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Shear-Based Deformation
Processing of Age-Hardened
Aluminum Alloy for Single-Step
Sheet Production

Shear-based deformation processing by hybrid cutting-extrusion and free machining are
used to make continuous strip, of thickness up to 1 mm, from low-workability AA6013-T6
in a single deformation step. The intense shear can impose effective strains as large as 2
in the strip without pre-heating of the workpiece. The creation of strip in a single step is
facilitated by three factors inherent to the cutting deformation zone: highly confined
shear deformation, in situ plastic deformation-induced heating, and high hydrostatic pres-
sure. The hybrid cutting-extrusion, which employs a second die located across from the
primary cutting tool to constrain the chip geometry, is found to produce strip with
smooth surfaces (S, < 0.4 ym) that is similar to cold-rolled strip. The strips show an elon-
gated grain microstructure that is inclined to the strip surfaces—a shear texture—that is
quite different from rolled sheet. This shear texture (inclination) angle is determined by
the deformation path. Through control of the deformation parameters such as strain and
temperature, a range of microstructures and strengths could be achieved in the strip.
When the cutting-based deformation was done at room temperature, without workpiece pre-
heating, the starting T6 material was further strengthened by as much as 30% in a single
step. In elevated-temperature cutting-extrusion, dynamic recrystallization was observed,
resulting in a refined grain size in the strip. Implications for deformation processing of
age-hardenable Al alloys into sheet form, and microstructure control therein, are discussed.
[DOLI: 10.1115/1.4052441]

Keywords: age-hardening aluminum alloys, sheet processing, workability, dynamic
recrystallization, machining, advanced materials and processing, bulk deformation
processes (e.g., extrusion, forging, wire drawing), nontraditional manufacturing processes

1 Introduction

Aluminum alloys, especially those of the age-hardenable 2xxx,
6xxx, and 7xxx series, have long been used in aircraft structural
applications, mainly because of their high strength-to-weight
ratio. There is now much interest also in the use of these alloys in
the automotive sector, driven by similar light-weighting consider-
ations. Consequently, there is a need for efficient processing
routes (e.g., cost, process energy) for these alloys to produce
them in sheet and foil forms. Work-hardenable 5xxx aluminum
alloys have traditionally been used for automotive applications
due to their relatively low cost and high formability. But the occur-
rence of Liiders bands in sheet metal forming processes prevents
these alloys from being used in automotive exterior panels where
surface finish is important. Serrated deformation in these Al-alloys
has therefore been the subject of much study, for instance in
notched-bend and tensile testing of Al-Zn-Mg type alloys [1], and
tensile testing of rolled and annealed Al 5754 sheet [2,3]. In con-
trast, heat-treatable 6xxx series aluminum alloys are quite attractive
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to the automotive sector for body panel applications because of
good combination of formability, surface finish, and mechanical
properties, see Ref. [4].

Commercial production of Al alloy sheet usually requires many
incremental hot- and cold-rolling steps, starting from initial thick
cast slabs to the final thin gauge sheet [5]. Total cumulative thick-
ness reductions in reaching sheet forms are typically >99.5%. The
majority of this reduction occurs by hot-rolling, which requires
the massive starting slab to be heated to high temperatures
(~500 °C), with intrinsic large energy costs. The initial hot-rolling
(breakdown) is done in a reversing mill, which lengthens the slab to
as much as 200 m while it is still too thick to coil. Reversing rolling
is then followed by continuous (tandem) hot-rolling, before finish-
ing by cold-rolling. The multistage rolling has advantages for
large-scale, continuous production of sheet, but it is quite energy
intensive and requires large-scale infrastructure.

Hybrid cutting-extrusion (HCE), a highly confined, simple-shear
deformation process involving constrained chip formation by
cutting (Fig. 1), has the potential to significantly reduce the
number of processing steps required in sheet metal production. It
is a single-step process that utilizes constrained plane-strain defor-
mation to produce sheet by chip formation directly from an ingot. A
sharp, wedge cutting tool with rake angle (a) removes a layer of
material of undeformed chip thickness (#y) from a workpiece rotat-
ing with surface velocity (V;). The chip—the sheet product—forms
by simultaneous cutting and extrusion, with the thickness (z.) of the
sheet removed being determined a priori by the position of a second
constraining edge/tool located directly across from the primary
cutting tool, see Fig. 1. The constraining edge can be configured
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Fig.1 Schematic of plane-strain hybrid cutting-extrusion (HCE)
showing production of sheet by simultaneous cutting and extru-
sion. CFD, RFN, and TD indicate chip flow, rake face normal and
transverse directions, respectively. The top and bottom surfaces
of the strip are also labeled.

to achieve different degrees of constraint, as characterized by the
chip thickness ratio (A=t/ty). In fact, an early version of con-
strained machining [6] even demonstrated production of wire of cir-
cular cross section. HCE differs from free machining (FM) in that
this constraining edge is also operating on the chip formation in
addition to the primary tool edge. Unlike FM, where A>1 and
cannot be controlled a priori, 4 in HCE can be set greater or less
than 1.

Prior studies have shown that the cutting-extrusion can be used to
produce sheet and foil from low-workability alloys like hcp Mg and
Ti [7-9] and bcc Fe-Si electrical steels [10], because of certain
unique deformation attributes of the process that are favorable for
workability. These observations suggested that HCE could poten-
tially be of value for also processing of low-workability, age-
hardening Al alloys (e.g., 6XXX series) in sheet form, with interest-
ing combinations of microstructure and texture. In these Al alloys,
the workability is severely limited in the aged condition, due to
microstructure effects that are quite different from those encoun-
tered in the Mg, Ti, and Fe-Si alloys studied earlier. This motivated
the present investigation to further explore and analyze the capabil-
ity of the constrained shear-based deformation processing for pro-
ducing sheet from low-workability Al alloys.

