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The formation of large surface grains known as peripheral coarse grains (PCG) is an undesirable
feature commonly observed in extruded medium-strength Al-Mg-Si alloys produced for many
applications including automotive. The objective of this study was to evaluate factors
contributing to the formation of PCG layers, particularly the die bearing geometry, with the
goal of developing strategies to eliminate or reduce this phenomenon. This was accomplished
using a combination of extrusion trials and finite element method simulations to characterize the
role of die bearing geometry on the formation of surface microstructure during the extrusion of
an Al-Mg-Si-Mn alloy. The extrusion trials were conducted using two die bearing geometries, (i)
a zero bearing die and (ii) a choke die using an extrusion temperature of 480 �C and ram
velocities of 20 to 30 mm/s. Axisymmetric extrusion was conducted with an extrusion ratio of
16.5. During the extrusion trials, partially extruded billets were extracted from the extrusion
press and water quenched in order to follow the evolution of the surface microstructure for the
different bearing geometries. In addition, ram motion was arrested in the middle of the extruded
length, held for 5 seconds and then resumed to investigate the role of changing the deformation
conditions of the surface on the extruded microstructure. Optical microscopy and electron back-
scattered scanning diffraction (EBSD) were used to quantify the microstructure and crystal-
lographic texture of the extrudates and partially extruded billets at different spatial locations. A
finite element (FE) mathematical model using the commercial software package DEFORM 2D
was also developed to simulate the extrusion process so that loads, temperatures, and material
flow patterns could be predicted. The FE model was used to track material flow streamlines
close to the surface. Specific locations along these streamlines were then selected for EBSD
analysis on the partially extruded billets. The results indicate that the major factor affecting the
formation of the PCG layer is the local stored energy of the near surface material which in turn
is a function of the details of the die bearing geometry.
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I. INTRODUCTION

LOCALIZED recrystallization on the surface of an
extrudate, known as a Peripheral Coarse Grain (PCG)
layer, is a common occurrence during extrusion of
medium- to high-strength extruded Al-Mg-Si-Mn alloys
such as AA6082. The PCG layer is known to degrade

properties such as surface quality, strength, fracture
toughness, stress corrosion susceptibility, fatigue resis-
tance, and machinability.[1–3] It has been shown that the
formation and severity of the PCG layer depend on
alloy composition, extrusion temperature, extrusion
ratio, and the homogenization practice.[1,4,5] Typically,
the formation and thickness of the PCG layer are
exacerbated by higher extrusion temperatures, faster
velocities, higher extrusion ratios, slower cooling rates
after extrusion, and the use of alloys which do not form
dispersoids (i.e., Mn/Cr bearing precipitates 20 to 100
nm in size formed during homogenization).[6]

The mechanism responsible for the formation of the
PCG layer is still not fully developed but theories point
to the characteristics of the surface layer where a
combination of very large shear deformation (equivalent
strains> 10) and high deformation temperatures (near
the melting point of the alloy) develop due to the friction
between the extrudate and the die. For example, van

Y. MAHMOODKHANI and M.A. WELLS are with the
Mechanical and Mechatronics Engineering Department, University
of Waterloo, 200 University Avenue West, Waterloo, ON N2L3G1,
Canada. Contact e-mail: y3mahmoo@uwaterloo.ca J. CHEN and
W.J. POOLE are with the Department of Materials Engineering, The
University of British Columbia, 309-6350 Stores Road, Vancouver, BC
V6T1Z4, Canada. N.C. PARSON is with Rio Tinto Aluminum,
Arvida Research and Development Center, Saguenay, QC G7S4L2,
Canada.

Manuscript submitted February 6, 2019.
Article published online August 30, 2019

5324—VOLUME 50A, NOVEMBER 2019 METALLURGICAL AND MATERIALS TRANSACTIONS A

http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-019-05437-0&amp;domain=pdf


Geertruyden et al.,[4] de Peri and Misiolek[2] proposed
that a very fine equiaxed grain structure is produced at
the surface by Continuous Dynamic Recrystallization
(CDRX) or Geometric Dynamic Recrystallization
(GDRX). It was hypothesized that this microstructure
was highly unstable, with a high local stored energy and
a high degree of heterogeneity which under the right
conditions could undergo abnormal grain growth to
produce large surface grains.

