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Abstract

A bimetallic ring component is forged by a friction stir assisted forging (FS-forging). A cylindrical bimetallic blank, mag-
nesium AZ31 cylinder (Mg core) tightly fitted inside an aluminum 6061-T6 tube (Al skin), is used. In the FS-forging, the
frictional heat and stirring of rotating tool forge the blank into a desired shape, while simultaneously generate a solid-state
joint between the Mg core and the Al skin, without additional external heating, as confirmed by the microstructural analysis
and mechanical tests. The microstructural analysis also shows that the characteristics of the solid-state joint can be different

depending on the process parameters.

Keywords Forging - Solid-state joining - Intermetallics - friction stir welding

1 Introduction

The use of bimetallic structural components to minimize
issues from using a single material has drawn interest from
industries. However, with conventional processes, research-
ers have reported complications in the manufacture of such
bimetallic components, generally due to the dissimilar
mechanical/material properties of the selected metal alloys
[1].

In the manufacture of bimetallic materials or components,
a simultaneous forming and joining is frequently considered.
Bae et al. [2] cladded magnesium (Mg) and aluminum (Al)
alloys using twin roll casting and reported the formation
of Mg,,Al,, intermetallic layer resulting strong bonding.
Golovko et al. [3] performed hot extrusion of an Al-Mg
bimetallic rod for simultaneous forming and joining with the
help of furnace heating. Ng et al. [4] successfully performed
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electrically assisted roll bonding of ultra-thin Al alloy sheets
with the same alloy or Cu alloy sheets at a relatively low
bonding load and achieved higher bonding strength as com-
pared to the conventional process. Recently, Napierala et al.
[5] proposed draw forging for simultaneous cold forming
and joining of Al alloy and steel to manufacture multi-mate-
rial component.

Friction stir welding (FSW) is an effective solid-state
joining technique for nonferrous dissimilar materials. Dur-
ing FSW, frictional heat and severe straining by a rotating
tool are applied to the workpiece material, which induce
dynamic recrystallization, and consequently fine microstruc-
tures inside the material. The unique characteristics of FSW
can be effectively used to manufacture bimetallic structural
components, as suggested in friction stir extrusion of bime-
tallic Al/Fe blanks [6]. Compared with other forming pro-
cesses, such as roll bonding, cladding, and extrusion, used
for fabricating bimetallic components, approaches based on
friction stirring remove or minimize the need for external
heating, thus reducing both the energy requirement and the
production time [7, 8].

Ring components are finding increasing applications in
many industries as rotary machine components or connect-
ing components due to recent developments in ring form-
ing processes, such as incremental ring rolling [9], orbital
forging [10], and spinning [11]. Cleaver et al. [12] success-
fully demonstrated that ring components with variable wall
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thickness can be formed by a ring rolling technique. Tradi-
tionally, most metallic ring components are manufactured
using a single material.

The high specific strength and low density of Mg alloys
can make them candidates for structural components, includ-
ing ring components. However, the limitations of the mate-
rial properties, including poor formability, brittleness at
room temperature, and low corrosion resistance, hinder the
use of those alloys in practical applications. To counter the
limits of Mg alloys for structural components, the concept
of bimetallic components can be considered.

With their low density and good chemical compatibil-
ity with Mg alloys, Al alloys can be candidates to compose
light-weight bimetallic combinations with Mg alloys. By
properly combining Al alloys with Mg alloys, it is expected
that the relatively high ductility and good corrosion resist-
ance of Al alloys can minimize the issues from the material
properties of Mg alloys [13, 14]. However, a simultaneous
forming and joining of such bimetallic combinations gener-
ally requires external heating or preheating of the materials,
mostly due to the limited formability of Mg alloys at room
temperature. Naturally, the simultaneous forming and join-
ing with external heating or preheating increases the produc-
tion cost and consumes longer time.

