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Abstract:
The effect of deposition parameters on the microstructure and mechanical properties are studied
in multi-layer friction surfacing of 7075 aluminium alloy. These multi-layer structures were
successfully manufactured after a parametric study which allows the generation of a deposition
window, including an interface quality comparison. A higher rotational speed leads to a larger
grain sizes. The coarse precipitates size and volume fraction decrease along the build direction
in correlation with the thermal cycles profile. The top layer has a higher hardness after
deposition, while bottom layers are in annealed state due to the growth of the strengthening
phases. Fracture surface analysis revealed that transversal cracks are due to interlayer
decohesion and that voids nucleated on the coarse precipitates.
Keywords: Solid-state additive manufacturing; Friction surfacing; Aluminum alloy; Grain
size; Strengthening precipitates; Mechanical properties
1. Introduction

Fusion based additive manufacturing (AM) of “non-weldable” high performance 7xxx
series aluminium alloys remain a challenging task. Multi-layer friction surfacing (MLFS) and
additive friction stir deposition (AFSD) were developed in recent years as novel solid-state AM
technologies. These processes leverage the fundamental physics of friction stir welding and
processing (FSW/P) [1]. Among the variety of solid-state AM technologies, MLFS and AFSD
show competitive advantages as their ability to use solid feedstock [2], metallic powder [3,4]
or recycled machine chips [5,6] to additively build parts or as a mean of repairing parts.

Compared to AFSD using specifically designed AM machines, MLFS can easily be
performed by any FSW machine or on a computer numerical control (CNC) machine. This
would promote the widespread use of MLFS in engineering applications. MLFS creates
deposited layers by pressing a rotating consumable solid feedstock against a substrate or

previous layers. A strong metallurgical bond is achieved through frictional heat and severe
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plastic deformation. However, MLFS is more prone to weak interfacial bonding and residual
porosity between layers due to the lack of deposition control. Therefore, the first aim of our
work will be to carry out a parametric study to build strong interfaces using MLFS process.

The deposition performances depend on the MLFS process parameters and mainly on
axial force (F), rotational speed (®) and traverse speed (v) (Fig. 1a). Several studies have
optimized MLFS based on friction surfacing (FS), i.e., for a monolayer [1,8]. The deposition
efficiency is evaluated by the fraction of the feedstock actually deposited. It is thus correlated
with the FS deposition geometry [9]. It is generally found that the deposition width increases
with decreasing ® and v at low F [10], and the deposit became thinner when the feedstock is
applied with increasing ®, v or F [11]. The bonding strength decreases with a larger transverse
speed (v), which is an interesting parameter to favour deposition productivity. The vertical force
F is the dominant parameter favouring a fully bonded interface [12]. However, width, thickness
and bonding of the interface are material dependant, for fixed processing conditions and
parameters [9]. Indeed, it was demonstrated that increasing the Mg content of AA6060 leads to
the prominence of shear flow localization, resulting in thinner and narrower depositions [13].

Currently, there is a lack of available results on the effect of FS deposition parameters
for the classical and high strength AA7075 and their effect on microstructural heterogeneities,
which lead to another challenge in this work: the development of MLFS for AA7075.

In 7xxx Al series, n° and m precipitates are present in peak-aged T6 state. These
hardening precipitates are typically composed of MgZn,, in a semi-coherent state for planar 1’
precipitates and non-coherent state for the thicker n precipitates [14]. However, coarser n
nucleate and grow by preferential precipitation at grain boundaries [15]. In friction stirred
structures made of 7xxx Al alloys, as-processed microstructure typically consists in a refined
stir zone, showing over-aged coarser 1 precipitates at the grain boundaries, while some solid

solution of alloying element is also evidenced in this stir zone [16,17]. The microstructural
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features encountered in FSW/P of 7xxx alloys should be observable in the FS and MLFS of
AA7075.