On the other hand, Eivani[3] proposed that the key
processing parameter responsible for the formation of
the PCG layer in Al-Mg-Zn alloys (AA7020) is temper-
ature. For example, in this work, no evidence of a PCG
layer was found with an extrusion temperature of
460 �C and a ram velocity of 5 mm/s, but PCG was
observed for extrusion temperatures above 500 �C using
the same ram velocity. Further, Charit and Mishra[7]

studied the formation of abnormal grains in friction stir
welding of Al-Mg-Zn (7xxx) alloys and suggested that it
was the dissolution of Mg-Zn containing precipitates
which would allow recrystallization/grain growth to
occur by reducing the local Smith–Zener drag from the
particles. In summary, it is clear that the formation of a
PCG layer on the surface of aluminum extrusion alloys
is complex as it depends on (i) the driving pressure for
recrystallization from the local stored energy, (ii) the
thermal conditions (temperature and time) during and
after deformation, and (iii) the retarding pressure from
second phase particles.

One aspect of the extrusion process which has not
received much attention in relation to PCG formation is
the die bearing geometry. Jarrett and Parson[8] registered
a patent in 1995 covering the use of a choked extrusion
die, where there was a small reduction in the billet
diameter over a length of several millimeters at the die
exit, to suppress surface recrystallization. Based on this
finding, Duan and Sheppard[9] studied the effect of the
length and degree of taper of the choke using a
combination of finite element calculations and a recrys-
tallization model to predict the occurrence of recrystal-
lization near the surface of the extrudate with some
success. It was shown that the addition of choke to the
die geometry affected the details of the local strain
history/microstructure development and increased the
temperature of the extrudate surface suggesting that
temperature on its own was not the only factor affecting
the formation of the PCG layer. Parson et al.[10]

examined 5 different die bearing geometries including
zero bearing, 12 mm choked bearing, 25 mm flat
bearing, and 35 mm choked bearing and showed that
the use of a choked die exit geometry could suppress the
formation of the PCG layer compared to a conventional
flat-faced die. The zero bearing exhibited the most
recrystallization and the 35 mm choked bearing showed
the least recrystallization after extrusion.

The current research combines novel experimental
extrusion trials and use of a detailed finite element
model to gain insight into the generation of the surface
microstructures as a function of die bearing geometry
during extrusion of an Al-Mg-Si-Mn alloy (AA6082). In
this research, axisymmetric extrusion was performed
using two limiting die bearing geometries; a so-called

zero bearing die which has a minimal contact length
with the exiting extrudate and choke die where the
extrudate undergoes a small reduction in an area near
the exit after the majority of the shape change has
occurred. A particular novelty of the extrusion trials was
the combination of using an alloy with a high density of
dispersoids to suppress recrystallization as much as
possible and either (i) quenching the billet and extrudate
part way through the extrusion or (ii) stopping the
extrusion press, holding and then restarting the extru-
sion process to capture the evolution of microstructure .
The resulting microstructures were characterized using
Electron Back-scattered Diffraction (EBSD) and optical
microscopy. The effect of die bearing geometry on the
thermomechanical history experienced by the material
was examined using a previously developed and vali-
dated finite element method model[11] and the results
were compared to the EBSD observations to gain
insight into the near surface deformation conditions
and PCG layer formation.

II. EXPERIMENTAL METHODOLOGY

A. Material

Table I shows the chemical composition of the Al-
Mg-Si-Mn alloy studied. Billets of 400 mm length and
101.6 mm diameter were Direct Chill (DC) cast,
homogenized for 2 hours at 550 �C and then extruded
into rods of 25 mm diameter. The microstructure after
homogenization for this same alloy has recently been
characterized by Liu.[12] It consists of a-phase con-
stituent particles characterized by an average radius of
400 nm with a volume fraction of 1.05 pct and a-phase
dispersoids which have an average radius of �40 nm and
a volume fraction of 0.7 pct.