In the present study, a friction stirring based approach to
simultaneously forge and join a bimetallic ring component

[15] is suggested. The friction stir assisted forging (simply,
FS-forging) can eliminate the need for external heating or
preheating for materials with a limited formability at room
temperature (such as Mg alloys). The FS-forging is also
expected to generate a dynamically recrystallized fine micro-
structure inside the forged component by friction stirring.
Reported here is the demonstration of the feasibility of FS-
forging by fabricating Mg/Al bimetallic ring components.

2 Experimental setup

Cylindrical rods of Al 6061-T6 and Mg AZ31b alloys
(chemical compositions in Table 1), were used. For FS-
forging, bimetallic blanks of the Al and Mg alloys were
prepared, as schematically described in Fig. 1a. The Al rods
were machined to cylindrical tubes (the Al skin) with an
inner diameter of 10 mm, a wall thickness of 3 mm, and a
height of 14 mm. Then the Mg rods, which were machined
to solid cylinders (the Mg core) with a diameter of 10 mm
and a height of 14 mm, were tightly fitted into the Al skins.
A cylindrical FS-forging tool with a two-step shoulder and
a die with a cylindrical cavity were designed, as described
in Fig. 1b.

As described in Fig. 2a—d, FS-forging was conducted
by plunging the rotating tool and the cylindrical bimetallic

Table 1 Alloying elements of

Materials Mg Al Ca Cr Mn Si Ti Cu Fe
AZ31B and Al6061-T6 (wt.%)
AZ31B Bal 25 060 0040 - 020 010 - 0.05  0.005
Al6061-T6 12  Bal 025 - 025 014 040 015 015 0.0
21
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Fig.1 a A schematic of a Mg/Al bimetallic blank, b a cylindrical FS-forging tool with a two-step shoulder and a die with a cylindrical cavity
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Table 2 FS-forging parameters

Parameter set Tool rotational Tool plunging Dwell time (s)
speed (rpm) speed (mm/min)
1400 10 05

2 08

blank into the die cavity using a custom-made FSW
machine (RM1A, MTI, USA) with the forging param-
eters listed in Table 2. The tool rotational speed and the
plunging speed were selected based on the results of a
separately conducted preliminary experiment. In the pre-
liminary experiment, total twenty four different sets of
parameters were considered with six different tool rotation
speeds varying from 600-1600 rpm (with an increase of
200 rpm) and four different plunging speeds ranging from
4—-10 mm/min (with an increase of 2 mm/min) to select the
combination of the tool rotation speed and plunging speed
in Table 2. Other sets of parameters resulted in either sof-
tening of Mg core or excessive increase of forging force.
The failed results of the preliminary experiment will not
be further discussed in the present study since the failures
were mostly due to insufficient or excessive energy input.
With the selected combination of the tool rotation speed
and plunging speed, two different dwell times were con-
sidered to see the effect of dwell time on diffusion, which
is the core mechanism of solid-state joining between the
Mg core and Al skin. Since the rotating FS-forging tool
also served as an upper die during forging, the FS-forging
became a closed die forging with a flash along the gap
between the tool and the die cavity. After FS-forging,
the top (2 mm) and bottom (3 mm) portions of a forged
blank was machined (Fig. 2e) to complete a bimetallic

ring component with an approximate height of 3 mm (an
outer diameter of 21 mm and an inner diameter of § mm).