The microstructure is influenced by thermal cycles during MLFS and a refinement of
the grain size is observed due to dynamic recrystallization [18]. Few studies have investigated
the microstructure and mechanical properties of FS monolayers [9,18]. Whereas the repetitive
thermal cycles involve microstructural changes due to the addition of the layers that MLFS
implied. Strengthening precipitates over-aging was observed in MLFS of AA2014 without
further analysis about the evolution of precipitates along the deposition height [19]. Rath et al.
studied the influence of successive deposition cycles on the interface layer and anisotropy of
MLEFS AA5083 [20]. They reported no significant gradient in hardness along the length and
height of the deposit, as expected in non-age hardenable 5xxx series. In contrast, layered nature
and complex thermal history of MLFS are believed to influence the microstructure and
mechanical properties of precipitate hardened aluminium alloys (7xxx series), e.g., by
dissolution and coarsening of ” and n hardening precipitates in AA7075.

The aim of the present study is to develop the understanding of MLFS characteristics
for a heat treatable aluminium alloy of the 7xxx series, highly influenced by multiple thermal
cycles.

2. Experimental methods
2.1 Materials and processing

The deposition tests were performed on a dedicated FSW machine (FSW-LM-AM-16-2D,
Tra-C industries). A 3D schematic illustration of the MLFS process is shown in Fig.1a. The
substrate material is an AA6061 in T6 state. The initial feedstock is an AA7075 rod in T6 state,
having a diameter of 20 mm and length of 120 mm. These rods are used as consumables for FS

and MLFS. Prior to depositing the AA7075 multi-layer structures, a parametric study for single
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layers was carried out. The FS depositions were performed with the force ranging from 5 to 15

kN, o varying from 300 to 1200 rpm, and v ranging from 60 to 280 mm/min.

oNOYTULT D WN =

Based on that, two processing parameter sets are selected (Section 3.2) and studied for
10 MLFS process: Deposition Specimen 1 (DS1) is 5 kN, 180 mm/min, 1000 rpm and Deposition
Specimen 2 (DS2) is 5 kN, 180 mm/min, 800 rpm. For both DS1 and DS2, the whole deposition
15 process is controlled by a constant axial force command of the machine. The interval between
17 deposition layers is around 12 minutes, this allows enough time for changing the consumable
rod and allows the deposition to reach room temperature. Selected investigation zones used for

2 the analysis, located at mid-height of various layers, are given in Fig le.
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Fig. 1. (a) 3D schematic illustration of the MLF'S process. (b) Geometry and extraction position
of tensile samples, with X-axis as loading direction. (c-d) Schematic illustration of the middle
positions in the selected layers (green points) and the tensile samples positions (white circles)
in the two selected specimens, DSI and DS?2. (e) Investigated zone positions (green points in ¢

and d) for DS1 (1000 rpm) and DS2 (800 rpm).

2.2 Microstructure characterization
The samples used for FS characterization were cut parallel to the Y-Z plane (Figs. 1a-d).
Then, following the standard metallurgical sample preparation procedures, they were

characterized by optical microscopy with a Keyence VHX-7000 microscope and by Scanning
5
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Electron Microscopy (SEM) on a FEGSEM ULTRA 55 microscope. Electron Backscatter
diffraction (EBSD) imaging is performed with a field emission gun SEM (Zeiss XigmaTM),
under the conditions of an accelerating voltage of 10 kV, a tilt of 70°, a working distance of 20
mm, and a step of 100 nm and 70 nm based on the grain size. EBSD maps were post-processed
with Oxford AZtecCrystal software. A Transmission Electron Microscopy (TEM) lamella is
extracted in the middle of L1 of DS2 and observed by a CM20 Philips under 200 kV.

Coarse precipitates analysis and the EBSD observations are consistent with the positions
shown in Figs.1c-d, i.e., the bottom layer (L1), the top layer (L6 for DS1 and L5 for DS2) and

an intermediate layer (L4 for DS1 and L3 for DS2).

2.3 Mechanical testing

EMCO-TEST DuraScan G5 tester was used to measure microhardness of the depositions
and initial feedstock. A 0.1 kg load and 0.5 mm indent spacing were selected in this study.

