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for magnetic stress sensor applications
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J. E. Snyder” and D. C. Jiles”
Materials and Engineering Physics Program, Ames Laboratory, U.S. Dept. of Energy, Ames, lowa 50011

(Received 2 August 2004; accepted 4 November 2004; published online 21 January 2005

Metal bonded cobalt ferrite composites have been shown to be promising candidate materials for use
in magnetoelastic stress sensors, due to their large magnetostriction and high sensitivity of
magnetization to stress. However previous results have shown that below 60 °C the cobalt ferrite
material exhibits substantial magnetomechanical hysteresis. In the current study, measurements
indicate that substituting Mn for some of the Fe in the cobalt ferrite can lower the Curie temperature
of the material while maintaining a suitable magnetostriction for stress sensing applications. These
results demonstrate the possibility of optimizing the magnetomechanical hysteresis of cobalt
ferrite-based composites for stress sensor applications, through control of the Curie temperature.
© 2005 American Institute of PhysidDOI: 10.1063/1.1839633

I. INTRODUCTION 60 °C?2 Since the temperature dependence of magnetic and
o i . _ magnetoelastic properties is strongly influenced by the Curie
Magnetostrlctlve cobalt ferrite composr[es hold PromiseemperatureTe), the objective of this study was to investi-
for use in advanced njagnetomeghanlqal §tress and torqlé%te whetherTe can be decreased through composition
sensors because of their large strain derivaie/dH), and  changes, while at the same time maintaining sufficient mag-
their high sensitivity of magnetization to applied stresSpeiostriction for stress sensor applications. This would
((_jB/da)H. Magne.toelastlc §tress sensors operate on the PrYrereby enhance the reversible magnetomechanical response
ciple that magnetic properties of materials such as permeabilihin the temperature range of interest and allow control
ity and magnetization are altered by stress via the magnetgy,q reduction of magnetomechanical hysteresis.
elastic couplind: These magnetic property changes can be  copgjt ferrite, which has the inverse spinel structure, can
detected remotely, for example, by measuring rélw_agnetlc fielde used for investigation of the effects of microstructural
near the sensor surface using a Hall effect devibtagne-  changes and lattice strain on the magnetic properties. It has
toelastic materials therefore offer realistic prospects for depeen shown for example that annealing of cobalt ferrite can
velopment of contactless sensors for use in stress and 1Orqyg ysed to alter the cation distribution among the octahedral
applications. o _ _ and tetrahedral lattice sites and thereby lead to differences in
Most stress sensor applications ideally require materialg,agnetic propertie® The substitution of Mn for Fe in co-
that exhibit large reversible changes in magnetization withyy ¢ territe can also cause migration of cobalt from the octa-
applied stress together with minimal magnetomechanicgheqra) sites to the tetrahedral sites and structural changes
hysteresis. In previous studies, metal bonded cobalt ferritaye also been observed in films of this material as a résult.
composites have been shown to be excellent candidates @ hese cases, it was found that saturation magnetization,

stress sensors due to a large magnetomechanical effect agdercivity and Curie temperature all decreased with increas-
high sensitivity to stress. They show almost linear magne- ing Mn content.

tostrictive strains of magnitude up to 223.0°° with a maxi- In this work, manganese-substituted cobalt ferrite was

mum rate of change of strain with applied figlth/dH)max  fapricated and its properties characterized to study the effects
of 1.3x10°° A™'m under no external load. They also ex- o composition on the Curie temperature and magnetostric-
hibit good mechanical properties and excellent cormosionion  previous studies of Mn-substituted cobalt ferrite cen-
resistance. _ _ tered on thin films for magnetooptical applications and fine

A drawback to metal-bonded cobalt ferrite compositeparticles® The effects of Mn on the magnetomechanical
materialg is that they also exhibit some magnetome_chanic:iyroperties have not been reported. In the present study, we
hysteresis at room temperature, and for these materials t0 bgyort results of the effect of manganese substitution for iron
suitable for sensor applications it is desirable to redqce thign curie temperature, magnetization, and magnetostriction
hysteresis. It was observed that the magnetomechanical hygs; 5 series of sintered bulk Mn-substituted cobalt ferrite of
teresis became negligibly small at temperatures abOVEomposition CoMgFe,_0, for 0<x=<0.8.

dAlso at: Materials and Engineering Physics Program, Ames Laboratory]l. EXPERIMENTAL PROCEDURES
U.S. Department of Energy, Ames, lowa 50011. . . .
bMaterials Science and Engineering Department, lowa State University, A Series of manganese-doped cobalt ferrite samples with

Ames, lowa 50011. compositions of Cokg,Mn,O, (wherex ranges from 0 to
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TABLE |. Target and final compositions for the series of manganese substi- 1.2
tuted cobalt ferrite samples with various amounts of manganese substituted
for Fe.
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FIG. 1. Normalized magnetic moment vs temperature upon cooling for pure
0.8) were prepared by substituting manganese for iron. Thegobalt ferrite and manganese-substituted cobalt ferrite samples
samples were made using standard powder ceramic tecf®F&-xMnOs with various manganese conteris=0 to 0..
niques. The process involved mixing Jg, MnO,, and

