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Abstract. Multi-layer friction surfacing (MLFS) follows the principle of the friction surfacing (FS)
process, which is an established solid state coating technology for similar and dissimilar metallic
materials. With this approach, the deposition of a consumable material on a substrate is enabled via
friction and severe plastic deformation (SPD), processing the material below its melting temperature.
The focus of the present study lies on the investigation of the temperature distribution during MLFS
deposition. The measurements show that the temperature within the stack tends to be slightly higher
on the advancing side. Additionally, the deposition behavior, i.e. deposition rate and consumable stud
consumption rate, was investigated. Along MLFS stack height, deposition efficiency tends to sightly
decrease, shown by decreasing layer thickness and increased length of remaining consumable studs.
Overall, MLFS is highly repeatable for multiple layers and presents stable deposition conditions. Ad-
ditionally, the technique has a comparatively low heat input to the substrate and the already deposited
material.

Introduction

The technique of friction surfacing (FS) was first named in a patent by Klopstock and Neelands [1] in
1941. It is a solid state coating technology for various metallic material combinations, e.g. aluminum
[2], steel [3], magnesium [4], titanium [5] or even dissimilar combinations like aluminum and steel
[6]. A stud as consumable material experiences a rotational speed and an axial force and is pressed
onto the substrate surface. Friction occurs and the tip of the stud deforms and plasticizes. A relative
translational movement between stud and substrate enables the deposition of plasticized consumable
material on the substrate. As a discontinuous process, the dimensions of the layer are restricted by the
dimension of the used stud. The three main process parameters, i.e. rotational speed, axial force and
travel speed, mostly determine the resulting deposit dimensions, which is extensively discussed in the
literature for different material combinations, for more details the interested reader is referred to the
review paper by Gandra et al. [7]. Additionally, correlations between process parameters, temperature
and the geometric dimensions of the deposit have been identified [8, 9].

The potential of the FS process is beyond being a solid state coating technology. Since it is possi-
ble to deposit multiple layers on top of each other, known as multi-layer friction surfacing (MLFS) or
friction surfacing layer deposition (FSLD), the procedure has proven feasibility as solid state additive
manufacturing (AM) technique [10]. Building a layer-by-layer structure using conventional AM tech-
niques based on material fusion is also feasible for various material combinations [11], however, re-
maining challenges are often a result of material melting and pronounced thermal gradients within the
structure, e.g. porosity formation or heterogeneous microstructure [ 12] as well as residual stresses [13].
In contrast, the deposits via MLFS typically show a fine grained homogeneous microstructure [14] and
a good bonding, where the roughness of the preliminary layer helps the mechanical anchoring [15].

To allow a further development of FS as solid state AM technology, the present study analyzes
the temperature evolution during the deposition process not only for single layers, but in particular
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for a multi-layer stack. For this purpose, MLFS was performed using dissimilar aluminum alloys as
substrate and consumable material. During the deposition, the process temperature was measured in
the substrate as well as within the stack after three deposited layers in order to get a fundamental
understanding of the temperature and re-heating of the structure due to the subsequent deposits. Addi-
tionally, the built stack as well as the remaining studs were analyzed with regard to deposition volume
and process efficiency.

Materials and Methods

The FS process is the basis for every MLFS deposit and can be divided into two process phases.
First, the plasticizing phase is initiated when a rotational speed and an axial force are applied to the
consumable stud that is positioned above the substrate. As a result, the stud is pressed onto the substrate
surface and friction occurs at the materials’ interface. Heat is generated and the tip of the stud starts to
plasticize. Afterwards, the deposition phase is initiated by applying a relative translational movement
between stud and substrate, which enables the deposition of plasticized consumable material on the
substrate as a layer. The process ends when the desired length is achieved or the stud is consumed and
the remaining stud material is retracted.

The experiments of this study were performed using a friction welding equipment that was de-
signed for the purpose of FS (RAS, Henry Loitz Robotik, Germany). The machine provides a work-
ing area of 0.5 m x1.5 m and allows forces up to 60 kN, torques of 200 Nm and rotational speeds of
6000 rpm. Displacements and forces in x-, y- and z-direction as well as torque and rotational speed
are recorded during the process. For this investigation, two dissimilar aluminum alloys were chosen,
i.e. AA 5083 H112 as consumable material (20 mm diameter, 125 mm length) and AA 7050 T7451 as
substrate material (300 mm length, 130 mm width, 10 mm thickness). Between substrate and machine
table, an AA 7050 T7451 backing plate (300 mm length, 130 mm width, 8 mm thickness) was used.

