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Friction stir brazing (FSB) is a new technology developed for its ability
to join similar and dissimilar metals and alloys resulting in a joint with
considerable characteristics through the use of interlayer (braze)
material under the action of a pinless rotating tool and other FSB
parameters. The frictional heat during FSB is responsible for the melting
of the braze material between the two workpieces, while the shoulder

Joint microstructure,
Joint strength

action must be satisfactory for the extrusion of the excess braze liquid
phase depending on the FSB parameters used. The parameters of FSB
also have a considerable impact on the microstructure and mechanical
characteristics of friction stir brazed (FSBed) joints. Sound interfacial
bonding can be observed in the central zone of FSBed joints, where
intermetallic compounds (IMCs) can be formed by direct diffusion
DOI: among the dissimilar workpieces after extrusion of liquid phase rather
https://doi.ora/10.53523/ij0irVol9I31 D265 than by mechanical mixing or solidification of braze material. Increasing
the transverse speed at a constant rotational speed has an influence on
the peak temperature, but it remarkably reduces the holding time owing
to the increased cooling rate. The use of vibration in the FSB increments
the fluidity of the molten braze material among the joining workpieces
resulting in a more homogeneous distribution of IMCs particles. In this
review article, FSB parameters, bonding mechanisms, as well as the
microstructure, and mechanical properties of FSBed joints are reviewed.
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1. Introduction

Dissimilar joints have gained great uses in various fields of industries including automotive, aerospace, marine
and chemical. Moreover, these wide applications are increasing with the development of technologies [1]. Joining
processes such as brazing [2, 3], soldering [4, 5], arc welding [6,7], laser welding [8, 9], hybrid welding [10, 11],
electron beam welding [12, 13], resistance welding [14, 15], ultrasonic welding [16, 17], friction crush welding
[18, 19] and other types of welding processes have been covered in literature. Arc welding processes among all
these processes appear as not recommended processes for obtaining felicitous dissimilar welds such as Al-steel
based on features of the arc-induced melting and hardening process such as the evolution of brittle intermetallic
compounds (IMCs) [20]. Thus, other joining processes have been studied where no melting occurs for both parent
metals. Furnace brazing [21, 22] and friction welding [23, 24] among joining processes have been extensively
studied. Moreover, the joining temperature or time should be carefully controlled to a lower level to discourage
the formation of excessively thick IMCs [25].
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Furnace brazing is an industrial technique in which the entire assembly is heated to the melting point of the braze
alloy and then poured into the joint before cooling. It has the ability to braze dissimilar materials, greater control
over tolerances and avoidance of distortion in the finished part. On the other hand, the brazed joints require a high
degree of cleanliness of the base metal. Design considerations are very important in furnace brazing of components
aswell as in final assembly [26, 27]. One of the major disadvantages of furnace brazing is not being able to provide
joints such as the Cu/Al junction with the zinc filler due to poor wettability at a low joining temperature of the Al
side, or cracking within a solidified structure where large IMCs are formed [28]. The mutual dissolution of
dissimilar base metals and/or the liquid phase thickness should be reduced to prevent defect formation. These
defects can be resolved by using friction stir brazing (FSB) [29].

The FSB was developed from FSW with an interlayer applied between the base materials to form the lap joint.
Moreover, it is a potency process for brazing to fabricate a multi-layer composite without keyhole formation by
multi-passes. The FSB provides several merits over the traditional brazing processes such as it does not require
flux, shielding gas and a vacuum atmosphere. On the other hand, little energy is expended; as well as introducing
some mechanical actions, such as forging and torquing, to remove the oxide layer and void defects [30].

