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ABSTRACT

Friction extrusion is a thermomechanical process that combines conventional extrusion
with the action of a rotating die. The plastic deformation of the material being sheared and
extruded is the primary source of process heat and it produces strain distributions unlike
those resulting from conventional extrusion. This paper proposes an improved strain
analysis that evaluates three main strain components in a series of rate-controlled friction
extrusions in which the steady state was achieved. Cylindrical AA1100 extrusion billets
with two embedded markers were extruded to wire with a 10:1 diametral reduction. The
shape change of the embedded markers was determined via serial, transverse sectioning
and quantitative metallography of the extruded wires. Three mutually orthogonal strain
components (longitudinal, circumferential, and radial) were calculated at different posi-
tions along each extruded wire from the marker's shape change. The development of strain
from the initial transient to the steady state is discussed. The variation of the steady-state
strain with different process parameters is correlated with the die advance per revolution.
Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. Background

thermomechanical processes is that the process heat and
plastic deformation are intrinsically coupled.

In contrast to conventional extrusion processes, in FE, the
heat source is the energy dissipation of plastic deformation
generated by the interaction between the billet and the

Friction extrusion (FE) was invented by The Welding Institute
in the UK in 1993 [1]. It combines the conventional extrusion
process with the action of a rotating die and bypasses the
external heating source. In the last decade, FE has received
renewed interest for a variety of applications. A wide range of
its derivative forms, like friction consolidation, friction stir
back extrusion, and shear assisted processing and extrusion,
are also emerging rapidly. A typical characteristic of these

* Corresponding author.
E-mail address: xiao.li@pnnl.gov (X. Li).
https://doi.org/10.1016/j.jmrt.2021.10.001

rotating die. Hence, there are substantial differences between
FE and conventional extrusion; these differences are lever-
aged to produce better extrudates or reduce the energy cost of
manufacturing a product. The introduction of shear defor-
mation makes FE ideologically close to severe plastic defor-
mation processes like high pressure torsion [2], high pressure
torsion extrusion [3,4], equal channel angular extrusion [5],
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and twist extrusion [6]. However, severe plastic deformation
processes are mainly operated thermostatically at room
temperature, so the processing speed must be low. In FE,
however, deformation heat is favorable because the elevated
temperature can reduce the required extrusion pressure and
increase the processing speed.

The advantages of FE and its derivatives include the
following: (a) It offers the capability to produce materials with
better properties than those of otherwise equivalent conven-
tionally extruded materials [7—10]. (b) With the potential to
use lower processing temperatures (0.4—0.9 of the melting
temperature) and span a wide range, FE enables the produc-
tion of new functional materials and new phases unavailable
from melting-based technologies like casting. Alternatively, it
can largely reduce the cost compared with the conventional
manufacturing process [11,12]. (c) When processing metal
powders or machining waste, FE may enable higher produc-
tion rates than powder metallurgy and melting processes,
because it is a single-step, continuous shaping and forming
technique [13—15]. (d) The required force [8] and energy con-
sumption in solid phase processing are reported to be 20—-50%
lower than in remelt recycling processes [16,17]. (e) The high
shear deformation stirs and mixes material extensively when
processing alloys or composite materials; this disperses the
second-phase or filler material homogeneously in the matrix,
avoiding degradation arising from segregation [18—20]. (f) The
high shear deformation also reduces particle size by either
mechanical comminution of insoluble particles or dissolution
and reprecipitation of soluble phases, thus retaining or
creating highly refined structures in materials [15,21].

1.2 Understanding the deformation

To most effectively use FE to produce desired results, it is
critical to understand the deformation, which also governs
the heat generation. However, the complexity of the thermo-
mechanically coupled process has impeded accurate mapping
of the strain and temperature fields. Four characteristics make
this challenging: (1) highly coupled plastic deformation and
heat generation; (2) large gradients of deformation and tem-
perature in both space and time domains; (3) unknown strains
and strain rates, which are essential for describing heat gen-
eration in plasticity theory; (4) lack of accurate mechanical
property data over the presumed large ranges of strain rate
(107'-10% and the wide temperature range (room tempera-
ture to near melting temperature) encountered in the process.
An important first step toward developing a comprehensive
understanding of the process is to obtain the strains applied
during FE and correlate these with process control parame-
ters, including extrusion rate and die rotation rate.