Six layers were deposited at constant process parameters, i.e. rotational speed of 1200 rpm, axial
force of 8 kN and travel speed of 6 mm/s. The deposition processes were performed force-controlled.
Between the layer depositions, the MLFS structure cooled down to room temperature. The final six-
layer stack showed approx. 8.7 mm height and 153 mm length, see Fig. 1. A stable process behavior
is observed for each deposited layer, similar to the example of the second layer, which is presented in
Fig. 2.

In order to measure the process temperature, holes of 1 mm in diameter were drilled from the
backside into the substrate until 0.5 mm below the substrate surface, see Fig. 4(a) for the spatial distri-
bution. After three deposited layers, three additional holes were drilled from the backside through the
substrate into the MLFS structure ending approx. 0.5 mm below the surface of the third layer in order
to measure the temperature in the stack during the deposition of the following layers, see Fig. 4(b).
The pre-programmed welding distance is 140 mm and the temperature was measured after half of the
welding distance.

In order to analyze the position of the thermocouples with regard to the deposited stack and to in-
vestigate the layers’ geometry, the stack was cut and the samples were embedded, ground and polished.
In addition to the cross sections with the holes taken at half of the stack length, cross sections were
taken 55 mm from the beginning and 55 mm from the end along the stack length in order to measure
the geometric dimensions of the deposited layers as well as for microstructure analysis and hardness
testing. A light optical microscope VHX-6000 (Keyence, Germany) was used to analyze the cross
sections taken along the stack length. Furthermore, etching with Barker’s solution for 90 s at 25 V
allows to analyze the microstructure. In addition, micro-hardness testing was performed according to
DIN EN ISO 6508-1 using the automated hardness testing machine Durascan 70 G 5 (EMCO-TEST
Priifmaschinen GmbH, Austria). A Vickers indenter with 136° opening angle was used to apply a load
of 0.2 kg. The grid size for the hardness mapping was 0.5 mm.
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Fig. 1: MLFS stack with six layers deposited at constant process parameters of 1200 rpm rotational
speed, 8 kN axial force and 6 mm/s travel speed.
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Fig. 2: Process characteristics in terms of torque, force, rotational speed, z- and x-displacement,
recorded for the second layer of the six-layer stack. Constant deposition parameters were used for
each deposited layer, i.e. 1200 rpm rotational speed, 8 kN axial force and 6 mm/s travel speed.

Results and Discussion

Microstructure and Hardness Analysis. The cross section of the six-layer MLFS stack is shown in
Fig. 3(a). For all layer depositions, a repeatable process behavior was observed. The cross sections
present the process-characteristic unbonded edges of the layers on the advancing and the retreating
side. Similar to findings by Shen et al. [14], the layers show a homogeneous and fine grained mi-
crostructure. The etched cross section, extracted 55 mm from the beginning along the stack length,
also reveals the area where the substrate material shows a grain refinement, indicating the thermo-
meachanically affected zone (TMAZ).
The hardness mapping performed for one sample taken 55 mm from the end along the MLFS stack
length shows a homogeneous hardness distribution of the deposited layer material, Fig. 3(b), in the
range of AA 5083 H112 base material, which is 91 HV [16]. The hardness distribution clearly illus-
trates the heat affected zone (HAZ) in the substrate material. The decreased hardness in this area of
the substrate can be explained by the recrystallization and precipitation behavior of the alloy [17]. The
thermal input during welding can lead to dissolution of precipitates leading to material softening and
loss in mechanical properties within the HAZ, as shown for friction stir welding of AA 7075 [18].
Temperature Measurements during MLFS. The temperature measurements performed in the sub-
strate show a maximum process temperature of 393°C during the deposition of the first layer, see
Fig. 4(a). The overall process temperatures in the substrate significantly decrease for the deposition
of further layers due to the increasing distance. For instance, the deposition of Layer 2 led to a max-
imum temperature of 339°C, where for the subsequent layer only 301°C was observed. The decrease
in maximum process temperature continues for the deposition of further layers, however, gets less
pronounced. The sixth layer led to a maximum process temperature in the substrate of 231°C. The
decrease in process temperature in the substrate for additional MLFS layers is most significant in the
center, see Thermocouple 5 in Fig. 4(a).

The additional process temperature measurements within the stack were performed for the depo-
sition of layers 4-6, see Fig. 4(b). The thermocouples positioned in Layer 3 of the stack recorded a
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Fig. 3: Cross section as well as etched cross section indicating the thermo-mechanically affected zone
(TMAZ) (a) and hardness distribution revealing the heat affected zone (HAZ) (b) of MLFS stack
deposited at constant process parameters, i.e. 1200 rpm, 8 kN and 6 mm/s.

maximum temperature up to 372°C during the deposition of Layer 4. Since the distance to the process
zone gets larger for every additional layer, the measured maximum temperature in Layer 3 decreased
with each additional layer. With the deposition of Layer 6, process temperatures up to 296°C were
recorded by the thermocouples within Layer 3. The measurements in the stack showed slightly higher
maximum process temperatures on the advancing side than on the retreating side. This observation is
in accordance with studies on FS [19, 20] and might be related to the material flow.