In the present study, we explore sheet processing of low-
workability Al alloys by HCE, using age-hardening 6013-T6 [11]
as the model system. The origin of the low workability in this
alloy system is fundamentally different from that of the Mg and
Ti alloys (limited slip systems and flow localization), and Fe-Si
system (compositional (low) workability) studied earlier. Hence,
it constitutes an important piece of a research program aimed at
understanding production of metal sheet/strip from the spectrum
of low-workability alloys by machining-based deformation process-
ing. The strength of 6013 alloy in the T6-aged condition is higher
than most other 6xxx aluminum alloys, due to additional Cu and
Mg. The tensile strength of the alloy is 405 MPa compared to
310 MPa for the widely used 6061-T6. However, its uniform elon-
gation (ductility) is only 9%, much less than that of the 6061-T6
[12]. Thus, 6013-T6 has intrinsically low workability in conven-
tional deformation processing (e.g., rolling) and, hence, is a suitable
model material system for exploration of HCE with (low-
workability) age-hardening alloys. It should be noted, however,
that in practice, age-hardening aluminum alloys are not normally
subjected to significant deformation after developing a significant
fraction of their strength during the heat treatment (solution treat-
ment and aging). Production of thin strips of this poor workability
alloy, and with good surface quality, is demonstrated. This is
accomplished with minimal workpiece preheating and with sheet
strains of 1-2. Microstructure development due to the large-strain
shear deformation is also characterized. The results, building on
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related recent work that demonstrated Al flat-wire production by
machining-based deformation processing [13], establish the poten-
tial of HCE for single-step processing of age-hardening Al alloys of
low workability into sheet forms. They also provide a basis for
follow-on detailed study of specific deformation attributes and
sheet properties.

2 Background

2.1 Mechanics of Hybrid Cutting-Extrusion Deformation.
Under plane-strain conditions, the deformation in HCE can be ide-
alized as occurring on a single shear plane (AB) that extends from
the primary tool edge to the top surface of the chip/workpiece (con-
straining edge) as shown in Fig. 1, see Refs. [7,14]. An upper-bound
analysis shows that the shear strain (y) and corresponding von Mises
effective strain (¢) in the sheet are [14]

A 1
y= e= + —2tana (D
cosa Acosa

Effective plastic strains of 1 to 5 can be imposed in a single defor-
mation step by varying A and a. Note that, unlike rolling, the strain
here does not depend on the sheet thickness. Furthermore, such
large plastic strains are near-impossible to achieve in sheet rolling
due to workability limitations arising from cracking. The large
plastic strains result in a high degree of grain refinement and
strengthening in the sheet. This high degree of grain refinement
and strengthening are also present in other severe plastic deforma-
tion (SPD) processes such as equal channel angular pressing, see for
example the work on pure Al [15], spray cast Al 7073 [16], and
interstitial-free steel [17].

The shear plane orientation and deformation path are controlled
by 4 and « [18]. This orientation/path determines the crystallo-
graphic texture in the sheet. The correlation between deformation
path and sheet texture can be predicted from the upper-bound solu-
tion, as has been shown in prior work with Mg alloys [7,8], Ti alloys
[9], and Fe-Si alloys [10]. All of these alloys are also characterized
by poor workability. The prior work demonstrated that a range of
shear textures can be obtained in the sheet by varying the deforma-
tion path, concurrent with the strengthening by grain refinement.
Shear textures are difficult if not impossible to achieve in rolled
sheet; see for example the simulations for through-thickness
texture gradients in fcc and bcc metals [19], and experimental
studies on texture gradients in cold-rolled AA1050 [20] and in com-
mercial purity Al and Cu [21]. Nevertheless, shear textures are
attractive for they can enhance formability in sheet metals.

Additional deformation-related attributes of the HCE that are
favorable for sheet processing include large hydrostatic pressure
[7] and deformation-induced (adiabatic) heating [22] in the shear
zone AB due to its highly localized nature (Fig. 1). Both of these
process attributes can enhance material workability locally
[23,24], thereby reducing or eliminating the need for using work-
piece preheating. The deformation zone temperature rise due to adi-
abatic heating depends on the alloy flow stress and strain rate
(directly proportional to V) and can usually be estimated from
cutting force measurements.

Besides control of deformation parameters (strain, strain rate, and
temperature), the single-step HCE is intrinsically more energy effi-
cient than the multi-stage rolling for sheet production because the
frictional dissipation is confined to one deformation processing
step.

2.2 Suppression of Flow Localization. Cutting-extrusion has
also been found suitable to produce sheet from alloys, wherein
workability limitations arise primarily from flow localization phe-
nomena like segmentation (e.g., Mg) and/or shear banding (Ti,
Fe-Si alloys). Figure 2 shows three examples of this capability for
sheet and foil processing in Mg, Ti, and Fe-Si alloys. In hcp mag-
nesium alloy AZ31B, which has limited slip systems active at

Transactions of the ASME

nuew/ge/8//9/200190/9/tv L /pd-ajonue/eousiosBulinoenuew/b1o swse: uoijoa|ooelbipswse//:dpy wolj papeojumod

9 vl

€20z A1eniga4 /| uo Jash apaAeje 1sap\ e Alsianiun anpind Aq ypd 200190



Fig. 2 Capability of HCE to suppress segmentation and shear
banding instabilities and produce sheet materials from low-
workability alloys. (a) Magnesium alloy AZ31B: the left side
shows discontinuous chip particles, due to segmentation, in
free machining (FM), while the right side shows continuous
strip produced by HCE, wherein the segmentation instability
has been suppressed; Continuous strip from (b) Ti-6Al-4V and
(c) 4% silicon-iron alloys produced by HCE, wherein shear
band instabilities typically giving rise to a saw-tooth chip have
been suppressed.

