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10 A magnetic biphase trilayer ribbon, consisting of a melt-spun FeSiB inner amorphous ribbon with
11 positive magnetostriction coated by two electroplated nickel layers with negative magnetostriction,
12 is here proposed as an element to be incorporated in temperature sensor devices. The inductance of
13 a small coil wounded around the trilayer is characterized as the sensitive parameter. The dependence
14 of coil’s inductance on the thickness of electroplated Ni has been evaluated in the range of
15 measuring temperatures of 0—70 °C, and optimum electroplating parameters were determined.
16 Magnetic characteristics are determined through the study of hysteresis loops, which denote the
17 presence of the two magnetic phases. The experimental results are interpreted considering a simple
18 magnetoelastic model taking into account the mechanical stresses arising from the different thermal
19 expansion coefficients of each magnetic phase. © 2007 American Institute of Physics.
20 [DOL: 10.1063/1.2422905]
21

22 INTRODUCTION

23 Amorphous magnetically soft alloys are of technological
24 interest in a number of applications, as cores in small trans-
25 formers and motors, and particularly as sensing elements in
26 various devices profiting of their excellent magnetic response
27 at high frequency and their sensitivity to applied stresses.
28 Due to their amorphous nature, magnetocrystalline aniso-
29 tropy averages to zero and magnetoelastic anisotropy, e,
30 =~ \o, proportional to magnetostriction \ and to mechanical
31 stress o determines their general magnetic properties. Con-
32 sequently, amorphous alloys with large magnetostriction, as
33 the Fe-Si—B ones, are suitable to be used as elements in
34 magnetoelastic sensor devices. They can be used to sense
35 stresses™*° and indirectly to evaluate properties associated
36 with the stress as, for example, flux of gases and liquids,
37 acceleration, curvature, etc.”’ For a comprehensive survey
38 of magnetoelastic sensors see Ref. 8.

39 Bimetal sensing elements are currently used in a number
40 of appli(:ations.6’9 A particular useful case is that of trilayer
41 elements where a central layer is symmetrically covered by
42 two layers of a different material.'’ These sensing elements
43 typically consist of a magnetostrictive layer (MSL), for in-
44 stance, a melt-spun amorphous ribbon, and two counterlayers
45 (CLs) generally chosen to be nonmagnetic, which transfer
46 stress to the magnetic component. Typically, the layers are
47 fixed to each other by a suitable gluing layer (GL), so that
48 the magnetic response of the MSL is modified as a conse-
49 quence of the magnetoelastic effect. These systems have
50 been proposed in thermal sensors based on the magnetoelas-
51 tic coupling arising from the different thermal expansion co-
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efficients of MSL and CLs.’ Nevertheless, although a nice 52
response can be attained, a technical problem arises from the 53
gluing itself, because the GL absorbs a considerable fraction 54
of the stress, thus limiting the sensitivity of the element. 55
Besides, gluing may potentially lead to dissimilarities among 56
otherwise alike devices, or to nonrepetitive performances, 57
due to slight differences among the GLs and their degrada- 58
tion with aging.7 59

In the present work, a type of bimagnetic magnetostric- 60
tive trilayer sensing elements is proposed. A first innovation 61
has been the use of the electrodeposition technique to grow 62
the counterlayers onto the central magnetic layer, that is 63
without an intermediate GL, following a methodology em- 64
ployed to produce multilayer magnetic microwires.'' Simul- 65
taneously, this innovation is also being used to show the 66
magnetostatic coupling between magnetic layers.12 The pro- 67
posed fabrication method produces more robust devices, 68
with repetitive and enhanced sensing performance. A second 69
innovation is that the counterlayers have been here selected 70
to exhibit also significant magnetostriction whose sign is op- 71
posite to that of the MSL. This leads to additional coopera- 72
tive changes in the magnetic state (i.e., permeability) of the 73
trilayer when submitted to stresses of thermal origin. It also 74
allows us to select materials with not so different thermal 75
expansion coefficients and therefore to keep the thermal 76
stress at sufficiently low values as to produce an approxi- 77
mately linear dependence of permeability versus stress. In 78
this way, the exclusion of relatively high stress values not 79
only favors the durability of sensing elements but also gives 80
rise to an approximately linear response to temperature 81
changes. 82

The temperature dependence of the inductance of a 83
pickup coil wounded around the sensing element, propor- 84
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FIG. 1. Low-field region of the hysteresis loops for trilayers with different
Ni thicknesses.