The marker insert technique is a useful method for visu-
alizing the material flow in solid phase processing. Seidel and
Reynolds applied the marker insert technique in friction stir
welding to visualize the material flow path after the tool had
passed through the workpiece [22]. In that work, no attempt
was made to quantify the strain or strain components; only
qualitative information regarding the material flow path was
obtained. Still, this was quite useful for comparison with
various process simulations established by Xu et al. [23]. Val-
berg and Malvik first used marker studies in conventional

extrusion to map material flow [24]. Valberg summarized the
experimental techniques for characterizing large plastic de-
formations in hot extruded aluminum [25], including an in-
ternal stripe pattern technique and a three-dimensional grid
pattern technique. Beygelzimer et al. also used fiber markers
to investigate the material flow and strain tensors in twist
extrusion [26]. However, use of the high-speed rotating die in
FE greatly complicates the flow patterns as well as the
resulting strains in the extruded part.

Li et al. first performed a simple marker study in FE to es-
timate the strain in an AA6061 extrusion [27]. In this study, the
marker material was tracked by serial sectioning of the
extruded wire. Two strain components were evaluated: the
longitudinal strain (governed exclusively by the reduction),
and the in-plane strain. However, the in-plane strain was not
a strict definition in continuum mechanics and it needed to be
further resolved into the orthogonal directions of the coordi-
nate system. In addition, the extrusion was performed in a
force-controlled mode rather than extrusion rate-controlled
mode because rate control was not possible with the unin-
strumented extrusion device. The use of extrusion force
control caused the extrusion rate to change continuously as
uncontrolled heating of the billet occurred. Therefore, a
steady-state condition was not reached. Moreover, process
responses like force, torque, and temperature could not be
collected. Consequently, it was not possible to accurately
correlate the variations in imposed strain with the processing
parameters. Nevertheless, the marker method used by Liet al.
showed great promise for elucidating strain components in
FE, and a similar methodology has been followed in this study.

Attempts have also been made to establish finite element
models. Zhang et al. established pure thermal models [28] and
thermomechanical models [29] of FE processes to study heat
transfer and material flow phenomena. The thermomechan-
ical models produced a reasonable pathway of material flow
when compared to experimental observation. Because accu-
rate strain and strain-rate information was lacking, the model
was based on rather crude assumptions of the distribution in
radius and depth of deformation and temperature. Therefore,
the simulation does not predict or reproduce the experiments
precisely.

In the present work, a more sophisticated, “one-of-a-kind”
FE machine was used. It produces wires using extrusion rate
control, so steady-state FE was achieved for the first time.
Also, process responses that were not available in previous
studies such as force, torque, power, and temperature were
obtained. A series of experiments using cylindrical AA1100
extrusion billets with two embedded AA2050 markers was
performed with different die rotational speeds and feed rates.
The shape change of the embedded markers was determined
via serial transverse sectioning and quantitative metallog-
raphy of the extruded wires. From the marker shape change, a
more rigorous and accurate strain analysis that derived three
mutually orthogonal strain components (longitudinal,
circumferential, and radial) was developed. The obtained
strain was compared with the theoretical strain from con-
ventional extrusion. A detailed parametric study of the rela-
tionship between the control parameters and the responses
including strain, temperature, force, and torque will be dis-
cussed in a separate article.
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2. Method
2.1. Experimental design

The extrusions in this study were performed using the Shear
Assisted Processing and Extrusion (ShAPE) machine designed
by Pacific Northwest National Laboratory and manufactured
by BOND™ Technologies. Eight extrusion conditions were
studied. The controlled parameters, i.e., die rotation rate, die
advance rate, and die advance per die revolution (DAPR) for
these eight extrusions are shown in Table 1.

In addition, process response parameters including extru-
sion pressure, torque, power, and temperature were recorded.
A flat-faced MP159 (cobalt-nickel alloy) die was used for all
extrusions. A thermocouple was inserted into a hole on the
side of the die to measure the temperature at a point 0.5 mm
from the die face and 5 mm radially from the center of the die.
All extrusions were made with a 10:1 diametral reduction
from a starting billet diameter of 25.4 mm to a final wire
diameter of 2.54 mm. The initial billet length was 12.7 mm.

The billet material was AA1100, commercially pure
aluminum.
2.2 Strain measurement

The present study deals with the measurement of three
orthogonal strain components in cylindrical coordinates
(longitudinal, circumferential, and radial) during FE using an
AA1100 aluminum billet as a matrix and AA2050 (aluminum-
copper-lithium) wire as markers. Two longitudinal holes of
2.5 mm diameter were drilled through the billet, along the
central axis and at 4.2 mm (that is, 1/3 of the radius of billet)
from the central axis of the billet. AA2050 aluminum wires
(2.54 mm in diameter) were pressed into the holes. The billet
was putin abillet ring and placed in a water-cooled fixture, as
shown in Fig. 1. To avoid undesired slippage, we fixed the
billet from bottom by inserting two short pins from the
backing block into the billet. Therefore, the billet will not
rotate against the backing.

