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The hybrid friction stir channeling (HC) is a recent manufacturing technique, reinforcing the broad range of
solutions provided by the technological domain of solid-state friction stir-based welding and processing. HC
enables the simultaneous welding of multiple components and the sub-surface channeling within the

Keywords: desired region at the stir zone. HC provides new demanding solutions having free path sub-surface chan-
?ﬁ’:;fe“ng neling and welding for multi-material components with optimized physical and chemical performances. In
Weld the present investigation, a multi-material system consisting of 8 mm thick Al-Mg alloy (AA5083) and 3 mm
Channel thick oxygen free copper (Cu-OF) was processed by HC. A specially designed tool consists of the probe’s
Friction stir body features that steer materials extraction and the probe’s tip features that generate materials mixing
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was applied to produce sub-surface channel at AA5083, along with its simultaneous welding to Cu-OF
material. Visual examination of the AA5083’s surface processed by the shoulder, cross-sectional di-
mensioning, optical 3D scanning of the internal surfaces of the channel, optical and scanning electron
microscopy, energy dispersive X-ray spectroscopy, electron backscatter diffraction and micro-hardness
measurements were applied to investigate the results. The successful application of HC to manufacture
multi-material Al-Cu component is demonstrated. A large sub-surface quasi rectangular channel with
9.6 mm in width per 3.3 mm in height was produced in the AA5083 rib along with defect free welding to
thin Cu-OF plate at just below the channel region multi-material. The resulted sub-surface channel was
consisted of unique wall surface features, with non-uniform and non-oriented surface roughness, suitable
to activate turbulent fluid flow. The microhardness field depicts a higher-strength domain of the stirred
material, at the ceiling of the sub-surface channel in comparison with the base materials. The welding zone
comprises a metal matrix composite structure with Al-Cu inter-mixing and a mechanical hooking from Cu
into the Al matrix. The metallurgical features of the weld stirred zone were analyzed, with an interpretation
of Al-Cu phases, and solid solution of Al and Cu in each other. In this zone, Cu-rich lamellae regions are
dispersed within the Al-matrix, presenting thin layers of discontinuous intermetallic compounds. The ef-
fective potential of manufacturing multi-material component for applicability in thermal management
system is demonstrated.

© 2023 This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Hybrid Friction Stir Channeling (HC) [1,2] is a novel friction stir-
based manufacturing technique to produce internally closed sub-
surface channels with simultaneous welding of multiple metal
components that can be similar, or dissimilar, in chemical compo-
sition and geometry. The HC process is the only known technique
capable of such performance [3]. HC technique opens new design
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solutions in manufacturing of multi-material components enabling
new optimal physical and chemical performances, for high de-
manding applications where continuous channels along a free path
may have a relevant engineering role. Therefore, it can be said that
the HC technique combines the best of Friction Stir Welding (FSW)
[4-9]and Friction Stir Channeling (FSC) [1,10,11], in a distinct single
processing action with its own challenges, benefits and field of ap-
plication.

Materials with distinct properties, such as aluminum (Al) and
copper (Cu), can be processed by HC, considering process features,
but not reported in open publications. The Cu is a top performance
engineering material in terms of thermal and electrical con-
ductivities, with better corrosion resistance and strength than Al and
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Fig. 1. Schematic representation of the fundaments of the hybrid friction stir channeling (HC) with simultaneous activation of the channeling and welding domains, emphasizing
the interaction between the tool and the multi-material system being processed. The representation on the right, includes information on the push-pull effects prescribed by the
shoulder and probe geometric features on the viscoplastized material flowing within the thermomechanically processed zone.

its alloys, which penalizes the sustainable use of Cu-based struc-
tures, due to the inherent increased weight and cost of the compo-
nents. However, the density and cost per unit volume of Cu is
significantly higher compared to the Al. Thus, the combination of Al-
Cu based multi-material components, quasi-free of interfacial
thermal resistance, enables optimal design of thermal management
systems. For instance, the application of a lightweight thick Al rib
containing a sub-surface channel along with solid-state welded thin
Cu plate below Al rib. This provides an efficient thermal manage-
ment of the targeted/external energy system through Cu thin plate
and channel at Al rib with negligible interfacial thermal contact
resistance, due to the physical continuity provided by the weld be-
tween the components. Besides, it is known that the fusion welding
of Cu and Al is challenging due to dissimilar physical properties
[12,13], such as fusion temperature, thermal conductivity and oxide
layers, but also results often in brittle joints with reduced strength
due to formation of defects [14,15], large intermetallic compounds
(IMCs) [16,17], which in turn further deteriorate the mechanical
properties [18,19]. This is addressed by HC as processing of Al-Cu
system is in solid state processing by HC, which is similar like Al-Cu
FSW [20] and Friction stir spot welding [21], and hence that over-
comes the difficulties of fusion welding of Cu and Al.