85 tional to its permeability, has been determined in the tem-
86 perature range between 0 and 70 °C. For this particular ex-
87 periment we have electroplated a negative magnetostriction
88 nickel layer on each side of a positive magnetostriction melt-
89 spun Fe;5Si;5B;, amorphous ribbon. Experiments have been
90 performed for different times and density electrodeposition
91 currents to control the counterlayer’s thickness and its prop-
92 erties.

93 We have developed a simple magnetic model that intro-
94 duces a semiquantitative interpretation of the thermal and
95 magnetoelastic features of the composite material, particu-
96 larly the trilayer susceptibility and coil inductance depen-
97 dences on temperature and CL thickness. This model gives a
98 fair account for the experimental finding of the existence of
99 an optimum CL thickness value.

100 EXPERIMENTAL METHODS AND RESULTS

101 An amorphous alloy ribbon with Fe;5Si;sB;, nominal
102 composition, positive magnetostriction \,y,= +32X 107,
103 thermal expansion coefficient a,,=11.8X10° K~!, and
104 Young’s modulus E,,~ 160 GPa, has been selected for the
105 inner magnetic layer, MSL. The mother alloy was prepared
106 by arc melting the constituent elements in argon atmosphere.
107 The amorphous ribbon was prepared in our laboratory by
108 melt spinning in argon atmosphere onto a single copper
109 wheel, rotating with a surface speed of 38 m/s. Final thick-
110 ness and width of the obtained samples have been d,,
111 =22 um and h=0.7 mm, respectively.

112 Two Ni layers (CLs) with nominal characteristics of
113 A\ =-40X 107, ap;=13.4X 10 K~!, and Ey;~200 GPa,
114 were electrochemically grown onto each surface of the amor-
115 phous layer with the help of a especially designed electro-
116 chemical cell. The electrolyte composition was H;BO;
117 (45 g/1), NiCl,-6H,0 (45 g/1), and NiSO,-6H,0 (300 g/1),
118 and its temperature during electrodeposition was kept at
119 315 K. Thickness of the deposited cover was controlled
120 through the deposition time (ranging up to 2 h) and dc cur-
121 rent density (typically 0.24 mA/cm?) and measured with a
122 digital micrometer. The length of the trilayer was 28 mm.
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FIG. 2. Dependence of the pickup coil inductance on Ni thickness (a) and
on temperature (b). Experimental measurements (dots) and model prediction
(line) are shown.

The magnetic characterization of the trilayer elements 123

has been carried on with a vibrating sample magnetometer 124
(VSM) at room temperature under a maximum applied field 125
of 1 T. Figure 1 shows the low-field region of the hysteresis 126
loops of different trilayers for a range of Ni thickness. The 127
reduction of low-field susceptibility and remanent magneti- 128
zation with Ni thickness must be ascribed to the harder mag- 129
netic character of this element, as it will be later analyzed. 130

A pickup coil, 450 turns and 3 cm long, was wounded 131
around a glass capillary tube, 1 mm outer diameter, where 132
the trilayer was inserted. The inductance L of such a coil was 133
measured with an HP4284 LCR meter at a frequency of 134
10 kHz. Its experimental dependence on the thickness of the 135
electroplated Ni layers, measured at 18 °C, is shown in Fig. 136
2(a) (dots). As observed, the inductance decreases monotoni- 137
cally with the Ni layer thickness. 138

To study the changes of the magnetic response of the 139
sensing element with temperature, we measured the tempera- 140
ture dependence of the coil’s inductance. The set composed 141
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142 4f pickup coil and trilayer was placed inside a de-ionized

143 water bath where the temperature was controlled between 0
144 and 70 °C. As an example, Fig. 2(b) shows the evolution of
145 the inductance with temperature for a sample with 13 um
146 total Ni thickness.

