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Machining-based deformation processing is used to produce metal foil and flat wire (strip) with suitable
properties and quality for electrical power and renewable energy applications. In contrast to conventional
multistage rolling, the strip is produced in a single-step and with much less process energy. Examples are
presented from metal systems of varied workability, and strip product scale in terms of size and production
rate. By utilizing the large-strain deformation intrinsic to cutting, bulk strip with ultrafine-grained micro-
structure, and crystallographic shear-texture favourable for formability, are achieved. Implications for pro-
duction of commercial strip for electric motor applications and battery electrodes are discussed.

© 2023 CIRP. Published by Elsevier Ltd. All rights reserved.
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Fig. 1. Shear-based deformation processing in plane-strain by HCE. RFN, TD and CFD represent
directions parallel to rake face normal, chipwidth (transverse) and chip flow, respectively.
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1. Introduction

Thin-gauge strip (foil, sheet and flat wire formats) of Al, Cu and
electrical steels are critical for power storage and renewable
energy applications, including electrical conductor wire, high-per-
formance motor windings and core laminations, and electric vehi-
cle (EV) battery electrodes. Today, virtually all commercial metal
strip is produced by multistage deformation processing (rolling or
drawing), wherein large thickness reductions often require up to
30 stages of incremental deformation. These traditional
manufacturing processes are capable of large-volume production.
However, they are multi-step, energy intensive, and inflexible,
posing constraints to product design and performance � especially
in materials for EVs and next-generation motors. With steel sheet
products, for example, the rolling energy consumption is second
only to that of blast furnace operations [1,2]. Furthermore, rolled-
strip cost increases near-exponentially with decreasing size into
foil range [3]. It is therefore of interest to develop new alternative
processes for strip production � particularly in speciality applica-
tions. In this study, we show, using diverse examples, that large-
scale strip production by machining-based deformation processing
is a possible process solution.
2. Background: shear-based deformation processing

Chip formation is a large-strain deformation process involving action
of a tool against a workpiece (Fig. 1). The chip, the process end-product
in the present study � in sheet, flat wire or foil form � is created by
feeding the tool, with rake angle (g), radially into a rotating workpiece
at specified undeformed chip thickness, ho. A continuous strip of thick-
ness hc > ho, is produced at speed V0 by intense shear confined to a nar-
row shear zone AB. Conventional (free) machining (without the
constraint in Fig. 1) is called FM to emphasize that the exit chip thick-
ness (hc) is not set a priori, but is an output of the deformation process.
The chip formation can be converted into a strip-forming process �
hybrid cutting extrusion (HCE), with hc set a priori � by using a second
constraining die located across from the primary tool, see Fig. 1 [4,5].
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Fig. 2. Flat wire and foil produced by (a) HCE Al 1100 and (b) FM Al6061-T6. Image (c)
highlights formability of Al 1100 strip in 0T bend test.

Table 1
Hardness and electrical conductivity of Al 1100 wire.

Condition strain (ɛ) HV Conductivity (%IACS)

Annealed (O-temper) 0 27 § 2 57.9 § 0.2
HCE 1.4 45 § 1 58.2 § 0.1
Commercial H18 [10] 1.6 49 57
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In HCE, unlike FM, hc can be set smaller than ho [5]. The von Mises
strain in the strip is, by the shear plane model, with λ = hc/ ho [4,5],

e ¼ 1ffiffiffi
3

p λ
cosg

þ 1
λcosg

� 2tang
� �

ð1Þ

The use of chip formation to produce metal strip is not new. It
appears to have originated in a process called peeling [6] � cutting
with large positive rake angles, as high as 45°, often coupled with
chip-tensioning. The earliest (German) patents on the subject date to
1925. Subsequently, constrained cutting processes emerged [4,5,7,8],
to produce strip of narrow width � precursors to the current HCE.
HCE has unique deformation attributes [5,9]. It can a) provide two-
parameter control of deformation path and chip strain, via λ and g,
for control of strip microstructure/texture; b) produce strip with
fine-grained microstructures via controlled large-strain deformation;
and c) suppress flow instabilities via favourable shear zone condi-
tions (high hydrostatic pressure and adiabatic deformation). These
findings suggest that HCE and FM can be developed for production of
strip from ingot, in a single step, at scale, for electrical and structural
applications. The ensuing examples highlight this transformative
potential of HCE and FM for strip production.

