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Heat treatment effects on sensitivity and hysteresis loops
of magnetoelastic torque transducers

Mark S. Boley,® Doug A. Franklin, and David K. Rigsbee
Department of Physics, Western lllinois University, One University Circle, Macomb, lllinois 61455

Recent experiments have indicated that a torque transducer can be constructed based on local bands
of naturally stabilized remanent circumferential magnetization within a hollow steel shaft. A strong
coercive force along with the crystalline anisotropy combine to stabilize the circumferential
magnetization of the sensing area of the shaft. A torqued shaft has its magnetic axis tilted into a
helical orientation, which generates an axial field signal linearly proportional to the applied torque
that can be sensed externally to the shaft. Our research has shown that the transducer function can
be improved by appropriate sequential heat treatments in a helium atmosphere. Subsequent to all
heat treatment steps, the test shafts were measured to determine the changes in axial and
circumferential magnetic hysteresis properties and to track the development of the magnetic sensing
area to applied torquésensitivity). Although little change was produced in the originally narrow

axial hysteresis loops, a 10%—20% decrease was observed in both axial coercive force and remanent
magnetization, and correspondingly, a 50% increase was observed in sensitivity, accompanied by a
higher linear saturation limit. Additionally, the heat treatment cycle significantly widened the
originally broad circumferential hysteresis loops, resulting in a substantial increase in
circumferential coercive force, which improves the stability of the sensory region20GD
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I. INTRODUCTION cal, structural, and geometric properties of a sampée,
method of enhancing the circumferential coercive force
In most magnetoelastic torque transducers previously dethrough a series of heat treatments in one of the major alloys
scribed in the literaturé? a thin wall ring on a torqued shaft used for the ringless transducers is described. This is found
serves as the field generating element as the applied torqte contribute not only to the stability of the transducer, but
induces the tilting of an originally circumferential remanentalso to improved performance and sensitivity to applied
magnetization in the ring. More recently, a new and simplettorque.
construction for a torque transducer has been discovered
whereby local bands of naturally stabilized remanent circumil. EXPERIMENT
ferential _magnet!zatlon are established within a hollow steel Results obtained with three identical 22.2 mm outside
shaft which can itself be placed under torque. Not only does;. . .
. . . . diameter and 76.2 mm long shafts with 2.5-mm-thick walls
the ringless configuration reduce the complexity of the trans-]c a single compositioritype 300M alloy steel—uwith per-
ducer itself, but it also extends the measurable range o? g P iy y P

torque to the strength limit of the shaft material rather thang?rg 233/ ngljggto_?N'Vlg%’sgr %|8(2)’0'\gn 8(’)72’ ()Clgﬂrgn I\goog.;loﬁ)

being limited by any slippage at the interface of the ring on0_006, Ti 0.003, S 0.001, and bal)Fare reported here. Al

the shaft three shafts were submitted to an identical but separate four-

Ce_ntral o the pe”‘”m?‘me of suph atorque_tran;ducer Ig’tep heat-treatment process in order to demonstrate consis-
the uniqueness and stability of the circumferential ahgnmen{enCy of our results. The first step consisted of a 925°C

of magnetic domains. Whereas this stability was provided b%nneal in an inerthelium) atmosphere. Secondl, for the

tensnet“hoobp’;j_streststw pre_wous_rmg-t;sze segs%f‘sn the | hardening stage, the samples were heated to 875°C. in the
present embodiment there 1S a primary dependence on a farge, atmosphere fol h and then rapidly quenched in an oil

circumferential coercive force, along with the crystalline an-path to 80 °C. The third and fourth steps were identical and
isotropy, in the material of the shaft itself. The major effectConsisted of a tempering of the shafts at 300°C in an air

of the crystalline anisotropy is to cause the majority of do'atmosphere fo5 h in each case followed by a slow cooling
mains to be uniformly distributed within a 55° cone centeredin air to room temperature