After extrusion, the wires were sectioned transversely at
longitudinal distances of 25—500 mm from the extrusion start.
The cross sections were mounted, ground, polished, and
etched using Keller's reagent. Keller's reagent was used
because it creates excellent contrast between the AA2050

Table 1 — Process control parameters for friction
extrusion.

Extrusion # Die rotation Die advance Die advance

rate (rpm) rate per revolution
(mm/min) (mm/revolution)

1 150 8 0.0533
2 300 8 0.0267
3 450 8 0.0178
4 300 4 0.0133
5 300 12 0.04

6 300 16 0.0533
7 300 40 0.1333
8 150 40 0.2667

marker material and the AA1100 billet. The markers visible on
each cross section were measured to inform calculations of
the three strain components observable on the transverse
section. The transverse cross-section images of all 8 samples
at steady-state conditions are presented in supplementary
data Fig. 1.

Assume the axis of the main strains does not rotate at the
steady-state [30], since the billet and extruded wire are cy-
lindrical, the deformation on a wire cross section can be
resolved into three components in cylindrical coordinates, as
shown in Fig. 2: a longitudinal strain in the Z or extrusion di-
rection, a radial strain, r, in the radial direction, and a
circumferential strain, 6, in the die rotation direction. The
strain of the marker can be expressed by the magnitude
changes of the three cylindrical coordinates. The strains are
written as follows:

-u(3)

Where ¢, &, and ¢ are the longitudinal strain, radial strain,
and circumferential strain, respectively. Ay is the original
cross-sectional area of the marker, Aris the area of the marker
on the transverse cross section of the extruded wire. t is the

average thickness of the marker in the radial direction, do is
the average chord of the original marker-wire diameter (mdo/
4), l¢ is the length of the marker in the theta (circumferential)
direction, and d, is the original marker-wire diameter. As
would be expected, the final shape of the extruded marker
wire placed at the billet center and that at 1/3 of the billet
radius are quite different. Figure 2 shows the marker di-
mensions measured on a representative 1/3 r marker wire. For
markers not at the center, the value of t is the average thick-
ness of the spiral observed on the cross section. In most cases,
the cross section of the marker wire on the central axis of the
billet remains circular. It should be noted that because the
three strain components measured on the transverse sections
are mutually perpendicular, and the process is constant-
volume plastic deformation, the components should sum to
zero. It is not certain, however, that these are principal strain
components.

3. Results
3.1. Process responses

The extrusion pressure, torque, and temperature as functions
of processing time were measured for each extrusion. Figure 3
shows the process data for two extrusions: one made at
150 rpm and one made at 450 rpm, both at 8 mm/min extru-
sion rate. These data are representative of what was observed
in all the extrusions, although magnitudes of pressures, tor-
ques, and temperature vary somewhat with the specific
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A.spindle B.toolholder C.die D.billetring

E. water-cooled fixture F. billet G.thermocouple

AA1100 AA2050
b

Center 1/3r
marker marker

Rotate 90°

Fig. 1 — Experimental setup (left) and schematic of AA1100 billet with inserted AA2050 markers (right).

process parameters. As each extrusion begins with the billet
at room temperature, a temperature transient is observed,
with the temperature becoming nearly steady by the end of
the process. Over the course of each extrusion, the measured
temperature ranged from 22 °C at the start to between 550 °C
and 620 °C at completion. This temperature variation drives
the variation of other process responses. For each extrusion,
required pressure is the highest at the beginning, falls as the
temperature rises, reducing the billet flow stress, and finally
achieves a nearly steady-state value. The observed torque
follows a similar pattern. For all the extrusions that reached a

22.54 mm

Extruded
wire with

temperature of 600 °C or higher, the steady-state pressures
were similar to each other, as were the torque values. The
extrusions made with the higher DAPR generally had higher
steady-state torque and pressure than those made with lower
advance rates.