room temperature, HCE has enabled continuous thin strips to be
produced without preheating of the workpiece [8]. Without applica-
tion of the constraint (free machining), the chips produced in this
alloy are often in the form of small (discontinuous) particles
(Fig. 2(a), left) rather than continuous strip. This is because,
absent the constraint, the deformation in chip formation is inter-
rupted by fracture leading to the segmented chips. In Mg and Ti
[8,9,25] and Fe-Si alloys [10], the constraint can suppress both
the shear banding and segmentation instabilities, which constitute
a workability barrier for sheet production. Figures 2(a) (right) and
2(b) show examples of suppression of segmentation and shear
band instabilities, respectively, in MgAZ31B and Ti-6Al-4V,
achieved using the constraint via HCE. Furthermore, with only
modest workpiece preheating and control of strain rate, dynamic
recrystallization could also be achieved in the deformation zone
in many of these alloys, enabling sheet with homogeneous, fine
grain sizes (1-10 ym) to be created. The resulting sheet formability
was found to be much better than that of rolled sheet due to favor-
able shear textures. In high-silicon electrical steels (Fe-Si), which
are traditionally produced in sheet form by hot-rolling, due to
their high strength and susceptibility to flow localization, the
HCE has been successful in effecting sheet/foil production in a
single step with only modest or even no workpiece preheating
[10]. An example of this is shown in Fig. 2(c) with Fe-4% Si
alloy, an alloy of very low workability. As with the Mg-AZ31B,
a range of fine-grained microstructures and shear textures could
be achieved in the Fe-Si steels through control of the deformation
conditions.

These observations with Mg, Ti, and Fe-Si alloys provide a basis
for experiment design with the age-hardening aluminum alloys.

3 Experimental Procedure

Disk workpieces (150 mm diameter x 7 mm thickness) were cut
from commercial rolled AA6013-T6 plate of 14 mm thickness.
The chemical composition of this alloy per ASTM B211 is (in
wt%): 0.6-1.0 Si, 0.5 Fe, 0.6-1.1 Cu, 0.2-0.8 Mn, 0.8-1.2 Mg,
0.1 Cr, 0.25 Zn, 0.1 Ti, 0.15 others. The through-thickness micro-
structure of the initial plate (Fig. 3(a)) consisted of distinct fine-
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grained zones with equiaxed grain structure near the surfaces
(Fig. 3(b)) and a coarse-grained zone with elongated grain structure
in the middle (Fig. 3(c)). The average grain size in the fine-grained
zone was ~40 um, whereas in the coarse-grain zone, the grains were
~250 pm in the rolling direction (RD) and ~120 ym in the normal
direction (ND), as measured by the mean intercept method. This
characteristic structure is a remnant of the inhomogeneous deforma-
tion occurring in the multi-stage rolling process used to produce the
plate. Hardness measurements showed little difference between the
fine-grained (137 HV kg/mm?®) and coarse-grained (135 HV kg/
mm?®) regions, consistent with the dominant strengthening mecha-
nism being age-hardening. One half of the thickness of the plate
was machined off before the disk-shaped workpiece was cut out.
Since the strip produced from the edge of this disk by HCE is
from both the coarse- and fine-grained regions (Fig. 3(a)), the
experiment allowed for the response of the fine- and coarse-grained
starting material to be studied under identical process conditions in
a single specimen/experiment.

A ~7 mm wide cylindrical disk workpiece was mounted on a
mandrel in a CNC lathe. The cutting-extrusion tool was fed perpen-
dicular to the disk surface at a specified feed rate per revolution of
the disk (see Fig. 1.) The undeformed chip thickness (7)) was
0.25 mm. High-speed steel cutting tools were used. The initial
experiments were conducted without a constraining tool, and
these experiments are referred to as FM. The A (=t/Jty) value
obtained in FM can be termed the natural A (unconstrained), and
it represents the largest strip thickness that can be obtained for a
given inlet f.

The relative positions of the cutting tool and constraint tool are
depicted in Fig. 1. The edge of the constraint tool can be positioned
at different heights from the edge of the cutting tool to create the
extrusion gap and impose a prescribed chip ratio (1). The FM
strip is used to establish the maximum 4, and, by extension, the
maximum extrusion gap between the two tools for the HCE. In
the experimental set-up, the extrusion gap is adjusted by placing a
hardened steel gage block between the two tool edges, thus pre-
scribing the thickness of the HCE strip. The tool holders are then
clamped into position with the gage block in place, and then the
block is removed. The edge of the constraint tool is typically
offset a small distance, to the right in Fig. 1, relative to the edge
of the cutting tool. For the results discussed in the present work,
this offset was set 0.025 mm greater than the machining feed rate
to (also set using the gage block). The constraint tool is positioned
with its “rake face” parallel to the cutting velocity direction in
Fig. 1. The constraint tool rake angle was not varied in the
experiments.

The HCE experiments were conducted at ambient temperature
(Tp =25°C), with a=5 deg, and V,=0.5 and 3 m/s, and two con-
straint levels, A=1.5 and 0.8. Additional HCE experiments were
conducted at elevated (initial) workpiece ambient temperature Ty.
In these experiments, the workpiece was preheated in a furnace to
550 °C for 1 h, and then immediately mounted onto the lathe and
cutting performed with #=0.13 mm, A=1.5, and V,=3 m/s. The
ambient temperature of the workpiece during the cutting was T, =
400, 300, and 135 °C as recorded by a surface thermocouple. The
initial workpiece state for these experiments is thus a solution-
treated condition.