B. Extrusion Trials

Figure 1 shows the geometries for the zero bearing
and choke dies which were selected based on the
extremes of PCG tendency observed in the previous
work by Parson et al.[10]

A 780-tonne extrusion press located at the RioTinto
Arvida Research and Development Center in Saguenay,
Quebec with a container of 106 mm diameter was used
to extrude the homogenized billets to 25 mm round bars.
The initial billet temperature was 480 �C and the die and
container were pre-heated to 480 �C. An extrusion ram
velocity of 20 mm/s was initially used. For each trial,
three billets were extruded to warm up the press and to
reach a steady-state temperature distribution, following
which the trial billets were extruded. The extrudates

Table I. Al-Mg-Si-Mn Alloy Composition in Weight Percent

(Balance is Aluminum)

Mg Si Mn Cr Fe

0.71 1.03 0.50 < 0.01 0.21
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were quenched in a standing wave water tank which was
located approximately 2 m from the extrusion press (see
Figure 2). During the extrusion of the last billet in each
trial, the ram was stopped after about 75 pct of the billet
had been extruded and the partially extruded billet was
removed and quenched in water to preserve the extruded
microstructure. This operation took approximately 2 to
3 minutes to complete. Finally, specific extrusion trials
were conducted involving a ‘‘dead’’ stop where the ram
motion was arrested for 5 seconds and then was rapidly
accelerated back to the original velocity. Note, for these
trials a steady-state extrusion ram speed of 30 mm/s was
used in order to examine a wider range of ram speed
during the transient of slowing down, stopping, and
resuming. The process conditions and bearing geometry
used for the extrusion trial are shown in Table II. All
extrusion trials were performed using 60-mm diameter
feeder plate. This is a hollow plate located between the
container and the die which has an inner diameter
smaller than the container and larger than the extrudate

and provides a welding chamber to join successive
extrusions to permit continuous extrusion.

C. Metallographic Sample Preparation

Metallographic samples, cut from the front and back
locations as indicated in Figure 2 along with specific
locations of interest from the partially extruded billets,
were ground and polished before EBSD analysis.
Sample preparation included grinding on standard
silicon carbide (SiC) paper from grade #200 to #1200,
polishing using 3 lm diamond cloth and final polishing
using OPS colloidal silica suspension. Polarized light
microscopy was used to observe the grain structure after
anodizing in Barker’s reagent. Full sections of the
partially extruded billets were also cut from the billet
centerline and macro-etched after grinding with Poul-
ton’s reagent (2 mL HF, 3 mL HCl, 20 mL HNO3, 175
mL water) to reveal the bulk macrostructure.

D. EBSD Analysis

EBSD measurements were conducted and analyzed
using a Zeiss Sigma scanning field emission electron
microscope-EBSD system with EDAX/TSL OIM soft-
ware. A step size of 1lm was used to reveal the general
grain structure and texture, and a step size of 0.3 lm
was used to reveal details such as subgrain structures.
To clean the EBSD maps and remove points with low
confidence, all maps were first processed by the Confi-
dence Index (CI) Standardization, which is a function in
OIM Analysis. Subsequently, pixels with a CI less than
0.1 were removed.

E. Mathematical Model

The commercial finite element (FE) package,
DEFORM-2D was used to numerically model the effect
of die bearing geometry. The FE method used in
DEFORM 2D is based on the flow formulation
approach using an Updated Lagrangian procedure.
The FE model and its validation were described in
detail in a previous paper by Mahmoodkhani et al.[13]

The first step in the post-processing analysis of the FE
results was to track different points across the bar
diameter through the velocity field from the billet into
the final extruded bar. The spatial locations of the
tracked points were selected so that the entire cross-

Fig. 2—Schematic view of extrusion set-up showing extrusion press/tooling, quench tank, and location of front and back samples.

Fig. 1—Schematic of (a) the extrusion press including finite element
mesh and (b) die bearing geometries used in this study.
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section of the extruded bar was included and these were
then back-tracked into the original billet. Back-tracking
was performed using the DEFORM-2D post-processor
point tracking tool.[13] The thermomechanical history of
the tracked points was then extracted in terms of strain,
strain rate, and temperature history from which other
parameters such as the shear strain and stored energy
could be calculated.