3. Results

3.1. Al flat-wire for electrical conductor applications

Al 1100 (> 99% Al) wire is used in electrical conductor applications,
because of its high electrical conductivity, low density and capability to
be strengthened by cold-working. Rectangular cross-section, flat wire is
conventionally produced by rolling/drawing involving 10 to 20 cold-
deformation steps. In the annealed (O-temper) condition, the alloy has
low strength (UTS < 90 MPa), but high ductility (elongation (EL) > 40%)
and electrical conductivity (57 � 62% IACS) [10], see also ASTM-B230/
B230M-07. The low strength precludes direct use in the annealed or as-
cast condition in most applications. Consequently, strain-hardened tem-
pers, from H12 (1/4 hard) to H18 (full-hard) to H19 (extra-hard), have
been developed utilizing deformation processing [10]. Strain hardening
is the preferred strengthening mode, as it does not significantly reduce
the conductivity. The H18 corresponds to cold rolling reduction of 75%,
with ductility of 1�4% EL; while the H19 is the highest commercial
strain-hardened temper, with ductility of only 1.2%. We demonstrate
HCE processing of Al flat wire � strength > 150 MPa, high electrical
conductivity> 56% IACS, and surface quality superior to rolled or drawn
wire, in a single process step, from Al 1100-O stock (27 HV).

The wire production used disk workpieces (6 mm thickness x
140mmdiameter) cut from cold-rolled plates in the half-hard (H14) con-
dition, followed by annealing at 300 °C for 2 h. The tests were conducted
on a flat-bed lathe (Haas TL-2). Based on preliminary FM experiments,
the following HCE conditions were chosen: g = 20°, h0 = 0.125 mm,
V0 = 6m/s, λ of 2.5with a HSS tool (edge radius» 0.005mm) and dry cut-
ting. Under equivalent conditions, the flat-wire thickness produced in the
FM sets the upper limit (λ » 5.5) for HCE wire thickness. Microstructure
of the wire was characterized by optical metallography; surface finish by
stylus/optical profilometry; and strength by Vickers indentation. Conduc-
tivity (%IACS) was determined in line with ASTM standard B193, by resis-
tancemeasurements onwire of 0.5 to 1m length.

Fig. 2a shows a coil of flat wire, 0.2 mm thickness, produced by HCE.
The e imposed in the wire was » 1.4 (λ = 2.5, Eqn. (1)). The hc and λ
parameters enable independent control of wire strain and thickness, a
unique HCE feature not available in rolling. Both the rake face (front)
and constraint face (back) in Fig. 2 have smooth shiny surfaces, devoid
of material pull-out. Optical profilometry showed the mean Ra on the
wire surfaces to be 0.25 mm (rake) and 0.34 mm (constraint). These val-
ues are determined by the finish on the cutting tool/constraint tool
faces. For reference, Ra for commercial drawn Al flat-wire is 0.8 to
3.3 mm, and for rolled Al is 0.4 to 0.8 mm [10,11]. By varying h0, continu-
ous flat wire of 6 mm width and 0.2 to 0.9 mm thickness was produced
by HCE. With regard to FM wire, while its front surface (in contact with
the cutting tool) had a finish similar to HCE wire (from high tool pres-
sure/constraint), the free surface (back) showed visible roughness, from
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unconstrained material flow. In HCE, the constraint suppresses this out-
of-plane flow, enabling a smooth finish also on the wire back surface.

Table 1 gives measured hardness and electrical conductivity for the
wire forms. The strain (ɛ) is estimated using measured thickness reduc-
tion for rolling, and chip thickness ratio (Eq. (1)) for HCE. The utility of
the shear-based processing in increasing the strength of the wires is evi-
dent. The HCE wire strength is » 1.7 X that of annealed wire (27 HV), a
consequence of the large ɛ imposed. This strength compares favourably
with commercial wire produced by multi-step rolling/drawing (H18).
Similar results were seen with wire produced from another Al conduc-
tor alloy EC1350 in H19 condition. Despite the large ɛ, the HCE wire
showed surprisingly high formability in standard 0T bend testing [12],
see Fig. 2c. At bend radius of “zero”, where the wire is flattened onto
itself, themaximum circumferential ɛ is» 1.0. But there was no cracking
even in 5 repeat trials, at this high ɛ, due to strong crystallographic shear
textures imposed by the processing.
Table 1 also shows conductivity of the HCE wire to be similar to
that of commercial H18 and annealed 1100 wire. This is consistent
with the well-established fact that plastic deformation has only a
negligible effect on electrical conductivity of metals, in contrast to
alloying content. The results illustrate the efficacy of the single-step
HCE for producing wire of sufficiently high strength by plastic strain-
ing, but without compromising electrical conductivity.

