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Electrodeposited Fe—Ga Alloy Films for Directly
Coupled Noncontact Torque Sensing

Matt Hein™, Jungjin Park™, Joseph A. Cozzo, Alison Flatau, and Bethanie J. H. Stadler, Senior Member, IEEE

Abstract— Torque measurements are used in a number of
controls applications, but indirect coupling, size, and the quality
of commercially available sensor materials can limit their utility.
Here, a compact magnetostrictive torque sensor is made by
electrodeposition of Fej_xGax (0.1<x<0.4, aka Galfenol), onto
Cu shafts using rotating cylinder electrodes (RCEs). The alloy
composition is controlled by tuning the RCE rotation rate
between 500 and 2000 RPM, while the electrode potential is
varied from 1.15 to 1.20 V. Direct coupling of Fe;_yGax to
the shaft with the electrodeposition process enables magnetic
anisotropy to be induced via shaft surface texturing, as seen
by a 260% increase in susceptibility along a 400 grit texturing
direction versus perpendicular to the texture and compared with
the isotropic behavior of films deposited on polished shafts.
Inverse magnetostriction-based torque sensing is demonstrated
by measuring stray fields from Fe;_yGay films as torque loads
of 0-16.9 Nm were applied to the shaft. Films electrodeposited
on circumferentially textured shafts had torque responses almost
1.5 times greater than films electrodeposited on longitudinally tex-
tured shafts and five times greater than films on polished shafts.

Index Terms— Sensors, magnetic sensors, instrumentation and
measurement, torque measurement, force sensors, thin film
sensors, magnetic devices, magnetostrictive devices, magnetome-
chanical effects, magnetoelasticity, magnetostriction

I. INTRODUCTION

OTARY MOTION exists in nearly all machinery ranging

from large scale windmills and diesel engines to drive
shafts in cars and even to micro drills used within the vessels
of human hearts. For better control of these devices, feedback
is key; thus quality torque measurements are extremely impor-
tant. Quality measurements are often achieved at the cost of
large size and poor efficiency, so engineering tradeoffs must
be made in order to get products to market. The materials
and measurements presented here are an effort to introduce
new solutions that offer small sensors with high efficiency
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Fig. 1. a) Typical layers in strain gauge-based torque sensor. b) Bulk MS
materials adhered to a torque element. ¢) MS thin film electroplated directly
to torque element.

and reliability. Fe;_xGax (0.10<x<0.40, a.k.a. Galfenol), is a
sensing material that exhibits saturation magnetostriction of up
to 400 ppm and has saturation magnetization values of ~1.7 T.
Here we use inverse magnetostriction (the Villari effect)
to demonstrate that electrodeposition of Fej_xGay directly
onto shafts enables low-power, noncontact, directly-coupled
torque/strain measurements. Specifically, direct deposition of
Fe_xGay films onto cylindrical shafts using rotating cylinder
electrodes (RCE) is demonstrated for the first time, and a
noncontact torque sensor is subsequently realized.

II. BACKGROUND
A. Torque Sensors

A number of commercial technologies currently exist for
torque sensing, but the sensing material rarely has direct
contact with the element being strained [1], [2]. Fig. 1 shows
three different styles of sensors, including a typical strain
gauge (Fig. la) where the sensing material is grown on
a specified substrate which is then adhered to the torque
element [3]. The substrate, the adhesive, and alignment can
all be sources of error in torque measurements. Additionally,
these gauges require either direct contact via wires or slip
rings, or indirect contact in which measurements are acquired
via an inductive coupling resonant circuit on the shaft. Fig. 1b
shows a bulk sensing material adhered directly to the torque
element [4]. Using this method, the properties of the adhesive
will still impact the sensed torque. Fig. lc is an illustration
of the proposed technological solution in this paper where the
sensing material is deposited directly onto the element being
measured. Similar solutions have been proposed in a number
of patents and papers, but this is the first time the princi-
ple has been demonstrated with electrodeposited Fej_xGax
[5]-[8]. Advantages such as facile manufacturability, good
magneto-mechanical coupling, robust mechanical properties,
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and direct coupling make electroplated Fe;_xGay a promising
addition to the field of torque sensors.

