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Thermomechanical cycles during multi-layer friction surfacing (MLFS) cause microstructural and mechanical
heterogeneities in the deposited high-strength Al alloy, 7075. The thermal profile and heat accumulation were
investigated in this study using a multilayer numerical thermal model of the MLFS process; additionally, these
variables were linked to experimentally observed microstructural heterogeneities. Compared with the feedstock,
grain sizes decreased by 55-80 %. The mean grain size at the bottom and top areas of a given layer was finer than
that in the middle of the layer because of the enhanced recrystallisation, which resulted from the friction and
shear deformation experienced by the deposited material. The differences in the thermal cycle and plastic strain
rate of the bottom and top areas along the layers resulted in a gradual increase in the grain size at the bottom of
each layer and a reduction in the grain size at the top of each layer. The grain growth and continuous dynamic
recrystallisation mechanisms are governed by the temperature and strain rate, those mechanisms determine the
intra- and inter- layer grain sizes. The accumulated heat, owing to subsequent experimental deposition, resulted
in excessive growth of the precipitates in the bottom layers. The strengthening of the solid-solution and Guinier-
Preston zones significantly increased the microhardness of the top layer. Post-deposition T6 heat treatments
confirmed the restoration of a uniform distribution of microhardness.

1. Introduction components.

In fusion-based AM, such as laser powder bed fusion (LPBF) and wire

The 7xxx series of aluminium alloys are precipitation-hardened al-
loys that are widely used in load-bearing components in aerospace ap-
plications, such as frames, spars, and stringers, owing to their high
strength-to-weight ratio, good machinability, and high toughness [1].
For these applications, optimised structures facilitate a further reduction
in aircraft weight and reduce energy consumption. Moreover, repetitive
loading cycles can induce stress concentrations and lead to premature
failure during the service of aircraft components or other aerospace
components. Therefore, various additive manufacturing (AM) technol-
ogies, including fusion-based and solid-state ones, have been explored to
additively repair or manufacture complex high-strength aluminium

arc additive manufacturing (WAAM), Martin et al. [2] applied a direct
energy source to locally melt the alloy powders or wires. This process
incorporates a high solidification rate between 0.1-5 m/s. Fusion-based
AM continuously melts successive layers of powder or wire in a similar
manner to that of welding. Therefore, this method is particularly suit-
able for “weldable” alloys. However, the use of “non-weldable” high
performance 7xxx series aluminium alloys in fusion-based AM is chal-
lenging. Compared with other series of aluminium alloys, Zhou et al. [3]
explained that the 7xxx series aluminium alloys have a wider solidifi-
cation interval, greater tendency for hot cracking, higher alloying
elemental content, and higher thermal conductivity. Therefore, the
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fusion-based AM of 7xxx series aluminium alloys increases the likeli-
hood of elemental vaporisation (for example, 19 % of Mg and 33 % of Zn
vaporisation during LPBF of AA7075) [4], and the production of mi-
crostructures that comprise columnar grains and are highly susceptible
to hot cracking [5].

Thermomechanical processing-based solid-state AM technologies,
such as cold spray, ultrasonic additive manufacturing, additive friction
stir deposition (AFSD), lateral friction surfacing [6], and multilayer
friction surfacing (MLFS) [7], have been recently developed. Melting of
the alloy powders or wires does not occur during these solid-state AM
processes; therefore, according to Karmakar et al. [7], the solidification
defects can be avoided. Solid-state AM has been shown to produce parts
with small nondendritic grains and fewer oxide residues than those
produced using AM techniques that incorporate melting. Therefore, AM
techniques that incorporate melting are generally subjected to reduced
mechanical properties or residual tensile stresses, resulting in reduced
fatigue life and susceptibility to corrosion. Among these processes, as
stated by Karmakar et al. [7], AFSD and MLFS are known for their ability
to utilise solid feedstock (such as rods or wires), metallic powder, or
recycled machine chips [8] to build components additively, or repair
complex-shaped components. They leverage the fundamental physics of
friction stir welding (FSW) or friction stir processing (FSP) [9] to
fabricate wrought-like microstructures that exhibit mechanical proper-
ties. A study by Lezaack et al. [10] showed that the stirred zone of a
friction stirred AA7475 alloy exhibited a higher ductility (by 180 %)
than that of the wrought 7475 alloy.

In AFSD and MLFS, layers are deposited by pressing a rotating
consumable solid feedstock against a substrate. A layer is deposited
when the consumable rod moves above the substrate. A strong metal-
lurgical bond is formed through frictional heat and severe plastic
deformation. During the AFSD process, the feed material is introduced
through a hollow tool at the same height for each layer deposition,
whereas the feed material is consumed using specific AM machines, such
as the MELD® system developed and patented by Aeroprobe Corpora-
tion [11]. Compared with AFSD, MLFS directly uses a rotating
consumable rod for material deposition without the use of a hollow tool;
additionally, Prabhakar et al. [12] described that this method exhibits
reduced deposition efficiency because of the presence of a flash around
the consumable feedstock. MLFS is also prone to weak interfacial
bonding and porosity between or inside the layers. This is particularly
applicable to the sides parallel to the y-z plane of the deposition because
the axial force is not fully transferred to the substrate owing to the
absence of a tool shoulder, which, results in peripheral flashes on the
rods [7]. However, a tool shoulder is utilised in the AFSD process. One of
the key advantages of MLFS over AFSD is that it can be easily performed
by any FSW machine or even using a computer numerical control (CNC)
machining instrument. The process can then be combined with
machining to improve the finish of the surface and dimensional preci-
sion, which can enhance the widespread use of MLFS in engineering
applications.

Suhuddin et al. [13] concluded that the thermal cycles during MLFS
result in microstructural changes and lead to grain size refinement
owing to dynamic recrystallisation. Previous studies investigated the
microstructure and mechanical properties of friction surfacing (FS)
monolayers. In the experiment of Mukhopadhyay and Saha [14] with
pure aluminium, the grain size reduced by 90 % of that of the feedstock
material. While in the work of Ehrich et al. [15], a higher dislocation
density led to a reduced grain size and higher fraction of high-angle
grain boundaries in the FS AA6060 monolayers. As mentioned by Yu
et al. [16], dynamic recrystallisation and grain refinement are primarily
driven by continuous dynamic recrystallisation and discontinuous
recrystallisation. Grain structure recrystallisation was considered a
contributing factor to the enhancement of the material strength of
non-heat-treated alloys. The shear strength of FS AA5083 increased with
decreasing grain size, following the classical Hall-Petch relationship
[17]. However, compared with FS monolayers, MLFS involves the
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addition of multiple layers, which cause repetitive thermal cycles,
potentially resulting in additional microstructural heterogeneities.