Coz0, powders in the targeted proportions. The powder Wagjecrease in Curie temperature, saturation magnetization

mixed, calcined, ball milled, mixed, and recalcined. Thegngwed only a modest declirfep to 20% over the range of
powder was then remilled, mixed, pressed into slugs, anggxgo_&_

sintered in air. The samples were cooled by removal fromthe a5 shown in Fig. 3, samples with low Mn conterfésg.

furnace to room temperature. The micrqstructure of Fh%OFQ_.BMnO. ,0, had maximum magnetostriction comparable
samples was characterized using a scanning electron micrziy that of pure cobalt ferrite. Further increase in manga-
scope. Energy-dispersive x-ray spectroscdDX) was pese content reduced the maximum magnetostriction. It
used to determine the final composition of the samples. Thighouid however be noted that even the lowest maximum
fabrication procedure was refined until it produced U”iformmagnetostrictior(SO ppm forx=0.8) was higher than that of
microstructures and chemically homogeneous samples. Thgckel which in the past has been considered for use in mag-
compositions of the samples are given in Table I. _ netomechanical sensot$urthermore, Mn substitution does

To determine the Curie temperatures of the variougyoi appear to adversely affect the slope of the magnetostric-
manganese-substituted compounds, the magnetic momegl, curve(da/dH) at low field (in fact, forx=0.2 and 0.3, it
was measured as a function of temperature using a vibratingcreased with Mn conteptThis slope is related to the stress
sample magnetomet&/SM) with a high-temperature fur-  gengitivity of the magnetizatiol?, and is an indication of
nace and temperature controller. The magnetic moment medytential performance of a magnetomechanical sensor based
surements were performed over a temperature range @, this material.
100 °C to 650 °C. The samples were hef‘ted through the Cu-  The curie temperature decreased approximately linearly
rie temperature transition at a rate of 2 °C per minute, andy;ith increasing manganese content as shown in Fig. 4. The
then cooled back through the transition at the same ratg,agnitude of the maximum magnetostriction also decreased
These measurements were performed under an applied fielgp, increasing Mn content

-1 . )

of 8 KAm™ (100 Og. Curie temperatures of the samples  Thege results indicate that manganese-substituted cobalt
were determined fron"_n the cooling curves by linear extrapotg rites offer improved scope for developing magnetome-
lation of the magnetic moment versus temperature CUV@panical sensors and actuators beyond that possible with the
from the region of maximum slope down to the temperaturé,rigina| cobalt ferrite material. Substitution of Mn for Fe has
axis. Room-temperature saturation magnetization of thene effect of making a substantial decrease in Curie tempera-

samples was measured using the VSM under an applied fielghre which thereby affects the temperature dependence of
of 560 KA mt (7 kO#®.

70 #
lll. RESULTS AND DISCUSSION 60 .\\,
The temperature dependence of the normalized magnetic IS
moment of the pure cobalt ferrite and the material with vari- E 401
ous amounts of manganese substituted for Fe is shown in = 391
Fig. 1. All of the samples exhibited a sharp increase in mag- 20
netic moment on cooling through the Curie temperature. It is 10
evident that substituting Mn for Fe in cobalt ferrite reduced 0 , . ,
the Curie temperature, by as much as 300 °C in the case of 0 0.2 0.4 0.6 0.8
CoFq oMng gO,. Mn Content

Figure 2 shows the room-temperature saturation magne;, . o
. . . . . IG. 2. Saturation magnetizatiod at room temperature of manganese-
tization of pure cobalt ferrite along_ W'Fh the Mn'SUbSt'tUte(_j substituted cobalt ferrite CokgMn,O, with various manganese contents.
ferrite samples. Although Mn substitution made a substantiathe applied field was 560 kA (7000 Og.
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FIG. 3. Magnetostriction curves for CofzgMn,O, samples. My Content.(x).

FIG. 4. Curie temperaturé: and maximum magnetostriction,,,, of the
magnetic and magnetomechanical properties contributing tfpanganese substituted cobalt ferrite samples vs the manganese content.
magnetomechanical hysteresis. The maximum magnetostriey ntent allows the material properties to be optimized for use

tion magnitude, although reduced, is still sizeable, andn magnetomechanical stress sensors over a range of opera-
should be more than sufficient for use as a magnetomechanjynal temperatures
cal stress sensing material for many applications. Saturation

magnetization, upon which the magnitude of the externaRCKNOWLEDGMENTS

field used in noncontact sensing will depend, shows only @  This research was supported by the National Aeronauti-
modest decrease throughout the compositional range. Simgal and Space AdministratiofNASA) under Award No.
larly, the slope of the magnetostriction curve at low field, NAG-1-02098.
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