As prior art to HC, the FSC was introduced as a manufacturing
technique of internally closed channels in a monolithic plate. The
FSC was originally introduced as an extension of the void defect that
can be found in case of Friction Stir Welding (FSW) and Friction Stir
Processing (FSP) [22], applied with incorrect parameters [23]. In the
original concept of FSC, the extracted material was deposited in the
clearance between tool shoulder and workpiece [24,25]. With this
approach, if the clearance is too big, the channel is difficult to close,
and for small clearance, the channel size is then very limited [26].
Meanwhile, the FSC underwent improvements of the technique,
mostly via dedicated tool design, enabling to overcome the restricted
the applicability of original concept and becoming a mature manu-
facturing process to produce subsurface channels in a wide range of
sizes and shapes. Modern FSC, enables self-detachable flash concept
without using clearance between tool shoulder and workpiece
[27,28]. Different Al alloys AA1050, AA5083, AA5754, AA6082,
AA6061 and AA7178 are investigated for processing of channel using
different friction stir based channeling techniques, such as, FSC
without the shoulder-workpiece clearance [29-31], stationary
shoulder FSC [32,33], and HC [1,2], wherein the focus of the
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investigations is on single component or multicomponent system
with same material. However, multi-material system with dissimilar
materials, such as Al-Cu, is not investigated with channeling, despite
the great potential of its applicability for demanding engineering
applications like thermal management. There is a need to provide a
solution with multi-material Al-Cu structurally stiff component with
embedded conformal cooling channels suitable for thermal man-
agement application, so that substantial benefits such as lightweight
structure, thermally efficient channels, cost effective manufacturing,
reliable and robust solutions for thermal management of the ulti-
mate high-power density (power/mass) systems can be obtained.
Hence, the HC process, being a novel channeling solution, is specially
dedicated for multi-material component system addressed hereon
as Al-Cu multi-material system.

This paper presents the investigation on the application of the HC
to an Al-Cu multi-material system with the stirring zone containing
a large sub-surface channel, in the AA5083-H111, and a weld joint
between the AA5083-H111 and the Cu-OF material components. The
characterization of this multi-material system manufactured with
HC assesses the channel’'s dimensions and all-around surface fin-
ishing of the sub-surface channel, microhardness map of the pro-
cessed zone, and an in-depth analysis of the microstructural features
of both channel and weld joint.

Materials and methods

In this investigation, HC was conducted considering following
process principle, and analyzed its implemented for Al-Cu multi-
material processing. In HC, the probe produces the stirring action in
two different directions, which in turn results in pull-up action re-
sponsible for channel formation and pull-down action results in
weld formation as can be seen from Fig. 1. The extracted material
from probe’s pull-up action, forming the sub-surface channel, is not
deposited on the top surface of components, unlike in conventional
FSC, but flows out of the processed domain by shoulder’s features,
being released as self-detachable flash, and hence flat surface is
produced [1,2]. In the vicinity, of the shoulder’s horizontal plane of
action, the pull-in and push-out actions induced by the shoulder’s
features are responsible for forming the ceiling of the sub-surface
channel, as can it is depicted in Fig. 1.

The application of the HC process for multi-material AA5083-Cu-
OF system is conceptually represented in Fig. 2. Fig. 2(a) shows an Al
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Fig. 2. Representation of the concept and application of the Hybrid friction stir Channeling (HC): (a) HC in the manufacturing of an Al-Cu multi-material system (Al rib over Cu
plate), along a complex free-path, (b) and (c) simultaneous welding and channeling by HC, resulting in collecting all benefits from channeling while enabling material opti-
mization with physical continuity, (d) implementation of HC to an Al-Cu multi-material system (AA5083 rib extracted from plate with 8 mm in thickness, and 3 mm thick Cu-OF
plates with size 500 mm x 500 mm) applied in the thermal management of battery pack for electrical vehicles, wherein the battery set is to be inserted in-between the top and

bottom components.
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rib with complex 2D path over a Cu thin plate to make Al-Cu multi-
material structural system. This could correspond to the situation
where the free surface of the thin Cu plate is applied in direct
thermal management of a high-power source system, and the thick
Al rib containing the channel, with a quasi-zero thermal resistance
at the interface with the Cu plate (inherent to the welded interface),
produces the thermal management of the Cu plate. With this com-
bined approach it is possible to minimize the weight and cost (in-
herent to the Cu component), while providing the high-thermal
performance of Cu, namely with fast answer to transient regimes
and minimizing temperature differences between the hot and cold
spots. A real implementation with the same technological conditions
(tooling, HC parameters and materials) as the ones investigated in
this paper is presented in Fig. 2(b)-(d).