The von Mises effective strain (&) imposed in the strips was esti-
mated from measurement of 7. and 7y, and Eq. (1). This strain was
typically ~1 in the HCE and in the range of 2-3.5 for the FM.
Some of the strips produced at Tp=25°C were annealed at
572 °C for 1 and 4 min and then quenched to room temperature;
their properties and microstructure were then compared with
those of the strips produced at the higher temperature, but with
the same effective strain.

Strip samples for metallographic characterization were prepared
by mechanical grinding with 320 to 2000 grit silicon carbide
papers, followed by polishing with colloidal silica, and etching
with 10 wt% sodium hydroxide for 4-6 min. The through-
thickness strip microstructure was investigated by optical
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- Coarse grain zone

Fig. 3 Microstructure of polished and etched cross sections of (a) as-received 6013-T6 plate
showing (b) fine-grain structure near surfaces and (c) coarse-grain structure in the middle. One
half of the plate thickness is removed to produce workpieces containing adjacent fine- and

coarse-grained regions as indicated in (a).

microscopy. Grain size was measured using the mean intercept
method by sampling at least 200 distinct grains. Microhardness
of the bulk workpiece and strip specimens was measured by
Vickers indentation (100-g load) in the central regions of the
samples. At least 10 indentations were made in each sample (or
location) to obtain an average value for the hardness and related
statistics. The typical standard deviation on the hardness value
was 3-5%. Surface quality of the sheet produced was characterized
by optical profilometry (Zygo NewView 8000) and optical
MiCroscopy.

4 Results

4.1 Free Machining at Ty =25 °C. The FM strips showed
significant strain hardening (~25%) relative to the initial T6

Table 1 Experimental parameters

(hardness 136 HV) condition of the workpiece. The strips produced
at Vp=0.5 and 3 m/s had average hardness values of 176 and
161 HV, respectively (Table 1). There was negligible difference
in the hardness of the strip produced from the fine- and coarse-grain
sides of the plate, which is consistent with the dominance of
strengthening by age- and strain-hardening. With increasing Vj,
the (natural) A and, hence, effective strain, decreased. But the defor-
mation temperature can be expected to increase with speed due to
more adiabatic heating [7]. Both of these effects are consistent
with the lower hardness obtained at the higher Vj,.

The through-thickness microstructure in the FM strip resulting
from the fine- and coarse-grain sides of the initial plate workpiece
are shown in Fig. 4. The second phase particles (black) and grain
structure provide clear intrinsic markers that capture the shear
flow. From the orientation of the flow lines, it is evident that the
primary shear deformation in the shear zone is imposed at some

and strain and hardness results

To °C) a(deg) to(mm) Vy(m/s) f.(mm) A £ HV? (kgf/mmz)
AA6013-T6 workpiece 136
FM strip 25 5 0.25 0.5 0.80 32 19 176
3 0.52 2.1 14 161
HCE strip 25 5 0.25 0.5 0.38 1.5 1.2 138
3 105
5 0.25 0.5 0.2 08 1.1 155
3 117
400 5 0.13 3 0.2 1.5 1.2 89
300 74
135 66

“The standard deviation on hardness was typically 3-5%.
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Fig. 4 Through-thickness microstructure of FM Al-alloy strip: (a) fine-grain and (b) coarse-grain
side at V,=0.5 m/s, (c) fine-grain and (d) coarse-grain side at Vo =3 m/s.

large angle to the strip surface. The flow lines (see, for example, the
superimposed white dotted lines in Fig. 4) are the directions of
maximum grain elongation, while the shear plane itself represents
the direction of maximum shear and is inclined at an angle relative
to these flow lines. The angle (¢) between the flow lines and the
shear plane is related to the imposed deformation, with the shear
strain being 2 cot (2¢), see Refs. [26,27]. The inclination angle of
grains/flow lines to the sheet bottom surface at Vp=0.5m/s is
~90 deg and is larger than that at 3 m/s, ~60 deg. This is consistent
with a higher level of deformation in the former case. Note that the
occurrence of the inclined flow lines is also indicative of a shear
texture [8,27].

A very thin secondary shear zone arising from friction at the rake
face of the cutting tool is also visible in the images, see along
bottom strip surfaces in Fig. 4. In this secondary deformation
zone, the flow lines are aligned nearly parallel to the strip (chip)
flow direction. This flow zone then makes a sharp transition to
the primary shear flow lines. The strip face in contact with the
tool is seen to be generally devoid of any built-up edge (BUE),
except for the case of low-speed cutting at 0.5 m/s. In this latter
case, intermittent remnants of a BUE can be seen along the strip
surface, as at white arrows in Figs. 4(a) and 4(b). In contrast to
this flow pattern, rolled-sheet microstructure is characterized by
the second phase particles and grains distributed preferentially
along the rolling direction (Figs. 3(b) and 3(c)). This type of flow
is analogous to the flow pattern in the secondary deformation
zone of the FM strips. Figure 4 also shows that the highly elongated
grains originating from the fine-grain zone in the starting material
are thinner than those originating from the coarse-grain zone—a
direct consequence of the differing starting grain sizes of the mate-
rial. Although the thickness of the strips was consistent from edge to
edge, the course-grained starting material showed increased varia-
bility in surface roughness and local thickness across the width of
the FM strips (indicated by the more jagged surfaces on the coarse-
grained material in Fig. 4). This roughness and thicker deformed
grains were more pronounced with increased cutting velocity and
the related temperature increase in the cutting zone. Future work
will further explore the quantitative effects of the initial grain size

Journal of Manufacturing Science and Engineering

and the role of the velocity on the deformed microstructures/tex-
tures and dimensional attributes in both the FM and the HCE strips.

