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Abstract
Friction stir vibration brazing (FSVB) by application of mechanical vibration was introduced in this investigation. In the 
current research, the adjoining samples are vibrated normally to the brazing line while FSB is performed. Low carbon steel 
sheets are joined together using FSB and FSVB while SiC nanoparticles are also incorporated in the joint. The microstruc-
ture and mechanical behavior of the joints developed under different conditions are analyzed. %67wt Sn-%33wt Pb alloy is 
used as braze metal. The results show that the strength of the friction stir vibration brazed specimens is higher than that of 
the friction stir brazed specimens. The vibration of adjoining specimens, during FSVB, enhances the eutectic reaction of 
the melt braze metal between the adjoining specimens and the melt fills the space between adjoining specimens thoroughly. 
By introducing vibration during the FSB process, both strain rate and temperature which have fundamental effects on the 
characteristics of the joints, increase. The results indicate that the strength and the hardness of FSVB-ed samples increase 
and the grain size decreases as vibration frequency increases from 30 to 60 Hz. In addition, the thickness of IMCs in the 
joint interface decreased to around 0.7 µm as the vibration frequency increased.

Keywords Friction stir brazing · Friction stir vibration brazing · Reinforcing particles · Mechanical properties · 
Microstructure

1 Introduction

Brazing is a joining process used to join different types 
of metals together by molten brazing metal. The tin–lead 
(Sn–Pb) alloys have been the conventional brazing metals 
or fillers applied for brazing in various industries such as 

the electronic assemblies, typically package-to-board assem-
blies. This is because of their accessibility, low melting 
temperature, low cost, excellent wettability on most of the 
substrate materials, and ability to prevent the transformation 
of β-Sn to α-Sn at a temperature below 13 °C [1, 2]. How-
ever, the utilization of these Sn–Pb brazing metals has been 
limited because of the inherent toxicity of lead and much 
has been performed to develop lead-free fillers. The addi-
tion of nanosized reinforcements to the joint region refines 
the braze matrix microstructure and reduces the formation 
of interfacial intermetallic compounds (IMCs) through the 
particle adsorption mechanism and improves the mechanical 
properties because of the particle dispersion strengthening 
mechanism. However, it has been shown that the perfor-
mance of a composite lead-free joint remarkably depends on 
the interaction between the added reinforcement with both 
the lead-free filler and the base materials [3, 4].

Brazing, as a joining technique, involves some steps: plac-
ing of brazing metal between adjoining specimens, heating 
the specimens, melting of brazing metal, filling of molten 
filler metal between the joining specimens, and then solidi-
fication [5, 6]. An attractive characteristic of this process 
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is that a permanent joint is obtained without the melting of 
base workpieces. Friction stir brazing (FSB) was initially 
developed by Zhang et.al in 2011 [7].

In FSB, brazing metal between two adjoining plates is 
melted when a rotating tool is applied on the surface of the 
joining specimen. The friction between the rotating shoul-
der and joining specimen produces the heat required for the 
melting of brazing metal. Unlike the conventional friction 
stir welding (FSW) process where joining is obtained only 
by a plastic flow driven by a rotating pin, joining in FSB is 
obtained fundamentally by metallurgical reaction with the 
aid of mechanical influence of large rotating shoulder [8]. 
During the FSB process, a pinless tool is applied to remove 
the keyhole, hook, and severe wear of pin tip by strong base 
metal. A preplaced braze/solder is utilized to eliminate oxide 
film by eutectic reaction between braze and base metal. Sub-
sequently, oxide film fragments are expelled with the formed 
eutectic liquid phase. Finally, bonded region width up to 
shoulder diameter extends [9, 10]. Using brazing metal with 
a lower solidus temperature is an effective way of reducing 
the residual stress in the joint.

Particles with a low coefficient of thermal expansion 
(CTE), such as  Al2O3,  Si3N4, and  SiO2, have been added to 
the filler metal matrix to improve the strength and mechani-
cal properties of the joint. Yang et al. [11] added  Al2O3 into 
the conventional filler and found that interfacial layer growth 
depends on the volume fraction of the  Al2O3 particles. The 
strength of the joint, as the void volume fraction of the  Al2O3 
exceeded 10%, reduced dramatically due to the very low flu-
idity of the liquid brazing metal. Chuang et al. [12] applied 
 Al2O3 nanoparticles to reinforce Sn–Ag–Cu filler alloy. The 
mechanical properties decreased as the content of  Al2O3 was 
merely over 1.5 wt%, which is far from sufficient to decrease 
the CTE of the brazing metal. For solid-state bonded joints 
of dissimilar metals, the joint strength is determined by two 
predominant factors, namely the intimate contact between 
the joining interfaces and the interfacial microstructure, par-
ticularly the formation of intermetallic compounds (IMCs). 
The microstructure and mechanical properties of the lap 
joint manufactured by FSB between Ti-6al-4 V and 321 
stainless steel were investigated by Javadi et al. [13]. They 
used Ag–Cu braze alloy. They reported some intermetallic 
phases such as TiCu,  Ti2Cu, and Fe-Cu-Ti in joint and indi-
cated that the shear strength of joint decreased and micro-
hardness increased as intermetallic layer thickness increased.