Other experiments showed that FM, when coupled with a follow-on,
light cold-rolling (CR) step (20% reduction), could also create wire with
similar properties as HCE wire. The light CR step is sufficient to reduce
the Ra on the wire back-surface to commercial specifications. Hence, an
FM + CR (2-step) process can also be viable for producing commercial-
quality wire. Fig. 2b shows 50-mm wide Al alloy strip of 0.1 mm thick-
ness, several meters in length, created by FM+CR using a large HSS tool
(edge radius 0.02 mm, dry cutting). The Ra on the wire surfaces was
0.35 to 1 mm, similar to rolled strip. This strip was produced from struc-
tural Al6061-T6 (100 HV) to show that the shear-based processing is
also applicable for producing foil from higher-strength alloys.

3.2. High-Si electrical steels for motor core laminations

The second strip-production example involves high-Si iron alloys
(electrical steels), under consideration for next-generation, electrical
motor core laminations. It is well known that Fe-Si alloys, with >3.2% Si
content, can improve the efficiency of electrical motors if available in
strip form at reasonable cost [13]. A US Department of Energy (DOE)
analysis states that approximately 12,000 GWh annual energy savings
can be achieved with high-Si steels. While the electromagnetic attrib-
utes (resistivity, core loss) of the high-Si alloys for motors are excep-
tional, these alloys have limited workability, making them difficult to
produce in strip forms that can be laminated and stacked for motor
cores. Current deformation processing involves multistage rolling, with
20 to 30 steps� incremental hot/cold rolling reductions - interspersed
with annealing and cleaning. This processing has important
er storage and energy conversion applications by machining-based
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Fig. 4. EBSD analysis of Fe-4Si strip a) (101) pole figure (λ = 2, Vo = 2 m/s). The {110} and
h111i shear texture fibers are highlighted by black and red dotted lines, respectively; b)
(101) pole figure for strip produced at higher temperature (Vo = 3 m/s, workpiece pre-heat
temperature, 300 °C); and c) inverse pole figuremap corresponding to b) showing dynam-
ically recrystallized fine-grained microstructure. (For interpretation of the references to
colour in this figure legend, the reader is referred to theweb version of this article.)
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disadvantages� large energy consumption and emissions, limitations in
processing of low-workability, high-Si steels to thin foil form (important
for reducing core loss), large-scale plant infrastructure, and limited con-
trol of sheet microstructure and crystallographic texture. It is therefore
of interest to have an alternative process that can produce high-Si Fe
alloy strip while concurrently addressing these deficiencies.

The electrical steel strip demonstration uses Fe-4%Si-4%Cr alloy, with
resistivity > 80 µV-cm, flux density > 1.48 T at 5000 A/m, and core loss
35% lower than benchmark 3.2% Si alloy. The alloy, designed by the Pur-
due group, meets US DOE specifications for next-generation motors; the
Si and Cr were tailored for electrical properties and material workability,
respectively [11]. For the experiments, an ingot was cast by vacuum
induction melting and hot forged at »1200 °C to produce a disk work-
piece, 210mmdiameter X 55mm thickness, and hardness» 230 HV.