Uniaxial tensile tests of the MLFS were performed on smooth cylindrical dog-bone shaped
samples with a diameter of 4 mm and a gauge length of 26 mm (Figs. 1b-d) using a Zwick
Tensile machine. For the initial feedstock, the tensile specimens were extracted along the
extrusion direction. The strain was measured using a gauge length extensometer. The crosshead
speed was 1 mm/min during the test. Fracture surfaces were characterized using SEM to

evidence the fracture mechanisms of the MLFS depositions.

3. Results and discussion
3.1 Effects of processing parameters on depositions

Various combinations of process parameters were investigated to build monolayers of the
AA7075. Some conditions leading to the absence of adherence between the substrate and the

deposition were directly discarded, i.e., for the parameters F' =5 kN, v =120 mm/min, and @ =
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300 rpm (Fig.2a). When v is decreased to 100 mm/min and o is increased to 800 rpm, the
deposition adheres to the substrate (Fig.2b).
The cross-section of the monolayers with successful deposition were further investigated to
evaluate their quality. The successful depositions are highlighted in Fig.3a-b. Figs.2c-e reveal
two typical interface morphologies, including:
e The defected interface type which was not selected because it exhibited a significant
amount of voids all along the interface (Fig.2c).
e The non-defected interface type, the desired case, a good bonding was found between
the deposition and the substrate (Fig.2d-e). This deposition displays either an interface
with the substrate without voids in the middle zone (Fig.2d) or a highly mixed interface

(Fig.2e). This implies a strong bond between the layer and the substrate.
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Fig. 2. (a-b) Photographs showing the overall appearance of the FS specimens. No deposition
is achieved (a), successful deposition (b). (c-e) Three cross-sections of monolayer depositions
divided into two interface type for the parameters of Figs.3a-b, i.e., with voids for the defected
interface type (c), with non-defected interface type without voids (d) and, with a highly mixed

interface (e).
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3.2 Deposition window and selection of two processing parameters

Fig.3a shows the deposition window obtained by varying F"and v while keeping o constant
at 800 rpm. Successful depositions cannot be achieved with ' lower than SkN and v higher than
200 mm/min due to insufficient deformation and/or heat generated. Fig.3b presents the
deposition window obtained by varying o and v with a constant axial force F of 5 kN, that was
selected as the minimum required vertical force for sound deposition. Now, o lower than 800
rpm and a v higher than 200 mm/min do not lead to any deposition. Thus, appropriate values
are F'> 5kN, v <200 mm/min and @ > 800 rpm.

In this study, the two selected sets of parameters, DS1 (5 kN, 180 mm/min, 1000 rpm) and
DS2 (5 kN, 180 mm/min, 800 rpm), exhibited a clearly “non-defected interface type” and are
used to investigate the microstructure and mechanical evolution during MLFS (see Figs.3a-b).
Figs.3c-d show the cross-sectional micrographs of the specimens exhibiting metallurgically
bonded layers in the centre of the interface. One should note that porosity and unbounded
interface are visible at the edges on the advancing side and retreating side. Those defects are
inherent to the absence of non-consumable shoulder during MLFS compared to the AFSD
process (section 1). Note that DS1 and DS2 consist of 6 and 5 layers respectively with similar
final deposition height.

Fig.3e provides the geometry of each layer (see also supplementary data). It indicates that
decreasing ® from 1000 rpm (DS1) to 800 rpm (DS2) slightly increases the deposited layer
thickness, showing the relation between the rotational speed and the thickness. This
phenomenon is also confirmed by the parametric study of the monolayer deposition profile

which was investigated based on the transverse speed, rotational speed, and axial force.
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Fig. 3. (a) Deposition window varying on F and v with w = 800 rpm for the corresponding
interface types (Figs.2c-e). (b) Deposition window varying on w and v with F = 5 kN for the
corresponding interface types (Figs.2c-e). (c-d) Cross-sectional micrography of the selected
DSI (1000 rpm) - DS2 (800 rpm), respectively. (e) Table of the deposition geometry of each

layer (average thickness, width with the relative variance and length).

3.3 Grain structure and size distribution

Fig.4a shows the EBSD inverse pole figure maps taken from the middle area of the selected
layers in DS1 and DS2 (Fig.1c-d). EBSD images show refined equiaxed grains in all areas due
to dynamic recrystallization (DRX). Indeed, the material is subjected to large plastic
deformation due to the shearing of the fresh overlaying material between the feed rod and the
previous layer/substrate, leading to DRX. Note that it is expected that static recrystallization
and subsequent grain growth also occurs during the cooling stage.