B. Magnetostrictive (MS) Materials

For direct coupling, there are a number of magnetostric-
tive (MS) materials that could be considered. Terfenol-D has
a large MS constant (4 = 1500 ppm), with saturation magne-
tization value of By =~ 1.0 T, but the material is brittle and
would be difficult to electrodeposit due to the easy oxidation
of soluble rare earths, such as terbium and dysprosium [9].
Co-Fe-O ferrites have been used by many researchers for
MS sensors, and single crystals have been reported to have
A as large as 400 ppm with Mg ~ 0.6 T [10]-[12]. However,
in film form, these oxides and various other MS ferrites are
typically restricted to fabrication by planar vacuum-deposition
techniques. To obtain ductile, conformal depositions on a
cylindrical torque element, metals such as Ni, Co, or Fej_xGay
could be electrodeposited. Ni and Co have low MS constants
(ANi ~- 40 ppm, Mgy = 0.6 T; Aco =~ -18 ppm, My = 1.4 T),
but single crystal Fe;_xGax has 1 up to 400 ppm with Mg =
1.7 T [13], [14]. Although electrodeposited Fe;_xGay films
only have 4 = 100 — 200 ppm and Mg = 1.6 T the truly
unique capability of direct, conformal deposition onto torque
elements makes them very promising as a new solution to the
field of torque sensing, and a prototype device is demonstrated
here [15].

C. Induced Anisotropy for Self Bias

A common design criterion in magnetic-based sensors is the
need to align the primary magnetic axis of the sensor to take
full advantage of the stimulus and sensing mechanisms. To do
this, permanent magnets and/or electromagnets are often used,
which add complexity, cost, and/or power losses [16]-[18].
Alternatively, magnetic bias can be induced by shape, coupling
layers, and texture [4], [19], [20]. While these approaches can
be complex, the final device can be small with all components
fully integrated. For example, Herbst [6] coupled two rings
with respect to each other after application of a field in
order to maintain a bias direction. Raghunath er al. [4] used
patches of textured rolled sheet with known magnetic easy
axes orientations to achieve directionality. In this manuscript,
a simple substrate pretexturing process is introduced so that
electrodeposited Fej_xGay films possess a well-defined mag-
netic anisotropy. While this pretexturing does not relieve the
need for a bias magnet in the configuration used in this paper,
the induced anisotropy adds directionality to the sensor which
improves its response.

D. Fei—xGay Electrodeposition

Electrodeposition of Fej_xGax was first demonstrated by
McGary and then later refined and characterized by Reddy and
Estrine [15], [20]-[22]. In these works, uniform, high quality
films were deposited onto rotating disk electrodes (RDE), and
the importance of boundary layer control was shown. To date,
the electrodeposition parameters of Fej_xGay have only been
defined for planar surfaces. In this paper, rotating cylinder
electrodes (RCE) are made to elucidate the mechanisms of
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boundary layer control on cylinders which represent standard
torque elements, such as shafts. While RDE and RCE are
very similar in principle, their fluid dynamics can be very
different [23]-[26]. The RDE is typically used in the laminar
flow regime, which extends to very high rotation rates before
becoming turbulent. The RCE on the other hand will switch
from laminar to turbulent flow at very modest rotation rates.

III. EXPERIMENTAL SECTION
A. Shaft Preparation Details

In this work, two types of substrates were used: Cu tubes
and Cu Shafts. To develop the electrodeposition parameters,
25.4 mm (17) diameter x 38.1 mm (1.5”) long Cu tubes were
cut from 152.4 mm (6°) long Copper 101 tube (McMaster-
Carr). After cutting, each tube was sanded with 80 grit sand
paper (3M) in a circumferential direction to remove surface
defects. Next, the tubes were sanded with progressively higher
grits up to 400, 600, or 3000 grit. After polishing, two texture
directions were created using 400 grit: circumferential and
longitudinal. The Cu shafts (25.4 mm diameter by 381.0 mm
(15”) long) were cut from a 0.91 m (3”) Copper 101 solid shaft
(McMaster-Carr). A key slot was then cut on both ends to
mate with the test fixture used in the prototype torque sensor.
A threaded and tapped hole was also added to each end for
mounting directly to the RCE motor. The shafts then followed
the same surface preparation procedure as the tubes.

B. Deposition Details

In order to optimize the electrodeposition of Fej_xGax
on cylindrical surfaces, two solutions, compositions and a
variety of potentials and rotation rates were studied. The
solutions were based on [21] and consisted of 500 mM sodium
sulfate (Alpha Aesar), 31 mM sodium citrate (Alpha Aesar),
either or 82.5 mM Gallium sulfate hydrate (Alpha Aesar), and
15 mM Iron Sulfate (Alpha Aesar). The solution PH was then
adjusted to a value of 3.75 with NaOH using a calibrated
PH meter (Oakton pH 6+). The potential was varied between
1.05 V and 1.25 V, using a Gamry PCI4/300. The rotation rate
was controlled using a Gamry 710 RDE with rates ranging
from 500 RPM up to 3200 RPM in order to mimic the RDE
mass transfer rates from [21].