There have been several studies related to the multi-layer friction
surfacing of aluminium alloys. Dilip and Ram [18] observed strength-
ening precipitates over the aging gradient in the MLFS of AA2014;
however, the evolution of precipitates along the deposition height was
not explained. The authors suggested that the alloying elements can be
dissolved by solution heat treatment (SHT). However, the fine grains
generally undergo abnormal grain growth during solution heat treat-
ment at temperatures higher than 450 °C in aluminium alloys, which
will influence the mechanical performances of the deposits [19]. Shen
et al. [20] showed that all layers of MLFS AA5083 exhibited fine and
equiaxed recrystallised grains, which were 4-5 pm in size. They
concluded that multilayer deposition exhibits a homogenous micro-
structure over the height of the structure, which may occur because
AA5083 is a none-heat-treatable alloy and thus less sensitive to the
thermal history. However, the microstructure of only the middle of each
layer was investigated in this study; therefore, the lower and upper
portions of the same layer were not examined. Rath et al. [21] assessed
the influence of successively deposited layers on the layer interface and
anisotropy of MLFS AA5083. No significant gradients in the hardness
and tensile strength along the length and height of the deposit were
observed. However, the layered nature of MLFS and its complex thermal
history are assumed to influence the microstructure and mechanical
properties of precipitate-hardened aluminium alloys, for example, via
the dissolution and coarsening of precipitates.

The aim of this study is to expand the understanding of a heat-
treatable aluminium alloy of the 7xxx series produced by MLFS.
Studies on 7xxx series Al alloys for FS deposition [22] and MLFS [23] are
limited compared with other aluminium alloy series. Heat-treatable al-
loys are significantly affected by multiple thermal cycles. This study
addresses the following question: How are the microstructure and
resulting hardness of AA7075 affected by the MLFS process? The local
heterogeneity of the microstructure is the focus of this study.

As stated by Seidi et al [9], a detailed understanding of the tem-
perature evolution and distribution during MLFS is useful. However,
owing to the layered nature of MLFS, the in situ experimental moni-
toring of temperature evolution is complex. Predictive numerical models
facilitate the development of insights into the expected thermal cycles
by comparing various positions within a single layer and across layers.
Modelling thermal cycles can link the heat input to the microstructure
(such as the grains and precipitates) and expose the effect of tempera-
ture on the deposited material, within a single layer or sequentially
across layers.

Studies on the simulation of friction surfacing are limited. Vitanov
and Javaid [23] developed an FE thermal model to predict the tem-
perature at the interface with a substrate. The heat distribution at the
frictional interface and variation in the material properties with tem-
perature significantly affected the thermal cycles. Bararpour et al. [17]
showed that the strain rate and temperature of the top layer of the de-
posit was higher than the bottom of the deposit. This analysis is crucial
to the present study because the increased strain rate and temperature
contribute to microstructural heterogeneity. The first technique to
investigate the influence of FS configurations, such as process parame-
ters, substrate thickness, and backing plate material, on the heating and
cooling cycles and temperature distribution in the substrate was devel-
oped by Kallien and Klusemann [24]. Based on a thermo-mechanical
model, Rahmati et al. [25] showed that the maximum temperature
and heat generation at the deposition interface increased with
increasing axial force (F), and rotational speed (w), or decreasing
advancing speed (v). However, these models were restricted to mono-
layer deposition. This study extends the model proposed by Rahmati
et al. [25] for multilayer deposition.

The multilayer AA7075 structures were processed using MLFS. This
study aims to assess the link between the grain properties (grain
boundary, misorientation, and grain size), precipitate heterogeneities,
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and hardness evolution. This link will be investigated for each layer and
along the height of the deposition to determine the impact of MLFS on
the AA7075 alloy. This will enable future users to become proficient in
the MLFS process and adjust it to applications based on their knowledge
of heterogeneities. As MLFS is associated to temperature gradients, is it
possible to predict temperature distribution of MLFS? This work pro-
poses a multilayer thermal model, experimentally verified. Then, can
this model be related to microstructural features? The present study
establishes a qualitative link between the (simulated) thermal cycle and
microstructural heterogeneities, which represents a novel contribution
to the know-how of multilayer AA7075 manufactured by MLFS. Finally,
the influence of T6 post-treatment on the MLFS specimens was analysed,
aiming to answer the following questions: can T6 treatment help to
recover and homogenize the mechanical properties of the feedstock?
What are the changes in the microstructure?

2. Experimental methods
2.1. Materials and processing

The deposits were produced using a dedicated FSW machine (FSW-
LM-AM-16-2D, Tra-C Industries) that incorporated in-process torque
measurements. Fig. 1a shows a 3D schematic of the layer-by-layer
deposition process consisting of a substrate and consumable rod.
AA7075 in the T6 state (20 mm diameter and 120 mm length) was used
as the consumable rod (initial feedstock). AA6060 (400 mm in length,
70 mm in width, and 10 mm in thickness) in the T6 state was used as the
substrate in this study. Oxide was removed from the surface of the
substrate plate using sandpaper; thereafter, the surface of the substrate
plate was cleaned with ethanol and acetone, and dried. The deposition
was cooled in air to ambient temperature before the addition of the next
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Tool rotation (* Tool moving direction
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Flash Substrate
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Total deposition length
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Fig. 1. Schematic of deposition via multi-layer friction surfacing. (a) 3D
schematic of the multi-layer friction surfacing. The three main parameters are
highlighted: axial force, rotation speed, and traverse speed. Due to the depo-
sition process, the feedstock generates flashes. (b) Schematic of the multi-layer
heat transfer in the multi-layer friction surfacing with the position of the
experimental thermocouple. For each deposited layer, heat is generated and
transferred to the lower layers.
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layer.

During the FS process, the main process parameters, F, ® and v, must
be optimised to obtain high-quality deposits [26]. Based on a parametric
study for single layers by Li et al. [27], deposition specimens exhibited
favourable interfacial mixing between the deposition and the substrate
when processed with F = 5 kN, w = 1000 rev/min and v = 180 mm/min
(Fig. 2a). These parameters were used to construct multiple layers to
further investigate the thermal cycles and resulting changes in the
microstructure and mechanical properties of the deposition during
MLFS. The length of the multi-layer specimen, average thickness per
layer, and average width were 270 mm, 1.65 + 0.20 mm, and 22.74 +
1.01 mm, respectively. These measurements were taken between the
outermost points on the advancing and retreating sides of each cross
section. The variation in the thickness and width of the layers was
marginally influenced by the deposition temperature. Indeed, the
thickness is slightly decreasing and the width is slightly increasing from
bottom to top layer owing to the increase of the temperature. A 270
mm-long layer was synthesised via the consumption of 52 mm of feed-
stock; however, flashes remained on the feedstock. This implies that the
feed rate of the feedstock in the z-direction was 34.7 mm/min. The
cross-section at the centre length (Fig. 2¢) of the deposition of the
multilayer is shown in Fig. 2b.

