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Abstract. Friction surfacing (FS), a solidstate joining process, is a coating technology for metal
lic materials. Frictional and plastic deformation enable the deposition of a consumable material on a
substrate. Process temperatures stay below the melting point of the consumable material and are an
important factor determining the quality of the resulting deposit. The focus of the current study is the
experimental analysis of the flash formation and the temperature evolution in consumable studs dur
ing FS deposition of dissimilar aluminum alloys. The main process parameters, axial force, rotational
speed and travel speed, were varied while the setting of the process surrounding was kept constant.
The temperature evolution for the applied process parameter combinations are investigated for the
stud material via infrared camera. The results show that the choice of applied force, rotational speed
and travel speed did not lead to significant changes in maximum process temperature values of the
consumable stud detectable via infrared camera. However, the flash formation at the tip of the plasti
cized stud shows significant differences for varied process parameters. Especially reduction of travel
speed or increase in axial force led to formation of larger flashes. Since the material that is pressed out
of the process zone into the flash is not deposited on the substrate, the flash formation can be linked
to the material efficiency of the FS process.

Introduction

The processing of superior lightweight structures demands for highly developed processing technolo
gies. The prominent aim is to keep and improve material properties during the joining of different
materials. The solidstate technologies are an alternative to conventional fusionbased processes for
joining of similar and dissimilar materials. For solidstate processes, the temperature is below the
materials’ melting point throughout the joining process. Due to the absence of material fusion and
solidification, undesirable material reactions with regarding the mechanical performance are avoided.
The reduced heat input also leads to less distortion and residual stresses.
Friction surfacing (FS) belongs to the solidstate joining processes and represents a coating technol
ogy. An axial force is applied on a rotating consumable stud which is pressed onto a substrate. Heat
develops due to friction leading to plasticization of the material at the stud’s tip. When a relative move
ment between plasticized stud and substrate starts, a layer of the plasticized consumable material is
deposited on the substrate.
The process parameters rotational speed, axial force and travel speed, are crucial for the quality of the
deposit. The trends in resulting deposit geometry for changes in process parameters are known from
former studies, summarized in the review by Gandra et al. [1]. Higher forces result in reduced deposit
thickness and width [2–5]. The same trend was observed for increased rotational speeds [5–10]. An
increase in travel speed also leads to a reduction in deposit thickness and width [2,6,11,12]. The choice
of process parameters is strongly dependent on the materials that are supposed to be processed since
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the necessary energy input depends on thermal properties of the materials [13]. Hanke and dos San
tos [13] detected the highest temperature during the process in the shear zone between stud and deposit.
Higher temperatures were detected comparing the deposition of AA 6082 and AA 5083 consumable
stud material. This finding pronounces the importance of material parameters for the FS process. A
change in process parameters has a direct an influence on the process temperature. Increased process
temperatures were measured in the substrate for increased rotational speeds [14–16] and axial feeding
rates [14, 16]. Higher travel speeds were found to lead to lower process temperatures [14, 16, 17].
However, experimental investigations of process temperature distribution directly in the process zone,
at the interface between substrate and plasticized stud material, is difficult. But, the temperature is of
significant importance for the FS process. The relation between process parameters as well as material
parameters and process temperature is complex. To address this aspect, thermal analyses via infrared
camera of the process were performed in order to observe the spatial process temperature evolution
with focus on the stud material and investigating the resulting flash formation.

Experimental Setup

In the present study, AA 5083was used as consumable studmaterial (20 mm diameter, 125 mm length).
The stud is rotating at rotational speeds between 900 rpm and 1500 rpm. The stud is pressed on an
AA 7050 substrate material (300 mm length, 130 mm width, 10 mm thickness) with an axial force of
6 kN to 10 kN. When the tip of the stud plasticizes, the processtypical flash is formed. The flash
is formed by plasticized material which is pressed out of the process zone. The amount of flash
that is pushed into the flash influences the material efficiency [19]. The machine table is moving at
travel speeds of 4 mm/s to 8 mm/s, enabling the deposition of plasticized stud material onto the sub
strate. Between machine table and substrate, an additional AA 7050 backing plate (300 mm length,
130 mm width, 8 mm thickness) was used. The used studholder material was X37 tool steel. The total
welding path was 140 mm long.
The focus of the present study lies on the influence of the main process parameters axial force, rota
tional speed and travel speed, on the temperature evolution and distribution in the stud. For this, the
process surroundings as substrate material and thickness, stud material, backing material and thick
ness as well as studholder material are kept constant.
The process temperature evolution was recorded by an infrared camera (Image IR 8300, InfraTec,
Germany) with focus on the stud at a frame rate of 20 Hz. The recorded thermograms are investigated
with regard to plasticizing behavior and maximum temperature value when the process is in steady
state, i. e. after 70 mm of deposition. The flash formation is also observable in the thermograms and
will be compared for the different process parameter combinations. In order to compare the resulting
flash geometries, the diameter of the flash was measured for the remaining studs. Additionally, the
minimum and maximum flash height of the remaining studs were measured to assess the regularity of
the formed flash. The detailed flash analysis can be performed from cross sections of the remaining
studs.