Figure 3 shows the geometry and the mesh used in the
FE models for each of the die bearing geometries
studied.

Based on the previous work performed by Liu,[12] the
Al-Mg-Si-Mn alloy was considered as a visco-plastic
material and the flow stress of the material as a function
of temperature and strain rate was described using the
following equation[14]:

A sin h arð Þ½ �n¼ _e exp
Qd

RT

� �
½1�

where r is the flow stress (MPa), _e is the strain rate (s�1),
and T is the temperature (K). A; a; n , and Qd are
material constants with values of 9.04 9 108 s�1, 0.03
MPa�1, 5, and 145 kJ mol�1 K�1, respectively, and R is
the universal gas constant (8.314 J mol�1 K). The
constants were determined by fitting equation [1] to
flow stress data in the DEFORM v10.0 database.[15]

The shear friction between the deforming material
and extrusion tooling (i.e., ram, container, die, and
feeder plate) was defined with a constant interfacial
shear stress approach,

f ¼ ms ½2�

where f is the shear force per unit area (MPa) at the
interface, s is the shear stress (MPa) of the material in
contact with the tooling, and m is the shear factor. A
shear factor of m = 1, (i.e., complete sticking) was
defined for the interface between the billet and the
tooling following the work done by Schikorra et al.[16]

Inside the bearing where a shear factor of m = 0.8 was
used based on the previous study by Jowett et al.[17] A
heat transfer coefficient of 25 kW m�2 K�1 was used at
the billet/tooling interfaces as suggested by Duan and
Sheppard.[9]

The stored energy in the material during extrusion
was assumed primarily to arise from dislocation accu-
mulation and the associated elastic strain energy. The
flow stress, r, is related to the dislocation density by the
Taylor equation,[18] i.e.,

r ¼ a1MGb
ffiffiffi
q

p ½3�

where a is a constant (� 0.3), M is the Taylor factor
(3.06 for random crystallographic texture) and where
G is the shear modulus and b is the magnitude of the
Burgers vector of aluminum at the deformation tem-
perature. At the temperatures and strain rates of inter-
est, the rate of accumulation of dislocations and the
rate of dislocation annihilation are equal (dynamic
recovery) in AA6082 such that a steady-state flow
stress is achieved.[19] The elastic energy per line length
of dislocation is given by

El ¼ a2Gb
2 ½4�

Table II. Process Conditions for Extrusion Trials

Trial #

Billet, Container,
and Die Temperature

(�C)
Steady-State Ram
Velocity (mm/s) Die Type (Bearing) Description

1 480 20 zero bearing normal and partial extrusions (100 mm butt
end removed and quenched)

2 480 20 35 mm choke normal and partial extrusions (100 mm butt
end removed and quenched)

3 480 30 zero bearing ‘‘dead Stop’’ extrusion (ram stopped and
accelerated back to steady-state velocity)

4 480 30 35 mm choke ‘‘dead Stop’’ extrusion (ram stopped and
accelerated back to steady-state velocity)

Fig. 3—DEFORM 2D FE model geometry and mesh resolution for
the two die bearing geometries: (a) zero bearing and (b) choke die.
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where a2 is a constant (� 0.5). The dislocation density
can be estimated from the flow stress by rearranging
Eq. [3] and the volumetric stored energy can be
determined by the product of the dislocation density
and the elastic energy per line length,[20] i.e.,

E ¼ a2Gb
2 r

a1MGb

� �2

½5�

or after grouping constants and noting that a1M is
� 1, one obtains[11]

E ¼ a2
r2

G
½6�

where a2 is a material constant of the order of 0.5 and r
is the steady-state flow stress (MPa) of the material at a
given temperature and strain rate calculated using
Eq. [1]. The final stored energy of the material was
assumed to be the maximum value of stored energy
calculated for each position as the material passes
through the die.