The Gamry RDE was replaced with a custom RCE in
order to deposit onto the 381 mm shafts. Fig. 2a shows a
diagram of the RCE with the two-piece shaft. The electrolytic
cell consisted of a plastic 1 L graduated cylinder with two
plugs machined to fit inside the cell and minimize electrolyte
volume. A Ag/AgCl reference electrode (BASF) was inserted
through the top plug such that it was in close proximity
to the working electrode (a cylindrical shaft). The top plug
also served to minimize the vortexing of the fluid during
depositions. A Stainless-Steel mesh was used for the counter
electrode. For the Cu tube samples, a custom fixture that mim-
icked a shaft was fabricated from a 25.4 mm dia. x 342.9 mm
long (13.5”) 7071 Al shaft that was split in two and then
screwed together to hold the Cu tubes and make contact. The
Al shafts were then masked to prevent deposition or corrosion.
The Cu shaft samples, Fig. 2c, were simply treated as shafts
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Fig. 2. a) Schematic of rotating cylinder electrode(RCE) electrodeposition
cell. b) Image of RCE used in depositions, shown with two-piece shaft.
¢) Example of shaft with Fe|_xGax films used for torque.

that screwed directly into the RCE motor. After deposition,
the Cu shafts could be directly inserted into the torque
measurement setup. During deposition both the tubes and the
shafts were masked to expose a 6.35 mm (0.25”) long ring of
Cu to the electrolyte.

C. Measurement Details

The films were characterized by three different methods:
energy dispersive spectroscopy (EDS) for composition, and
vibrating sample magnetometry (VSM) for magnetic prop-
erties, and custom torque measurements for magnetostrictive
response [12]. Specifically, a Jeol JSM-6610LV SEM with an
Oxford Instruments Inca X-Act EDS was used to determine
the %Ga, %Fe, and %0 in each film, after removing peaks
from Cu and trace elements. For VSM (Lakeshore 7410),
6.35 mm x 6.35 mm samples with thickness of 250 nm (esti-
mated) were cut from the Cu tubes and mounted to a quartz rod
for measurement with the magnetic field parallel to the plane
of the film with the polished/textured direction both parallel
to the magnetic field and rotated 90°. The magnetization
was measured while the applied field was swept £0.2 T
to saturate the samples. Due to sample texture, thickness
was estimated based on the film’s moment. A saturation
magnetization of 1520 kA/m was used as previously reported
for electrodeposited samples [27].

A prototype torque sensor verified the functionality of
directly coupled Fe;_xGay, Fig. 3. Films with nominal thick-
nesses up to 250 nm (estimated from VSM) were deposited
on solid Cu shafts that had surfaces with either a polished,
longitudinal or circumferential texture. The films were
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Fig. 3. Picture of torque measurement technique. The image shows
testing on Al shafts with bulk foil, while the close-up shows measurement
electrodeposited films [3].

deposited for 10 min at 1.2 V and 1500 rpm to achieve a
composition of FegsGajs. The end of each Cu shaft was fixed
using a particle brake (Placid Industries, Inc.). A lever arm was
attached to the other end and known weights (2.27 kg (5 1b),
4.53 kg (10 1b), 6.80 kg (15 Ib)) were used to apply static
torque to the shaft. The weights were hung 254 mm (10”)
away from the shaft to create 5.65 Nm (50 in-1b), 11.30 Nm
(100 in-Ib), or 16.95 Nm (150 in-1b) of torque. A calibrated
commercial slip ring torque sensor (Sensor Developments
Inc. model 01324-022-G0O0OAQO) was used to provide standard
readout of the torques for calibration. The sensor had a
sensitivity of 10 mV/in-1b and a range of 0.35 Nm (3.125 in-1b)
to 2300 Nm (20,000 in-Ib) which covers the 5.65 Nm to
16.95 Nm range used in the experiments. Torque couples
(Lovejoy inc.) were used in between each connection to ensure
a reliable torque linkage. A magnetic circuit, composed of
a Hall Effect sensor (AKM EQ-730L) and a biasing magnet
(0.4 T) on high-permeability steel, was suspended ~1 mm
above the deposited Fej_xGay strip on the shaft, with the
air gap providing non-contact measurement. The Hall Effect
sensor was oriented to sense magnetic field strength in the
vertical orientation such that the sensor operated within its
linear range. This circuit created a flux path through the
magnet, the steel, the sensor and the Fej_xGay as shown in
Fig 4. For each of the Fej_xGax films, four torque states
(0, 5.65, 11.30, and 16.96 Nm) were applied to the shaft,
and output was recorded simultaneously from both the Hall
Effect sensor and the standard torque sensor. Sensitivity was
calculated using the Hall Effect signal at each applied torque
after filtering and averaging to remove noise. A least-squares
regression was applied to determine the response of the sensor
in xT/Nm.