The representative specimen selected to be investigated in this
paper is the sample of Al-Cu multi-material system manufactured by
HC, as represented in Fig. 3. The specimen is a stringer HC processing
with about 160 mm in length. The HC was implemented on a multi-

AAS083-HI111

Fig. 3. Specimen in HC as-processed condition (no post-HC cleaning or machining).
The AS, and RS, represent the advancing side (or shear side) and retreating side (or

flow side), respectively.
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Table 1
Typical chemical composition in %, of the AA5083-H111 alloy [34] and Cu-OF
(Y-hard) [36].

Alloying element AA5083 in % Cu-OF (¥2-hard) in %
Manganese (Mn) 0.40 - 1.00 -

Iron (Fe) 0.40 typical -

Copper (Cu) 0.10 typical 99.95
Magnesium (Mg) 4.00 - 4.90 -

Silicon (Si) 0.40 typical -

Zinc (Zn) 0.25 typical -
Chromium (Cr) 0.05 - 0.25 -

Titanium (Ti) 0.15 typical -
Aluminum (Al) Balance -

Bismuth (Bi) - Max 0.0005
Lead (Pb) - Max 0.005
Other elements 0.03

Table 2
Thermo-physical properties of the AA5083-H111
(V2-hard) [36,37].

alloy [34,35] and Cu-OF

Property AA5083-H111 Cu-OF (%2-hard)
Density [kg/m?] 2650 9000

Thermal conductivity [W/m/K] 121 390

Melting temperature [°C] 570 1080
Coefficient of thermal expansion [1/K] 25.1076 171078

Specific heat at 20 °C [J/(Kg*K)] 900 419

material system of 8 mm thick AA5083-H111 and 3 mm thick Cu-OF
(%2-hard) in overlapping joint configuration, keeping the Al alloy in
contact with the tool shoulder, and the Cu in contact with the anvil.
Chemical composition and thermo-physcial properties of AA5083-
H111 [ThyssenKrupp, Springer Handbook of Materials] [34,35] and
Cu-OF (¥:-hard) [36,37] [MetalCenter, Heat transfer handbook] are
shown in Table 1 and Table 2. Specially designed HC tool, consisting
of a 10 mm in length probe with 10 mm in diameter, and a 22 mm in
diameter scrolled shoulder.

An ESAB Legio FSW 5UT machine was used in HC-based manu-
facturing of the test specimen. The Table 3 presents the processing
parameters used for the HC. This set of parameters are considered
based on the results from numerous laboratorial experiences and
best procedures in reaching stable, defect-free, and repeatable re-
sults, with HC of these materials and geometry.

The processed HC sample was subjected to visual examination,
cross-sectional macrostructure analysis, optical 3D scanning of
channel surfaces, optical microscopy (OM) and scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX),
electron backscatter diffraction (EBSD) and micro-hardness mea-
surement. The band saw and the circular saw machines were utilized
for extraction of specimen to perform the cross-section-based ana-
lysis. The geometrical features of the channel’s surfaces were in-
vestigated by SEM and optical 3D scanning. The samples were sliced
by wire cut electro-discharge machining from the center of the
channel along the longitudinal direction, in order to have open ac-
cess to the top and bottom surfaces for imaging and scanning. The
optical 3D scanning was performed after applying a thin layer of
matt grey paint on the surfaces to avoid reflections, using a scanner,
based on blue light to project fringe patterns that are captured by
two cameras, in an incremental step of 23 mm.

The microscopy was performed after standard grinding proce-
dure followed by polishing on 1pum diamond paste and 30s

Table 3
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swabbing of etchant (15 ml HF + 10 ml H;PO4 + 60 ml water) on the
Al side. High magnification camera was used to capture the OM
images. SEM and EDX were carried out with a compact electron
microscope. The cross-sectional specimen was further grinded and
polished with 0.25 pm abrasive paste using mechanical grinding and
vibro-polishing, to characterize SEM-EDX and EBSD.

The indentations for microhardness were performed at 1 mm
interval with a load of 500 g on the cross-section of the processed
specimen using a micro-combi tester. Force-displacement curves of
Oliver and Phar method [38] were used to measure the HV(IT)05
microhardness.

Results and discussion
Visual analysis and macrostructure

The application of the HC process to the multi-material system
composed by the thick plate of AA5083-H111 and thin plate of Cu-OF
is depicted in Fig. 2. The extracted specimen, in HC as-processed
condition, is presented in Fig. 3. From the visual analysis of the top
surface of the specimen, it is possible to confirm that the top surface,
directly in contact with the shoulder, is flat and do not exhibit any
left-over flash. This is an advantage of manufacturing as no step
effect is resulted and hence the problem of material deposition at
clearance between shoulder and workpiece in conventional FSC as
noticed in [24,25] is solved in present investigation by HC with fully
planar and flat surface. In HC, all the extracted material, from the Al
component, is detached in form of self-detachable flash, keeping
zero gap between the shoulder and the processed materials.