III. RESULTS AND DISCUSSION

A. Experimental Results

Figure 4 compares the anodized optical images for
transverse sections of rods extruded at 480 �C with a
ram speed of 20 mm/s at a mid-length position. A
recrystallized surface layer (Peripheral Coarse Grain,
PCG) of approximately 300 lm was observed for the
extrusion using the zero bearing die while there was no
evidence of a recrystallized surface layer for the choked
die, consistent with the earlier results of Parson et al.[10]

Figure 5 shows EBSD images of longitudinal sections
from the front and back locations extruded at 480 �C
with a ram velocity of 20 mm/s for the two die
geometries. Figures 5(a) and (c) show the surface
microstructures for the zero bearing die at the back

and the front of the extrusion, respectively. A PCG layer
~300 lm thick containing grains oriented in the extru-
sion direction (red and blue) is evidently suggesting that
the recrystallized grains grew along the extrusion direc-
tion. Below the PCG layer, the structure shows highly
elongated grains consistent with an unrecrystallized
structure. In contrast, the rods extruded through the
choke die bearing show no evidence of a PCG layer at
either the front or back of the extrudate (Figures 5(b)
and (d), respectively) consistent with the observations
from optical metallography in Figure 4. The surface of
these bars exhibits a crystallographic texture consistent
with a simple shear texture[19,20] as measured by
Chen.[21]

Referring to Figure 2, it can be seen that the front and
back samples have different temperature histories as the
front part of the extrudate passes through the quench
bath but the back of the extrudate stops between the die
exit and quench bath and cools more slowly. Although a
fibrous unrecrystallized structure is evident for both the
front and back samples away from the surface, the
fibrous structure is more pronounced in the front
samples for both the choke and zero bearing dies,
consistent with different thermal histories between these
locations, i.e., the back location spent more time at a
high temperature such that the deformed structure had
more opportunity for microstructure evolution by static
recovery.
Figure 6(a) shows the macrostructure of a partially

extruded billet along with a flow line predicted from the
point tracking technique in the FEM model.[11] The
orange line shows the flow path of the material that ends
up at a location approximately 100 lm below the
surface in the final extruded rod. Figure 6(b) shows a
series of Inverse Pole Figure (IPF) EBSD microstructure
maps for the zero and choked bearing extrusions, at five

Fig. 5—Inverse pole figure (IPF) EBSD images for the longitudinal
surface sections; (a) zero bearing—back, (b) choke bearing—back,
(c) zero bearing—front, and (d) choke bearing—front. Extrusion
temperature 480 �C, ram speed 20 mm/s.

Fig. 4—Transverse grain structures from zero bearing (left) and
choke bearing (right). Mid-length location, extrusion temperature
480 �C, and ram speed 20 mm/s.
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locations along the flow line, starting at the entry to the
feeder plate and finishing after exiting the die bearing.
There are no significant differences between the
microstructures (grain size, grain shape, and orienta-
tion) produced using the two dies, prior to material
entering the die bearing zone. In particular, the variation
of the crystallographic texture as represented by the
color based on the IPF scheme is similar from point 1 to
point 3 for both dies. At point 4 which is located
immediately after the die corner there is minimal
difference in the texture but at point 5, located after
the bearing, a significant difference is observed for the
two geometries. This difference can be attributed to the
extra deformation applied at the surface of the extrusion
by the choked bearing while with the zero bearing, the
material has actually exited the die at point 4 and no
further deformation occurs between points 4 and 5.

Figure 7 shows the evolution of texture using inverse
pole figure EBSD maps of partially extruded billets near
the die corner area for the zero and choked bearing dies.
For the material extruded using the zero bearing die,
there is no evidence of deformation at the surface after
the material passes the die corner (Figure 7(a)) while the
color changes at the surface along the choked bearing
(Figure 7(b)) indicate that the texture orientation is
changing as a result of deformation imposed from
friction with the choked bearing surface.

