero under high bias field. The volumemagnetostriction of ferromagnetic Ni phase under high bias field ofHDC > Hs can also generate strain in the PZT, resulting in increasingthe voltage of �V across the PZT. Thus, ˛E(ω) induced by the volumemagnetostriction appears under high bias field, which increaseswith bias magnetic field. The total ME effect is the sum of ˛E(�)caused by line magnetostriction under low fields and ˛E(ω) inducedby volume magnetostriction under high fields, i.e. ˛ = ˛ + ˛ .
 Fig. 8. Bias field HDC dependence of the axial ME voltage coefficient, ˛R–AE , at 60 kHz
 resonance frequency for the intact and cut Ni-PZT cylindrical bilayered composite[37].
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 ole under low bias fields, while ˛E(ω) plays the main role under highelds.
 As shown in Fig. 8, the linearity of ˛E and the bias magneticeld is 0.997 in the 2–8 kOe range. This result is unique because inrevious reports the ˛E decreased significantly when the externalagnetic field was larger than 1 kOe for most conventional high-
 eld magnetic sensors [51]. Based on these results, we can predicthat the range of high linearity of the ˛E and bias magnetic fieldn cylindrical composite should be wider, so the cylindrical com-osite will achieve a potential application in new generation ofigh-field magnetic sensors. As an additional proof that the cylin-er bilayered structure exhibits giant ME effect due to its geometry,e cut the cylinder along its axial direction, which significantly
 educed the circumferential and radial stresses in the structure.hile the 60 kHz resonance frequency remained in the cut cylinder,
 he cut added other resonance frequencies of 60.5 kHz and 63.9 kHz,hich correspond to other vibration modes. At the similar reso-ance magnetic field frequency of 60 kHz the ME voltage coefficientecreased orders of magnitude in high magnetic field, as seen inig. 8.
 . Conclusions
 The method of electrodeposition was used to make layered mag-etoelectric composites of varying geometry. The disadvantagesf using an intermediate binder layer (nonrigid contact, fatiguend aging) were eliminated, which enhanced the magnetoelectricffect. Electrodeposited plate Ni/PZT/Ni layered composites haveE properties comparable with bounded Terfenol-D/PZT struc-
 ures. Electrodeposition provides means for synthesizing variousE composites with complex geometries, so that better ME prop-
 rties can be obtained though structural design.Cylindrical layered composites have larger ME voltage coef-