3.2. Measured strains
Figure 4 shows etched wire cross sections for extrusions

beyond the period of initial transient behavior (observed on
some extrusions). The two cross sections are from wires made

Transverse cross section of
the extruded wire

marker

AA2050
marker
wire

Pure

aluminum
billet

_Y_I

r=12.7 mm

v

Marker wire

Fig. 2 — Geometry and distribution of the 1/3 radius marker before and after FE.
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@ 150 RPM/8 mm/min pressure, MPa
Y 150 RPM/8 mm/min, Temperature, °C
W 150 RPM/8 mm/min, Torque, N-m

O 450 RPM/8 mm/min, Pressure, MPa
Y 450 RPM/8 mm/min, Temperature, °C |_
O

700 450 RPM/8 mm/min, Torque, N-m

600 -

vvvvvvvvva'V"

500 - ; \AbA A

Pressure, Temperature, or Torque

0 10 20 30 40 50 60 70

Process Time, s

Fig. 3 — Process responses for two extrusion conditions.

at (a) 150 rpm and a die advance rate of 8 mm/min and (b)
450 rpm and a die advance rate of 8 mm/min. Both cross
sections were taken from the extruded wires at 0.25 m from
the starting end of the extrusion. The AA2050 marker wires
are readily distinguishable from the AA1100 billet material. In
addition, it is apparent that the markers are continuous and
well bonded with the AA1100 billet. This indicates that the
markers flow compatibly with the billet material and that the
deformation of the marker may be reliably assumed to be
identical to the deformation of the billets. The spiral-like
pattern of the 1/3 radials marker on the cross-section indi-
cate their three-dimension geometry could be very similar to
spiral layer structure observed in the high pressure torsion
extrusion [3,31].

The appearance of the 1/3 r markers in the two cross sec-
tions shows that the imposed strain is different in the two
conditions. In Figs. 57, the longitudinal, radial, and theta
strains for each extrusion are presented as functions of the

5
£
g
(2]}
Q
IS
E=] ® 3004
@ O 30012
2 v 1508 o ]
— A 4508 Longitudinal Strain
2 1 W 3008
O 300116
@ 300/40
<& 150/40
1 T T T T T
0 100 200 300 400 500 600

Distance from wire start, mm

Fig. 5 — Longitudinal strain in all eight extrusions. The key
indicates the die rotation rate in rpm and the die advance
rate in mm/min. The dashed lines indicate the respective
strains expected for a “conventional” extrusion with a 10:1
diametral reduction.

position along the wire (cross sections taken at different
extrusion distances). The dashed lines in the figures indicate
the respective strains expected for a “conventional” extrusion
with a 10:1 diametral reduction.

As mentioned earlier, the sum of any three mutually
orthogonal strain components measured during a constant-
volume plastic deformation process should sum to zero.
Figure 8 shows the sums of the three strain components for
each of the eight extrusions.

4, Discussion

The longitudinal strain values plotted in Fig. 5 for all eight
extrusions as functions of the extruded wire length elucidate
several points. In some cases, there is a transient region very
close to the beginning of the extrusion where the observed

1/3r markers _

Center markers

Fig. 4 — Etched wire cross sections showing contrast between markers and billets. Both cross sections are from 0.25 m into
the respective extrusions. Extrusions made at (a) 150 rpm and 8 mm/min die advance rate, (b) 450 rpm and 8 mm/min.
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Radial Strain @ 3004
O 30012
21 v 150/8
————————————————————— A 450/8
W 3008
C
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> *>r—o¢ & 300140
O <> 150140
E -4
E=]
S
o 51
)
-6 -
-7 T T T T T
0 100 200 300 400 500 600

Distance from wire start, mm

Fig. 6 — Radial strain for all eight extrusions. The key
indicates the die rotation rate in rpm and the die advance
rate in mm/min.

longitudinal strain is quite low relative to the subsequent data
points and far below the strain expected for an otherwise
similar conventional extrusion (4.6 at 100:1 extrusion ratio). In
all cases, after approximately 100 mm of extrusion, the values
of strain are steady. The data are fairly well grouped and close
to the value expected for an otherwise similar conventional
extrusion, except for the extrusion made at 300 rpm and
4 mm/min. It is speculated that the transient observed near
the start of some of the extrusions is related to the formation
of a dead metal zone, and that at the beginning of the extru-
sion, the entire billet diameter is not feeding the extrusion. In
the nearly steady-state region, after 100 mm of extrusion, low
values of ¢; may be related to escape of billet material into the
gap between the rotating die and the billet chamber (“flash,”
similar to what is observed in some friction stir welds).
Figures 6 and 7 show trends similar to those observed in
Fig. 5 with respect to the existence of a transient followed by
steady values of the strain components beyond the extrusion
length of 100 mm. However, the radial and theta strains both

Theta strain 300/4

300/12
150/8
450/8
300/8
300/16
300/40
150/40

CeOmP>q400

Logarithmic strain

0 100 200 300 400 500 600

Distance from wire start, mm

Fig. 7 — Theta strain for all eight extrusions. The key
indicates the die rotation rate in rpm and the die advance
rate in mm/min.