A new specimen containing thermocouples was built to validate the
thermal model. The walls used for the temperature measurements were
constructed using the same materials (AA7075 for the wall and AA6061
for the substrate) and the same process parameters. The travel length,
mean width, and mean thickness of the layers of the sample used for
numerical validation were 100, 24, and 1.72 mm, respectively. The
thickness of this sample was within the standard deviation of all the
samples processed using the selected parameters. The wall contained six
layers and was thermally scanned using thermocouples that were
directly in contact with the material (without drilled holes) during the
deposition process. These thermocouples were located at five positions
at half the travel length of the deposition. The thermocouple positions

— N
Deposition

Substrate Al-7075 -

Retreating Advancing
Side Side

Fig. 2. Images of single and multi-layer depositions. (a) Interfacial mixing
between the AA7075 (deposition) and AA6061 (substrate) during monolayer
friction surfacing deposition. This is an indicator of high interface quality. (b)
Optical microscopy image of the multi-layer specimen constructed with an axial
force F = 5 kN, a rotation speed @ = 1000 rev/min and a traverse speed v =
180 mm/min. The different profiles of retreating and advancing side are visible,
the retreating side exhibits more defects. (c) Top view of the multi-layer
specimen constructed via the multi-layer friction surfacing process. It in-
dicates the cross-section location of (b).
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for N = 6—below the first layer (L1-below), above the first layer (L1-
above), below the fourth layer (L4-below), above the fourth layer (L4-
above), and below the sixth layer (L6-below)—are shown in Fig. 1b (3-D
schematic in Supplementary Fig. S1). These locations were chosen for
the inclusion of the bottom, middle, and top layers of the deposition in
the analysis. Because of these locations, the variation along the depo-
sitional height can be highlighted, which integrates the three most
important zones for analysis. L1 represents the region in proximity of the
substrate, L4 is the behaviour of the medium layer, and L6 highlights the
microstructure of the layer with no additional thermal cycles.

SHTs were performed on the MLFS deposits in a Nabertherm 1100
furnace at 470 + 5 °C for 30 min, as proposed by Lezaack et al. [19] for
the friction-stir-processed 7xxx alloy. High-temperature SHT aimed to
dissolve hardening precipitates in deposits. Water quenching was
applied immediately after SHT. Subsequently, artificial aging was per-
formed at 120 °C for 24 h to regenerate the fine T6 temper precipitation
and attain the hardest T6 state. Moreover, other heat treatments were
performed on the specimens analysed using transmission electron mi-
croscopy (TEM). The solution heat treatment (SHT) and as-quenched
temper (W heat treatment) aimed to dissolve the hardening pre-
cipitates of the deposits with SHT at 470 + 5 °C for 30 mins followed by
quenching; aging was not included for the W state. The T4 heat treat-
ment involved the same steps as the W heat treatment; however, an
additional week of natural aging at ambient temperature was included.
This aimed to regenerate the elements in the solid solution and
Guinier-Preston (GP) zones in AA7075.

2.2. Microstructure and hardness characterization

The deposits were dissected using a cutting machine to prepare
specimens for microstructural characterisation. The specimens cut from
the deposits were polished using standard metallurgical procedur-
es—successive abrasive SiC papers, a diamond suspension, and a final
oxide polishing suspension.

The polished samples were examined using a field-emission gun
scanning electron microscope (SEM) Ultra 55. SEM was used to analyse
the precipitates from the top to the bottom of the deposition section.
Images were captured at the mid-height of each deposition layer along
the z-direction (Fig. 1a,b for axis definitions). The size of the precipitates
was then quantified using ImageJ software.

Electron backscatter diffraction (EBSD) characterisation was per-
formed with a field emission gun-SEM (Zeiss ZigmaTM) equipped with
an EBSD detector (Oxford Symmetry ® S3). An accelerating voltage of
10 kv, tilt of 70°, working distance of 20 mm, and steps of 100 and
70 nm based on the grain size, were used for EBSD measurements. EBSD
observations were performed at different positions of the investigated
multilayer deposits along the deposition direction. Further details
regarding the selected positions are provided in Section 4.1. EBSD maps
were post-processed using AZtecCrystal software. The criterion for the
transition from low-angle grain boundaries (LAGBs) to high-angle grain
boundaries (HAGBs) was set as usual at 15°.

TEM was performed using a CM20 Philips TEM at an accelerating
voltage of 200 kV. A 3 mm diameter cylinder was extracted from the
deposition by electro-erosion along the z-axis. Chemical etching was
performed on the extracted cylinder to identify the different deposited
layers. Subsequently, a lamella was extracted from layer 1, 4, and 6 (area
A2; see Section 4), mechanically polished to 100 um and electropolished
using a twin-jet Struers Tenupol 3. TEM was used to characterise the fine
precipitation via selected area electron diffraction (SAED) pattern
identification and to characterise crystal defects, such as dislocations, on
the different layers of deposition.

An EMCO-TEST DuraScan G5 tester was used to measure the
microhardness of the deposits and initial feedstock. The 0.1 kg loading
and 0.5 mm indent spacing were selected for this study. The initial
feedstock exhibited a hardness of 171 + 4 HVO.1.
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2.3. Thermal model

A multilayer thermal model was developed to predict thermal cycles
during the MLFS process. The Abaqus 2020 finite element package was
used. Fig. 3 shows a schematic of the modelled domain and mesh, which
are the geometries used in the experiments. The mesh was optimised for
computational efficiency and numerical accuracy. The “element birth
and death” method [28] was applied to simulate the layer-by-layer
deposition. The dimensions of each layer corresponded to a specified
experiment that was performed to validate the thermal model. The
thermal properties of the deposited materials were assigned to the active
elements.

The model was meshed with linear hexahedral elements (eight
nodes, EC3D8 in Abaqus) in a rectangular cuboid shape. The sizes of the
horizontal faces (in the x-y plane) of the mesh were selected such that
they typically corresponded to 3 mm. The perpendicular faces (in the z-
direction) of the mesh (Fig. 3b) were separated into several finer sections
to improve the simulation accuracy in the direction of the deposition
section and for data processing purposes. Ambient temperature (25 °C)
was initially assigned to the entire mesh geometry. All free surfaces were
assigned convective conditions. The convection coefficient was set to
1000 W- m~2-K ™! at the bottom of the substrate (imitating the backing
plate) and to 20 W-m 2K ™! for all other surfaces [17]. The material
input data for the thermal properties are listed in Table 1.
Temperature-dependent material properties were considered in this
study.