 cient compared to the plate layered composites due to theiromplex geometry. The longitudinal model of the plate structures similar to the axial mode of the cylindrical composite. The lin-ar relationship between ˛R–A
 E and HDC after 1 kOe in cylindricalilayered ME composite can be utilized in high magnetic field sen-or applications. The improvement of preparation method mayromote the development of ME composite towards practical appli-ations.
 cknowledgments
 This work was supported by the Major Program of theational Natural Science Foundation of China (Grant No. 50572006,0802008 and 50874010), and by the Natural Science Foundation
 f Beijing, China (Grant No. 2073026), and by the Program for Newentury Excellent Talents in University (Grant No. 20060420152),nd by Scholars and Innovative Research Team in University (Granto. 0509). Alex A. Volinsky would like to acknowledge support fromSF (Grant No. CMMI-0600266). [
 [[
 [
 ngineering B 163 (2009) 114–119 119
 References
 [1] N. Cai, J.Y. Zhai, Z. Shi, Y.H. Lin, C.W. Nan, Chin. Phys. 13 (2004) 1348.[2] J. Zhai, S. Dong, Z. Xing, J. Li, D. Vieland, Appl. Phys. Lett. 91 (2007) 123513.[3] G. Srinvasan, A.S. Tatarenko, M.I. Bichurin, Electron. Lett. 41 (2005) 10.[4] C. Pettiford, S. Dasgupta, J. Lou, S.D. Yoon, N.X. Sun, IEEE Trans. Magn. 43 (2007)
 3343.[5] J.P. Zhou, Z. Shi, G. Liu, H.C. He, C.W. Nan, Acta Phys. Sin. 55 (2006) 3771.[6] Y.K. Fetisov, G. Srinivasan, Appl. Phys. Lett. 88 (2006) 143503.[7] N. Hur, S. Park, P.A. Sharma, S. Guha, S.W. Cheong, Phys. Rev. Lett. 93 (2004)
 107207.[8] R.C. Rai, J. Cao, J.L. Musfeldt, S.B. Kim, S.W. Chenong, X. Wei, Phys. Rev. B 75
 (2007) 184414.[9] V.J. Folen, G.T. Rado, E.W. Stalder, Phys. Rev. Lett. 6 (1961) 607.10] G.T. Rado, V.J. Folen, Phys. Rev. Lett. 7 (1961) 310.11] J. Wang, J.B. Neaton, H. Zheng, V. Nagarajan, S.B. Ogale, B. Liu, D. Viehland, V.
 Vaithyanathan, D.G. Schlom, U.V. Waghmare, N.A. Spaldin, K.M. Rabe, M. Wuttig,R. Ramesh, Science 299 (2003) 1719.
 12] J.F. Scott, Phys. Rev. B 16 (1977) 2329.13] H. Schmid, Bull. Mater. Sci. 17 (1994) 1411.14] C.W. Nan, Phys. Rev. B 50 (1994) 6082.15] J. Van Suchtelen, Philips Res. Rep. 27 (1972) 28.16] V.D. Boomgaard, R.A.G. Born, J. Mater. Sci. 13 (1978) 1538.17] R.S. Devan, B.K. Chougule, J. Appl. Phys. 101 (2007) 014109.18] C.W. Nan, M. Li, X.Q. Feng, S.W. Yu, Appl. Phys. Lett. 78 (2001) 2527.19] C.W. Nan, L. Liu, N. Cai, J. Zhai, Y. Ye, Y.H. Lin, L.J. Dong, C.X. Xiong, Appl. Phys.
 Lett. 81 (2002) 3831.20] C.W. Nan, N. Cai, L. Liu, J. Zhai, Y. Ye, Y. Lin, J. Appl. Phys. 94 (2003) 5930.21] J. Ma, Z. Shi, C.W. Nan, Adv. Mater. 19 (2007) 2571.22] G. Srinivasan, E.T. Rasmussen, J. Gallegos, R. Srinivasan, Y.I. Bokhan, V.M. Laletin,