Experiments were performed on a 30-kW lathe (Okuma LB-
4000EXIIBB/750) with special tooling designed for high forces. Fig. 3
shows the integrated HCE tool assembly, and large-scale, 55 mm wide
TiN-coated WC-10%Co cutting/constraint tools (edge radius 0.020 mm).
The process conditions were g = 10°, h0 = 100 µm to 250 µm,
V0 = 0.5 m/s to 6 m/s, and dry cutting. Fig. 3c and d, respectively, show
HCE (»20 mm wide, λ = 1.2) and FM+CR (50 mm wide) strips, with
nominal thickness of 0.3 mm and 0.225 mm. The CR reduction with the
FM strip was 25% to reduce the back-surface roughness. HCE could also
produce strip from extremely low-workability Fe-6.5% Si (lowest core
loss alloy), an alloy that is near-impossible to cold-roll.
Fig. 3. Fe-4Si-4Cr alloy strip by HCE and FM+CR (a) lathe tool assembly (b) HCE tools
(c) HCE strip (d) FM+CR strip; and (e) line profiles from optical profilometry of both
surfaces of HCE strip (along CFD and TD).
Fig. 3e shows a line profile from optical profilometry of the front and
back HCE strip surfaces. The lay of the surface is along CFD on the rake
side and parallel to TD on the constraint face, due to the nature of the
primary and secondary deformation features. Both surfaces are quite
smooth, with Ra of 0.11§0.03 mm (CFD) and 0.12§0.02 mm (TD), rake
surface; and 0.82§0.07 mm (CFD) and 0.41§0.05 mm (TD), constraint
surface. The constraint surface is somewhat rougher than the rake sur-
face, as small irregularities on the constraint edge replicated onto the
strip surface. The FM+CR strip showed very similar roughness as the
HCE strip. The hardness of the strips was 350 to 380 HV, an »55%
strength increase over the initial material (»230 HV). This strengthening
is accompanied by loss of ductility, also seen in commercial rolled sheet.
Hence, commercial Fe-Si sheet is high-temperature annealed, post-roll-
ing, to recover workability, so that motor core laminations can be
stamped out of the sheet without cracking. The HCE Fe-4Si-4Cr strip,
after a similar anneal, showed comparable formability as commercial
rolled (3% Si) strip in 0T bend testing. The strip could be folded over
onto itself as in Fig. 2b without cracking in the outer tensile fibers.

A homogeneous flow-line type microstructure was typical of strip
produced by the shear-based processing, with the flow lines aligned in
the direction of maximum tensile strain in the chip. The flow line pat-
tern is a macroscopic manifestation of the underlying crystallographic
texture, which for the Fe-Si BCC system is well-captured in the Electron
Back Scattered Diffraction (EBSD) (101) pole figure. Fig. 4a shows the
(101) pole figure in the thickness cross-section (RFN��CFD plane) for
Fe-4Si strip (λ = 2, Vo = 2m/s).
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The deformation texture is characterized by two partial {110} and
h111i fibers, highlighted by the dotted lines in the figure, that are
characteristic of simple-shear BCC textures [14]. The ideal {110} fiber
with uniform intensity results from alignment of the (110) plane in a
direction parallel to the shear plane; this fiber also reflects ortho-
tropic symmetry around the plane normal. Similarly, the ideal h111i
fiber arises from [111] aligning along the shear direction, with ortho-
tropic symmetry around this direction. The angle by which these
fibers are rotated (»76°, counter-clockwise to CFD in Fig. 4a) is con-
sistent with the shear plane orientation (80° to the CFD) for this pro-
cess condition. Given the large strains (e » 1) imposed in the strip,
this close alignment of the fibers with the shear direction � a shear
texture � is to be expected. The shear texture can be varied via λ and
g, enabling unique texture control, something not possible in rolling.
This strong shear texture is likely responsible for the high formability
of the strip, both the Al 1100 and high-Si steel, produced by the
shear-based processing.

When Vo was increased to 3 m/s, along with workpiece pre-heating
to 300 °C, the strip showed a fully recrystallized microstructure with
fine grain size of »8 µm (Fig. 4b, c). Dynamic recrystallization occurred
in the shear zone (estimated T » 650 °C), even though the material ele-
ment experienced the high T for only»100 µs. Furthermore, the texture
components in the recrystallized strip are essentially the same as in the
parent (strip) deformation texture (Fig. 4). Similar retention of deforma-
tion texture was also found after static recrystallization at 700 °C.

The capability of HCE and FM to produce strip from low-workability
Fe-Si (3.2 to 6.5% Si), as well as alloys like MgAZ31B and Ti6Al4V, is a
consequence of the large hydrostatic pressure, intense shear strain, and
adiabatic deformation (heating) conditions in the process zone [5,9,11].
These conditions favor suppression of cracking in low-workability alloys
� an outstanding feature of this processing for strip production. Ongo-
ing work is focused on process scaling for strip of 100 to 150 mmwidth,
a size range ideal for small-motor laminations.

3.3. Copper strip for battery electrodes

The final demonstration is large, 105-mmwide Cu strip in discrete
lengths. Cu and Al strip of 20 to 600 mm width are of interest for Li-
ion battery electrodes. A linear FM configuration on a modified dou-
ble-column machining center (Hurco BX60i), processed foil of
105 mm width X 0.15 to 0.35 mm thickness from C101 Cu M20 tem-
per (as hot rolled, 68 HV). The workpiece 152 mm thick X 305 mm
length X 105 mm was sectioned from rolled plate. FM was done on
the 305 mm X 105 mm, with a TiN coated WC��Co tool (edge width
155 mm, radius 0.02 mm), and process conditions: g = 10°,
h0 = 50 µm, Vo = 0.033 m/s, dry cutting.