The Fig. 4 shows the typical cross-section of the Al-Cu HC pro-
cessed sample. A large quasi-rectangular shaped channel, and a
weld, co-exist in the same stirred zone, without any visually de-
tectable defect was obtained. An average channel’s width of 9.6 mm,
and channel’s height of 3.3 mm, fully located within the Al domain of
the stirred zone, are obtained. These channel dimensions are the
larger obtained when compared to previous literature
[23-25,39-41]. Differently from other authors approaches, these
large dimensions of the channel produced by HC, are enabled by the
synchronized pull-up effect induced by the probe action of material
extraction, on the mass of Al component, and the push-out effect
into external self-detachable flash at the same flow rate of mass of Al
material induced by the shoulder action. This synchronized effect,
corresponding to the mechanisms of channel formation with HC,
was schematically represented in Fig. 1. Besides, the stirring-mixing
action underneath of the channel is responsible for the welding of
the overlapping joint Al-Cu. The features of this welding zone are
mostly created by the probe’s tip domain of the tool. From Fig. 4, it is
possible to notice that the defect free weld joint of dissimilar ma-
terials, does not affect the stable formation of the large rectangular
channel.

The Fig. 4 depicts distinct surface features at the walls of channel
namely the ceiling side, flow side (RS), shear side (AS), and the
bottom side that stands over the weld zone [3]. The shear side (AS),
and the bottom side, act as well-defined origin walls of channel,
mostly prescribed by the tool geometry. Emphasis for the fact that
differently from the FSC of [23-25,39-41], the bottom surface of the
channel is not defined by the tip of the probe, as the probe is longer
than the Al thickness, and plunges deeper into the Al-Cu joint in HC.
The flow side (RS), and ceiling wall act as channel closing surfaces,
defining the shape and stability of the channel. The material shears

Processing parameters used in the HC of the multi-material system composed by the AA5083-H111 and Cu-OF and represented in Fig. 3.

Travel speed [mm/min] Rotation speed [rpm] Control mode

Dwell time [s]

Tilt angle [°] Shoulder-workpiece clearance [mm]

90 300 Position control

2 0 0
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Channel ceiling zone

E

Channel

Fig. 4. Macrograph of the cross-section of specimen presented in Fig. 3, resulting from the HC of the Al-Cu multi-material system. The AS, and RS, represent the advancing side (or

shear side) and retreating side (or flow side), respectively.

from AS and extracted through pull up action led to closing sides at
RS and pull out from shoulder led to ceiling wall of channel.
Therefore, closing sides of flow side (RS) and ceiling side define
shape and finishing of channel by the HC processing parameters.
Quantified analysis on channel surface’s finishing is presented in
following sub-section.

Surface Profiles of Channel

Figs. 5 and 6 show surface features of the channel by optical 3D
scanning and SEM, respectively. Roughest surfaces of channel are
observed at the ceiling side, as can be seen from Figs. 5(b) and 6(b),
and surface towards flow side (RS), as can be seen from Figs. 5(b) and
6(a), (b) and (d). Since these surfaces are formed due to closing of
channel, the deposition of extracted material at ceiling side and
leftover unextracted material at retreating side during processing
create rough surfaces on ceiling side and flow side (RS). Besides, the
shear side (AS) surface presents the smoothest finishing due to the
shear origin, as can be seen from Fig. 6(c), as compared to rest of the
other surfaces in Fig. 6. The bottom surface of the channel has an
intermediate value with regular scrolled striates distribution from
300pm to 450pum. These stirring ripples of geometrical regular
features at the bottom surface of the channel remain uniform be-
cause they are mostly induced by the processing pitch ratio [300 pm/
rotation], i.e., ratio of travel speed [90 mm/min] versus spindle ro-
tation [300 rpm], that remains the same throughout the length of

a)

Zone 1 o -

the HC processing. The ceiling zone of the channel was created due
to combined action of the rotating shoulder travelling over the top
surface of the Al rib, and top part of the travelling-rotating probe,
plunged in the Al-Cu multi-material system. Where the top part of
the tool’s probe forges the material against the shoulder, and the
tool’s shoulder extracts the part of Al material into detachable flash
while forges the remaining part of Al material below the shoulder.
This in turn closes the channel with an irregular surface finishing,
that increases towards the flow side (RS) where the roughness va-
lues range from 720 um to 1600 um at zone 1 of Fig. 5(b), versus
about 500um at zone 2 of Fig. 5(b). These irregular features of
channel’s surface finishing, provide an extraordinary benefit for
thermal management, as it was demonstrated by Karvinen et al. [11]
with about 45 % better heat transfer rate as compared to same shape
and dimensions of smother channel fabricated by conventional
milling operation. Although outside of the scope of the present
paper, it is worth to correlate current results of surface roughness
obtained on channels’ wall surfaces for heat transfer improvements
using the channels from FSC [11] or HC [2], should be due to pro-
motion of large layer of turbulent fluid flow, even for small flow
rates, and increased surface area of the internal walls of the chan-
nels, for the same overall shape and size.