around the circumferential direction in the absence of any Subsequent to each st.ep of the heat treatment. each test
external stresdThis large coercive force combined with the shaft was measured to determine the changes in the magnetic
closed circumferential configuration then preserves the imegﬁysteresis properties and the sensitivity of the shaft to ap-
rity of the magnetically conditioned sensory region of theplied torque. Hysteresi®—H) measurements were taken by

shaft that serves as the torque transducer. While the COBICBinding primary and secondary coils about the shafts in both

force is a single-valued function of the chemical, metallurgi-the axial and circumferential directions and conducting the
analysis using 60 Hz ac at currents up to 15 A. The shaft
dElectronic mail: mboley@ccmail.wiu.edu sensitivity measurement was conducted by circumferentially
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Shear Stress (Mega Pascals) TABLE I. The effects of heat treatment on coercive force values and rem-
0.0 1.0 2.0 3.0 4.0 5.0 anent magnetization in the axial and circumferential directions.
0.70 —t Preheat  After  After After After
— treatment step 1l  step 2 step 3 step 4
0.60 - Post-Sensitivity . ¢
86 mG/N-m . Axial
Z 050 - . coercive force 30 35 40 30 27
g ©
= *
o 0.40 4 . Axial remanent
= . * PR 4 magnetization 850 550 800 600 650
?P 0.30 - 2 * ¢ (09
o v * * Circumferential
% o * coercive force 33 40 46 38 38
iz 0.20 - * . * (G)
. * * * Pro-Sensitivit Circumferential
0.10 - PR Y remanent 12 300 8000 9300 11000 11500
0.00-44.!,..‘,....,..,..
0.0 2.0 4.0 6.0 8.0
Torque (N-m)

tained from one of the shaft@and are typical of all three

FIG. 1. Transducer field signal response is shown as a function of applie&hafts prior to the first step and subsequent to the fOl"lrth and
torque load and corresponding torsional shearing stress. Note the increasefimal step of the heat treatment. All of the hysteresis loops
sensitivity following heat treatment. underwent appropriate background corrections via differen-
tial comparison with data obtained in a similar manner from

. a paramagnetic aluminum ring. The circumferential loops
magnetizing a small segment of the shaft to serve as a sen;

sorv region and apolving a torque load to one end of th shown in Fig. 3 have clearly reached full saturation. Al-
y regi pplying qu hough our available current did not allow the axial loops

shatt, thus applying a torsi_onal .shearing. stress across tr%‘?wwn in Fig. 2 to entirely saturate, the effect on remanence
length of the shaft. Appropriate field sensing elements WerSnd coercivity is minimal as these values were observed to

g]xeigl ?ilgcc:jeggonvaelrgtgr?eSrZ?:dogsrfhgeIO;pg{i(t:gfis:?)f: ttgrgjéeglttgﬁr?dergo only negligible change in the upper regions of ap-

the original circumferential magnetization. Each torque loa lied field. !_|_ttle change was observed o_lue o heat treatment
o T rom the originally narrow axial hysteresis loop for the shaft.

test was performed to the limits of the linear field response to

applied torque in either direction.

18040
Lodvavary

Ill. RESULTS AND DISCUSSION Prior to .
Heat Treatment {2000 -

In Fig. 1 is shown a comparison of the results of the
shaft sensitivity measurements prior to and subsequent to the
four-step heat-treatment procedure. The transducer field sig- .
nal, which was found to be consistent in either torque direc-
tion and to reliably return to the zero torque value, was plot- 5 _g
ted against the applied torque load up to 8 Nm. On the
secondaryx axis are shown the resulting values of applied
torsional shear stress up to 5.6 MPa, calculated from the
torque values. The field response to applied torque became
nonlinear beyond 7 N m in the pretreatment case, and beyond Post 1
about 9 Nm in the post-treatment case, indicating a slight Heat Treatment (10000 -
increase in the sensor’s linear saturation limit with heat treat-
ment. The sensitivity, determined by an average of linear
least square fits to the linear portion of the data sets, was
found to dramatically increase from 56 to 86 mG/N m sub-