10 @ 300/4
Sum of Strains O 30012
v 1508
A 45078
0.5 4 B 3008
£ O 300/16
S & 300/40
@ & 15040
Q
£ 0.0
E=]
IS
D
o
-
-0.5 -
1.0 ; : . \ :
0 100 200 300 400 500 600

Distance from wire start, mm

Fig. 8 — Sums of the longitudinal, radial, and theta strain
components for all eight extrusions.

show substantially greater dependence on the values of
extrusion parameters than does the longitudinal strain. In
addition, the strain values vary substantially from those that
would be observed in an otherwise similar conventional
extrusion (—2.3 for both radial and theta strains). Fig. 8, the
sums of strains, shows that for nearly all cases, the sum of the
three mutually orthogonal measured strains is very close to
zero. This observation serves as an internal check on the ac-
curacy of the measured strains. The results in Fig. 8 give
confidence in the values shown in Figs. 5—7. Note that the
scale in Fig. 8 spans a very narrow range, emphasizing small
variations in the data.

To evaluate the effects of extrusion parameters on the
measured strains, average values of the strains in the steady-
state region for each extrusion are plotted against the corre-
sponding DAPR in Fig. 9.

Several salient points are illustrated in Fig. 9. First, the
longitudinal strain is independent of the extrusion parame-
ters. This is not unexpected, because this component of strain
should depend only on the overall extrusion reduction—in
this case, 10:1. The longitudinal strain measured for all

6
J TN v —v
c .
‘T 2 @ Theta strain
g O  r-strain
8 V¥ Longitudinal strain
E o0
£
c —e
)}
o -2
s T
|
-4 =
Towards conventional extrusion
-6 T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Die advance per die revolution, mm/rev

Fig. 9 — Average value of each strain component vs. the
corresponding die advance per revolution.
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extrusions is close to the value expected for a conventional
extrusion of the same reduction,4.6, represented by the dot-
dash line. For discussion of the theta and radial strains, it is
important to note that increasing the value of DAPR is asso-
ciated with extrusion parameters that approaches those of a
conventional extrusion. The DAPR associated with a conven-
tional extrusion is, of course, infinite, since the die advance
rate is divided by a zero die rotation rate. The data for radial
and theta strains indicate that (a) these strain components
depend on the extrusion parameters as represented by the
DAPR, (b) they do differ from each other, and (c) they can be
quite far from the values expected for a conventional extru-
sion of the same reduction (i.e., —2.6, represented by the
dashed line). As might be expected, the deviation from con-
ventional extrusion is greatest at low DAPR. As DAPR in-
creases, the values of both the radial and theta strain
components converge toward each other and toward the
value expected for a conventional extrusion. It is particularly
instructive to examine the strain values for the two compo-
nents at DAPR = 0.0533. The data for this DAPR value were
obtained from two extrusions, made with (a) a die rotation
rate of 300 rpm and 16 mm/min die advance rate and (b) a die
rotation rate of 150 rpm and a die advance rate of 8 mm/min.
Even though these two extrusion rates differ by a factor of
two, the radial and theta strain components in the two ex-
trusions are nearly identical. This indicates that the imposed
strains are governed by the DAPR, at least in this range of
conditions.

5. Summary and conclusions

To better understand the deformation in the FE process,
extrusion rate-controlled experiments with 10:1 reduction
were successfully performed using a flat die and varying
extrusion rate and DAPR by more than an order of magnitude.
Two marker wires were inserted into the precursor billet to
visualize the deformation and help calculate the strain. The
measured geometry of the markers is limited to one plane, the
transverse cross section. Therefore, only the orthogonal strain
components can be derived. To acquire the shear compo-
nents, a new marker design or imaging method is needed.
Also, the marker advance per marker revolution in the wire
should be investigated in future.

The main conclusions of this research are highlighted here:

(1) The method for obtaining values of three mutually
orthogonal main strain components in the steady-state
region of FE was developed. The validity of the tech-
nique is supported by the sums of strain data (strains
sum to zero for nearly all cases) and consistency of
values measured for a given extrusion condition (strain
values attain a steady-state after an initial transient).
Critically, the DAPR does not affect the values of longi-
tudinal strain, as expected, and the values of circum-
ferential and radial strain depend mainly on the DAPR
in this range of extrusion conditions. Also, as expected,
the circumferential and radial strains converge toward
the conventional strain value as DAPR is increased.

—
N
—

The obtained strain values pave a pathway to under-
standing the deformation and heat generation in FE. The re-
sults also provide data to investigate the effect of the control
parameters on the process responses. Critically, the obtained
results are useful to help establish and validate analytical and
numerical models of friction-based extrusion processes.
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