Fig.4b presents the average grain size with standard deviation as a function of different
rpm and positions in the MLFS structure. The feedstock exhibits a grain size of 3.3um + 4.6pum
with a bimodal size distribution including small grains up to 0.4um and larger grains up to 40.4

pum. The feedstock grain size is reduced by 57% and 65% for samples DS1 and DS2,
9
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respectively. DS1 specimen exhibits larger grains than DS2 at equivalent position in the MLFS
structure, with an average grain size of 1.4 pm + 0.7um and 1.2 pm + 0.6pum, respectively. The
increasing grain size from DS1 to DS2 is related to the increase in heat input due to a rotational
speed increases, as demonstrated by Kallien ef al. [21]. This indicates that DRXed grain size
can be controlled by altering the amount of heat generated via parameter-controlled friction

surfacing process.

a b) 25
(a) (b) mDS1
mDS2
-~ 2 )
g
S
&
o
)
&
1]
=
g
“
L1 L1 L4 L3 L6 LS
Position along the deposition height

Fig. 4. (a) EBSD inverse pole figure maps in the different positions (Figs.1c-d) of DSI and DS2,
respectively. (b) Average grain size of DS1 and DS2.

3.4 Coarse precipitates evolution

Fig.5a presents the SEM images of grain boundary precipitates for DS1 and DS2 in the
middle area of the selected layers (Figs.1c-d). A collection of precipitates (e.g., red arrows in
Fig.5a) are clearly visible along the grain boundaries. These precipitates, including n-
precipitates, are confirmed by the TEM image and related diffraction pattern, Fig.5b.
Considering the non-statistical character of TEM observations, coarse precipitates are
quantified on SEM images using image analysis. Fig.5c shows that the mean precipitate size is
decreasing from the bottom to the top layer for both specimens ranging from 100 nm to 150

nm. Fig.5d also shows a decrease of the coarse precipitates surface fraction.

10
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The higher precipitate volume fraction/size in the bottom layer (L1) is induced by

repetitive heating cycles required for building upper layers. The lower the layer, the more

thermal cycles it undergoes. Contrarily to the grain size, accumulated heat directly explains the

observed trends in precipitates populations. No evident difference between DS1 and DS2

samples can be identified except for the top layer (higher precipitate size and lower precipitate

density for DS1).

_
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R oW &k th & - 8 O
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Fig. 5. (a) SEM image of the precipitates distribution in the layer 1 middle area for DS2. It

shows coarse precipitates (red arrows). (b) TEM image shows the coarse precipitates and

identification of an n precipitate (diffraction pattern) (c) Coarse precipitates mean size based

on SEM images. (d) Surface fraction of coarse precipitates based on SEM images.

3.5 Mechanical properties

3.5.1 Microhardness evolution

Fig.6 shows the average microhardness of DS1 and DS2 along the thickness direction of

the specimens. The depositions are softer (95 to 130HV) than the initial T6 feedstock

https://mc.manuscriptcentral.com/stw
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(171£4HV). Moreover, both samples exhibit a similar hardness gradient along the Z position,
i.e., increase gradually from bottom to top layers. Such a hardness gradient along the deposition
height was not reported in previous studies performed on MLFS AA5083 [22] because it is not
a heat treatable alloy, while AA7075 is heat-sensitive in terms of precipitation. MLFS leads to
a non-homogeneous hardening precipitation throughout the built structures.