6000 -

duction (Gauss)

C.F.
30 Oersteds
R. M.
850 Gauss

g

Magnetic

5000

Magnetic Induction (Gauss)

sequent to the entire heat-treatment procedure, which is a 2 -8po 840
definite enhancement of transducer signal and performance. T C.F

In Table | is shown a summary of the results of hyster- T 27 Oersteds
esis measurements in the axial and circumferential directions -10000 + R M
prior to and subsequent to each step of the four-step heat- T 650 Gauss
treatment procedure. In each case the values of the coercive 15668
force (H,-the H-axis intercept in oersteflsand remanent Magnetic Field (Oersteds)

magnetlzatlor(the B-axis intercept in Gau$$re tabu'.ated' FIG. 2. A plot of the axial hysteresi®—H) loops prior and subsequent to
F|gure§ 2and 3 are sample_s of _the ?Ctual hystere_5|s Plots {Re heat treatment, showing a slight decrease in axial coercivity and rema-
the axial and circumferential directions, respectively, ob-nence, resulting in improved transducer sensitivity.
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29900 (925°C) anneal above the Curie temperature, is designed to
] eliminate the previous magnetic history of the sample and
accomplish the conversion from a soft pearlitic structure to a
solid austenitic structur® After slow cooling, the material
should exhibit its minimum magnetic “softness” at this
point, which is in agreement with the smallest values of rem-

Prior to
Heat Treatment 15000 -

Magnetic Induction (Gauss)

40 40 anent magnetization, both axially and circumferentially. The
C.F. second step is designed to magnetically “harden” the
33 Oersteds sample by rapid quenching from 875°C, accompanied by
RM. the austenite to martensite transformatiand a correspond-
12,300 Gauss ing decrease in grain siZeThis finer grain structure is most
Post likely what results in the highest values of the coercive force

in both the axial and circumferential directions following this
step® However, the tempering process in the third and fourth
steps, despite a slight decrease in coercivity, is essential to
prevent the sensor from being too brittle for most
applications:

Heat Treatment

Magnetic Induction (Gauss)

4o The physical property changes which accompany the
C.F. various heat treatments can be successfully modeled in two
38 Oersteds dimensions (circumferential and axial through consider-
%000 RM. ations of the total energy per unit volume due to crystalline
11,500 Gauss anisotropy, externally applied stress, and externally applied
26666 magnetic field. This can be expressefi®as

Magnetic Field (Qersteds) E =K SIP(W — 0) + X0, S 67— 6) — HH, oS,

FIG. 3. A plot of the circumferential hysteres{B8—H) loops prior and . L . . .
subsequent to the heat treatment, showing an increase in circumferentiyhereK is the uniaxial anisotropy material constaiiftjs the

coercive force, resulting in improved transducer stability. angle between the easy axis and circumferential direction,
is the angle between magnetic moment and circumferential
direction, 6+ is the angle of twis{when shaft is under ap-

However, if a comparison is made of the axial coercive forceplied torque, A is the magnetostriction material constant,

and remanent magnetization values from Table | prior to heatnd o is the magnitude of applied torsional shear stress.

treatment and after the final heat treatment, a 10%—-20% déFhis free energy will be minimized at different values &f

crease can be noted. The enhanced transducer sensitivity paepending on the values &, N\, and H, for a particular

viously noted appears to be dependent on the ability of apmaterial. The larger sensitivity values observed in the heat-

plied torque to tilt the originally circumferential orientation treated material for a given applied stress correspond to

of the magnetization in the sensory area of the shaft anthrger shifts ind to achieve an energy minimutfi.Larger

produce an axial field signal, and can be directly linked withcoercive forces give rise to a deeper energy minimum,

this overall decrease in the axial hysteresis parameters. thereby increasing sensor integrity.

The circumferential hysteresis loop subsequent to the en-
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