The FSB parameters such as shoulder diameter, tool rotation and transverse speeds, interlayer material thickness
and workpiece materials are remarkable in the FSB. The microstructural features of FSB joint compared to FSW
joint differ due to the absence of the tool pin in the case of the FSB. Plastic deformation in the stirring area and
other features such as particle dispersion and hook-type mechanical interlocking are averted in FSB. Moreover,
IMCs are recognized in a layer form during FSB. It is recommended that the layer of IMCs be at the lowest value
possible to obtain good quality joints. The preferable shear tensile strength can be acquired with decreasing IMC
thickness, which is governed by process parameters. It is important to consider that the thickness of the workpiece
may be a limit because the heat generated on the upper workpiece surface must be transmitted to the interface
between the two workpieces [29, 31, 32].

This paper provides a review of the literature published in the FSB for joining dissimilar materials by focusing on
the joining of Al-steel, Al-brass and Al-Cu sheets.

2. Bonding Mechanism of FSBed Joint

FSB is a process in which the pin-free tool consisting of a shoulder is applied to the surface of the upper fixed
sheet. The other fixed sheet is kept at the lower side while interlayer material (braze metal) is applied in between
where the sheets are in lap joint configuration. Multi-passes are required to generate more heat during FSB. The
responsibility of the friction heat generated from the severe plastic deformation is to melt the braze foil between
the two sheets, while the shoulder action, which can be improved by tilting the tool, should be satisfactory to
extrude the excess liquid phase. It is remarkable to notice that the action of tool forging on the interface of the lap
joint is an important feature of the FSB [33]. G. Huang et al [34] explained the mechanism of FSBed Al-brass
joint formation in which Zn is used as an interlayer (Figure 1). The local joining temperature increments rapidly
owing to the synchronized effect of frictional heat and plastic deformation by plunging the rotating tool into the
upper Al sheet. The liquid of Al-Zn eutectic forms at the Al interface and extends towards the Al substrate, which
has been forced into the concavities of the brass surface by forging action owing to extrusion, thus forming an
intimate weld between the two lapped surfaces. Activation of Al, Cu, and Zn atoms also occurs to induce
interdiffusion at the interface. G. Huang et al [34] also showed the occurrence of two types of diffusion, one is the
liquid state diffusion at the Al interface and the other is the liquid-solid diffusion at the brass interface. The heat
input with increasing transverse speed at a specific rotation speed decreases and consequently the holding time
decreases. Therefore, the thinness of the interlayer is diminished. Also, as the welding speed increases somewhat,
cracks initiate at the bonding interface owing to insufficiency of diffusion, particularly at the brass interface.
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Figure (1). The mechanism of interlayer structure formation [34].

3. FSB Parameters
Various factors control the FSB process i.e., tool rotation speed, transverse speed, plunge depth, tilt angle, tool
design and processing conditions. Below shows the effect of various variables in the FSB.

3.1. Transverse Speed and Tool Rotation

The two most important parameters in FSB are the transverse speed of the tool along the joint line and the second
is the rotation speed of the tool in revolutions per minute (clockwise or counterclockwise). Increased tool rotation
speeds cause the temperature to rise due to increased friction between the tool and the workpiece. The frictional
coupling of the tool surface to the workpiece can be controlled by adjusting the parameters of the FSB and thus
controlling the heat generation. The second parameter is the transverse speed, which is important because of its
great influence on the thickness of the IMC layer formation which greatly affects the joint strength [29, 34, 35].

3.2. Plunge Depth

For FSB, the two lapped sheets must be clamped with the presence of an interlayer on a backing plate. The tool is
plunged vertically and is rotating across the upper sheet as it moves transversely along the direction required to
join the two sheets. Increasing the plunge depth of the tool increases the temperature on the advancing side (AS)
and the retreating side (RS), as the joining temperature of the AS is greater than that of the RS. The difference in
temperature between the AS and RS decreases as the plunge depth of the tool increases [36, 37].

3.3. Tool Tilt Angle

The tilting of the spindle towards the trailing direction at a convenient angle ensures that the tool holds the
deformed material on the workpiece surface. Augmenting the tilt angle of the tool results in an increment in the
temperature on the AS and the RS. The joining temperature on the AS is greater than that of the RS due to the fact
that the AS is the welding side where there is a favorable combination of transverse speed and rotation speed which
can increase the joining temperature. In contrast, the vector in the retreating side is in the opposite direction as it
can depress the joining temperature compared to that of the AS [38, 39].