When torque is applied to the shaft, torsional strain and
shear stress on the surface of the shaft produce maximum
tensile and compressive stresses in the Fej_xGay film at +45°
from the longitudinal axis of the shaft [28], [29]. The inverse
magnetostrictive response of the film causes the magnetic
anisotropy to align with the direction of maximum tensile
stress, i.e. at an orientation of £45° from the longitudinal axis
of the shaft, so as to minimize magneto-mechanical anisotropy
energy in the Fej_xGax film. This produces a measurable
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change in the magnitude of the flux passing through the
magnetic circuit. The Hall effect tracks this change in the
magnitude of vertical magnetic flux.
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Fig. 6. a) Hysteresis loop of Fej_xGax film on a polished surface. b)
Hysteresis loop of Fej_xGay film on a textured surface. Insets: SEM images
of Fej_xGax films on polished and textured surfaces.

IV. RESULTS

A. Rotating Cylinder Electrode vs Rotating Disk Electrode

The first step in achieving Fe|_xGayx deposition on cylinders
was to modify the parameters from the RDE work of Reddy
and Estrine for the RCE (Fig. 5a). Ga is typically deposited
using a citrate (Cit) complexing agent. Since Fe is more
electronegative than the GaCit complex, it deposits faster than
Ga. So an excess of Ga is used in the electrolyte, along
with controlled mixing to hone in the Ga:Fe ratio. The mass
transfer (ky) characteristics of RCE and RDE are shown in
Egs. (1) and (2) where d is the cylinder diameter, D is the
diffusion coefficient, v is kinematic viscosity and w is rotation
rate [24]

o rce = (0.0487d04) (D094) (5-034) (o07) (1)
km,RDE = (O.620D.%) (v_%) (a)%) ?)

Calculations show that faster rotation rates are needed in RCE
compared to RDE to achieve similar ky, values, Fig. 5a. For
example, to match the ky, values of RDE at 1000 rpm from the
prior work, 3200 rpm would be needed in RCE. However, this
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rotation rate is extremely fast for RCE applications. From
Eq. (3), 3200 rpm yields a Reynolds number of 106,880 which
indicates high turbulence.

3)

Indeed, early attempts to match the k, of RDE led to excessive
vortex formation at the RCE’s surface. The resulting turbu-
lence led to chalky brown films typical of oxidized Fe|_xGay.
The vortex stop shown in Fig. 2a was developed to limit this
effect, but vortex formation was only mitigated at rotation
rates below 2500 rpm. Therefore, all further development was
performed using the vortex stop at rotation rates between
500 and 2000 rpm. Unfortunately, the vortex stop trapped air
and bubbles in the cell, but a simple solution of relief channels,
machined into the vortex stop, were effective at eliminating
excessive bubble entrapment.

Rerce = (7T2dCylF)/6Ol)

B. Film Composition

EDS analysis of the films showed that the Ga concentrations
were indirectly proportional to the mass transfer, Fig. 5a
(right axis), as expected. Fig. 5b summarizes the dependence
of Ga concentration on rotation rate, deposition potential,
and electrolyte concentration. This bar chart shows that the
composition can be controlled over the 15%Ga to 35%Ga
range that has been shown to have useful magnetostriction
constants [15]. It is also important to note that the Fe;_Gay
films made within the parameters studied here did not contain
oxygen impurities within the limit of detection.

C. Magnetic Characterization

The impact of substrate texture was studied using 62.5 mm?
samples of Fej_xGaxfilms on polished Cu tubes (3000 grit)
and textured (400grit) Cu tubes, Fig. 6a,b. The polished tube,
Fig. 6a, yielded VSM loops that were almost identical in
both the transverse and longitudinal measurements because the
polycrystalline film was isotropic. In contrast, Fig. 6b shows
that the surface of the 400 grit substrate is highly textured.