In initial experiments, we could not achieve strip production
because of significant sinuous flow [15] and fracturing in the defor-
mation zone � a consequence of the highly heterogeneous micro-
structure of the initial (rolled) workpiece material (across the
er storage and energy conversion applications by machining-based
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thickness). Remarkably, the heterogeneity-driven sinuous flow and
fracturing could be suppressed and replaced by chip formation with
uniform laminar flow, when the Cu workpiece surface was coated
prior to each cut using a permanent marker (Sharpie) [15]. The coat-
ing produces an ink film of »200 nm thickness, that changes the flow
mode via a mechanochemical effect on surface plasticity. Strip forma-
tion could now be effectively realized. Fig. 5a shows typical FM strip
� 105 mm width X 45 mm length, perhaps the widest strip produced
by machining-based processing. Because Cu undergoes significant
deformation in chip formation, the strip thickness was »7.5h0

(λ»7.5), corresponding to e»4.3. The large straining results in signifi-
cant grain refinement, with the strip material having an ultrafine-
grained (UFG) microstructure � grain size »0.8 µm (Fig. 5b) � and
2.4X strength increase (strip » 160 HV). The 160 HV hardness is close
to the maximum value typical of UFG Cu processed by severe plastic
deformation. The results are promising for process scale-up; and for
processing UFG metals commercially in sheet form, a quest as yet
unrealized even for lab-scale property measurements.
Fig. 5. Shear deformation processing of Cu a) FM strip of 105 mm width; and b) UFG
microstructure in strip (RFN-TD thickness section) by EBSD.
4. Energy analysis synopsis

A process energy analysis of HCE and multistage rolling was car-
ried out to determine differences if any in the specific energy
between the two types of processing for strip/wire production. For
the multistage rolling, we used rolling schedules typical of industrial
sheet processing of 316 stainless steel and an Al alloy with mechani-
cal properties analogous to 6061-T6. The schedule used was reduc-
tion from initial block thickness of 700 mm to final sheet thickness of
0.5 mm, involving nominally 23 hot rolling passes (to 3.5 mm thick-
ness), followed by 2 cold rolling passes to final 0.5 mm thickness. The
hot/cold rolling temperatures were nominally 575 °C/25 °C for the Al
alloy; and 1200 °C/25 °C for the 316 SS. Details about deformation
modeling, process conditions and material properties may be found
in Ref. [11]. The energy was estimated as the sum of the workpiece
pre-heating energy and deformation processing energy (via simula-
tion). The principal conclusions were a) the rolling specific energy
was » 1190 MJ/ton (Al) and » 2000 MJ/ton (316SS), and b) that »
65% of this energy was due to workpiece pre-heating for the hot roll-
ing. We also estimated the corresponding specific energy for produc-
tion of 0.5 mm thickness Al alloy strip by HCE, using measured force
data. The process conditions were ho = 0.3 mm, λ = 1.67, Vo = 2 m/s;
g = 5°, and dry cutting. The HCE specific energy was » 270 MJ/ton, <
30% of that of the rolling. A similar HCE energy reduction was also
predicted for 316 SS strip production. The preliminary analysis sug-
gests that the machining-based processing enables attractive energy
savings advantages compared to conventional processing.

5. Summary and implications

Machining-based deformation processing is shown to produce
strip with necessary properties and quality for electrical applications.
The varied examples presented encompass a range of metal systems
and product scale. By controlling the large-strain deformation, bulk
strip with UFG microstructures and enhanced strength, and simple
shear-textures favourable for formability, are achieved. The specific
Please cite this article as: J.B. Mann et al., Large-scale metal strip for pow
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energy for producing metal strip by the machining-based processing
is < 1/3rd that of the rolling. While the production capability of this
shear-based processing is not yet fully developed, it offers important
advantages over conventional processing, especially for specialty
electrical applications. These are production of sheet in a single step
from ingot, compact infrastructure (few metres vs a kilometer for
rolling), strip from even low-workability alloys, smaller process
energy, and potential cost benefits for thin-section formats. Chal-
lenges that need to be addressed are tool wear (for cost), process con-
figuration design, and process limits in terms of strip size and
production rate.
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