3.4. Tool Design

Tool design is the most effective in the achievement of the FSB process through its influence on the flow of the
material and thus controls the transverse speed that is used during FSB. The FSB tool is made up of a shoulder
without a pin, where the essential action of the tool is local heating. The heating is mainly caused in the first stage
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of the tool plunging owing to the friction between the shoulder and the workpiece. Additional heating results from
the deformation of the material. The largest heating component is produced from the friction between the shoulder
and the workpiece. Therefore, the diameter of the shoulder is very important in terms of heating compared to other
non-critical design characteristics. The other function of the shoulder is to offer a restriction on the heated volume
of the material [29, 40].

4. Zones of FSBed Joint

Various distinguished microstructural zones were identified by G. Zhang et al [29] for FSBed Al-steel joint with
the presence of Zn interlayer, namely, zone | (extruded Zn storage zone), zone Il (transition zone), and zone IlI
(stable zone) as shown in Figure (2).
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I: Extruded Zn storage region
II: Transition region (Zn-Al alloy)
IH1: Stable region (IMC layers)

Figure (2). Cross sectional scheme of the joint by FSB [29].

In zone | (extruded zinc storage zone), there is an additional layer under the shoulder which is an extruded molten
alloy including substantially of Znand Al. This zone also includes the Al dissolution into molten Zn and excessive
extrusion of molten alloy.

The interface evolution behavior is shown on the Al side in zone 1. In this zone, there is an undermining of the
aluminum oxide film in front of the shoulder by molten zinc in several microzones and this allows the dispersed
oxide film to flow afar.

The display of interface evolution behavior can be distinguished on the steel side in zone 111 where partial wetting
of the steel occurs by liquid Zn-Al alloy and also slightly dissolving iron as well as extrusion of molten alloys.
The existence of the Zn-Al-Fe ternary eutectic reaction can further support the achievability of the slight
dissolution of Fe in the Zn-Al molten alloy. The extrusion of the molten alloy including mainly Zn, Al and Fe
leads to the appearance of some voids on the surface of the steel, which are removed by the forging action of the
shoulder. The formation of IMC interlayers is also shown in zone I11. During the forward movement of the shoulder
and with enhanced heating, stirring and forging, the IMC formation is in four distinct stages. First, the initial
creation of many separate IMC particles, second, the preferential joining of IMC particles along surfaces, third,
ascending mixing of small IMC particles with the aid of enhanced stirring, and fourth, the rapid growth and
densification of IMC layers with the aid of continual frictional heating and forging at the trailing edge of the tool.
The IMC layers formation with a small amount of Zn suggests that FSB is a diffusion process instead of an in-situ
solidification process.

Whereas G.F. Zhang et al [41] divided the bonding interface into five zones of FSBed Al-Cu plates in the lap
configuration, as pointed out by the broken lines in Figure (3a). Zones I and V lie in the AS and RS, respectively,
outside the influence of the shoulder where the interfacial region under the tool from AS to RS can be divided into
three essential zones such as zone Il within the AS, zone Il in the center, and zone IV within RS. In zones |
(outside AS) and V (outside RS), there is not pure Zn but eutectic microstructure (Figure 3b), Zn-Al-Cu alloy
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(white phase in Figure 3d) or Al-Cu-Zn alloy (grey phase in Figure 3d). Considerable dissolution of both Al and
Cu appears in molten Zn and the resulting liquid alloy has the ability to extrude and remove the oxide film via
substrate oxide undermining and further extrusion of oxide fragments especially at the Al side using the liquid
phase. Meanwhile, the initial surfaces of Al and Cu in zone V cannot be removed. The various removal behavior
of oxide film in zones | (edge zone) and V (inner zone) indicates that the different thermal distribution and
restriction conditions for metal flow cannot be ignored through the interfacial reaction. In zones Il (inside the AS)
and Il (central zone), both IMCs and residual Zn are difficult to observe, indicating that excessive liquid phase
extrusion, solidification cracking elimination and close contact at the joint interface are performed. However, there
are few microvoids in zone Il because the shoulder movement in the central region is more active compared to
that in the boundary region. Simultaneously in zone IV (within the RS), interfacial bonding is accomplished on
both sides of Al and Cu.
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Figure (3). BSE images of FSB joint showing the different zones of FSBed joint [41].