Height of the roughness peaks

1: 1020 pm 5 1640 pm
2: 1500 pm  6: 720 um
3 1600 pm 7: 1050 pm
4: 1460 ym  8: 500 pm

b)

Fig. 5. Channel surface profiles after 3D optical scanning: (a) bottom surface, and (b) ceiling surface.
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Fig. 6. - Scanning electron microscopic (SEM) images of channel surfaces: (a) bottom surface, (b) ceiling surface, (c) Shear side (or advancing side, AS) wall, near top surface, and

(d) corner of channel between bottom and flow side (or retreating side, RS) surfaces.

Microhardness measurements

Microhardness measurements are carried out, covering the Al
alloy and Cu base materials (BM), and the processed domains,
namely the thermo-mechanically affected zone (TMAZ), and the
heat-affected zone (HAZ). The TMAZ encompasses the stirred zone
(SZ), where the bulk viscoplastic deformation, and inherent heat
dissipation, result in dynamic recrystallization, as previously re-
ported by [42], on research of friction stir-based processing techni-
ques. In the present investigation, the channel and weld domains are
formed within the SZ, and hence they are possibly surrounded by
TMAZ and HAZ.

Fig. 7 depicts large variations of hardness, from 65 HV(IT)
05-329 HV(IT)05, measured within the cross-section of the pro-
cessed domain of the specimen extracted from the Al-Cu multi-
material system presented in Fig. 3. The highest hardness peak is
noticed at the Al-Cu weld zone, and lowest harnesses are measured
in the TMAZ, of both the AS and RS of the channel. Additionally, the
weld zone is observed with large hardness variations, from 100 HV
(IT)05-329 HV(IT)05. This has occurred as this zone contains com-
plex phases like solid solutions of Al and Cu along with IMCs, namely
having Cu rich lamellae zones, specific phases of Al-Cu IMCs, and Al
matrix, and all these phases consist of different hardness variations.
These variations of hardness in the weld zone confirm metal matrix
type composite structure with heterogeneous distribution of Cu la-
mellae and IMCs in Al matrix. It can be correlated from Fig. 8 that the
indentation sizes are different at Cu side, Al side and layered
structure at the interface region, including indentation on the IMCs.
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The differences in indentation sizes after the hardness measurement
done, confirm that the weld zone has heterogeneous behavior in
hardness, and that is because of various phases are presented within
this zone. Smallest hardness indentation is observed in Fig. 8(b), for
the hardness measurement of 329 HV(IT)05, wherein the hard and
brittle nature of IMCs has resulted to high hardness as compared to
Al and Cu materials. Later in this paper, the elemental analysis is
investigated on this location to identify the possibility of having
specific formation of IMCs at this location, and to correlate the
hardness measurement for this location. Besides, the lower hardness
measurements are mostly found at channel’s surrounding (i.e., at the
surfaces of channel), which is because the forging consolidation ef-
fect on the Al material is absent due to no pressure.

The hardness measurements of the ceiling zone show variations
in between 80 HV(IT)05-100 HV(IT)05. These hardness values are
slightly higher than the Al base material. The higher hardness at the
channel’s ceiling, mostly located at the AS of the ceiling, will provide
enhanced strength and mechanical resistance to high-internal
pressure loading of the channel. The AS of the channel’s ceiling is a
region experiencing discontinuous dynamic recrystallization as
compared to the one at the center of ceiling zone, because this is the
region where the final closing of the sub-surface channel is formed.
These variations in the hardness maps are attributed to the micro-
structural evaluations of finer grain structure due to continuous/
discontinuous dynamic recrystallization and may be due to Hall-
Petch strengthening mechanism at these specific locations., This can
be correlated from Fig. 9(a) and (c) as an example where fine grain
microstructures were noticed at stirred regions.
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Fig. 7. Microhardness field with indentation force of 500 g (using Oliver and Pharr method) HV(IT)05, of the processed domain of specimen presented in Fig. 3, resulting from the

HC of the Al-Cu multi-material system.
Microstructural characterization with focus on the channel domain

The microstructural features of the cross-section of the HC spe-
cimen are depicted in Fig. 9. The SZ encompasses the channel and
weld domains with distinct microstructural features among them,
and around these processed regions. Surrounding the SZ, micro-
scopically distinct zones are the TMAZ, the heat-affected zone HAZ
and the unaffected Al alloy and Cu base materials. The Fig. 9(a) and
(b) depict the interface between the stirred zone and the TMAZ At
the AS of the channel’s ceiling zone. The emphasis here is on the
progressive consolidation of channel, closing at the shear side and
layered resulting from effect of tool’s movement and stirring effects.
Namely, the joining consolidation is achieved via the effect of the
upper part probe’s features in the flow of the Al material against the
shoulder. The shoulder features are then responsible for the ex-
traction of the Al material into detachable flash, enabling the for-
mation of the large sub-surface channel via forging the remaining Al
material forming and quasi-uniform ceiling zone. At the top zone of
this interface, the Al material is forged against the sheared surface
under the influence of the shoulder, and thus under high forging
force, the bottom part of this interface is forged like in open die
conditions, because of the empty channel domain, and so the atomic
bonding and diffusion joining mechanisms in solid-state welding are