Results and Discussion

The temperature evolution along with the plasticizing behavior of the stud material is recorded by the
infrared camera as shown in Fig. 1. The thermograms of the process show a sudden rise in temperature
within the first seconds when the rotating stud gets in contact with the substrate’s surface. Frictional
heat occurs at the materials’ interface and the consumable material starts to deform and material plas
ticization is initiated while further heating of the consumable stud occurs. When the tip of the stud
is plasticized, the temperature in the contact zone between stud and substrate reaches a stable value
and the process becomes steady state. When this phase is reached, no further heating in the contact
zone can be observed via infrared camera. This behavior was also reported in former studies [20,21].
Rafi et al. [21] mentioned that the attainment of the steady state during deposition, which is a result of
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viscous heat dissipation during plastic deformation, can be assumed as adiabatic because of the short
duration. After the process becomes steady state at the tip, a slow heat accumulation within the stud
and flash is observed for increased process duration.

process time 1 s 4 s

5 s 12 s

Fig. 1: Thermograms of an FS stud material during the start of the plasticizing behavior for process
parameters of 8 kN applied force, 1200 rpm rotational speed and 6 mm/s travel speed.

A change in FS process parameters leads to a change in the energy input during the deposition. The
process temperature distribution in the studs is compared after a welding distance of 70 mm, where
the process is assumed steady state. The thermograms for the applied process parameter combina
tions are shown in Fig. 2. The maximum temperature values were detected at the tip of the plasticized
stud at the interface to the deposit, which agrees well with the observations in the literature [13]. No
significant difference in the temperature distribution as well as maximum temperature value could be
observed from the thermograms for the different process parameters. Since the energy input to the pro
cess is changed by adapting the process parameters, significant temperature differences are expected.
Due to the rotational movement and the material flow at the tip of the consumable stud material, the
outside of the stud cools down fast due to heat transfer to the environment. Furthermore, the infrared
camera is only able to record the outside of the processing zone. The results indicate that initial tem
perature differences directly at the plasticized tip do not affect the temperature in the flash material,
detectable by the infrared camera. Overall, the temperature distributions reached a steady state, which
is independent of possible changes in energy input within the parameter window of this study.
The difference in process parameters has most probably a significant influence on the material flow
behavior. This is visible by the flash formation at the tip of the stud, also observable from the ther
mograms. Additionally, the remaining studs’ cross sections are shown in Fig. 2 to illustrate the flash
formation in detail. The flash diameter as well as the deviation of flash height measured for the re
maining studs after welding are displayed in Fig. 3 for varying process parameters. For the variation
in rotational speed, no significant difference in flash geometry was observed. One thing to point out
is that for reduced rotational speed an irregular flash of distinct deviation in height developed. Re
garding the influence of travel speed, the process with 4 mm/s showed increased flash height and
diameter compared to travel speeds of 6 mm/s and 8 mm/s. For constant welding distances, the travel
speed determines the process duration. During long processes more plasticized material is enabled to
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be pressed out of the process zone and to form the flash. So, the process of the longest duration, i. e.
lowest travel speed, showed the largest flash. Interestingly, no significant difference in flash forma
tion could be observed comparing the travel speeds 6 mm/s and 8 mm/s. It is assumed that there is a
minimum amount of flash formation that is dependent on the applied force. The higher the applied
force, the more flash develops. The rise in force increased flash height and diameter significantly
Fig. 3(c). The developed flash for 10 kN applied force was of very irregular height which can clearly
be seen from the cross section (Fig. 2(j)) where an applied process force led to a very low amount of
flash of approximately no deviation in height (Fig. 2(k)). By changing axial force, the axial material
feeding rate is changed, which determines the pressure on the plasticized stud material. High axial
forces lead to a larger amount of plasticized material that is pressed out of the process zone into the
flash. This probably also influences the speed of material flow, resulting in a different flash formation
behavior. Process duration and material flow are changed by variation in process parameters resulting
in a different behavior in flash formation. Therefore, after the same welding distance of 140 mm, the
remaining studs for reduced travel speeds and increased applied forces are significantly shorter than
the remaining studs for other process parameter combinations. For a detailed material efficiency ana
lysis, the geometry of deposited material has to be taken into account which is not scope of the present
study.

Flash Diameter

Flash
Height

(a) (b) (c) (d)

(e) (f) (g) (h) (i) (j) (k)

(l) (m) (n) (o)

Fig. 2: Schematic stud cross section (a); thermograms at 70 mm welding distance and cross sec
tion of remaining studs after 140 mm welding distance; 8 kN1200 rpm6 mm/s (b) and (e), 8 kN
1500 rpm6 mm/s (c) and (f), 8 kN900 rpm6 mm/s (d) and (g), 8 kN1200 rpm8 mm/s (l) and (h),
8 kN1200 rpm4 mm/s (m) and (i), 10 kN1200 rpm6 mm/s (n) and (j) and 6 kN1200 rpm6 mm/s
(o) and (k).
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(a) (b) (c)

Fig. 3: Flash height and diameter measured for remaining studs after 140 mm welding distance for
variation of rotational speed (a), travel speed (b) and axial force (c).

Summary and Conclusion

In the present study, the FS process was investigated via infrared camera for varied process parameters.
Resulting thermograms of the stud material were compared and analyzed at half of the total performed
welding distance, i. e. in steady state. With regard to the maximum temperature value detected by the
infrared camera, no significant difference could be observed for different process parameter combi
nations due to rapid cooling from the material flow into the flash. Additionally, the FS of aluminum
alloys requires a comparably low heat input and the components are of high heat conductivity. The ab
sent temperature difference for different parameter combinations might also allow the assumption that
the recorded temperature value is the temperature at which the used material combination is in steady
state. However, the flash formation at the tip of the stud is different for the varied process parameters,
especially for changes in axial force and travel speed indicating that the material flow is influenced.
The applied force and the process duration are assumed to determine the amount of material that is
enabled to form the flash during the material deposition.
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