The solid state approach of MLFS as AM technology has a significantly lower heat input to the
substrate and induces less re-heating of the structure compared to fusion-based AM technologies.
For instance, Bock et al.[21] measured the process temperature during laser metal deposition (LMD)
of AA 5087. Within the fusion zone, the temperature is obviously above the melting temperature
but even 10 mm away from the deposition path a maximum process temperature of approx. 270°C
during deposition of the first layer was observed. Similar temperatures during MLFS were recorded
by Thermocouple 3 in this study, however, less than one millimeter away from the stack. Although
this is a rough comparison, it gives a first impression of the significantly reduced heat input to the
substrate in this solid state AM process.
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Fig. 4: Maximum process temperature during deposition measured in the substrate (a) and within the
third layer of the stack (b).

Deposition rate during MLFS. Although a repeatable and stable process behavior was observed re-
sulting in a homogeneous microstructure and hardness distribution along the stack height, changes in
layer thickness are identified for subsequent layers. Along the stack height, the stud consumption is
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lower, which is indicated by a decreasing deposit thickness and increasing length of the remaining
consumable stud for an increasing number of MLFS layers, see Fig. 5(a). The remaining consumable
studs are shown in Fig. 5(c). It can be observed that the increase in remaining stud length and de-
crease in deposit thickness is more pronounced for the first three layers, where afterwards the deposit
thickness and remaining stud length are almost constant. The deposition conditions for the first lay-
ers are significantly different since the heat conduction at the beginning of the deposition process is
mainly determined by the substrate. For instance, the substrate material has different heat conduction
properties as the deposited material, leading to different heat transfer conditions. The more layers are
deposited, i.e. the higher the stack, the more equal are the deposition conditions for each subsequent
layer, which is shown by similar deposit thicknesses and remaining stud length after the deposition.
For the first layer, which is deposited directly on the substrate, the deposition conditions are also dif-
fering with regard to friction due to different surface conditions. It has to be considered that every
deposited layer leads to a thermo-mechanical impact on the previously deposited structure. However,
the present analysis of the stack, i.e. layer geometry, hardness and microstructure, was performed after
deposition of all six layers.

Gandra et al.[22] analyzed the performance and efficiency of single layer FS deposition process. For
this purpose, the rod consumption rate (C'R) is calculated as

CR = mr*V.p, (D

with the mass density for AA 5083 p = 2.66 g/cm?, r represents the consumable stud radius and V,
the plunge speed of the stud. Similarly, the deposition rate (D R) can be calculated as

DR = Ajup, ()

where v denotes the travel speed and A, the cross section of the deposit. Finally, the deposition effi-
ciency is defined as [22]
DR

Ndeposition = ﬁ (3)
The calculated deposition and consumption ratios for the investigated stack as well as the resulting
deposition efficiency for the deposited layers are shown in Fig. 5(b). The results show that CR and
DR are slightly deceasing for increasing stack height leading to a slightly reduced 74eposition. For the
investigated material combination, the results reveal a slightly less efficient deposition with increasing
number of deposition layers, however, after a very limited number of layers, the MLFS depositions
are uniform, i.e. a constant deposition rate is achieved.

Summary

The MLFS technique was investigated in terms of process temperature within the substrate as well as
in the deposited material. Additionally, the deposition rate along the MLFS stack height was analyzed.
The results underline the potential of multi-layer friction surfacing as solid state additive manufactur-
ing approach and the main findings can be summarized as follows:

* The measured process temperatures during MLFS are consistently below 400°C for thermocou-
ples 0.5 mm below the substrate surface.

* The measurements within the layer material showed slightly higher maximum process temper-
atures on the advancing side than on the retreating side.

» The deposition rate tends to be slightly higher for the first layers of the MLFS stack where
in particular the first layer shows a thicker deposit and a shorter remaining consumable stud.
This behavior can be associated to the different deposition (heat transfer) conditions for the first
layers. Subsequently, the heat transfer conditions are more uniform leading to similar deposition
rates for the following layers.
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Fig. 5: Deposit layer thickness and remaining stud length (a) as well as consumption rate (C'R), depo-
sition rate (D R?) and deposition efficiency (9geposition) according to Gandra et al. [22] for MLFS stack
of six layers, which were performed at constant process parameters of 1200 rpm, 8 kN and 6 mm/s;
the remaining consumable studs after each layer deposition are shown in (c).
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