Referring to Figure 7(a), it is evident that there is no
PCG for the zero bearing extrusion in the quenched
partial extrusion even though a PCG layer was observed
at both front and back of the extrudate for this die
geometry (Figures 5(a) and (c)). An explanation for the

absence of a PCG layer in the partially extruded billet
may be related to the lower stored energy at this location
due to the deceleration of the ram at the end of
extrusion. In order to test this hypothesis, an extrusion
trial was conducted where the ram was ‘‘dead’’ stopped

Fig. 6—(a) Location of streamline which exits the die 100 lm below the surface and (b) IPF EBSD maps at positions 1 to 5 for the zero bearing
die (left) and choked bearing die (right). The extrusion temperature was 480 �C and the ram speed 20 mm/s.

Fig. 7—IPF EBSD maps of partially extruded billets at the die
corner area for (a) zero bearing and (b) choked die. Extrusion
temperature 480 �C, ram speed 20 mm/s.
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part way through the extrusion for 5 seconds and then
restarted. Figure 8 shows the surface microstructure
from this trial for both dies after macroetching using
Poulton’s reagent. In both cases, there is a noticeable
stop mark region associated with the natural decelera-
tion and acceleration inherent in the hydraulic system.
For the case of the zero bearing die, the large surface
grains (i.e., PCG) are present before and after the press
stop but disappear around the stop mark as shown in
Figure 8(a) (note, in this region the grain size is very
small and one cannot see individual grains at this
magnification, hence the appearance as a homogeneous
dark gray region). This would be consistent with the
suggestion that the deceleration of the ram prior to
quenching the billet may account for the lack of a PCG
layer in the partially extruded and quenched sample
shown in Figure 7(a). A detailed explanation for this
phenomenon will be given in the next section using the
results from the FEM model. In contrast, Figure 8(b)
shows no evidence of large surface grains for the case of
the choke die before, during or after the stop. These
observations are consistent with the lack of a PCG layer
in Figure 7.

B. Finite Element Method Model Predictions

Figure 9 plots the experimentally measured and
predicted extrusion loads at break-through for the two
die bearing geometries. The difference between the
predicted and measured loads is less than 5 pct; how-
ever, it is found that the 35 mm choke die required
� 15 pct higher extrusion force compared to the zero
bearing die and this trend is captured by the finite
element model predictions.

Figure 10 shows model predictions of the effect of
bearing geometry on extrusion exit temperature for

Fig. 8—Extruded surface grain structures associated with stop marks, (a) zero bearing and (b) choke die. (Poulton’s reagent).

Fig. 10—Predicted exit temperature for different bearing geometries
and ram velocities. The extrusion billet, container, and die initial had
an initial temperature of 480 �C.

Fig. 9—Measured and model predicted break-through load as a
function of the die bearing geometry. Extrusion billet, container, and
die initial had an initial temperature of 480 �C and the ram velocity
was 30 mm/s.
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three ram velocities. The exit temperature here repre-
sents the average temperature over the cross-section of
the extruded bar after the core and surface temperature
have equilibrated. It is clear that the die geometry has a
significant effect on the temperature rise with the choke
die producing significantly higher exit temperatures.
This difference in exit temperature for the two bearing
geometries is accentuated as the ram velocity is
increased.

Figure 11 shows the effect of die exit geometry on the
distribution of temperature and strain rate near the die
bearing region. The choke die results in higher surface
temperatures due to the increased heating from friction
and surface strain imparted in the bearing region. The
longer the bearing length and exposure to this friction,
the higher the surface temperature becomes and the
deeper the temperature can penetrate into the subsurface
region. It is noted that the FEM predictions for the
temperature at the surface of choke die extrusion are
above the solidus point of the alloy (estimated to be
590 �C using Thermocalc with the TTAl6 database).
However, local melting requires an additional energy
input (the latent heat of fusion) which resists melting.
This was not accounted for in the finite element method.
In addition, the material spends a very short time at the
maximum temperature due to the high deformation
speed. Temperature measurements taken after die exit
were always below the melting point (see Figure 10) and
there was no microstructural evidence of melting or
speed cracking on the surface. Thus, we do not think
that the local melting occurred in these experiments.