147 MAGNETOELASTIC MODELING AND ANALYSIS
148 OF EXPERIMENTAL RESULTS

149 In this section we introduce a simple model in order to
150 interpret the previous experimental results, particularly those
151 related to the coil self-inductance, when the trilayer is used
152 as its core. This model is based on the magnetoelastic cou-
153 pling between the strongly bounded amorphous and Ni lay-
154 ers, and its effect on the trilayer permeability and therefore
155 on the coil inductance.

156 Since the chosen temperature interval for the study is
157 relatively small, AT<<T (where T is the Curie temperature
158 of any of the system components), and temperature itself is
159 well below T, the model does not take into account the
160 small permeability changes arising from variations of satura-
161 tion magnetization with temperature.

162 When the temperature departs from electrodeposition
163 temperature 7,, internal stresses arise owing to the mechani-
164 cal link among the MSL (amorphous) and CL (nickel) layers
165 and to their different thermal expansion coefficients. The
166 combined effect is to induce opposite stresses on the MSL
167 and CLs which are proportional to the thermal strains. Due to
168 the small thicknesses of the layers of our samples, we will
169 use, for the sake of simplicity, a model that assumes that the
170 stresses that arise in each one of them are distributed homo-
171 geneously generating a homogenous deformation of each
172 layer. Under these conditions, a simple analysis immediately
173 leads to the following expressions for the stress on each
174 layer:

175 Oam = (Ui = ) EamA T, (1a)

176 oni = (i — an) ENAT, (1b)

177 where «; is the trilayer system effective thermal expansion
178 coefficient and AT=T-T,. Applying the equilibrium condi-
179 tion among the forces acting on the layers is possible to
180 obtain an expression for a,;,

aamE amdam +an iE N idN i

: 2)

Qi =
181 E ndym + Exidni
182 where d,;,, is the amorphous layer thickness and dy; is the
183 total Ni layer thickness (the thickness of each Ni layer is thus
184 dy;2). Using Eq. (2) the stresses can be rewritten as

E, mEnidni
Oam = (aNi - aam) any TN T, (3a)
185 E,dom + Exidyi
E nExid
oy = (g, — ang) ———— NCam A7, (3b)
186 E ndam + Enidni
187 As a consequence of the appearance of such stresses, the

188 corresponding magnetoelastic contribution to the energy den-
189 sity, e~ Ao, will modify the composite magnetic response,
190 in particular, its effective permeability u, which will be a

PROOF COPY 253701JAP

J. Appl. Phys. 101, 1 (2007)

6 0°C
44
] 20°C
s
B 2+
& |
2 04 T =42°C
B
[0
24
] 60 °C
4 70°C
T T T T T T 1 T T T 1
0 5 10 15 20 25 30 35 40 45
d, (um)

FIG. 3. Stress developed in the amorphous ribbon as a function of Ni thick-
ness and temperature, calculated through Eq. (3a).

function of T and dy;. Therefore, the self-inductance L of a 191

pickup coil having the trilayer as its core will also depend on 192
these two quantities, as it is indeed experimentally observed 193
[see Figs. 2(a) and 2(b)]. 194

In Egs. (3), stresses depend on the elastic modulus of 195
each component, on the temperature, and on the thickness of 196
plated Ni. Considering the particular parameters of the lay- 197
ers, an estimation of the stress arising in the amorphous rib- 198
bon as a function of the Ni thickness and of the temperature 199
is presented in Fig. 3. 200