Indeed, the fraction of coarse precipitates decrease in the built direction (Fig.5) but these
precipitates are not contributing to the strengthening due to their size. Hardening precipitates
are in the range of 5 nm to 10 nm in peak-aged state for 7075 alloy. Thus, observed coarse
precipitates of Fig.5 are absorbing the alloying elements in non-hardening coarse precipitates.
Therefore, the lower the coarse density, the higher the amount of alloying elements for fine
strengthening precipitates (or solid solution atoms). One should indeed notice that the hardness

follows the opposite trend to the density of coarse precipitates.
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Fig. 6. Average hardness in Z position for both samples, DSI (1000 rpm) and DS2 (800 rpm).
Note that the scale only spans over 30 HV to highlight the small difference between DSI and
DS2.
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Interestingly, the average hardness of DS2 (800 rpm, cooler condition) is slightly higher
than that of DS1 (1000 rpm) regardless of the layer position, despite sometimes a higher coarse
precipitates density (i.e. in the top layer). This breaks the inverse trend mentioned just above.
DSI1 presents an additional layer compared to DS2 and thus experiences one more thermal cycle
for a similar final height compared to DS2 (DS1 has 6 layers and DS1 has 5 layers). This
additional thermal cycle can overage further the material and results in potential overgrowth of
the efficient n’- n precipitates that remain after the deposition. It is expected that lower heat
input lead to harder microstructure in FSW/P of age hardenable alloys, confirming the
relationship between friction-stir base processes and FS/MLFS. Moreover, this small difference
can come from a grain size effect. Indeed, by Hall-Petch law, the smaller grains the higher the
yield strength and consequently the hardness. This is following the difference of the DS1 and
DS2 grain size with the Hall-Petch law:

kg kg
Vdpsz  +/dps1

Aoy = 3.3 [MPq]

where g is the strength associated to the grain size, k4 is a constant ~0.04 MPa m™2 in
aluminium, and dpg is the grain size [23]. The hardness is roughly estimated as one third of the
yield strength [24], meaning a AH,, of 1.1 HV. Although, this seems to correspond to the
difference in Fig. 6, it is a rather negligible difference as 1.1 HV is below 1.1 % of the total

microhardness.

3.5.2 Tensile behaviour

Fig.7 shows a comparison between the true stress-strain curves of initial feedstock, DS1,
and DS2. The initial feedstock material exhibited the highest yield strength of 578 MPa with an
ultimate tensile strength of 634 MPa. The strength reduction of the MLFS structures is due to
the overgrowth of the strengthening phases (Section 3.4). DS2 presents a slightly higher final

13
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true stress due to a higher ductility compared to DS1. The strengths and stresses of the

specimens are not significantly different correlating the hardness observations (Fig. 6).
Moreover, Fig.7 shows a few bumps in the stress—strain curves (inset in Fig. 7). This effect

could be due to interlayer decohesion or possibly to Portevin-Le Chatelier (PLC) effect, i.e.

solute atoms causing dynamic strain aging [25, 26].

800 +

700

600 -

500 A

400 -

300 4|

True stress (MPa)

200 4/
—Feedstock 380 1

—DS1
330 . . . . .
DS2 0.005 0.025 0.045 0.065 0.085 0.105

100 -

0 0.05 0.1 0.15 0.2 0.25 0.3
True strain

Fig. 7. True stress-strain curves for the feedstock, DSI, and DS2.

Fig.8 displays SEM images of representative fracture surfaces of the tensile samples of
Fig.7. The macroscopic fracture surfaces, Figs.8a-b, show that the crack propagation paths are
influenced by the multi-layer microstructure with interlayer decohesion cracks. These cracks
are in a plane parallel to the loading direction (see also Figs.8al-bl). This interlayer decohesion
is facilitated by interfacial defects that remains from manufacturing and act as crack initiation
sites (Fig.3c-d), particularly at the edges of the specimen. Early crack propagation thus occurs

in the interlayer zone, while the deposited layers act as more resistant ligaments of material.

14
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DS1

1 mm 100 pm | 5um

Fig. 8. SEM micrographs showing fracture surfaces from tensile samples. (a) and (b) Low
magnification of DS1 and DS2, respectively. (al), (bl), (a2) and (b2) Higher magnification
images of the areas marked in (a) and (b), respectively. The intermetallic particles (red arrows)

and coarse precipitates (blue arrows) are highlighted.