After the FS-forging, cross-sections were prepared along
the tool plunging direction (the height direction of a ring)
for microstructural analysis. The cross-section of a forged
blank was first examined by optical microscopy (OM, Alm
Axio Imager, Carl Zeiss, Germany) to observe any macro-
scopic defects. Then, energy dispersive X-ray spectroscopy
and electron backscatter diffraction (EBSD) analysis were
conducted on the cross-sections of bimetallic rings. A field
emission scanning electron microscope (FE-SEM, SU70,
Hitachi, Japan) equipped with an EBSD system (Hikari
EBSD detector with the TSL OIM 6.1 software, Hitachi,
Japan) was used. A standard metallographic grinding tech-
nique for polishing, combined with an ethanol-based dia-
mond paste to avoid oxidation of the Mg core, was used.
For the EBSD analysis, the cross sections of bimetallic rings
were further polished using colloidal silica. The accelerating
voltage of 15 kV and the working distance of 15 mm were
used in the EBSD analysis. A critical misorientation angle
of 15° was taken for grain identification. The mechanical
properties of the bimetallic rings were evaluated by micro-
hardness measurement. A Vickers microhardness tester
(Mitutoyo hardness testing machine, Mitutoyo, Japan) was
used (a load of 0.49 N for 10 s).

3 Results and discussions

At the initiation of the FS-forging, the interaction of the
cold blank with the die at the bottom and the tool on the
top resulted in steep rises in the axial force (the forging
force) and the torque response. After the initial peak, the
axial force and torque showed approximate plateaus until
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the engagement of second shoulder (Fig. 3). As the second
shoulder began to engage the blank, the axial force steadily
increased until it rapidly increased upon the completion of
forging. Due to the frictional heat and heat dissipation from
plastic deformation, the temperature of the blank increased
rapidly and softened the both Mg and Al alloys. Tempera-
ture measurement using a separately prepared die (with a
hole at center of the cavity to connect a k-type thermocou-
ple to a deforming blank) suggests that the temperature of
the blank exceeded 400 °C during forging, while a precise
measurement was difficult due to the severe plastic deforma-
tion of the blank. Due to the use of the two-step shoulder
tool, the axial force steadily increased as the second shoulder
contacted the blank (marked in Fig. 3). Once the second
shoulder fully contacted the bimetallic blank, the axial force
showed a second plateau until the occurrence of a sharp
increase with the completion of forging.

To understand the deformation behavior of the bimetallic
blank during FS-forging, forging was interrupted at vari-
ous compressive displacements (marked as I to VI in Fig. 3)
and the blank was removed from the forging die, as shown
in Fig. 4a with cross sections. As the first shoulder of the
rotating tool began to engage the Mg core of the bimetallic
blank (stage I), the Mg core softened quickly by frictional
heat and plastic heat dissipation. Since the diameter of the
first shoulder was slightly smaller than that of the Mg core,
the Mg core was slightly backward extruded against the Al
skin (stage II). Until the contact of the second shoulder to
the blank, the rotating tool plunged into the heated Mg core
with a small amount of deformation of the Al skin (stage
III). As the second shoulder began to engage the deforming
blank, the backward extruded Mg core was compressed, and
the entire blank began to deform (stage IV).

As clearly indicated by the diameters of top and bottom
surfaces of deforming blank at each stage (Fig. 4b), the
deformation of the blank was not symmetric with respect to
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Fig. 3 Force and torque histories of FS-forging
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the middle height of the blank since the generation of fric-
tional heat and the relative motion between the rotating tool
and the deforming blank mostly occurred at the top surface
of the blank. With the asymmetric deformation, the upper
region of the deforming blank contacted the die wall, while
the lower region of the deforming blank still expanded in the
radial direction to fill the remaining die cavity (stage V). The
height of the blank continuously decreased until the blank
was completely forged into the desired shape (stage VI) with
a steep increase in the axial force. A small amount of flash
formation was observed through the clearance between the
tool and the cylindrical cavity.