For the range of small induced stresses (note that they 201
remain below 10 MPa), relative permeability u'=u"(Ao) 202
=u(No)/ ugy of each layer can be assumed to exhibit a linear 203

evolution with stress as 204
Iu'zrlm N M;Irn + VamNamTam» (4a) 205
M = M+ INMNIONG (4b) 206

where 7 is a positive proportionality constant, and '’ 207
=u"(o=0) is the relative permeability of the material at zero 208
applied stress (in our case, for T=T,). In fact, from available 209
experimental data on Ni magnetization and magnetostriction 210
under applied stress,'? the approximate linearity between u” 211
and o as well as the constancy of \ (within about 1%) can be 212
confirmed for the stresses appearing under our working con- 213
ditions. It is even possible to estimate the stress derivative of 214
relative permeability and from it, knowing A, 7n=(1/\) 215

X(du'/do)=1 Pa~l. 216
Introducing Egs. (3) into Egs. (4) we can express the 217
relative permeability for each layer as 218
E, Exidni

T o= e N = Q) — 2NN AT (5a

Mam = Mam T 7am am( Ni am) Eam dam + ENj dNi ( ) 219
E, Exid

L= 4 (= o) ——2NEAL AT (5

MNi = MNi T NG Nl( am Nl) Eamdam+ENidNi ( ) 220

In order to correlate the trilayer permeability with the 221
coil’s inductance, let us consider a solenoid of N turns and 222
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223 Jength 1, along which a current i circulates creating at its
224 central region a longitudinal magnetic field H=iN/Il. The
225 trilayer ribbon is placed inside that region of the solenoid,
226 which picks up a total flux that can be expressed as the
227 addition of the fluxes across air, amorphous, and nickel, ®
228 =P+ D, +Dy;. Then, then coil’s inductance L can be ex-
229 pressed as

L(M()Ao + :u“amAam + Iu“NiANi)NZ/l (6)

231 and corresponds to three inductances in series L, L,,, and
232 Ly;, being Ag, A;m=hd,,, and Ay;=hdy; the coil fractional
233 cross sections filled with air, amorphous, and Ni, respec-

230

234 tively.
235 Introducing Egs. (5) into Eq. (6), we obtain
236 LN = A, + oo + pydnih + h(an; = @)
E amdamE Nid Ni
am)\am_ i)\ i T- Te s
Eydy + ENidNi(n i) ( )
237 (7)

238 where £ is the trilayer width.

239 Equation (7) allows us to evaluate the coil self-
240 inductance as a function of dy; and 7 and to compare it with
241 the experimental data. The coil’s inductance can be rewritten
242 in a general form as

243 L(T) = LTe[l + Ke(T_ Te)]’ (8)

244 being Ly, the inductance at 7=T,,
LTe = (/-Lvo + /'Lz;mAam + IU“I,\IiANi)NZ/l’ (9)
246 and «, the sensitivity of the coil’s inductance to temperature,

_ (i = Yam) (PamNam — ﬂNi)\Ni)( EymAumENiAni )
Ao + lu’gr,nAam + lu“Ir\I/iANi Eamdam + ENidNi .
(10)

245

247

248 Equation (8) expresses that for modest temperature changes,
249 when induced stresses are small enough, a linear temperature
250 response of the inductance is expected. This has been clearly
251 verified in the experiments. The experimental data shown in
252 Fig. 2(b) have been fitted to a linear function with a tempera-
253 ture sensitivity of the coil of xy=9.75X107% K~ and T,
254 =276 K (in the fitting, the reference temperature is 276 K
255 instead of T,). The percent sensitivity, defined as the frac-
256 tional change of inductance per temperature unit,
257 (AL/LAT)(%)=100[(L—Lo)/Ly][1/(T-T,)]=100k,, is of
258 about 1% K~' and remains nearly constant in the whole in-
259 vestigated temperature interval. This value enables the sens-
260 ing of temperature by using standard, nonexpensive meters. '
261 Let us now analyze the influence of Ni thickness. Figure
262 2(a) illustrates the evolution predicted by Eq. (7) of induc-
263 tance with Ni layer thickness and its comparison with the
264 experimental result. As observed and in spite of the simplic-
265 ity of the model, it is remarkable that it reproduces the main
266 characteristics of the inductance experimental dependences
267 on T and dy;. As a function of dy;, the inductance first de-
268 creases from its initial value (coil filled with air and the
269 amorphous ribbon) due to the increase of the magnetoelastic
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FIG. 4. Sensitivity «, as a function of Ni thickness. Experimental measure-
ments (dots) and model prediction (line) are shown.