 Phys. Rev. B 64 (2001) 214408.23] L. Li, Y.Q. Lin, X.M. Chen, J. Appl. Phys. 102 (2007) 064103.24] S.X. Dong, J.F. Li, D. Viehland, J. Appl. Phys. 95 (2004) 2625.25] C.W. Nan, G. Liu, Y.H. Lin, Appl. Phys. Lett. 83 (2003) 4366.26] N. Cai, C.W. Nan, J.Y. Zhai, Y.H. Lin, Appl. Phys. Lett. 84 (2004) 3516.27] J.G. Wan, J.M. Liu, H.L.W. Chand, C.L. Choy, G.H. Wang, C.W. Nan, J. Appl. Phys.
 93 (2003) 9916.28] S.X. Dong, J.F. Li, D. Viehland, Appl. Phys. Lett. 85 (2004) 5305.29] Z. Shi, C.W. Nan, J. Zhang, N. Cai, J.F. Li, Appl. Phys. Lett. 87 (2005) 012503.30] J.G. Wan, Z.Y. Li, M. Zeng, H.H. Wang, J.M. Liu, Appl. Phys. Lett. 86 (2005) 202504.31] S.X. Dong, J.F. Li, D. Viehland, Appl. Phys. Lett. 84 (2004) 4188.32] S.X. Dong, J.F. Li, D. Viehland, Appl. Phys. Lett. 85 (2004) 2307.33] V.M. Laletin, N. Paddubnaya, G. Srinivasan, C.P. De Vreugd, M.I. Bichurin, V.M.
 Petrov, D.A. Filippov, Appl. Phys. Lett. 87 (2005) 222507.34] M. Bedenbecker, H.H. Gatzen, J. Appl. Phys. 99 (2006) 08M308.35] F.E. Rasmussen, J.T. Ravnkilde, P.T. Tang, O. Hansen, S. Bouwstra, Sens. Actuators
 A: Phys. 92 (2001) 242.36] A. Bai, C.C. Hu, Electrochem. Acta 50 (2005) 1335.37] D.A. Pan, Y. Bai, A.A. Volinsky, W.Y. Chu, L.J. Qiao, Appl. Phys. Lett. 92 (2008)
 052904.38] J. Lu, D.A. Pan, Y. Bai, L.J. Qiao, Meas. Sci. Technol. 19 (2008) 045702.39] D.A. Pan, Y. Bai, W.Y. Chu, L.J. Qiao, J. Phys: Cond. Mat. 20 (2008) 025203.40] G. Srinivasan, C.P. De Vreugd, V.M. Laletin, N. Paddubnaya, M.I. Bichurin, V.M.
 Petrov, D.A. Filippov, Phys. Rev. B 71 (2005) 184423.41] D.A. Pan, Y. Bai, W.Y. Chu, L.J. Qiao, Smart Mater. Struct. 16 (2007) 2501.42] M.I. Bichurin, D.A. Filippov, V.M. Petrov, V.M. Laletsin, N. Paddubnaya, G. Srini-
 vasan, Phys. Rev. B 68 (2003) 132408.43] S.X. Dong, J.Y. Zhai, F.M. Bai, J.F. Li, D. Viehland, J. Appl. Phys. 97 (2005) 103902.44] G. Liu, C.W. Nan, N. Cai, Y.H. Lin, J. Appl. Phys. 95 (2004) 2660.45] H. Yu, M. Zeng, Y. Wang, J.G. Wan, J.M. Liu, Appl. Phys. Lett. 86 (2005) 032508.46] S.Q. Ren, M. Wuttig, Appl. Phys. Lett. 92 (2008) 083502.47] D.A. Pan, Y. Bai, W.Y. Chu, L.J. Qiao, J. Phys. D: Appl. Phys. 41 (2008) 022002.
 48] D.A. Pan, S.G. Zhang, A.A. Volinsky, L.J. Qiao, J. Phys. D: Appl. Phys. 41 (2008) 205008.49] S.S. Guo, S.G. Lu, Z. Xu, X.Z. Zhao, S.W. Or, Appl. Phys. Lett. 88 (2006) 182906.50] C.W. Chen, Magnetism and metallurgy of soft magnetic materials, North-
 Holland publishing company, Amsterdam, New York, Oxford, 1977, pp. 75–78.51] J.E. Lenz, Proc. IEEE 78 (1990) 973.