It can also be seen from Fig. 4 that the unconstrained (top) surface
of the FM strip shows a roughness that is characteristic of the plastic
deformation and flow state, whereas the bottom surface (rake face
side) is comparatively smooth with its roughness determined by
the tool rake face condition. This follows the general result
observed in chips produced by machining. A more detailed quanti-
tative analysis of the surfaces is given in Sec. 4.3. Typically, the
bottom surface is a close replica of the tool rake surface and
hence the small surface roughness on this face. The top surface
roughness arises from the lack of confinement of the flow during
the FM. This flow, while homogeneous on the macro and meso
length scales, is quite non-uniform at the grain-level length scale.
Hence, it can be expected to scale with the starting grain size in
FM, with the roughness being greater for the strip created from
the coarser-grained material. This difference is seen upon compar-
ing Figs. 4(a) and 4(c) with Figs. 4(b) and 4(d). Since the starting
material has similar hardness in the fine- and coarse-grained

Top Surface

Bottom Surface

T}

-l

Fig.5 Continuous HCE Al-alloy strip produced at Vo =3 m/s, 1 =
1.5, showing smooth top and bottom surfaces

JUNE 2022, Vol. 144 / 061002-5
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Constrained zone

Secondary shear zone ﬁ

Fig. 6 Through-thickness microstructure of HCE strips at 1 =1.5: (a) fine-grain and (b) coarse-
grain side at V,=0.5 m/s, and (c) fine-grain and (d) coarse-grain side at Vo =3 m/s

regions, and both of these regions are exposed to identical process-
ing (deformation) conditions in the strip making, the initial grain
size difference is the most probable reason for the observed differ-
ence in surface roughness.

4.2 Hybrid Cutting-Extrusion at Ty=25 °C. Continuous
strip produced by HCE at A=1.5, and at the same velocity as in
FM, is shown in Fig. 5. Unlike the FM strips, both surfaces of
the HCE strips are smooth because of the constraining tool
contact along the top surface of the strip (Fig. 5). The application
of the constraint removes any microstructure effect on roughness
along the strip surfaces. This is in contrast to FM, where the top
surface roughness approximately scales with the grain size
(Fig. 4). The strips produced by FM and HCE both exhibit some
degree of curvature (see Fig. 2). This curvature is influenced by dia-
meter of the disk workpiece, with larger diameter workpieces reduc-
ing the strip curvature and relatively smaller diameter workpieces
tending to increase it. The specific causes of the curvature and resi-
dual stress state of the strip are under investigation.

Figure 6 shows the through-thickness microstructure of the HCE
strips. The grain size difference in the two sides of the (starting) disk
workpiece is again reflected in the strip microstructure. As in the
case of FM, the hardness differences between the fine- and coarse-
grain regions in the HCE strip were negligible due to the dominance
of the other strengthening mechanisms. However, the hardness of
strips produced at 0.5 and 3 m/s, 138 HV, and 105 HV, respec-
tively, was much smaller than the hardness of the strips produced
by FM at the same velocities, 176 HV and 161 HV. This difference
is due to the greater strain imposed by the FM (Table 1). The defor-
mation shear strains occurring in the primary and secondary shear
zone together contribute to the increased hardness of the strip in
HCE of strain-hardening alloys.

In the HCE, the constraint confines the flow of the material and
acts as an extrusion die concurrent with the cutting tool action.
The friction between the constraint and top surface of the strip
leads to the formation of another friction-induced shear zone
along this contact (Fig. 6) analogous to that along the rake face of
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the cutting tool (see also Fig. 4). The former region is henceforth
referred to as the “constrained zone,” while the shear zone along
the tool rake face is referred to as the “secondary shear zone”
(Fig. 6). At lower Vj, the friction is typically larger; hence, both
the constrained zone and secondary shear zones are wider. With
increasing velocity and reducing friction, the extent of both the con-
strained and secondary shear zones decreases and more of the
primary shear zone flow pattern is now retained, as seen in Figs.
6(c) and 6(d). Furthermore, the built-up edge phenomenon is
avoided in the constrained cutting even at 0.5 m/s, whereas the
built-up edge is seen in FM at this lower velocity.

The microstructure in the strip at A =0.8 (Fig. 7) is quite different
from that at A =1.5. Although the effective strain is approximately
the same at both these conditions (Table 1), the hydrostatic pressure
at 1=0.8 is about 1.5 times larger than that at A=1.5 [7]. This
increased pressure likely increases the friction between the con-
straint and strip, leading to the reduction, and even suppression,
of the primary shear zone (Fig. 7(a)). At A=0.8, the thickness of
the constrained zone is larger for the lower V;. On the other hand,
with increasing hydrostatic pressure, the thickness of the grains in
the primary shear zone decreases (Figs. 6 and 7), and there is no dis-
cernable difference between the microstructure of the strip created
from the fine- and coarse-grained regions of the initial workpiece.

The hardness of the strips produced at A= 0.8 is modestly higher
than those created at A = 1.5 for each velocity (Table 1). For each 4,
the hardness of the strip decreases with increasing V|, due most
likely to an increased deformation temperature. This increase in
temperature with cutting speed, as indicated by the lower hardness,
however, is still not sufficient enough for any dynamic recrystalli-
zation to occur in the strip (Fig. 7).