The result of OM shows that the bimetallic blank was
successfully forged without macroscopic defects into the
shape of a closed cavity, which consisted of the shoulder of
the rotating tool and the cylindrical cavity of the stationary
lower die (Fig. 5). A noticeable barreling of the Mg core was
observed in the cross section of the forged blank, which cor-
responds to high friction between the rotating tool/bottom
of the die cavity and the top/bottom surfaces of the blank.
The OM also suggests development of a thick intermetallic
region at the Mg/Al interface, as marked in the Fig. 5. This
typically occurred for the parameter set of 1400/5. While
the thick intermetallic region was frequently observed
through the analysis of the results with the parameter set of
1400/5, its location and size were random. For the parameter
set of 1400/8, a relatively thick intermetallic layer evenly
developed along the entire interface. After FS-forging, the
top and bottom surfaces of a forged bimetallic blank were
machined (along the white lines in Fig. 5) to a bimetallic
ring component.

The results of FE-SEM analysis across the Mg/Al inter-
face on the cross sections of the final ring components
shown in Fig. 6a reveal that the Mg core and the Al skin
were successfully metallurgically joined by the forma-
tion of intermetallic layer, which was aided by diffusion
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Fig. 5 Optical microscopic image of a forged bimetallic blank

(Fig. 6b—g). For the parameter set of 1400/5, the results
of EDS line scan across the interface (the region (i) in
Fig. 6a) suggest that an intermetallic layer with a thickness
of a few tens of pm was developed along the interface, as
shown in Fig. 6b, c. The results of point analysis suggest
that the greater part of the intermetallic layer is identified
as Al;,Mg;,[16, 17] (p1 in Fig. 6b), while the smaller part
of the intermetallic layer near the Al skin has a different
chemical composition (p2) of Al;Mg, [18, 19] (Table 3).
The point analysis of the dark patches (p3) inside the
Al,Mg,; intermetallic layer indicates the existence of

unreacted Mg, which suggests an incomplete transfor-
mation of Mg to the intermetallic phase. For the thick
intermetallic region (ii) in Fig. 6a, the composition of the
layer is nearly identical to that obtained from region (i),
as shown in Fig. 6d, e, and confirmed by the point analysis
of p4. A comparison of the line scan results of regions (i)
and (ii) shows that the amount of growth of the Al,,Mg
intermetallic layer into the Mg core was much greater than
that of the Al;Mg, intermetallic layer into the Al skin.
For the FS-forging with the parameter set of 1400/8,
an intermetallic layer with a thickness of a few hundred
pm was uniformly developed along the entire interface.
The chemical composition of the intermetallic layer is
very similar to that from the parameter set 1400/5, as con-
firmed by the results of the line scan and point analysis
(p5) shown in Fig. 6f, g, and Table 3. As expected from
the comparison of the results of the regions (i) and (ii) for
the process parameter set of 1400/5, most of the growth
of intermetallic layer occurred via growth of the Al;,Mg,,
layer into the Mg core. Also, with a longer dwell time
of 8 s, i.e., a higher heat input, the unreacted Mg (the
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Fig.6 a OM observation on the
cross sections of final ring com-
ponents, b, d, f SEM Images

of region i, ii, and iii marked in
(a), ¢, e, g corresponding ele-
ment line-scanning spectrums

dark patches) observed in Fig. 6b for the dwell time of 5 s

disappeared.

The inverse pole figure (IPF) maps for hoop direction
(HD) from EBSD analysis for the base Mg core and Al
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skin display typical microstructures after extrusion at ele-

vated temperatures (especially for the Mg core), as shown

in Fig. 7. The vertical direction is the extruded direction,
whereas the thickness represents the transverse direction.
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Table 3 Chemical composition at different positions in Fig. 6b, d, and
f

Parameter set Regions Points Mg (at.%) Al (at.%)
1400/05 i pl 66.04 33.96
p2 40.73 59.27
p3 83.69 16.31
ii p4 67.93 32.07
1400/08 iii p5 63.71 36.29

The kernel average misorientation (KAM) maps show grains
with low dislocation density due to recrystallization and/
or recovery in both the base Mg core and Al skin (blue
regions).