The simulation replicated the additive manufacturing of the MLFS
process by adding elements to the mesh at the same rate as that of the
experimental process (Fig. 3a and Video S1) along with the movement of
the heat source (Fig. 3b and Video S1). The total durations of layer
deposition for the simulation and experiment over travel lengths of
100 mm (validation of the numerical model) and 270 mm (deposition
used for the analysis) were 33 s and 90 s, respectively.

To simulate the heat source in MLFS, a heat flux (qpe,;) was applied to

Element size: 3 mm
X ——

Y
. Element size: 0.24 mm , EESSu—
Element size: 3 mm

z ¥
Investigated zone
I (central part) =
X

Heat flux (%)
(Avg: 75%)
+1.090e+07

+1.145e+02

(b)

Fig. 3. Representations of the numerical model. (a) Elements addition method
used in the simulation. The traverse speed direction is given and follows the
direction of the added elements. (b) Finite element mesh of the simulation with
the top and lateral overview. The figure includes also the heat source colour
map induced by friction stir contact (see Video S1).



M. Jadot et al.

Table 1
Density, specific heat, and thermal conductivity of AA7075 and AA6060.
Temperature-dependent material properties assigned in the thermal model.

Material Density Specific heat Thermal conductivity
(kg/m®) (J/kg K) (W/m K)
T (K) value T (K) value T (K) value
AA7075 298 293 835.4 166.7
[29,30] 2810 293
400 2805 373 897 373 160.8
500 2782 423 916.3 423 152.7
600 2755 473 974 473 142.2
800 2700 573 1012.5 573 135.7
900 2505 673 1128 673 128.4
980 2480 773 1205 773 114.8
AA6060 298 298 900 237
[31,32] 2700 298
400 2681 350 931 350 240
500 2662 400 956 400 236
600 2640 500 995 600 231
800 2560 673 1060 800 218
931 2379 873 1160 900 210

the deposited material (Fig. 3b). The rate of travel of the heat source was
set to an experimental rate of traverse of 180 mm/min. The heat source
was composed of a surface heat source that imitated the frictional heat
source, and a volume heat source that represented the plastic defor-
mation effect on heat dissipation, as suggested by Simar et al. [33] for
AA6005A FSW. The total power input was extracted from the torque
measurement during the tool-travelling phase (steady-state regime). The
torque generated by the MLFS tended to exhibit a horizontal asymptote
when more layers were added (Fig. 4a). This was attributed to the dif-
ference in the thermal and dissipation conditions of these layers on the
substrate material. The total power input P [W] is given by

P =yM,0 (€8}

where M, is the torque [Nm], w is the rotational speed [rad/s], and 5
is the deposition efficiency of MLFS, which was lower than 100 %
considering the heat loss in the tool and estimated at 95 % by Li et al.
[26] for FSW process. Volumetric efficiency can be estimated by
assuming that the shape of each layer is a rectangular parallelepiped
rounded at the corners (see Supplementary Fig. S2). Karmakar et al. [34]
defined the deposition efficiency as the ratio of the deposition volume to
the consumed volume. This variable was quantified as 82 %. The  value
is assumed to be equivalent to the deposition efficiency justified by the
material ratio. The assumed surface (Eq.2) and volume heat sources
(Eq.3) were 80 % and 20 % of the total heat source as proposed by Simar
etal [35] for AA6GOO5A FSW. The values of the surface and volume heat
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sources used in the validation of the simulation (Fig. 4b) are given by the
following equations:

08 P
== @

02 P
R ®

where, P is the input power, r is the feedstock radius, and t is the
thickness of the layer.

A numerical model was established based on the initial conditions
(shape and process parameters) and heat source values. The rectangular
section shape of each layer was modelled to ensure an equivalent surface
area and average thickness to those of the experiments. This guarantees
that the deposited quantity of material was equivalent to that of the
experiment.

3. Results
3.1. Thermal history during MLFS

Temperature profiles are for locations above L1 and below L4 and
shown in Fig. 5a. These profiles were predicted with an 82 % efficiency.
Fig. 5b shows the maximum temperatures of the experiments and
simulation. Fig. S3 depicts the errors for each location. The greatest and
average errors were lower than 8.2 % and 3.6 %, respectively (Fig. S3).
Therefore, the numerical model was considered reliable. Owing to the
symmetry of the numerical model, only the centre (in the width direc-
tion) of the cross-section was investigated in this study (Fig. 3b). The
difference between the advancing and retreating sides was not consid-
ered in the simulation. Furthermore, a steady-state zone was considered
for the deposited layers. The initiation and termination of the deposition
exhibited particular thermal conditions, which were mainly linked to
varying deformation conditions and heat sinks. Conversely, the central
zone of the deposition was considered to be under pseudo steady-state
conditions for the heat input and deformation fields (Video S1).

The addition of multiple layers leads to complex thermomechanical
phenomena (heating, cooling, reheating, and plastic deformation) dur-
ing the MLFS process. Performing a thermomechanical simulation is
beyond the scope of this study; however, the thermal model described in
Section 3 can be used to discuss the influence of thermal cycles on
microstructural evolution. The temperature of the three layers (bottom
layer (L1), middle layer (L4), and top layer (L6)) of the analysed
multilayer specimen (length of 270 mm) was predicted, as shown in
Fig. 6a. For each layer, three thermal cycles were extracted from the
model, marked by the red (A1), green (A2), and blue (A3) areas in

31.0 ~ 9.80E+08 6.70E+06 ~E
E 305 4 E 9.70E+08 1 L 6.60E+06 =
Z = 9.60E+08 - ‘ <
z 300 - 2 0.50E+08 1 b 6.50E+06 é
g 295 4 & 9.40E+08 4 F GA0E+06 <
T 2004 $ 930E+08 4 L 6.30E+06 =
z S 9.20E+08 - _ g
= 285 4 £ 9.10E+08 | 620406 &

28.0 2 9.00E+08 6.10E+06 3

Ll L2 L3 L4 L5 L6 Ll L2 L3 L4 L5 L6
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experienced by the substrate)

(a)

Layer deposition (thermal cycle experienced
by the substrate)

(b)

Fig. 4. Input data for the numerical model. (a) Torque measured by the tool during multi-layer friction surfacing along the different layers and (b) the heat flux
assigned in the thermal model along the different layers. The heat flux is decomposed into body heat flux and surface heat flux. All these indicators decrease as the

layer number increases.
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Fig. 5. Temperature profile of the numerical model and experiment. (a) Temperature profiles of two locations based on the experimental deposition and simulation.
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thermocouple / temperature simulated location while the layers are deposited. The model predicts accurately the trends in the temperature profile.