By application of the FSB process and zinc foil as filler or 
brazing metal, Zhang et al. [7] manufactured Al/steel layered 
composite. It was reported that most Zn was extruded and 
several Al–Fe intermetallic compounds with a little Zn were 
formed in the interfacial region. The FSB process was used by 
Huang et al. [14] to join 6061 Al to H62 brass with the applica-
tion of zinc foil as a brazing metal. They analyzed the interfa-
cial microstructure evolution under different joining speeds. 

In addition, the effect of zinc foil on fracture performance and 
diffusion generations on both aluminum and brass sides was 
studied. It was concluded that the variation of traveling speed 
influences the thickness of the interlayer and also the cooling 
rate.

Up to now, many types of research have been carried out 
to improve FSB to develop the microstructure and mechani-
cal properties of the joints [15, 16]. Ultrasonic brazing origi-
nated in Germany, and the first patent for ultrasonic brazing 
was invented in 1939. By the 1970s, ultrasonic brazing had 
been used in joining various metals, ceramics, and composite 
materials [17]. Wei et al. [15] studied the effect of ultrasonic 
vibration during the brazing of composite joints of sapphire. 
It was concluded that the dramatic dissolution between the 
aluminum alloy matrix in the composite interlayer occurred 
during the brazing process, and the maximum shear strength of 
∼155 MPa was achieved. Huang et al. [18] applied ultrasonic-
assisted induction brazing (UAIB) to join the diamond onto 
the 1045 steel. A brazed filler surface with fewer slags and 
also a bond zone with fewer and smaller cracks were achieved 
compared to the conventional induction brazing. Xu et al. [19] 
applied the ultrasonic-assisted brazing method to analyze the 
microstructure and mechanical properties of the joint formed 
between 30 vol.% Si3N4/6061Al composites using a Zn-Al 
alloy as filler metal. They indicated that by application of 
ultrasonic action, the surface oxide layer between the filler 
metal and composites broke and a composite bond with uni-
form distribution of the reinforcements was formed. They also 
found that the proportion of Si3N4 particles and the Al atomic 
percentage in the bond layer enhanced as the ultrasonic action 
duration and the brazing temperature increased. The mechani-
cal and microstructure behaviors of the bonded zone between 
Ti-6Al-4 V alloy and  ZrO2 ceramic with Al-5wt%Si brazing 
filler during the ultrasonic-assisted brazing process were exam-
ined by Zhang et al. [20]. It was found that ultrasonic had 
an important role in the formation of Si segregation regions 
near the interface of Ti-6Al-4 V and in the center of the joint. 
Additionally, they reported that the shear strength of the joint 
increased as ultrasonic was applied during the brazing process.

In the current investigation, a modified version of the FSB 
process, called “friction stir vibration brazing” (FSVB), is 
presented. The microstructures and mechanical properties of 
joints made by FSB and FSVB are compared. Additionally, 
the influence of the addition of SiC nanoparticles on differ-
ent properties of the joints developed between low carbon 
steels by FSB and FSVB processes is studied.

2  Materials and methods

In this study, a low carbon steel plate with a thickness of 
3 mm was used as the base material. The chemical composi-
tion of the studied material is presented in Table 1. The plate 
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was cut into rectangle specimens with 210-mm length and 
210-mm width. Abrasive paper (grit size 400) was applied 
to polish the joining surfaces before the brazing, and acetone 
was used to remove the grindings and the impurities. A sheet 
of Sn–Pb alloy (%67wt Sn-%33wt Pb) with a thickness of 
2 mm and a melting point of about 187 °C was used as filler 
(braze) metal. Rectangle specimens with 210-mm length and 
30-mm width were prepared from the filler sheet. The filler 
specimen was positioned between adjoining specimens and 
brazing was carried out by application of a milling machine.