5. Microstructural Evolution

G. Zhang et al [29] demonstrated the impact of transverse speed on the interfacial microstructure in the central
region of the joint. The interface layer consists of 2 or 3 different IMC layers (Figure 4). The effects of transverse
speed on the thickness of IMCs at FSBed joints can be shown in Figure (5). They observed that the thickness of
the IMC tends to increase with decreasing transverse speed since when the transverse speed is 23.5 mm/min, the
resulting IMC is very thick (20 um) owing to excess heat input. Whereas for a very speedy transverse speed (eg,
300 and 375 mm/min), the evolved IMC layer is not continual and uniform along the joint interface with a low
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thickness (3-5 um) due to lack of input heat, resulting in failure to achieve intimate contact between two base
metals. While for transverse speeds of 75-235 mm/min, the IMC layers formed are continual, dense and regular
due to the appropriate heat input, and their thicknesses are decreased from 19-6 um with increasing transverse
speed.

10pm 10pm

10pm 10pm

Figure (4). BSE images showing the microstructure affected by transverse speed for IMCs: (a) 23.5 mm/min, (b)
75 mm/min, (c) 150 mm/min, (d) 235 mm/min, () 300 mm/min, and (f) 375 mm/min [29].
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Figure (5). Thickness of IMC of FSBed joints as a function of transverse speed [29].

G. Huang et al [34] observed that there are no cracks and pores in the Al-brass joints with the Zn interlayer formed
at transverse speeds of 20-60 mm/min. They showed that the thickness of the interlayer tends to decrease
drastically from approximately 60 to 16 um as the transverse speed increments from 20 to 60 mm/min due to
thermal history. The over-slow transverse speed at 1800 rpm rotation speed points out higher heat input and longer
holding time resulting in accelerating interlayer diffusion and therefore the interlayer resorts to thickening (Figure
6a—c). Otherwise, no sound bonding is produced to the brass substrate for the very fast transverse speed of 80
mm/min due to the diffusion being more sensitive to heat on the brass side compared to that on Al side (Figure
6d). Their findings also demonstrated the occurrence of liquid phase diffusion due to the diffusion between Al and
liquid phase of Al-Zn eutectic alloy while liquid-solid diffusion is occurred due to the diffusion between the liquid
phase and the brass as a result of the high melting point of brass. G. Huang et al [34] also showed that Zn-rich
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particles are presented in two different places where the first is the interlayer and the second is the Al substrate
close to the lap interface (Figure 6a—c). As these two types of zinc-rich particles are derived from the original zinc
foil.

Figure (6). SEM images of Al/Zn/Br interlayer obtained by FSB using various transverse speeds: (a) 20 mm/min,
(b) 40 mm/min, (c) 60 mm/min, and (d) 80 mm/min [34].

G. Zhang et al [30] showed that an IMC layer is formed in the Al-steel joint at the interface, and the Zn foil is
melted completely and excelled in all the transverse speeds used (Figure 7). Whereas, for a transverse speed of
235 mm/min, which obtained the greatest joint shear strength of 55.5 MPa, a dense IMC layer of 4.7 pum thick of
AlsFe with little zinc (<1.2 at. %) is formed in the central zone (Figure 7b). Several voids are recognized in the
edge area within the IMC layer (Figure 7d), resulting in weak load bearing capacity at the edge area. The low
transverse speed (150 mm/min) increments the thickness of the dense IMC layer to 6.2 pum, while the high
transverse speed (375 mm/min) culminates in voids formation in the IMC layer due to lower heat input. G. Zhang
et al [30] also indicated that the rotating tool is able to disrupt the IMC layer when cladding a thin Al plate on a
steel surface, since the IMC is easier to disrupt than steel, and the thin upper Al plate causes stronger action of
shoulder torquing on the steel surface than the thicker upper Al plate. The existence of IMC groups in Al near the
interface should be favorable to reduce the thermal stress caused by the mismatch in the thermal expansion
coefficient between Al and the steel.
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Figure (7). BSE images of the FSB pass using different transverse speeds [30].