Fig. 6b. These locations aim to identify the variations occurring within a
given layer. They were found to have different microstructures within a
given layer and between the layers (see Section 4.2).

Fig. 6¢ shows the predicted spatial and temporal variations in tem-
perature in Al of L1 (L1_A1) of the deposit. In this study, the tempera-
ture cycles extracted from the simulation were used to qualitatively
compare the temperature evolution at various locations of the deposi-
tion layers to explain the experimentally observed grain evolution (see
Section 4.2). The predicted maximum temperatures agreed with those
reported in the study of Kallien and Klusemann [24]. L1_A1 attained a
maximum temperature of 404 °C when depositing layer L1 (Fig. 6¢).
Subsequent thermal cycles (deposition of layers 2, 3, 4, 5, and 6)
resulted in the reheating of area L1_A1 with gradually decreasing tem-
peratures, owing to the increasing distance between area L1_A1 and the
layer being deposited. Two features of multiple thermal cycles were
observed in Fig. 6d.

e The temperature of the top area (A3) of the layer remained higher
than that of the lower area (Al).

e The maximum temperature of an area (Al, A2, or A3) increased
when probing a higher layer (red dashed line in Fig. 6d).

The cooling rates followed a trend similar to that of the maximum
temperature (Fig. 6e). Fig. 6 f shows the calculated heat accumulation
(integration of thermal cycles) in areas Al, A2, and A3 in the three
investigated layers (L1, L4, and L6) of the deposit. The heat accumula-
tion, which significantly decreased when probing higher layers, was
calculated as the energy per kilogram of the material. The maximum
heat accumulation of a layer was always observed near the top of the
deposited layers (area A3).

3.2. Heterogeneities in grain structure

3.2.1. Grain structure evolution

To investigate the effects of the thermal profile on microstructural
evolution, the layers selected for analysis were identical to the probed
layers of the thermal model (Fig. 6a,b). Fig. 7 shows the EBSD inverse
pole figure maps of areas Al, A2, and A3 of selected layers in the deposit
as well as the average grain size (AGS). Refined equiaxed grains were
observed in the ESBD images of all areas. These microstructures are
observed by Kalinenko et al. [36] for friction stir processed aluminium
alloys owing to dynamic recrystallisation (DRX). Moreover, the grain
structure exhibited alternating coarse and fine grains along the deposi-
tion height (Z direction in Fig. 6a,b); therefore, A2 exhibited coarser
grains than that of A1 and A3, as discussed in Section 4.2.2.

3.2.2. Grain size distribution

The feedstock exhibited an average grain size of 3.3 pm + 4.6 pm in
the plane perpendicular to the extrusion direction with a bimodal size
distribution, which contained the smallest (0.4 pm) and largest (40.4
pm) grain sizes. Fig. 8 shows the cumulative grain-size distributions for
Al, A2, and A3 of selected layers of the deposit. Fig. 9 shows the average
grain size in a single graph adding also the standard deviations as
functions of the same positions. The following conclusions were drawn.

e Compared with that of the feedstock, the grain size was reduced by
66 %.

e For all layers, the grains of the A2 zone were the largest among the
three observed areas because the top (A3) and bottom (Al) areas
experienced relatively higher plastic deformations owing to the
friction and shearing of the deposited material [25]. This enhanced
severe plastic deformation associated to high cooling rates (see
Fig. 6e) favoured recrystallisation at the detriment of grain growth,
which reduces the grain sizes of A3 and Al compared with that of the
A2 area. Indeed, the finer grains (areas Al and A3) are thermally
unstable and turn to secondary recrystallized material (possibly by
abnormal grain growth mechanism) after SHT while coarser and
more stable grains (area A2) do not face that reaction. This is proved
by supplementary Figs. S4, S5, where abnormal grain growth is
observed in areas Al and A3 while the grains in area A2 remain
unchanged.

e The grain size of the Al (bottom) area of L1 was lower than that of

the other L1 areas. During MLFS, the temperatures attained in the A1l

area of L1 were lower than those of the A2 and A3 areas of the same
layer because of the heat absorption of the backing plate (see

Fig. 6d), which reduced grain growth in Al [16].

In the subsequent layers (L4 and L6), the grains in A3 were smaller

than those in A1 and A2. Higher temperatures and plastic strain were

exhibited in the A3 area of L4 and L6 than those of the Al area of
those layers (Fig. 6d). Rahmati et al. [25] predicted a lower
maximum plastic strain in the Al area (~1.62) than that of the A3
area (~7.29) in AA2024. This indicates that recrystallisation in the

A3 area of L4 and L6 was likely greater than that of Al in the same

layers; therefore, the grains in the A3 area were finer than those of

the A1 area.

The stability of the grain size in A2 was higher than that of the Al

and A3 areas; additionally, this difference in stability was indepen-

dent of the layer level.

e The grain size in Al increased along the deposition height (Z direc-
tion), whereas the grain size in A3 decreased along the deposition
height.
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Fig. 6. Simulation results. (a) Schematic of selected layers and (b) areas (Al, A2 and A3) in the deposition. (c) Predicted temperature along time corresponding to
layer 1 at Al (L1_Al), while the layers (1-6) are deposited, determined using the numerical model. (d-f) Predicted maximum temperature, cooling rates and
accumulated heat at the selected positions of the deposition with the addition of layers. The local maximum temperature decreases for higher layers and the overall

temperature increases for higher layers (see red trend line).

3.2.3. Low- and high-angle grain boundaries

Fig. 10 shows the fraction of LAGBs (2° < 6 < 15°) and HAGBs
(>15°) in all selected areas (see Fig. 6a). For all layers in the deposit, the
areas in proximity to the layer interfaces (A1 and A3) exhibited a higher
fraction of HAGBs than A2 (centre). The high fraction of HAGBs indi-
cated that DRX was the restoring mechanism during the friction
surfacing process. In FS aluminium alloys, continuous dynamic recrys-
tallisation (CDRX) is generally assumed to dominate the DRX mecha-
nism because of their high stacking fault energy and low shear modulus
[15]. During the initial stage of deformation, dislocation cells were
formed within the larger grains and converted into LAGBs via the pro-
gressive accumulation of dislocations. The formation of well-developed
subgrain structures, which contained limited dislocations, during
deformation, and the misorientation of the subgrain boundaries pro-
gressively increased. This resulted in the gradual conversion of LAGBs
into HAGBs [37].