For FSVB, the joining specimens, which contained filler 
metal in between, were fixed on the fixture, and the fixture 
was placed on a vibrating plate. The plate moves on two 
guide rails base on the camshaft mechanism. The motor 
shaft rotation is transformed into a linear and reciprocating 
movement of the vibrating plate by a camshaft. The sche-
matic design of the machine manufactured for carrying out 
FSVB is displayed in Fig. 1. Based on the camshaft design, 
the vibration amplitude is 0.5 mm and the vibration fre-
quency is adjusted by a driver. The machine is installed on 
a milling machine. Various trials with different values for 
affecting parameters of FSB were done and the optimum 
values for FSB parameters were achieved (Table 2). For non-
optimum values of parameters, the appearance of joints was 
unfair and the strength was very low. Optimum values were 
also applied for FSVB. In Table 2, the conditions for all FSB 
and FSVB processes, analyzed in the current research, are 
presented.

FSVB differs remarkably from brazing assisted by 
ultrasonic vibration. During the latter method, the tool is 
vibrated by ultrasound waves while the vibration amplitude 
is around 10–50 μm and vibration frequency is in the range 
of 20–50 kHz. In FSVB, the joining specimens are vibrated 
using a vibrating machine while the vibration amplitude is 
about 0.1–0.5 mm and vibration frequency is in the range 

of 20–100 Hz. Therefore, vibration frequency for brazing 
assisted by ultrasonic vibration is higher than that for FSVB, 
but vibration amplitude for FSVB is higher than that for the 
ultrasonic-assisted brazing process.

The effect of the incorporation of SiC particles into the 
braze matrix microstructure was also studied in this research. 
SiC particles with a nominal diameter of 10 nm were used 
as reinforcing particles. The weight of powders for all sam-
ples was the same (0.04 g). For all brazing conditions, the 
particles were distributed homogenously on the filler metal 
sheet prior to brazing. The tool consisted of a shoulder from 
M2 steel with a hardness of 65 HRC. The geometry for the 
tool is presented in Fig. 2.

Transverse sections of brazed specimens were prepared 
and mechanically polished based on the standard metallo-
graphic procedure (ASTM E3-11) to reveal the microstruc-
ture and analyze the powder distribution. The mechanical 
strength of the joints was investigated by tensile shear tests. 
The tensile shear tests according to ASTM D1002-10 were 
carried out to measure the shear strength of joints. The 
shear test specimens were prepared by application of wire 
cut (electro-discharge machining). The schematic design of 
a shear test specimen is displayed in Fig. 3. The specimens 
were loaded at a rate of 1 mm/min on a WDW-1000 mechan-
ical tensile tester. For each brazing condition, 3 specimens 
were prepared and the force versus displacement data was 
measured for each specimen.

The microstructural study was carried out by using 
scanning electron microscopy (SEM), light optical 
microscopy (LOM), and transmission electron micros-
copy (TEM). A hardness measurement was performed 
on the transverse section of brazed specimens with the 
help of a Vickers microhardness testing machine. Force 
was 25 gr and dwell time was 10 s. Five replicates were 
determined for each brazing condition. The distance 
between test points was higher than 6 times the diameter 

Table 1  Chemical composition 
of the adjoining steel plates (% 
wt.)

C Si Mn Cr Mo Ni Al Cu P S Fe

0.1 0.3 0.6 0.45 0.02 0.25 0.03 0.2 0.03 0.005 Balance

Fig. 1  Schematic design of machine applied for FSVB and detailed 
scheme of fixture used for FSB and FSVB

Table 2  Brazing conditions for FSB and FSVB

Rotational speed 
(rpm)

Traverse speed 
(mm/min)

Vibration 
frequency 
(Hz)

FSB 1100 75 -
FSVB 1100 75 25
FSVB 1100 75 30
FSVB 1100 75 45
FSVB 1100 75 60
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of indentations. To measure the temperature changes of 
the fixture during various brazing conditions, a K-type 
thermocouple was utilized. A hole was cut in the fixture 
and the thermocouple was positioned in it (Fig. 1). The 
thermocouple records the temperature of a fixed point of 
fixture beneath the brazing line.

The total area of the interfacial intermetallic compound 
(IMC) layer and its length were calculated utilizing image 
analysis software (Image J, NIH software). In this exami-
nation, the IMC layer thickness was measured using the 
following relationship:

where A is the area of the IMCs layer and L is the 
length. The average IMC layer thickness was achieved 
from the SEM images taken at ten different spots.