not fully consolidated, resulting in a small extension of unbonded
region at the channel’s corner of AS-ceiling zone interface as can be
seen from Fig. 9(b). The relation between the length of this un-
bonded interface and the thickness of the ceiling layer closing the
channel, is one critical issue, acting as fracture initiation and gov-
erning the fracture propagation and localized corrosion phenomena
that will control the performance of the FSC and HC components, as
it was confirmed in bending [43], torsion [44], fatigue loading [45]
and internal pressure tests [46].

All this severe plastic deformation and large-scale stirring ma-
terial flow effects, results in dynamic recrystallization leading to a
refined grain structure, noticeable in all the stirred zone, with em-
phasis for the domains with exclusive Al material. Distinction of
grain refinement between the unstirred and stirred zones can ob-
served in Fig. 9(a), (c), (d) and (f), wherein it is possible to see great
level of grain refinement. The microstructure regions adjacent to the
channel are influenced from the combined tool’s travel plus rotative
motions, resulting in distinct AS and RS, as can be depicted from
Fig. 9(d) and (f), respectively. At the middle zone of the channel, the
TMAZ at the AS includes only a narrow layer of stirred material, less
than 100 pm in-width, when compared to the TMAZ at the RS, that
contains a significant layer of SZ, reaching an average of about
400 pm in-width. These differences are inherent to the material flow

b)

Fig. 8. Detail of microhardness indentations: (a) at Al-Cu interface, and (b) at intermetallic compound with hardness peak of 329 HV(IT)05.
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Fig. 9. Optical microscopy images surrounding the channel and weld regions: (a) advancing side (AS) of channel ceiling zone, (b) unbonded interface between ceiling zone and
non-stirred Al material for location shown in image (a), (¢) retreating side (RS) of channel ceiling zone, (d) shear side (or retreating side, RS) of channel’s middle zone, (e) material
flow and forging features mostly influenced by shoulder action at channel ceiling layer, (f) flow side (or retreating side, RS) of channel's middle zone, (g) AS of the weld zone
between Al-Cu interface, (h) detail of channel’s corner with weld zone at RS, and (i) RS of weld zone between Al-Cu interface; Locations of (a) to (i) are shown in Fig. 4 as (A) to (I).

with channel formation. Since the extraction of material originates
from shearing action at the AS, with transport of material towards
the shoulder and through the RS, where mechanically deformed
material loses momentum, and is deposited. Thus, differently from
the well-known material flow in the FSW process, in HC the Al
material does not flow around the probe, preventing to fill the empty
trailing side of the probe, and enabling the formation of the sub-
surface channel.

Partially recrystallized grains are predicted in both TMAZs as
they are affected by mechanical deformation and thermal effects.
This is confirmed later through EBSD analysis. Also, no distinct HAZ
is noticed with microstructural variations, at either side of the
channel and weld zones, unlike in FSW process. This is due to the
heat input during HC to be lower than in FSW. This fact results from
the significant amount of energy continuously extracted from the
processed zone, in the form of flash. This flash is in viscoplastic
domain, and therefore a very hot mass, of Al material.

The microstructures within the processed region below the
channel, with Al-Cu materials mixing is depicted in Fig. 9(g) and (i).
The defect free welding is established in this zone, The dispersion of
Cu mixed in Al matrix will be analyzed in next section.

278

Microstructural characterization with focus on the Al-Cu weld domain

The welding between the Al-Cu components in overlap config-
uration is positioned just below the channel, as presented in Fig. 9(g)
and (i). The weld region towards the RS shows mechanical hooking
effect of Cu in Al matrix, whereas no such hook formation observed
towards the AS of the weld region but noticed with sharp edge of Cu
at the corner of weld zone’s advancing side. The shear originating
action mentioned in channel formation is similarly observed as
driving phenomenon for such feature, where origin of shear at AS
resulted to fine dispersion of Cu lamellae within Al matrix, while at
RS resulted in thick Cu lamellae and Cu’s hooking in Al matrix.

The grain refinement of weld zone region can be confirmed from
EBSD images presented in Fig. 10. The stirring action imposed by the
HC tool, in the thermomechanical processed zone of the based
materials, promotes high localized straining effect and raised tem-
perature of material mostly due to bulk plastic deformation with
contribution from frictional heat. At high strain and temperature
above recrystallization temperature, the grain size decreases sig-
nificantly due to continuous dynamic recrystallization. Therefore,
ultrafine grains are observed in the stirred zone region as compared
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Fig. 10. Images from electron backscatter diffraction (EBSD) showing grain structure and texture at both base materials and within the processed zone: (a) AA5083-H111 base
material, (b) reference macro image showing location for EBSD analysis, (c) weld zone-Al matrix interface for location shown in image (b), (d) stirred zone of the TMAZ, and (e) Cu-

OF base material.

to the base material regions. The refined grains can be found within
the whole TMAZ, including the stirred zone.