The bearing geometry also has an effect on the strain
rate distribution. For the zero bearing, there is no
further deformation once the material passes the corner
of the die since there is no more contact between the die
and the extrudate. In contrast, with the choke die, the
surface strain rate is higher than at the core and

penetrates a significant distance into the extrudate due
to the decreasing radius of the die in the choke zone. In
the following section, it will be demonstrated that the
details of these variations in temperature and strain rate
can result in different levels of stored energy in the
extrudate and can influence the subsequent microstruc-
ture evolution.
Figure 12 shows the spatial distribution of maximum

stored energy for the two die geometries calculated in
the FEM code using Eq. [3]. This estimate for stored
energy is ~ 5 pct lower for the choke die compared to
the zero bearing at all locations across the extrudate
radius which is a possible explanation for the presence
of a PCG layer with the zero bearing and the absence of
such a layer for the choke die.
As described above, the effect of strain rate was

examined by performing a ‘‘dead’’ stop of the ram at the
midpoint of the extrusion. Figure 13 shows the actual
ram velocity/time profile measured on the extrusion
press during the deceleration, stop and restart of the
ram, compared with the profile used in the finite element
simulation.
Figure 14 compares the finite element simulation

estimates for the stored energy (top image) and the

Fig. 11—Predicted temperature and strain rate distributions for both
die bearing geometries. Billet, container, and die initial temperature
of 480 �C, ram velocity 20 mm/s.

Fig. 12—Calculated stored energy distribution across the extrudate
radius for both die bearing geometries. Extrusion temperature
480 �C, ram speed 20 mm/s.

Fig. 13—Experimentally measured and simulated ram velocity as a
function of time near the stop point.
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maximum surface temperature (bottom image) with the
experimentally observed extruded surface macrostruc-
ture at the region around the stop point for the zero
bearing die (noting again that the dark, homogeneous
region around the stop mark corresponds to fine surface
grains which cannot be resolved at this magnification).
The banding effect in the color of the calculation of the
stored energy on the right and left sides of the stop line is
believed to be a numerical artifact from the simulations.
Having noted this, it can be seen that the region in the
macrograph around the stop mark where the large
surface grains are absent corresponds to the area where
the estimate for stored energy is the lowest (green in the
top image). On the other hand, the location of the lowest
surface temperature (light green in the bottom image) is

not aligned with the fine grain region at the stop mark
and actually corresponds to an area where large surface
grains are observed experimentally.
To further examine the distribution of stored energy

around the stop point, Figure 15 plots a longitudinal
section through the center of the extrudate for the zero
bearing die. Consistent with Figure 14, these results
show that the surface region at the stop mark where no
large surface grains are observed corresponds closely
with the region where the predicted surface stored
energy is at a minimum. To examine the 3D spatial
distribution of stored energy, temperature, and equiva-
lent plastic strain, Figure 16 shows snapshots from the
simulations around the stop mark for the zero bearing
die where a quarter of the geometry has been removed.

Fig. 14—Comparison of predicted surface stored energy (top) and maximum surface temperature (bottom) distributions with surface grain
structure. Zero bearing die.

Fig. 15—Predicted stored energy distribution through the center of the extrudate around the stop point, zero bearing die.
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Here, it can be seen that the estimated stored energy
(Figure 16(a)) and temperature (Figure 16(b)) distribu-
tions change as the extrusion velocity decreases, stops,
and then accelerates back to the original velocity. In
contrast, the distribution of plastic strain does not
depend on the extrusion velocity as this is essentially
kinematically constrained by the geometry of the die.
Given the previously described spatial correlation
between local stored energy and the absence of large
surface grains, this suggests that local stored energy is
one of the key factors controlling recrystallization and
grain growth at the surface of extruded materials.
However, it is worth noting here that even though the
stored energy calculation using Eq. [3] is quite simplistic
(i.e., it does not include details on the complexity of the
deformed state dislocation density, subgrain structure,
high-angle boundary structure, dispersoid size, and
volume fraction), it does correlate well with the exper-
imental observations.