3.3. Heterogeneities in coarse precipitates

AA7075 alloys are composed of Al,CuMg, Mg,Si, Fe-rich pre-
cipitates, such as Alg(Fe,Mn), AlsFe, and Al;CuyFe, and Al and Cr-rich
precipitates, such as AljgMgsCry, as well as n(MgZny) precipitates
[38]. As stated by Davis [39], only 5 precipitates are expected to dissolve
into aluminium during SHT. The distribution of precipitates was corre-
lated with the shape and distribution of the grains. The formation of 5
precipitates during aging in 7xxx series aluminium alloys occur via
preferential precipitation at grain boundaries [10]. Fig. 11a shows the
SEM images of precipitates in the deposit. These precipitates were
quantified in the A2 area (see Fig. 6b). The average size of these pre-
cipitates was determined using ImageJ software. The average size of the
precipitate decreased from the bottom to the top layer (Fig. 11c). The
size of the precipitates varied between 175-205 nm. The surface fraction
of coarse precipitates also decreased from the bottom to the top layer
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(Fig. 11c). This higher precipitate volume fraction and size in L1
occurred because of its exposure to additional thermal cycles. In oppo-
sition to the conclusions of the grain size analysis, here the accumulated
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Fig. 10. Spatial distribution of the low and high angle grain boundaries (LAGBs
and HAGBs). Fraction of LAGBs and HAGBs in the A1, A2 and A3 areas of the
selected layers.

heat (Fig. 6 f) directly explains the observed trends.

TEM analysis of selected samples was performed to complement the
SEM analysis. The TEM images (Fig. 11b) were obtained from the centre
(A2 in Fig. 6) of positions L1, L4, and L6. The same qualitative reduction
in the volume fraction of the precipitates from L1 to L6 was observed
(Fig. 11c). These images were captured in proximity to the sample hole
to ensure that the sample width of each image was similar. Three types
of precipitates were identified in L1 (Fig. 12a).

e A coarse and hexagonal shaped precipitate (highlighted by a white
arrow) was identified as an 5 precipitate using SAED (Fig. 12b) [40].

e A coarse rod-like precipitate (highlighted by a black arrow) was
identified as Al;gMgsCr;y using SAED (Fig. 12¢) [41].

e Thin, several nanometre-long, elongated precipitates (highlighted by
a red arrow) were identified as a series of 1 precipitates (Fig. 12d)
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Fig. 11. Analysis of the coarse precipitates. (a) Schematic positions of the
investigated zones by scanning electron microscopy. Precipitates and phases
distributions are observed and quantified in area A2 of the deposition layers.
The red arrows highlight the precipitates. (b) Transmission electron microscopy
bright-field images of the precipitation evolution in area A2 of the respective
layers, as schematically exposed in (a). (¢) The mean size and surface fraction of
the coarse precipitates (obtained by scanning electron microscopy image
analysis). Error bars represent the 1 standard deviation. The mean precipitates
size and surface fraction decrease for higher layers.

because of their alignment in specific crystallographic directions,
which is expected from semi-coherent precipitates [42].

Precipitation was not the same in each layer (Fig. 11b). In addition to
the overall decrease in the volume fraction of the precipitate from layers
L1 to L6, a difference in the precipitate type was observed. Layer L1
contained all three types of precipitates. However, layer L6 exhibited no
thin #/# precipitation; only coarse precipitation was observed.

No evident difference in the dislocation density between the samples
extracted from different layers was observed. However, L6 exhibited
atypical wavy dislocations (Fig. 12d), which were attributed to the
presence of multiple pinning points or helix-shaped dislocations. Dis-
locations can form helices via a climbing mechanism as explained by
Narayan and Narayan [43]. When an obstacle blocks the gliding of a
dislocation, it can climb and continue gliding. Although Al can exhibit a
high staking fault energy, Caillard and Martin [44] found that climbing
can be caused by the high density of vacancies when high temperatures
are attained. Obstacles, such as thin precipitation or other dislocations
(the formation of a dislocation forest), were not identified. Thus, the
obstacles causing these dislocation helices were assumed to be solid
solutions and/or GP zones.

Journal of Materials Processing Tech. 335 (2025) 118661

3.4. Heterogeneities in microhardness

Fig. 13 shows the microhardness maps measured along the thickness
of the multilayer-deposited specimen before and after T6 heat treat-
ment. The deposit was softer (95-130 HV0.1) than the initial feedstock
(171+4 HVO0.1), as shown in Fig. 13a. Moreover, the deposition
exhibited a hardness gradient along the Z direction that gradually
increased from the bottom to the top layers. This hardness gradient
along the deposition height was not reported in previous studies on
MLFS AA5083 [20]. However, this difference between studies was
attributed to the difference between the AA5083 and AA7075 alloys,
wherein the former is not heat-treatable, whereas the hardening pre-
cipitation of the latter is heat-sensitive, as shown for other heat-treatable
Al alloys by Seidi et al. [9].

Fig. 13b shows the hardness evolution of the deposition after T6 heat
treatment. SHT at 470 °C for 30 mins and artificial aging at 120 °C for
24 h increased the hardness of the deposit to 181+4 HVO0.1, which was
marginally higher than that of the initial feedstock in the T6 state (171
+4 HVO0.1). The homogeneity of the hardness was adequate throughout
the entire deposition section. However, localized secondary recrystalli-
sation (or possibly abnormal grain growth) was observed in this T6
treated sample (Figs. S4 and S5 in the Supplementary). Ludtka et al. [45]
showed that the columnar microstructure of high-solute 7xxx
aluminium alloys was particularly favourable for crack propagation,
owing to intergranular damage nucleation. This phenomenon is known
to be a consequence of SHT; however, it may be prevented by using
appropriate heat control, as proposed by Lezaack et al. [19] for the
friction-stir-processed 7xxx alloy. Applying these strategies to MLFS is
not a straightforward process. However, this finding creates opportu-
nities for future research. Changing the temperature of the solution heat
treatment (460-480 °C) did not prevent the occurrence of excessive
grain growth.

4. Discussion
4.1. Analysis of the thermomechanical cycles

Repetitive thermomechanical cycles, owing to the addition of mul-
tiple layers during MLFS, significantly affected the microstructure. The
significant grain size reduction (Fig. 7) indicated that all selected areas
in all layers were subjected to dynamic recrystallisation owing to heat-
ing and plastic deformation during MLFS.