4.3 Surface Roughness. Figure 8 shows optical profilometer
images of surfaces of FM strip at Vy=3 m/s (corresponding to
Figs. 4(c) and 4(d)) and of HCE strip at the same Vj (4=1.5) (cor-
responding to Figs. 6(c) and 6(d)). The bottom surface of FM strip
is quite smooth with S§,=0.37 yum (Fig. 8(b)), significantly
smoother than the top surface, for which the roughness is S,=
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Constrained zone

shear zone

Fig. 7 Through-thickness microstructure of HCE strips at 1 =0.8: (a) fine-grain and (b) coarse-
grain side at V= 0.5 m/s, (c) fine-grain and (d) coarse-grain side at Vo =3 m/s.

20.76 ym (Fig. 8(a)). For the HCE strip, however, the surface roughness on commercial rolled sheet surfaces is typically
quality of the top and bottom surface is similar, with S,= ~0.4 ym [28].

0.36 um (Fig. 8(d)) for the bottom surface and S, =0.43 um for

the top surface (Fig. 8(c)). A 50-fold reduction in surface roughness

on the top surface is achieved by HCE. Hence, the constraint 4.4 Hybrid Cutting-Extrusion at Elevated Temperature.
improves the surface quality quite effectively, making the top and  The results from HCE experiments conducted at elevated tempera-
bottom surfaces essentially identical. For comparison, the surface  tures (preheating the workpiece) are summarized in Table 1. The

Sa=0.37 um 80-

Fig.8 Optical profilometry images of surface topography of (a) top and (b) bottom surface of FM
strip at V=3 m/s, {,=0.25 mm, (c) top and (d) bottom surface of HCE strip at Vo =3 m/s, {,=
0.25 mm, and A=1.5
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Fig. 9 Through-thickness microstructure of HCE strips at 1 =1.5: (a) fine-grain and (b) coarse-
grain side at T, =400 °C showing dynamically recrystallized microstructure, (c) fine-grain and
(d) coarse-grain side at T, =300 °C, (e) fine-grain and (f) coarse-grain side at T, =135 °C. The
line in (b) outlines the shear flow pattern.

strip hardness values are all significantly lower than in the corre-
sponding room-temperature experiments; these hardness values
(65-90 HV) are, in fact, in the hardness range for the alloy in an
annealed condition. The corresponding through-thickness micro-
structures are shown in Fig. 9. For T;,=400 °C, complete
dynamic recrystallization is observed (Figs. 9(a) and 9(b)). The
grain size (21 ym) is much refined compared with that in the
initial workpiece (~40 ym on surface and ~120 ym in the middle,
Figs. 3(b) and 3(c)); note that this refinement is achieved in just a
single step of deformation. Furthermore, through-thickness micro-
structures along both sides of the strip are quite homogeneous
(Figs. 9(a) and 9())). Both of these structures have the same grain
size (around 20 um) despite the much different, initial workpiece
microstructure (Figs. 3(b) and 3(c)). Thus, the initial grain size in
the workpiece does not affect the dynamically recrystallized micro-
structure, since the latter is likely determined only by the imposed
strain and temperature.

The microstructures of strips produced at the lower T of 300 °C
(Figs. 9(c) and 9(d)) are quite different from those at T, =400 °C
(Figs. 9(a) and 9()). Dynamic recrystallization is now suppressed
due to the lower deformation zone temperature. A flow-line type
microstructure, with grains unresolved, is observed, similar to that
of strips produced at room temperature (Figs. 6 and 7). Figures

061002-8 / Vol. 144, JUNE 2022

9(e) and 9(f) show the microstructures of HCE strips produced at
even lower Tp =135 °C. A highly deformed, flow-line type micro-
structure, akin to that at 7 =300 °C, is again obtained.

4.5 Static Recrystallization. To validate the dynamic recrys-
tallization occurring in situ in HCE, a few static recrystallization
experiments were carried out. Strips produced at room temperature
with 1=1.5 and Vy=3 m/s (Table 1 and Figs. 6(c) and 6(d)) were
annealed at ~570 °C for 1 to 4 min and then water quenched to simu-
late a continuous annealing process. After the 1-min anneal, the
strips were found to be completely recrystallized with a homoge-
neous microstructure on both sides of the strip (Figs. 10(a) and
10(b)). This microstructure is similar to that observed in the HCE
strip at 7o =400 °C; for example, the average grain size in the stati-
cally annealed strip, 20 um, was essentially the same as that in the
dynamically recrystallized strip, 21 ym. Upon increasing the anneal-
ing time to 4 min, there was no distinguishable change in the micro-
structure. The hardness values of the statically recrystallized strips
(93 HV) were only slightly larger than those of the HCE strips that
had dynamically recrystallized (89 HV). These static recrystalliza-
tion observations reinforce the conclusion that dynamic recrystalli-
zation had indeed occurred in the HCE with the workpiece
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pre-heated at the high temperature condition. And, they also support
the viability of using short-time, continuous annealing of HCE strips,
wherever produced without workpiece preheating, to obtain sheet
with recrystallized microstructures analogous to conventional com-
mercial practice (cold rolling + heat treatment).

5 Discussion

The experiments have shown that shear-based deformation
processing by HCE can be used to produce metal strip from
high-strength, age-hardened Al alloy 6013-T6. This extends prior
work with low-workability Mg, Ti, and Fe-Si alloys to another
model low-workability system, wherein the poor workability is
due to microstructure effects. Production of continuous strip,
directly from the AA6013-T6 (age-hardened), in a single step
even without workpiece preheating, has been demonstrated. The
microstructures range from severely cold-worked to dynamically
recrystallized with fine, homogeneous, equiaxed grain structure.
The strip texture is likely a shear texture, as indicated by the incli-
nation of the flow lines in the strip, see Refs. [7,8]. Furthermore,
compared with conventional rolling, the HCE offers better control
of deformation parameters such as strain, strain rate, and tempera-
ture. The results have implications for economic production of
sheet, with controlled microstructure and properties.