Finally, returning to previous studies, the current
results are consistent with the mechanism proposed by
Van Geertruyden et al.[22] where the surface grains
undergo very large shear strains due to friction between
the billet and die leading to continuous dynamic
recrystallization (CDRX) or geometric dynamic

recrystallization (GDRX) to produce a surface region
with very fine grains (of order 1 to 2 lm in diameter).
The GDRX mechanism is more likely given that the
surface strain is> 10 for the current case as shown in
Figure 16(c). These microstructures and their local
stored energy are sensitive to the conditions under
which they formed. Given a sufficiently high stored
energy and temperature, abnormal grain growth can
occur resulting in a PCG layer. It is clear from the
current experiments that there is a fine balance between
the local stored energy and the temperature which
determines whether abnormal grain growth occurs or
not. For example, reducing the extrusion velocity or
adding a choke to the die exit, both suppress the
formation of the large surface grains. This suggests that
careful design of the die and the extrusion process can
minimize the formation of undesirable, coarse, surface
grains.

IV. SUMMARY

The current study has considered the effect of bearing
die geometry on the microstructure development at the
surface of an Al-Mg-Si-Mn extrusion alloy for two

Fig. 16—Predicted distributions of (a) local stored energy, (b) maximum temperature, and (c) accumulated plastic strain, around the stop point
for interrupted extrusion trial with zero bearing die with a velocity change profile shown in (d). The snapshots shown in (a), (b), and (c)
correspond to the location shown in (d) corresponding to the point (red circle) where the original velocity was restored.
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limiting die exit geometries (zero bearing and choke). It
was shown that the die bearing geometry has a strong
impact on the thermomechanical history of the material
close to the surface of the extrudate and therefore the
resulting surface microstructure. It was found that a
layer of large surface grains (PCG) was produced using
a zero bearing die, whereas the choke die prevented
PCG layer formation. In detail, the main results of the
current work are as follows:

1. EBSD studies on partially extruded and quenched
samples provided insight into how the microstruc-
ture developed passing through both die configura-
tions. The subsurface microstructure was found to
evolve in a very similar manner for the two
geometries up until the aperture or die bearing
entry point, indicating that the difference in surface
microstructure resulted from variations in the
details of how the material exits the die, i.e., with
or without the choke.

2. Experimental observations on material that was
water quenched in die and then examined by EBSD
found that a PCG layer was not observed for either
die geometry in contrast to the steady-state situa-
tion. It was hypothesized that this was related to the
deceleration of the extrusion ram at the press stop
prior to quenching. This hypothesis was experimen-
tally investigated by ‘‘dead’’ stopping the extrusion
ram part way through the extrusion process, hold-
ing for 5 seconds and then restarting the extrusion.
Indeed, this experiment showed that the PCG layer
disappeared in the zero bearing die as the extrusion
ram speed decreased and stopped. Upon restarting
the extrusion process, the PCG layer reappeared
once the steady-state ram speed was achieved.

3. Finite element method calculations were conducted
to simulate the steady-state and ‘‘dead’’ stop extru-
sion experiments. For the steady-state extrusion
experiment, the FEM predictions for the break-
through pressure were within 5 pct of the measured
values. For the ‘‘dead’’ stop extrusion trials, the
FEM calculations indicated that both the local
stored energy at the surface and the surface
temperature decreased as the extrusion was slowed
and then stopped. However, the location of the
refined microstructure zone relative to the die stop
line closely correlated with the stored energy calcu-
lations but was not aligned with the region of lowest
temperature. As such, it is proposed that it is the
local stored energy at the surface of the extrudate
which controls the stability of the deformed
structure.

In conclusion, the current study demonstrated that
changes in the extrusion velocity or the design of the die
bearing influence large surface grains formation, sug-
gesting that this behavior is very sensitive to the details
of the deformed state at the surface of the extrudate. It is
proposed that a combination of finite element simula-
tions and a simple estimate of the local stored energy
can be used to predict the formation of the PCG layer.
However, it is noted that the sensitivity of this

phenomenon to relatively small changes in process
conditions may make this challenging to implement in
industrial settings. Finally, although the conclusions
from this paper are best suited for simple geometry solid
profiles such as bars, rods and strips, including forging
stock, the principles can be applied to more complex,
thin, and hollow profiles.
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