The deep grooves induced a shape anisotropy in the film,
which made it magnetically softer along the direction of
texture. The susceptibility is 260% higher and the remanent
magnetization of the textured film 2.5x greater in the direction
of texturing.

D. Realization of Electroplated Torque Sensors

Prototype torque sensors were made from shafts with the
three textures and torques of between 0 and 16.95 Nm were
applied for measurements. The plots show the applied static
torque, as recorded by a calibration torque meter, and the
resulting change in magnetic flux through the magnetic circuit,
as recorded by the Hall Effect sensor. As torque was applied in
steps of 5.65 Nm, the calibrated torque sensor responded with
a step wise increase in the output following a small transient
due to the addition of weights to the lever arm. Other transients
in the calibrated torque sensors are due to noise in the
environment. Similarly, the Hall sensor output increased (the
applied negatively signed B-field (~12 mT,~1.0 V) increased
towards zero) with the applied torque. This increase was due
to the rotation of magnetization state of the Fej_yGax film
away from its no-load state, which was longitudinal due to
biasing, towards 45° to the shaft axis.

The polished shafts showed a response of 0.71 uxT/Nm.
The longitudinally textured shafts showed a greater response
with a sensitivity of 2.30 xT/Nm, and the circumferentially
textured shafts showed the best response with a sensitivity of
4.07 ©'T/Nm.

The effect of texturing can be explained as a balance of
stress anisotropy and shape anisotropy. The no-load magnetic
anisotropy was determined by the combined effects of the
shaft surface texture, the strength of the permanent mag-
net and flux through the torque-sensing magnetic circuit.
Smooth shafts exhibited the smallest response to torque-
induced stress because they had isotropic magnetization
characteristics, i.e. no dominant easy axes (VSM data and
Fig. 7, left). Shafts with longitudinal texture had longitudinal
shape anisotropy, which is in the same direction as the no
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load magnetization. In this case, (Fig. 7 middle) stress-induced
anisotropy produced a modest rotation of magnetic anisotropy
of the Fe;_xGax film away from its no-load direction with a
change of 2.30 xT/Nm in flux through the magnetic circuit.
For circumferentially-textured shafts, the Fe;_xGay magnetic
texture-induced anisotropy lies 90° to magnetic flux path
which is along the shaft. This extra circumferential anisotropy
lowered the stress-anisotropy energy required to rotate the
moment away from the no-load magnetically biased state. For
this case (Fig. 7 right), stress-induced anisotropy produced
an increase of ~70% in rotation of magnetic anisotropy of
the Fej_xGay film away from its no-load direction, leading
to a change of 4.07 x4T/Nm in flux through the magnetic
circuit. Hence, this prototype sensor was more sensitive to
torque within the measured range. Future sensors could control
the sensitivity to different ranges of torque by varying the
texture of the shaft and the strength of the permanent magnet
(recall that 0.04 T permanent magnets were used here). These
variables could expand the dynamic range of torques that can
be detected.

For comparison to current devices, the sensitivity of the
250 nm (estimated from VSM) electrodeposited Fe;_xGay is
about 10 fold lower than the sensitivity of discrete 635 xm
thick Fe;_xGax patches, which are attached to the shafts via
adhesives [30]. Further studies with thicker films are needed
to determine the extent to which electrodeposited films can
compete with adhesively bonded patches. Electrodeposited
Fe1_xGax films may be the only option when nano- or micro-
scale torque sensors are needed, and this work verifies that
they will be viable options.

V. CONCLUSION

Direct deposition of magnetostrictive Fej_xGayx has been
demonstrated onto torque elements using a rotating cylinder
electrode (RCE) for use in torque sensors. By varying the RCE
rotation rate (500-2000 rpm), deposition potential (1.0-1.2 V),
and electrolyte, the film composition was controlled from
15%Ga to 35%Ga which is the optimal range for magnetostric-
tion in the Fe;_xGay alloy system. Additionally, it was shown
that texturing the surface onto which the film was deposited
affected the film’s response by inducing a magnetic anisotropy.
The advantages of these torque sensors are that they are easy
to fabricate, allow for direct coupling, and are noncontact.
With sensitivities in the range of 0.70 to 4.07 «T/Nm, these
sensors are promising new directly-integrated alternatives for
future applications.
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