The HCE process is configured around plane-strain machining.
Dimensional scaling to produce sheet of commercial width and
thickness is limited only by the power capacity of the machine con-
figuration and not by any deformation process mechanics. In the
present study, small-scale strip ~7 mm wide was produced on a
CNC lathe setup to investigate effects related to deformation
strain and microstructure. A future study will explore the effects
of process scaling on sheet dimensional attributes and consistency
of sheet microstructure. Work is already underway to produce
larger scale 0.5 mm thick strips, initially 50 mm wide and then to
150 mm wide, to demonstrate the scalability of the HCE process.

The capability of the hybrid cutting-extrusion to produce strip in
a single step even without workpiece preheating, while imposing
large strains, is due to three key attributes of the deformation geom-
etry. First, the deformation is highly confined in the process zone,
see region AB in Fig. 1. As a result, there is significant adiabatic
heating of the work material as it is transformed into the strip,
and this heating arising from the plastic deformation-induced dissi-
pation [7]. This is to be contrasted with the much broader deforma-
tion zone in rolling [23]. Second, the hydrostatic pressure (p) in the
deformation zone is quite large, ~2k, where k is the shear yield
stress of the material. This pressure is again significantly greater
than in the rolling deformation zone (p~k). Both of these attributes
of the deformation geometry are known to enhance the workability,
locally, see for example Refs. [23,24]. The confinement of the
deformation also has the attractive feature of reducing the deforma-
tion forces and energy, since the transformation of the work material
to the strip is done incrementally (locally), as in shear spinning [29]
and incremental forming processes [30]. Third, as has been recently
demonstrated, the use of the constraining die can minimize or sup-
press shear banding [9,25], a phenomenon with adverse conse-
quences for workability, especially in the context of sheet
making. Based on the present results from AA6013-T6, and the
prior work with Mg, Ti, and Fe-Si alloys, it is clear that these defor-
mation geometry attributes of the HCE enhance the local workabil-
ity of the metal, irrespective of the origins of the low workability
(e.g., inadequate slip systems, microstructure, shear banding, seg-
mentation). Also, since the constraint A controls the deformation
path (shear plane orientation), a range of shear textures, favorable
for formability, can be produced in the sheet.

There are several macroscopic features of the cutting-extrusion
that are worthy of mention. First, the strip in the present study was
produced at speeds >1 m/s. Although commercial finish cold-rolling
speeds are typically ~10 times higher in the final pass, HCE produces
the strip in a single step of deformation, as against a series of
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deformation steps typical of conventional rolling. As a result, the
overall sheet production rate for HCE is comparable to that for com-
mercial rolling. Consequently, production rate is not a major limita-
tion. Second, the effect of the extrusion feature, via the constraining
die, enables smooth surfaces to be created on both sides of the strip,
in contrast to free machining. Indeed, surface roughness measure-
ments on the AA6013 strips show directly the effect of the constrain-
ing tool in smoothing out the roughness that naturally develops on
this surface, if unconstrained as in FM (Fig. 8). The S, value on
both surfaces of the HCE strips was ~0.4 um, very similar to that
of cold-rolled sheet [28].

The HCE and FM processes could both impart large effective
strains, 1 to 2, at ambient temperature, in the AA6013-T6. Such
large strains are typically not possible in cold rolling of high-
strength alloys, even in multiple steps, without failure by cracking.
Furthermore, shear banding often occurs in rolling of higher-
strength alloys. But this was not observed in the HCE of
AA6013-T6, likely due to the role of the constraint in suppressing
the shear band sliding phase, similar to Ti and Mg alloys [9].

The results also suggest an additional strengthening route via
strain-hardening, beyond the conventional age-hardening, utilizing
the cutting deformation. It is known that small amounts of strain-
hardening can be imparted to age-hardened aluminum alloys by
stretching, as in straightening and stress relief. However, further
strengthening of age-hardened alloys by large-strain deformation
is not practiced, simply for reasons of low workability. Since
HCE can overcome this limitation, it allows for strain-hardening
to be considered as a means of additional strengthening over
and above the age-hardening, opening new possibilities for use
of the corresponding T8 tempers. Although the trade-off in ducti-
lity would be an important consideration in utilizing this strength-
ening approach, it is instructive to consider the level of
strengthening that could be achieved. The highest degree of
strain-hardening achieved was for FM at ambient temperature
(e=1.9, 176 HV), corresponding to a strength increase of ~30%
over the base age-hardened alloy strength (Table 1). In terms of
tensile strength, this corresponds to a strength change from 405
to 480 MPa. Note that a similar level of additional strengthening
could also be achieved by HCE, while maintaining both sheet sur-
faces smooth, at a 4 of 0.8.

Perhaps the most important implication of the present study per-
tains to HCE conducted at elevated temperatures. By preheating
above a certain temperature, it was possible to produce continuous
strip, in a fully dynamically recrystallized condition with equiaxed
~20 pm grains, in a single-step (Figs. 9(a) and 9(b)). In commercial
rolling of 6xxx aluminum alloys, dynamic recrystallization occurs
in the first stage, reversing hot-rolling process (entrance temperature
500-600 °C) [31], with a nearly equiaxed grain structure develop-
ing. However, in the subsequent, multi-stand finish hot rolling
(entrance temperature 400-500 °C), dynamic recrystallization is
suppressed due to the lower deformation temperature and second
phase particles, resulting in a highly elongated grain structure
[32,33]. In contrast, HCE of the AA6013-T6 produced dynamic
recrystallization at a lower entrance temperature, 7, =400 °C, due
to the higher strain and adiabatic heating compared to rolling.