The EBSD analysis shows that the microstructures of
the Mg core and Al skin were differently affected by the
FS-forging, depending on the location within the bimetallic
blank, as shown in Fig. 8 for the process parameter set of
1400/8. The Mg core shows a refined microstructure with-
out large grains observed in the base metal, as a result of
dynamic recrystallization (DRX) induced by friction stirring

IPF HD map KAM map

Min  Max

Elo 5

0001 2110

Fig. 7 EBSD analysis of base metals: IPF and KAM maps

of the rotating tool. The extent of grain refinement along the
radial direction becomes more significant into the Mg core.
This indicates that the grains closer to the inner surface of
the ring component were more severely friction stirred by
the tool. Near the interface of the Mg core and Al skin, the
Mg core shows an almost random texture with a slight grain
growth.

On the contrary, the microstructure of the Al skin shows a
deformed microstructure with a decreased average grain size
compared to the base Al skin. The decreased average grain
size suggests that some extent of DRX still occurred, even
though it was less than that which occurred on the Mg core
side. The abrupt change in the microstructural trend across
the interface suggests that friction stirring of material much
more severely occurred inside the Mg core, while the Al skin
was mostly deformed by the radial expansion of the Mg core
at the elevated temperature. This is confirmed by the clean
interface between the Mg core and the Al skin observed in
the cross sections of the FS-forged rings in Fig. 6a. If fric-
tion stirring had also dominated the deformation of Al skin,
the clean interface between the Mg core and the Al skin
would have not been obtained due to intermixing of the two

IPF HD map KAM map

D

o001 101
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Grain size: 8.0 + 5.2 ym Grain size (Mg): 15.2 £+ 7.8 pm; (Al): 29.4 £+ 20.1 ym Grain size: 26.9 + 15.8 ym

Fig.8 EBSD analysis of FS-forged Mg/Al bimetallic ring with the parameter set 1400/8: a cross section; b IPF and ¢ KAM of the white box
region; d, e magnified images of the areas of the Mg core, Al skin, and their interface marked by black boxes in (b, ¢)

dissimilar alloys. Instead, intermixing of the two dissimilar
alloys would have induced complicated ring structures, as
typically observed in conventional friction stir spot welding
[20].

Note that the IPF and KAM maps of the intermetallic
layer could not be obtained as the intermetallic phases in
the layer could not be indexed. It was unable to obtain the
Kikuchi pattern for the layer. The EBSD analysis for the
process parameter set of 1400/5 shows quite similar results
of grain refinement and will not be presented here.

For the parameter sets in the present study, the hardness
profiles in the radial direction at the middle of the cross sec-
tion were similar (Fig. 9). The fluctuating hardness value
inside the Mg core represents the variation of the extent
of DRX and resultant microstructures. The hardness val-
ues of the intermetallic layer were significantly higher than
those of the Mg core and Al skin, which corresponds well
to the material characteristics of the Mg/Al intermetallics
[16, 21]. The width of the high hardness regions for 1400/5
and 1400/8 parameter sets also correspond well to the thick-
ness of the intermetallic layers, as observed in SEM analysis
across the joint interface.

4 Conclusion

The FS-forging, which is a friction stir assisted simultane-
ous forging and solid-state joining process, was suggested.
The feasibility of the process was successfully confirmed by
fabricating a Mg/Al bimetallic ring component. The process
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Fig.9 Hardness profiles along middle of the cross-section in the
radial direction for two different sets of parameters

eliminated the requirement of external heating by applying
friction heat using a rapidly rotating tool, which also served
as a part of forming die. The frictional heat and plastic flow
induced by the rotation and plunging of the tool provided
an ideal condition for diffusion bonding along the interface
of the Mg core and Al skin, which induced intermetallic
phases along the interface. While the feasibility of the sug-
gested process was successfully demonstrated by selecting
a well-known brittle Mg alloy as one of the materials for
simultaneous forging and joining in the present study, the
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concept of FS-forging can be easily extended to different dis-
similar material combinations for the manufacture of various
structural or electric components.
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