In addition, the fracture surface within one layer is characterized by dimples presenting
different sizes. Coarse Fe-rich intermetallic particles are clearly evidenced inside the larger
dimples for all tensile samples (red arrows in Figs.8a2 and b2). Smaller dimples surround the
coarser ones and expectedly nucleated on coarse precipitates (blue arrows in Figs.8a2 and b2).
They indicate that the tensile specimens exhibit intra-layer ductile fracture characterised by
void nucleation and growth of primary void population on broken intermetallic particles
followed by a secondary void nucleation on coarse precipitates prior to failure [27, 28].

The fracture mechanism for MLFS specimens is thus influenced by its intrinsic
microstructure, with a competition between decohesion of the interface and the ductile tearing
of the deposition layers followed by the ductile failure of the remaining material ligaments.

This can be related to the rolled 7xxx Al alloys failure mechanisms, where large elongated

15
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grained structures fail by a competition of grains delamination and grain interior ductile fracture

[15].

oNOYTULT D WN =

10 4. Conclusions

Experimental analysis investigates the effects of the process parameters on Friction Surfacing
15 (FS) of AA7075 deposition. Based on the deposition window, two Multi-Layer Friction
17 Surfacing (MLFS) specimens were successfully manufactured. The influence of the rotational
speed on microstructure, hardness and tensile properties was investigated. The following
27 conclusions are summarized:

24 (1) AA7075 deposition layers made by FS were evaluated in a parametric study. A process
26 window was identified in terms of deposition speed (slower than 200 mm/min), rotational
speed (higher than 800 rpm), and deposition force (higher than 5kN). The interface mixing
31 between the layer and the substrate was analysed for each deposition condition, allowing a
33 selection of two promising MLFS parameters.

(2) The MLEFS specimens are characterized by the same axial force (5 kN) and traverse speed
38 (180 mm/min) but distinguished by their rotational speeds: 1000 rpm for DS1 and 800 rpm
40 for DS2. Cross-sections of both specimens reveal low defects in the centre, while edges
remain porous.

45 (3) The grain size of the samples is reduced compared to the feedstock alloy. Dynamic
47 recrystallization occurs during deposition combined with static recrystallization and grain
49 growth during the post-deposition cooling stage. The grain size of the higher rotational
speed DSI1 is larger than that of DS2, in the dense central areas of the layers. The coarse
54 precipitates size/volume fraction decrease from the bottom to the top layer for both cases,

56 as multiple thermal cycles induce further coarsening of the precipitates in bottom layers.

16

https://mc.manuscriptcentral.com/stw



oNOYTULT D WN =

Science and Technology of Welding and Joining

(4) Both depositions show a microhardness reduction compared to initial feedstock due to the
overgrowth of the precipitates that absorb most of the alloying elements. The fine hardening
precipitation (n” and fine 1) is thus annealed by the multiple heating cycles in bottom layers
and turned into large precipitates. Cooler condition (800 rpm) gives slightly higher hardness
than warmer condition (1000 rpm) at the same deposition height.

(5) Mechanical properties of the deposition are lower than those of T6 base feedstock. Post-
fracture analysis reveals that specimens failed at lower ductility than the feedstock due to a
competition between layers decohesion and ductile failure of the inner layers. Impurities
and larger precipitates act as damage nucleation sites.

This work proves that manufacturing 3-D structuring by solid-state MLFS of AA7075 is

feasible. Despite the multiple heat cycles, intermediate strength structures with significant

ductile behaviour were produced. Further improvement of the interface quality could pave the

way for future ductility improvements.
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Supplementary Material

Fig.S1 shows the maximum width (measured with a Vernier calliper) and overall

thickness of the deposition along the rod advancing direction for two processing

conditions for a four-layer deposition. These two conditions have been selected to

establish the effect of the advancing speed on the deposition geometry. A stationary

region, i.e., the zone where the conditions are constant during deposition, is particularly

interesting to study. A lower v increases the deposition width in that stationary region

(Fig.S1a). This is due to a substantial amount of material pushed aside at the bottom of

the consumable rod forming a bulge. Fig.S1b compares the same deposition conditions

and shows that operating with lower v leads to thicker layers.
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Fig. S1. Effect of the advancing speed of deposition on the maximum width (a) and
overall thickness (b) of a four-layer deposition. These measurements are performed

along the normalized advanced length, i.e., the current measurement position divided
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