The heat sinks—substrate and backing plate—significantly affected
the temperatures of the FS process [19]. As the substrate and backing
plate absorbed heat, a thermal gradient was generated during MLFS (see
Fig. 6d). Furthermore, the thermal, strain-rate, and cooling-rate gradi-
ents affected the microstructure at different levels in the deposited layer.
Torsion/compression between the consumable rod and sub-
strate/previously deposited layers resulted in severe plastic
deformation.

Based on the thermal model, Al attained lower temperatures than
those of A3 in all deposited layers. The predicted thermal gradient
corroborated the thermal gradients reported by Ehrich et al. [15], which
were identified using an infrared camera during the FS of the 6060 Al
alloy. According to the thermal model in this study, this thermal
gradient was observed because the top area of the deposited layer was in
contact with the heat source.

The predicted maximum temperature of L6 (~505 °C) was higher
than that of L1 by approximately 47 °C (Fig. 6d). These differences in
temperature induce small variations in the dimension of the layer, such
as thinner depositions at higher temperatures. The influence of higher
temperatures (higher layers) on microstructural features are highlighted
in Figs. 7, 8,9, 10, and 11. The higher temperature of the top layers was
a consequence of heat absorption by the backing plate, which decreased
with increasing deposition height. Thus, the following conclusions from
the thermomechanical analysis of the process are used to explain
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Fig. 12. Identification of precipitates and dislocations using transmission electron microscopy (TEM). TEM images of layers L1 and L6 in areas A2. (a) Brightfield
image of three types of precipitates are highlighted using an arrow: the 1 precipitate (white), Al;gMgsCr, (black), and 1’ precipitates (red). (b) Darkfield image with
an 1) precipitate and (c) brightfield image with an Al;gMgsCr, precipitate. Their corresponding selected area electron diffractions are shown in the insert taken from

the circled area. (d) Dislocations that form helices are highlighted by black arrows.

microstructural evolution in all zones:

e As mentioned in Section 4.2.2, the plastic strain of area Al is ex-
pected to be lower than that of area A3. Although this was not pre-
dicted by the model, it has been established by Rahmati et al. [25].
This occurs because the feedstock increases the shearing on top of the
layer during deposition [46].

e According to the thermal model of this study, area Al exhibited a
lower temperature and cooling rate than those of area A3 across all
layers (see the representative layers in Fig. 6d and Fig. 6e).

e L1 (the bottom layer) exhibited a lower temperature than that of L6
(the top layer) across all areas (Fig. 6d).

o After six layers were deposited, the temperature profile of each layer
did not attain a constant value.

10

4.2. Grain size evolution

The grain size is dictated by the CDRX and grain growth during the
severe plastic deformation of the 7075 alloy [47]. The mechanisms of
CDRX during friction surfacing can be summarised by the following
steps according to Huang and Logé [48]: (1) increasing dislocation
density, followed by sub-boundary formation during hot deformation;
(2) the pinning of grain boundaries by small particles; (3) the formation
of new grains via continuous dislocation trapping into these
sub-boundaries; and (4) the gradual conversion of LAGBs into HAGBs.
The grain size in Al gradually increased from the bottom to the top
layer, whereas the grain size in A3 exhibited an opposing trend (Fig. 9).
The concluding bullet points in Section 5.1 will now assist with the
explanation of these phenomena.

When the strain rate was relatively low (in Al), lower deformation
levels were attained during processing. As stated by Sun et al. [47], the
grain size was largely controlled by grain growth. Grain growth is
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Fig. 13. Microhardness analysis for various heat treatments. (a) Microhardness map after multi-layer friction surfacing. The microhardness is homogeneous in layers
1-3, then it increases from layer 3 until the top layer. (b) More homogenous microhardness map after T6 heat treatment, (c) W heat treatment, and (d) T4 heat
treatment (with 1-week ageing). The zero (0) on the y-axis corresponds to the centre of the deposit. (e) Overview of the mean microhardness values at different states

and for the as-build sample along the deposition height highlighting the trends.

sensitive to temperature; therefore, a higher temperature in area Al of
L6 enhances grain growth. The higher heat accumulation in L1
compared with that of L6 can also exhibit a marginal effect on grain
growth when the temperature facilitates grain boundary migration.
However, increasing the number of layers exhibited a reduced impact on
the grain growth of the base layer because the temperature of L1
decreased for each new cycle. Therefore, the grain size of L1 can be
affected by L2 deposition; however, only marginally by the deposition of
additional layers. This was observed because the temperature was lower
than 300 °C during L3 deposition. Based on the observations made in
this study, the grain growth due to multiple heat cycles was negligible
because area Al of L6 exhibited a larger grain size than that of area Al of
L1 [48].

At high strain rates (A3), higher deformation levels were attained
during processing. The dislocations induced by these deformations do
not have sufficient time to participate in dynamic recovery. Varying
levels of recovery were observed because of the different temperatures
and cooling rates (related to the time of exposure) in A3 of the layers.
Therefore, the accumulation of dislocations was faster than their con-
sumption, leading to an increase in the dislocation density. The grain
size was mainly controlled by CDRX when the strain rate and temper-
ature were high, corresponding to a low Zener-Hollomon parameter;
indeed, dynamic recovery was low [47]. Thus, because area A3 of L6
exhibited a higher temperature than that of area A3 of L1, CDRX was
enhanced in A3 of L6, which resulted in a smaller grain size. Moreover,
the cooling rate observed in area A3 of L6 increased as proven on Fig. 6e,
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confirming the expected reduction in the grain size for that area, as grain
growth is inversely dependant on cooling rates [17]. Another explana-
tion to the decrease in grain size in the A3 areas from bottom to top
layer, could be an increase in the Zener-Hollomon parameter due to an
increase in strain rate. Indeed, the temperature increase reduces the
layer height (see Section 2.1), which could subsequently affect the strain
rate.

For each of the analysed layers, the grains in area A2 were larger than
those in Al and A3. This phenomenon was not observed in a similar
study of Wu et al. [46] on AFSD. Kallien et al. [49] stated that the main
differences between AFSD and MLFS were based on the strain rate and
temperature profile. Consequently, the grain size gradients were due to
these variables in combination or individually. Depending on the strain
rate, CDRX or grain growth exhibited a dominant effect on grain size.
Grain growth was favoured at lower strain rates, whereas the size of the
grains was mainly influenced by CDRX at higher strain rates [47]. EBSD
analysis showed that area A2 contained coarser grains than that of the
other areas in each layer (Figs. 7, 8, and 9), indicating that the grain
growth effect was dominant, as observed for other Al samples by Kallien
et al. [49]. The coarseness of the grains increased as the temperature
increased. Thus, based on the numerical model predictions, the tem-
perature was higher in area A2 than in area Al. Higher temperatures
induced enhanced grain growth in area A2 compared with area Al. In
addition, the grain size in A2 did not increase in the top layers. This may
have been induced by the concomitant increase in the cooling rate
(Fig. 6e). A higher cooling rate limits the time required for grain growth.
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However, the maximum temperature of A2 in L1, and Al in L4 were
similar; additionally, the maximum temperature of A2 in L4 and Al in
L6 were similar (Fig. 6d). These areas contained varying grain sizes but
were mainly affected by grain growth during microstructural trans-
formation. Consequently, these observations may be associated with
different strain rates in areas that experience similar maximum
temperatures.