The typical microstructure for rolled plates of AA5083 is ob-
served, with elongated grains in the direction of rolling, with 42 pm
mean grain diameter and 290 pm? mean grain area, as depicted in
Fig. 10 (a). In case of microstructure of the Cu-OF base material, it is
observed grains with parallel straight-lines (referred as twins, and
typical from annealed Cu-OF), with 5.1 pm mean grain diameter and
13.2 pm? mean grain area, as shown in Fig. 10 (b). In the Al matrix, at
the weld zone, it is observed ultra-fine equiaxed grains, with 1.9 um
mean grain diameter and 1.7 pm? mean grain area, as presented in
Fig. 10 (c) and (d).

The great level of refinement is only noticeable in the Al material.
Whereas the Cu experiencing bulk deformation does not undergo
significant grain refinement, and that, in turn, resulted to Cu frag-
mentation. These fragments of Cu are shaped into thin lamellae
structure, and are mixed, or intercalated, in the Al matrix of the Al-
Cu weld domain, as can be seen from Fig. 11. There is no evidence of
defects observed in the weld zone, with most of the complex in-
termixing between the Cu lamellae and the Al matrix, exhibiting a
good consolidation of the joining mechanism, mostly via solid state
interdiffusion between Cu and the Al. The fragmentation of Cu can
be observed as non-planar layered type of structure with different
thicknesses and lengths. Ultra-fined microstructure is observed at
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top region of weld zone where Al is present, without presence of Cu.
The Cu lamellae is found mostly at the bottom of the weld zone due
to dispersion of Cu material under the forging with shear and stir-
ring actions by probe shape and features responsible for the re-
sulting microstructure at the weld zone. These lamellae are moved
through stirring action, and eventually mixed with Al matrix where
interatomic diffusion is obtained under the action of heat induced by
plastic deformation and friction, along with forging pressure caused
by features of the probe. The previous literature also claim that the
metal matrix composite type structure and/or mechanical inter-
locking provide defect free dissimilar FSW joints [46-48].

To further evaluate the consolidation of the joining between Al-
Cu, SEM images are presented in Fig. 12. It is possible to notice that
along with a general strong joint consolidation, there are few in-
terfaces with poor joint consolidation. The poorly consolidated in-
terfaces are mostly outside of probe’s interaction in Al-Cu materials.
In the stirred zone, the contact of probe with Cu material resulted to
fine lamellae intercalated with Al material. In this region, most of the
heat is generated through bulk viscoplastic deformation and that is
enough to activate strong joining consolidation between Al-Cu ma-
terials within the stirred zone. At the interface of TMAZ with base
material, it is possible to notice different levels of joining con-
solidation, as can be seen from Fig. 12 (F) to (K). In general, outside of
the SZ there is the trend to find some poor-consolidated zones
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e)

Fig. 11. Microstructural analysis of the Al-Cu welding domain: (a) location A in image (c), (b) location B in image (c), (c) macrograph with focus on welding zone and points of
interest for microscopic analysis, (d) location D in image (c) and (e) location E in image (c).

around the Cu lamellae. But there is continuous metallurgical joining
between Al-Cu in the SZ below the channel. This emphasizes how HC
is suitable to apply in thermal management where strong me-
tallurgical joining consolidation helps in high heat transfer effi-
ciency, e.g. as compared to strongly clamped components vias
mechanical joining [2].

The reaction layer of IMCs is identified at the interface (Fig. 12H
and L) and around the Cu lamellae Fig. 12 (I) and (M). Fig. 10 (L)
shows that the IMCs layer is as thin as 229 nm, which is positive in
case of dissimilar welding, as recommended in literature [46,47,49].
In other locations between Al-Cu interface, the visual analysis from
Fig. 12 can be made as there were no major variations observed in
IMCs’ thickness because of controlled low heat input conditioning
caused by HC. This shows favorable low heat input conditions used
in HC processing has helped to obtain IMCs’ thin layer to control the
solid state interdiffusion between Al and Cu materials, that in turn
resulted to effective strong consolidation of the joint. The phase
identification of IMCs is predicted by SEM-EDX analysis in the next
section with elemental analysis.
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Elemental analysis