M. Abbasi and B. Baghi [40] compare the appearance of a joint made by two brazing methods; FSB and friction
stir vibration brazing (FSVB) (Figure 8a). They showed that the joint made by FSVB is smoother and has a more
conventional appearance than the joint made by FSB. In addition, various flashes are recognized around the joint
made by the FSB. They also demonstrated that the maximum temperature during FSVB (~245 °C) is greater than
that during FSB (~197 °C) due to more intense friction that drives to an enhancement in the melt motility of the
filler and no lack of diffusion, thus improving the chemical reaction between the base metal and the filler (Figure
8b). According to the overall structures of the joint cross-section for various conditions (Figure 8c), porosity and
a lack of a coherent interface are presented in the FSBed samples, but for all the FSVBed samples, the joints with
no porosity due to the effect of vibration which mechanically disrupt the oxide film on the substrate surfaces are
recognized. The grain size of the FSVBed samples is smaller than that of the FSBed samples (Figure 8d).
Moreover, the vibration increments the convection in the melt through nucleation and drives to a disturbance that
makes waves on the metal’s surfaces. Thus, the nucleation rate and quenching homogeneity will increment and as
a result, the grain size will diminish.
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Figure (8). (a) FSBed sample, (b) Temperature distribution, (c) Joint microstructure, and (d) Brazing metal
microstructure [40].

M. Abbasi and B. Baghei [40] also showed that under the influence of vibration and stirring, the filler material and
IMCs are compressed in the joint area and further element distribution occurs. Thus, the brazing region is more
chemically homogeneous and a thin, continual layer of IMCs is presented in the brazing region. The thickness of
the IMCs of the FSBed samples is greater than that of the FSVBed samples (Figure 9a & b), where the adequate
thickness of this layer improves mechanical performance. The IMC layer is broken by the action of mechanical
vibration into fine particles that disperse in the joint area.
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Figure (9). Interfacial microstructure of brazed specimens for (a) FSB, and (b) FSVB [40].

6. Mechanical Properties

G.F. Zhang et al [41] investigated the impact of the overlap thickness of the Al plate on the failure load (Figure
10). They showed that the failure load is decreased at the more than 2.5 mm overlap thickness of the Al plate due
to the reduced width of the central area free of micro-cracks.
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Figure (10). Fracture load versus welding speed for Al plate [41].

Shear test results of the samples with various transverse speeds were studied by G. Huang et al [34] as shown in
Figure (11). They concluded that the transverse speed has a considerable influence on the failure load of the lap
joint at a rotation speed of 1800 rpm. When the transverse speed is incremented from 20 to 80 mm/min at a rotation
speed of 1800 rpm, the failure load is first incremented to the highest value, and then rapidly decreased. The
highest failure load is achieved at transverse and rotation speeds of 60 mm/min and 1800 rpm, respectively, up to
7.62 kN, indicating that Al and brass sheets can be efficiently joined with the aid of zinc foil. The variance of
failure load with transverse speed can be related to various heat generation and holding time that are affected by
the change of transverse speed. They also showed that joint strength is controlled by IMC interlayer thickness and
IMC types that are affected by heat generation and holding time. Augmenting the transverse speed without
changing the rotation speed points out a reduction in heat input and a decrease in holding time resulting in a
suppression of atomic diffusion. At a lower transverse speed (20 and 40 mm/min), more heat input and longer
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holding time are offered for diffusion reactions at the lap interface resulting in increased interlayer thickness.
Unfortunately, increasing the thickness will improve the brittleness of the IMC layers leading to a deterioration in
the strength of the joint. However, at a higher transverse speed (80 mm/min), cracks are presented in the interface
area owing to the reduction of heat input and diffusion time.