4.3. Coarse precipitation and hardness

The softening of the friction-surfacing material was associated with
precipitation coarsening. The as-deposited precipitation state was
influenced by the temperature, dislocation density, and grain size.
During friction surfacing, the alloying elements are dissolved before the
recrystallisation of areas A1-A3. Subsequently, coarse precipitates tend
to nucleate on the HAGBs during the cooling stage according to Lezaack
and Simar [19]. As shown in Fig. 6a, most of the grains in A2 contained
HAGBs. Moreover, the fraction of HAGBs in all areas decreased with
increasing deposition height (z-direction). The higher fraction of HAGBs
in L1 (Fig. 10) favoured an increase in the surface fraction of the coarse
precipitates (Fig. 11c).

The accumulated heat (Fig. 6f) due to subsequent deposition fav-
oured the growth of the precipitates. This explained the increase in the
size of the precipitates from A2 of L6 to A2 of L1 (Fig. 11c).

The temperature evolution in association with the repetition of
thermal cycles exhibited an impact on the fraction of coarse precipitates,
which decreased from the bottom to the top layers (see Fig. 11). This
effect was consequently exhibited on the microhardness and size of the
grains. TEM analysis confirmed that coarse precipitates of Al;gMgsCry
were present in L6, as well as in the suspected solid solution and GP
zones in that area. These precipitates, as well as # and #’, were observed
in the other layers (L1 and L4). The microhardness results shown in
Fig. 13 suggest that the coarse precipitates do not contribute to depo-
sition strengthening. However, hardening of the top layers likely
occurred because of solid-solution strengthening or GP zones. This
strengthening is well-documented in Al 7075 after T4 heat treatment by
Sabard et al. [50]. To verify this hypothesis, T4 heat treatment was
performed on the deposited wall. Microhardness maps were constructed
immediately after quenching (Fig. 13c) and room temperature aging
(Fig. 13d). Natural aging led to strengthening of the alloy, with an in-
crease in hardness from an average of 92 HV to 139 HV. The culminating
hardness corresponded to the hardness of the last layer (Fig. 13a). This
suggested that the last layer corresponded to a T4-state where the alloy
was strengthened by the solid solution and GP zones. After successive
depositions, heat accumulation in the other layers resulted in the
nucleation and coarsening of GP zones, then the 7’ and 7 precipitates.
Therefore, the overgrowth of the 5 precipitates in the bottom layer
resulted in its reduction in microhardness (Fig. 13a). AlCupMg pre-
cipitates, and Cr-rich and Fe-rich precipitates were observed in all
layers. These precipitates originated from the feedstock because they
cannot be dissolved during the process [39]. After SHT is applied to the
deposits, 1 precipitates are completely dissolved. Subsequently, a ho-
mogeneous T6 precipitation state was attained throughout the deposi-
tion section via low temperature aging treatment, which resulted in the
uniformity of the hardness in T6 state (Fig. 13b). Finally, the micro-
hardness evolution is not fully linear from bottom to top, see Fig. 13e. At
the scale of a layer, a plateau is observed for the first three layers prior to
an increase of the hardness towards the top layer. Looking inside a layer,
a cyclic drop of microhardness is measured in area A2 of each layer. This
observation could, among others, be attributed to grain size effects.

5. Conclusions
Numerical simulations and experiments were combined to investi-

gate the effects of thermomechanical processing on microstructural and
hardness heterogeneities in multi-layer friction surfacing (MLFS) addi-
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tively manufactured AA7075. Multiple thermal cycles in the lower
layers caused heat accumulation and an increase in the maximum
temperature in the upper layers. The T6 post-treatment on the multi-
layer friction surfacing specimens was investigated. Main conclusion
points can be listed:

(1) The grain sizes of the Al and A3 areas of a given layer were
smaller than those of area A2 because of the presence of a higher
local strain rate and varying temperatures near the interfaces
with other layers or the substrate. The grains in A3 of layer 6 were
the smallest across all layers because no additional thermo-
mechanical cycles were induced by another layer.

(2) The grain size of area A1 of a layer increased from the bottom to
the top layer. This was due to an increase in the maximum tem-
perature of the first thermal cycle from the bottom to the top
layer (predicted by the thermal model) under a lower level of
plastic deformation.

(3) The grain size of area A3 of a layer decreased from the bottom to

the top layer. Compared with area A3 of the bottom layer, a

higher temperature at a high strain rate enhanced the continuous

dynamic recrystallisation (CDRX) of area A3 of the top layer.

When subjected to a higher strain rate, the grain size was mainly

controlled by CDRX.

The size and volume fraction of the precipitate decreased from

the bottom to the top layers. This can be directly related to the

higher quantity of accumulated heat (resulting from multiple
thermal cycles) in the lower layers than that of the upper layers.

The higher maximum temperature in the top layers may also have

increased the quantity of coarse precipitates.

(5) The deposition exhibited a microhardness reduction compared to
the initial feedstock owing to the overgrowth of the 7 precipitates.
The higher microhardness of the top layer was caused by the
strengthening of the solid solution and Guinier-Preston zones.
Coarse 1” and 7 precipitates were formed in the bottom layers via
heat accumulation, leading to strength reduction.

(6) Homogenous microhardness can be restored by applying T6
treatment. However, this study showed that avoiding secondary
recrystallisation during the solution heat treatment component of
T6 treatment is challenging.

(4

-

Managing the abovementioned factors will improve the under-
standing of the MLFS process in AA7075. In addition, MLFS can be used
to construct large components with moderate complexity [51]. This is
ideal for structural components machined for a net-shaped finish.
Because MLFS combines the information on material effects with the
freedom of component production (materials and complexity), it ex-
hibits great potential for future aerospace applications [52]. The me-
chanical strength of an as-built configuration is not optimal. Owing to T6
heat treatment, homogeneous hardness can be restored, which facili-
tates high-strength and large-scale additive manufacturing 7xxx series
components.
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