effect (fourth term of the equation) and, beyond 30 um, it 270
increases because this effect begins to saturate while the one 271
originated by the replacement of Ni for air (third term) be- 272
comes dominant. 273

It is also possible to carry out a deeper analysis of the 274
sensor sensitivity. Measurements of the sensitivity for differ- 275
ent Ni thicknesses were carried out (Fig. 4). They show that 276
optimum sensitivity &, is achieved for a finite Ni layer 277
thickness, dy:". In this figure we also show the curve « ver- 278
sus dy; obtained from Eq. (10). This curve agrees semiquan- 279
titatively with the experimental results, displaying a k., 280

value for a thickness dy;*, which is obtained from the con- 281

dition dk,/ ddn;=0, 282
max [Edmddm(Amuo + hddmILLdm)/(ENlh/’LNl)]l/z (] 1) 283
Furthermore, the experimental and the model predicted dy™ 284

values are in reasonable agreement, both having values of 285
around 25 um. 286

The experimental sensitivity peaks are rather sharp, in- 287
dicating that the thickness of the electrodeposited layers 288
must be carefully estimated and controlled. Sensor sensitiv- 289
ity measurements for different electrodeposition current den- 290
sities, below 1 mA/cm™2, have been carried out. We found 291
that the d\i* value also depends on the current density, al- 292
though it remalned within 5-30 wm for this range of current 293
densities. It is well known that mechanical characteristics of 294
materials (hardness, Young’s modulus, percent of elastic re- 295
covery, etc.) are intimately related to microstructural proper- 296
ties (grain size, preferred grain orientation, grain boundaries, 297
global materials density, dislocation density, etc), properties 298
which are expected to depend on deposition speed, i.e., on 299
current density. Thus, current density may provide a means 300
of controlling sensing properties via the microstructure.® On 301
the other hand, we have found that the experimental «,, 302
values were nearly nondependent on current density; there- 303
fore high densities may be preferred for sensing element in- 304
dustrial production in order to reduce the production time. 305

In order to gain direct information on the role of the Ni 306
layer thickness on the permeability of the trilayer system and 307
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FIG. 5. Dependence of trilayer saturation magnetization on Ni layer
thickness.
308

other basic properties, the analysis of magnetic data from
309 hysteresis loops is presented. Saturation magnetization, M S
310 was estimated by examining the high-field region of the hys-
311 teresis loops (see Fig. 5). M; values decrease monotonically
312 with Ni layer thickness as expected from the particular val-
313 ues of the saturation magnetization (M Sam’MSNi) of the amor-
314 phous alloy and Ni, since M; >M; . An analysis of the
315 evolution of M Sui with Ni thickness can be done taking into
316 account the fractional contributions from the amorphous and
317 Ni layers as

1‘43t = (Msamdam + MsNidNi)/(dam + dNi) . (12)

318
319 A fitting of Eq. (12) to experimental data is shown in Fig. 5,
320 where the optimum values obtained for the fitting parameters
321 are M, —1153+4 and M —500+10 kA/m, in fair agree-
322 ment with the reported values of saturation magnetlzatlons of
323 Fe;5S15B o amorphous alloy * and of fcc-Ni." This suggests
324 that the magnetoelastic effects on the saturation magnetiza-
325 tion values are negligible and also confirms the reliability of
326 the thickness measurements.