The elemental analysis on Al-Cu interface, made at specific lo-
cation of E from Fig. 11 (c), where maximum hardness values are
observed, is carried out with spot and line mapping as shown in
Fig. 13 and Fig. 14 respectively. The formation of IMCs and materials
mixing between Al and Cu was obtained via by SEM-EDX with the
results presented in Fig. 13, Fig. 14, and Fig. 15. Fig. 13 shows different
locations from where different locations are selected for spot EDX
analysis. Also, the selected region from same image as shown by
rectangle in Fig. 13 is considered for line mapping by EDX to observe
the continuous evolution of chemical composition and those results
are presented in Fig. 14. It can be confirmed that the IMCs are likely
to exist at around line mapping position 45 um and 115 pm, where
layered, or lamellae, structure is observed, as shown in Fig. 14.
Therefore, variations in hardness are observed considering hetero-
geneous structure distributed in whole weld zone. This also, con-
firms that weld region has strong metallurgical consolidation,
including IMCs formation.
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Fig. 12. Scanning electron microscopy images for stirred zone (SZ) at Al-Cu interface as identified in Fig. 11 (c): (F) advancing side, (J) higher magnification image of location ]
mentioned in image F, (G) retreating side, (K) higher magnification image of location K mentioned in image G, (H) bottom part at advancing side, (L) higher magnification image of
location L mentioned in image H, (I) bottom part at retreating side, (M) higher magnification image of location M mentioned in image 1.

281



H. Karvinen, K.P. Mehta and P. Vilaga

N16 10897
MAG: 1977 x

HV: 20.0 kV.  WD: 10.6 mm

CIRP Journal of Manufacturing Science and Technology 45 (2023) 271-284

Fig. 13. SEM image showing spot locations of EDX analysis from the location E of Fig. 11 (c).

Fig. 15 and Table 4 show the results of spot EDX performed at points
A, B, C and D, identified in Fig. 13. Using Al-Cu binary phase diagram
[50], the presence of IMCs is identified and predicted. Location C has
composition 43.66 % Cu and 52.51 % Al, and D has composition 45.79 %
Cu and 50.90 % Al, refer Table 4. The presence of Cu, and Al, solid so-
lution exists at location A (100 % Cu, refer Table 4) and B (13.82 % Cu,
82.65 % Al and 3.37 % Mg, refer Table 4). IMCs of Al,Cu, AlgCu,, and
AlCus from Al-Cu binary phase diagram are not likely present due to
low heat input inherent to the HC processing, wherein it is expected to

have insufficient activation energy and low free Gibb’s energy required
to form abovementioned IMCs phases. Therefore, it is possible to
confirm that the solid state inter diffusion between Al and Cu phases
and activation energy for IMCs govern the formation of IMCs in case of
HC between Al-Cu multi-material system. Additionally, in Table 4, Mg is
also found along with Al-Cu that may be because this element, ori-
ginally in solid solution of the AA5083 Al-alloy, is presented at the
surrounding of respective IMCs phase and identified due to the pla-
cement of the spot has covered extra regions from the IMCs.
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Fig. 14. Line EDX result from the area shown by rectangle in Fig. 13.
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Fig. 15. EDX spectrums of indicated points in Fig. 13.

Table 4
Quantitative results of the EDX analysis for spot mentioned in Fig. 13.

Zone  Copper Aluminum Magnesium Interpretation

(Atomic %) (Atomic %) (Atomic %)
A 100 0 0 Copper
B 13.98 82.65 337 Al rich solid
solution

C 43.66 52.51 3.82 AlCu +Mg

D 45.79 50.90 3.31 AlCu + Mg
Conclusions

In this investigation, novel manufacturing of multi-material Al-
Cu system by hybrid friction stir channeling (HC) is presented and
analyzed for processing influence on microstructure evolution and
properties at around the processed zones. The investigation of the
processing and metallurgical conditions of HC, brings forward the
following conclusions:

e HC provides a solution to produce sub-surface channel com-
pletely on Al rib along with defect free welding to thin Cu plate
just below the channel in single manufacturing action, where the
produced channel’s size is 9.6 mm in-width and 3.3 mm in-
height, quasi-rectangular shape, and step-free effect on the pro-
cessed top surface.

e The sub-surface channel produced by HC in Al rib component
consists of unique wall surface features, with non-uniform and

non-oriented surface roughness, suitable to activate turbulent
fluid flow and therefore to enhance the efficiency in thermal
management applications.

The welding between Al-Cu components, obtained at just below
the sub-surface channel, resulted in defect-free joints, with ef-
fective metallurgical consolidation via mechanical interlocking of
Cu lamellae, or layers, stirred in the Al matrix. The continuous
joining contains only short-length and thin intermetallic com-
pounds (IMCs) at Al-Cu interface.

Increased hardness is obtained at the IMCs locations, in the
stirred region of weld joint, reaching a maximum microhardness
of 329 HV(IT)05.

High strength stirred domains are obtained in ceiling zone, with
emphasis for the advancing side (AS), where higher microhard-
ness as compared to base materials of Al and Cu are obtained. The
ceiling zone is observed with intermediate hardness values in
between 80 and 100 HV(IT)05.

The effective potential of manufacturing multi-material compo-
nent for applicability in thermal management system is de-
monstrated, and results features obtained from HC, are evaluated
with support from published literature.
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