			
LOAD MORE        

            

    

    
    
        
        
        

                

        
                                                
                                    
                        
                            
                                                            
                                                        
                        

                        Biological Treatment of Poplar Wood with White-rot Fungus ... · PDF fileBeijing Key Laboratory of Lignocellulosic Chemistry, Beijing Forestry University, Beijing, 100083, ... (2011).

                    

                                                                
                        
                            
                                                            
                                                        
                        

                        A redescription of the ichnospecies Koreanaornis ... et al 2018 Koreanaornis anhuiensis.pdf · b School of Earth Sciences and Resources, China University of Geosciences, Beijing 100083,

                    

                                    

                                                                
                                    
                        
                            
                                                            
                                                        
                        

                        5-7 December, Sydney, Australia€¦ · Shuya Wei, Institute of Cultural Heritage and History of Science & Technology, Beijing University of Science and Technology, Beijing, China

                    

                                                                
                        
                            
                                                            
                                                        
                        

                        Beijing Baidu Netcom Science and Technology Co., Ltd. v ...

                    

                                    

                                                                
                                    
                        
                            
                                                            
                                                        
                        

                        Science Forum CGIAR Annual General Meeting December 4, 2007, Beijing, China

                    

                                                                
                        
                            
                                                            
                                                        
                        

                        The Path of Optimization in Asset StructureLiu Baifang Business School, Beijing Language and Culture University Beijing, 100083, China [email protected] Liu Xinyu Economics Research

                    

                                    

                                                                
                                    
                        
                            
                                                            
                                                        
                        

                        Evaluation of water productivity under climate change in ... · 2Center for Agricultural Water Research in China, China Agricultural University, Beijing 100083, China Correspondence:

                    

                                                                
                        
                            
                                                            
                                                        
                        

                        actor artist writer inventor science Beijing opera.

                    

                                    

                                                                
                                    
                        
                            
                                                            
                                                        
                        

                        Structural stability of high entropy alloys under pressure ... · 3 State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing, Beijing 100083,

                    

                                                                
                        
                            
                                                            
                                                        
                        

                        c Consult author(s) regarding copyright matters License · a School of Geoscience and Surveying Engineering, China University of Mining & Technology, Beijing 100083,P.R.China b .

                    

                                    

                                                                
                                    
                        
                            
                                                            

                                                        
                        

                        SDRP JOURNAL OF FOOD SCIENCE & TECHNOLOgy...Engineering Research Center of Animal Product, Beijing 100083 China Introduction It is well known that fish lipids are rich with long-chain

                    

                                                                
                        
                            
                                                            

                                                        
                        

                        An Introduction of BEIJING FORESTRY UNIVERSITY Qinghua Eastroad 35, Haidian, Beijing, China 100083.

                    

                                    

                                                                
                                    
                        
                            
                                                            

                                                        
                        

                        Marine and Petroleum Geology of.pdf · c Key Laboratory of Geological Evaluation and Development Engineering of Unconventional Natural Gas Energy, Beijing 100083, ... aging (FMI)

                    

                                                                
                        
                            
                                                            

                                                        
                        

                        em.bjfu.edu.cnem.bjfu.edu.cn/docs/20170605172345033783.pdf · BEIJING FORESTRY UNIVERSITY International Relations Office Address: NO 33.Ts1nghua East Road,Haidian 1 0316 100083 2017

                    

                                    

                                                                
                                    
                        
                            
                                                            

                                                        
                        

                        Urban Computing with Taxicabs - · PDF fileUrban Computing with Taxicabs Yu Zheng1, ... Beijing, China 2University of Science and Technology Beijing, Beijing ... rhythm and pulse,

                    

                                                                
                        
                            
                                                            

                                                        
                        

                        €¦  · Web viewAo Ji Chuang Zhan Jiao Yu Zi Xun (Beijing) You Xian Gong SiRoom No 1101, 11th Floor, Tower A, Jin Ma Towers38 Xue Qing Road Haidian DistrictBeijing 100083 T: +8610

                    

                                    

                                                                
                                    
                        
                            
                                                            

                                                        
                        

                        © University of Science and Technology Beijing and ...

                    

                                                                
                        
                            
                                                            

                                                        
                        

                        On the origin of contact-electrificationZhong Lin Wanga,b, ⇑, Aurelia Chi Wangb, aBeijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 100083, PR

                    

                                    

                                                                
                                    
                        
                            
                                                            

                                                        
                        

                        Article Bojing Shi, Zhuo Liu, Han Ouyang, Yang Zou ...13901785.s21d-13.faiusrd.com/61/ABUIABA9GAAgnPGP7... · Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 100083,

                    

                                                                
                        
                            
                                                            

                                                        
                        

                        A Circuit for - Auburn Universitydaifa01/Top/PubPapers/2007/cfpaper2007-07.pdfHailongJia, WeiningNi, YinShi Institute ofSemiconductors ChineseAcademyofSciences Beijing 100083, China

                    

                                    

                                    

        

        
    


















    
        
            
                Languages

                	English
	Français
	Español
	Deutsch
	Portuguese
	Indonesian


            

            
                	Italian
	Romanian
	Malaysian
	Greek
	Dutch
	Polish


            

            
                Pages

                	Categories
	About us
	Contact us


            

            
                Legal

                	Term
	DMCA
	Cookie policy
	Privacy Policy


            

        


        


        
            Copyright © 2022 FDOCUMENTS

        

            











    