327 Additional information can be obtained by analyzing in
328 more detail the low-field region of the loops in Fig. 1. Low-
329 field susceptibility decreases noticeably with Ni layer thick-
330 ness, while a more moderate reduction of remanence is ob-
331 served (which at least in part arises from the reduction of
332 saturation magnetization shown in Fig. 5). Figure 6 shows
333 the evolution of the experimental low-field susceptibility
334 with dy;. Susceptibility contains again two contributions:
335 from the amorphous and from the Ni layers,

336 Xtot = :U“tot (:U’amdam + IU“Nlle)/(dam + le) (13)
337 From Egs. (5) we can obtain the susceptibility Ni thick-
338 ness dependence,
X (Iu'amdam + lu“N1dN1) (aNl Qam (7] _ A )
339 tot = dam + dNi dam _ le am’‘am Ni/*Ni
EumdamE id i
x e NERL (7, (14)

PROOF COPY 253701JAP

J. Appl. Phys. 101, 1 (2007)

1600
1400-
1200:
1000:

800

Susceptibility »

600

400

200

T * 1 H 1 H 1

0 5 10 15 20 25 30

d,, (um)

FIG. 6. Evolution of experimental initial susceptibility (dots) and model
prediction (line), with thickness of Ni layer.

Figure 6 also illustrates the excellent agreement of the 341

susceptibility dependence on Ni thickness predicted by Eq. 342
(14) with data obtained from the experiment. 343

Variations of susceptibility and remanence can be as- 344
cribed to local anisotropy changes. In a free amorphous 345
FeSiB ribbon, local easy axes are determined by shape and 346
by melt-spun induced frozen-in stresses; on hypothetically 347
free Ni layers, magnetocrystalline anisotropy (along with the 348
distribution of grain orientations) as well as shape set the 349
easy axis directions. Electroplating and subsequent tempera- 350
ture reduction reduces the trilayer longitudinal anisotropy: in 351
the amorphous layer, compressive stress increases every- 352
where leading to an effective enhancement of transverse an- 353
isotropy. In the Ni layers transverse anisotropy appears and 354
increases as a consequence of the increasing applied tensile 355
stress. This mechanism reduces the trilayer response to an 356
external axial field, reducing susceptibility either as tempera- 357
ture drops or Ni thickness increases. 358

CONCLUSIONS 359

A bimagnetic ribbon sensing element is here introduced 360
consisting of an inner positive magnetostriction FeSiB amor- 361
phous ribbon onto which two symmetrical, negative magne- 362
tostriction, Ni layers are grown by electrodeposition. The 363
magnetic behavior has been characterized as a function of 364
temperature and Ni thickness. 365

The inductance of a coil wounded around the sensing 366
element has been used as the parameter to detect the changes 367
in the magnetic behavior. Within the studied temperature 368
range between 0 and 70 °C, inductance depends linearly on 369
temperature, with sensitivities of the order of 1% K= It was 370
found that the sensitivity has a maximum for a Ni thickness 371
of around 25 wm, whose precise value depends on elec- 372
trodeposition current density. 373

A simple physical model to interpret the experimentally 374
observed magnetoelastic response of the trilayer has been 375
developed. This model describes semiquantitatively well the 376
dependence of trilayer susceptibility and coil inductance on 377
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378 Ni thickness dy; and on temperature. It also predicts and
379 explains the existence of a sensitivity maximum for a finite
380 value of the Ni thickness.

381 As a microcomposite material for sensors, the proposed
382 bimagnetic trilayer presents the following advantages. (i)
383 The use of MSL (amorphous) and CLs (nickel) with opposite
384 magnetostriction gives rise to a cooperative response leading
385 to an enhanced magnetic sensitivity to temperature changes.
386 According to the model, such enhanced response is given by
387 the factor (77,mA,m— 7nilNi)> Present in the sensitivity expres-
388 sion. (ii) The enhanced response mentioned in (i) allows one
389 to select trilayer parameters which lead to an optimum in-
390 ductance response while keeping applied stress at low val-
391 ues, in favorable comparison to materials using nonmagnetic
392 CLs, either making the material more durable for a given
393 working temperature range, or increasing this range for a
394 given durability. (iii) Working under moderate applied stress,
395 as we did, it produces an approximately linear temperature
396 response, which facilitates practical implementation and the-
397 oretical analysis. (iv) We expect that electrodeposition of
398 CLs, as compared to gluing them, will produce more robust
399 trilayers and more predictable and repetitive behaviors.
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