The fact that static annealing of the HCE strip produced at room
temperature resulted in the same recrystallized grain size (Fig. 10)
as in the dynamically recrystallized samples (about 20 pm), pro-
duced with the same effective strain, strongly suggests that effective
strain is the deciding factor in determining grain size. Despite
similar effective strains, the flow patterns for the two cases are dif-
ferent, as revealed by the second-phase particle alignment (Figs.
9(a), 9(b), and 10). This indicates different strain paths possibly
due to changes in flow stress and, perhaps even friction, with
temperature.

The occurrence of dynamic recrystallization in the HCE has
another interesting implication, in the context of heat treating the
sheet back to age-hardened (T6) condition. In commercial rolling,
the sheet is continuously annealed and quenched after cold-rolling
to develop the solution-treated condition. However, it appears that
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Fig. 10 Through-thickness microstructure of HCE strip statically annealed at 572 °C for 1 min:
(a) fine-grain and (b) coarse-grain side. The line in (a) outlines the shear flow pattern.

HCE at sufficiently high temperature can yield sheet in the annealed
and solution-treated condition directly. There is clear support for
this in the strip produced at the lower preheat temperatures (T =
300 and 135°C) after longer cooling times from above the
solvus, where a lower strip hardness indicates less retained solutio-
nization, compared to the strip produced at T, =400 °C (Table 1).
With thicker sheets, this may require the addition of a spray-
quenching step; but the overall implication is that the separate
annealing for solution treatment as in cold rolling would not be nec-
essary. This type of processing is analogous to so-called, press-
quenching practice in extrusion of 6xxx alloys, wherein quenching
of the extrudate at the die exit produces the solutionized condition
directly, without the need for a separate annealing treatment.

The primary deformation flow patterns (see Figs. 4, 6, and 7)
show that both the cutting processes produce characteristic shear
textures in the bulk of the strip, that are distinctly different from
the texture in rolled sheet. This type of texture is indicated by the
occurrence of the shear flow line type structures, with varying incli-
nation of these flow lines to the sheet surface. This angle is control-
lable over a range of as much as 40 deg by varying 4 and the tool
rake angle; this has also been demonstrated elsewhere for Mg
alloys [7]. The flow patterns are clearly demarcated also by the
grain and second phase particle alignment in the structure, even at
high temperatures where dynamic recrystallization occurs. Closer
to the strip surfaces, however, secondary shear with flow lines ori-
ented more parallel to these surfaces, and arising from friction with
the tool surface, predominates. The contribution of this secondary
shear to the sheet deformation and texture will decrease progres-
sively with increasing strip thickness. More detailed EBSD investi-
gation of the shear texture is currently in progress.

The shear-textured, HCE sheet has interesting implications for
sheet properties, including workability. A detailed discussion of
this aspect is beyond the scope of this paper but one important pre-
liminary finding is that the highly strain-hardened HCE and FM
sheet produced at ambient temperatures have exceptional cold roll-
ability, >75%, much greater than that of conventional rolled sheet.
This attribute should be of benefit for sheet metal, structural appli-
cations. Furthermore, cold rolling of the FM strip, to a reduction of
even 25%, has been found to be sufficient to smooth out the surface
roughness on the unconstrained face of the chip in 6013 and other
aluminum alloys. This suggests the possibility also of producing
sheet, directly, in a single step even by FM, followed by a light
cold-rolling pass to achieve the desired surface finish.

6 Summary

A study has been made of production of sheet from high-strength,
low-workability Al alloy 6013-T6 utilizing shear-based cutting and
hybrid cutting-extrusion—with both processes demonstrating
unique capabilities. Strips of thickness 0.2 to 0.8 mm were pro-
cessed in a single deformation step, under a range of controllable
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thermomechanical conditions. The intense shear deformation
enables processing of strips with imposed effective strains of up
to 2 at ambient temperature. As a result, the strength of the age-
hardened alloy was increased by up to 30%. This unusually high
degree of cold-work strengthening in a high-strength, age-hardened
Al alloy is typically not achievable by cold rolling due to a propen-
sity for cracking. The capability of the cutting-based processes to
produce strip in a single step, even from low-workability alloys,
is likely a consequence of local enhancement in material workabil-
ity in the deformation zone. This workability increase is favored
by a highly confined deformation zone of intense shear, in situ
plastic-deformation induced heating, and high hydrostatic pressure.
Furthermore, the application of an extrusion-type constraint in the
deformation zone suppresses plastic flow instabilities.

Surface topography and optical metallography characterization
show the strip produced by the cutting-extrusion to have smooth
surfaces on both of its sides, as low as 0.37 ym S,. This surface
quality is comparable to that of cold-rolled sheet. The strips show
highly elongated grain structures (flow lines) aligned at controllable
angles to the sheet faces, indicative of a shear texture. The orienta-
tion of the flow lines is determined by the shear plane angle. This
shear texture is fundamentally different from the texture produced
in rolling processes and may offer new opportunities for enhancing
sheet formability.

Under conditions of sufficient workpiece preheating, complete
dynamic recrystallization could be achieved in the strip during the
cutting-extrusion. This dynamically recrystallized structure consists
of fine, equiaxed grains (~20 um), homogeneously distributed
through the thickness, and independent of the starting grain size
of the workpiece. The observations suggest that through controlled
preheating, a homogeneous, fine-grained structure can be produced
directly in alloys in a solution-treated condition. This offers the pos-
sibility of eliminating the solution-treatment annealing step, typi-
cally done before aging, in conventional production of
age-hardened Al alloys.

Work is ongoing to scale up the hybrid cutting-extrusion process
for larger-sized sheet, exploit its unique capability for effecting
shear textures, and document benefits and disadvantages of this
process vis-a-vis multistage rolling for sheet production.
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