Fallare load (KN)
-~
L)

0 L 'l 1 1
20 40 (2] %0
Welding speed (mm/min)

Figure (11). Shear test results of the FSBed specimens acquired using various welding speeds [34].

Y. Zhou et al [42] observed that the shear strength of Cu/Al joints increments and then decreases with augmenting
shoulder diameter (Figure 12). Where the highest value of shear strength (18.67 MPa) is reported in a sample using
a shoulder diameter of 12 mm, which is fractured in the heat affected zone for Al plates (Figure 12b). The lowest
strength (8 MPa) is also observed in a sample using a shoulder diameter of 7 mm. The fracture surface of Cu is
covered with grey substance, but there is little substance on the sample surface using a shoulder diameter of 7 mm,
indicating that the interlayers are the source of the tensile failure (Figure 13). The other feature is the semicircular
markings on the fracture surface of the sample using a shoulder diameter of 12 mm (Figure 13c). The torquing
action is improved owing to the severe deformation under the larger shoulder, which caused the liquid metal to
completely mix in the interlayer.
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Figure (12). (a) Tensile test results and (b) images of the two fracture types [42].
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Figure (13). Images of the fracture surface Cu side for various shoulder diameters: (a) 7 mm, (b) 10 mm, (c) 12
mm, and (d) 15 mm [42].

The compressive shear test was performed by G. Zhang et al [30] to assess the pass of the FSB. They found that
the preferred shear strength of 45 ~ 55 MPa can be acquired using the transverse speeds of 150-375 mm/min
(Figure 14). Examination of the fracture surface indicates that the joint fractures mostly within the Al sheet, rather
than along the interface in the shear test (Figure 15). The sound bonding is essentially located in the central region,
while the weak bonding region is located at the edge portions. Both the shear strength and the presence of Al
adhered to the sheared fracture surface of the steel confirm that the FSB process has a strong ability to clad1060Al
thin sheets (as an interlayer) on strong steel even at wide transverse speeds (150 ~ 375 mm/min).
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Figure (14). Compressive shear strength of the 1060Al-thin clad interlayer on 16Mn steel [30].

92%

fractured within Al

Figure (15). Fracture path of the 1060Al/steel clad joints produced using FSB pass at various transverse speeds
after shear test: (a) 235 mm/min, (b) Joints collection: (1) 150 mm/min, (2) 190 mm/min, (3) 235 mm/min, (4) 300
mm/min, and (5) 375 mm/min [30].
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Shear test results of copper samples joined using FSB and FSVB were demonstrated by M. Abbasi and B. Baghi
[40] as shown in (Figure 16a). They showed that reducing the grain size according to the Hall-Petch relationship
using FSVB results in an improvement in the volume fraction of the grain boundaries which in turn hinders the
dislocation movement and as a result, the strength of the material improves. They also showed that the hardness
of the brazed samples improves with the application of vibration (Figure 16b).
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Figure (16). Results of (a) shear and (b) hardness tests [40].

7. Conclusions

It is clear that the literature indicates that the cylindrical shoulder is widely used as a joining tool. Controlling FSB
parameters such as tool rotation speed, transverse speed, spindle inclination angle, and plunge depth are essential
for a defectless sound joint. Two clean metal sheets can be easily joined to each other in the form of lap joints
configuration. It is widely accepted that material deformation within the joint during FSB is very complex and still
needs understanding. The FSB results in a significant temperature rise within the joint. Several different zones
have been identified in FSB joint, i.e., zone | (extruded Zn storage zone), zone Il (transition zone), and zone 111
(stable zone (IMC interfacial layers)). Moreover, the shear stress results of the FSBed alloys indicate that the
failure commonly occurs within the heat-affected zone.
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