(1)h = A∕L

3  Results and discussion

3.1  Influence of vibration during FSB

Cross-section macrostructures of joints for different condi-
tions, namely FSB and FSVB (with a vibration frequency 
of 25 Hz), are presented in Fig. 4. While coherent inter-
faces are observed for FSVB-ed specimens, the interfaces 
for FSB-ed specimen are incoherent and porosities are 
observed in the joint region. The friction between the 
rotating shoulder and the joining specimen generates heat 
which melts the filler. Brazing occurs as filler metal is 
solidified and IMCs form in the microstructure during 
solidification. Porosities and IMC layers are observed 
for FSB-ed specimens, but in all FSVB-ed specimens, 
the joints are without porosities and continuous IMC lay-
ers are observed. This can be because of the influence of 
vibration in FSVB. During FSB, the oxide film of base 
metal and interlayer rupture, and fresh metal surfaces con-
tact with each other and the diffusion of elements occurs. 
The presence of vibration during FSB improves the fric-
tion between the shoulder and joining metal surfaces and 
as a result, temperature during FSVB is higher than that 
during FSB. With increasing the brazing temperature, the 
flowability of the filler improves and filler completely fills 
the space between the joining specimens. Accordingly, the 
probability of porosity formation decreases. Additionally, 
it has been found that the size for agglomerated IMCs 
decreases as input flow increases and IMCs distribute 
more homogenously [21].

IMCs might be the initial sites for the formation of 
cracks and cracks might form along the interface of IMCs 
and the matrix. It has been noted that crack formation 
around large IMCs is easier than that around small IMCS. 
The thickening of IMCs would deteriorate the bonding 
strength of joints [22–24].

Another point in Fig. 4 is the interface between the 
braze matrix and the base specimens. It is observed that 
for FSB-ed specimens, the interfacial boundaries at some 
regions are not coherent and discontinuity is observed in 
these regions, while for FSVB-ed specimens, the interfaces 
are coherent and continuous. The result suggested that 
vibration was able to disrupt layered IMC because IMC is 
easy to disrupt compared with the base metal [25]. Worth 
mentioning is that micro-bubbles are generated inside the 
molten filler during FSB and FSVB. During the collapse 
of the cavitation bubbles, the surface energy and kinetic 
energy of liquid are converted into heat and chemical 
energy. Local high temperatures aside from the pressure 
can be generated in this procedure. These effects provide 
a special local environment for IMC layer disruption and 
various novel chemical reactions [26–28]. The presence 

Fig. 2  Schematic design of the tool applied for FSB and FSVB (all 
dimensions are in mm)

Fig. 3  Schematic design of shear test specimens
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of vibration enhances the effects. The higher temperature 
during FSVB brings the possibility for higher diffusion of 
elements and as a result, a continuous interface is observed 
for FSVB-ed specimen.

The temperature in the joint region during FSVB is higher 
than that during FSB. Temperature variations versus time for 
a constant point of fixture recorded during FSB and FSVB 
processes are displayed in Fig. 5. According to Fig. 5, the 
temperature for both processes initially increases and then 
decreases. The first step relates to the time that the shoulder 
approaches the fixed point and the second step relates to 
the time that the shoulder gets away from the fixed point. 
For both processes, the maximum temperatures are higher 
than 200 °C (the melting point of filler is 187 °C), although 
the maximum temperature for FSVB is higher than that for 
FSB. This was related to more intensified friction when the 
joining specimens were vibrated during FSVB.

The EDS analysis results in Figs. 6 and 7 show the dis-
tribution of different elements for joints made by FSB and 

Fig. 4  Cross-section macrostructure of joints made by a FSB and b FSVB (rotation speed 1100 rpm, traverse speed 75 mm/min, and vibration 
frequency 25 Hz)

Fig. 5  Temperature history of a constant point of fixture relating to 
FSB and FSVB processes (rotation speed 1100  rpm, traverse speed 
75 mm/min, and vibration frequency 25 Hz)

2211Welding in the World (2021) 65:2207–2220



1 3

FSVB processes, respectively. According to these figures, 
Sn and Pb elements are observed massively in the joint 
regions, and Fe element is present in the joining specimens. 

Si element is observed both in the joint region and in the 
joining specimens. Si in the joint region stems from SiC 
particles added to reinforce the joint. It comes from Figs. 6 

Fig. 6  EDS maps showing the 
distribution of different ele-
ments in the join made by FSB

Fig. 7  EDS maps showing 
the distribution of different 
elements in the join made by 
FSVB

2212 Welding in the World (2021) 65:2207–2220



1 3

and 7 that the Si distribution in the joint made by FSVB 
is more homogenous than that in the joint made by FSB. 
The authors believe that vibration results in higher deforma-
tion of filler material in the joint zone and the materials are 
stirred more. As a result, a more homogenous distribution of 
SiC particles is obtained. Bagheri et al. [29] through simula-
tion of FSW analyzed the effect of vibration during FSW and 
found that the strain rate for joints produced by friction stir 
vibration welding (FSVW) was higher than that for joints 
fabricated by the conventional FSW process; additionally, 
the flow velocity measurements around the weld position 
for the former samples were higher in comparison to those 
for the latter samples.

There are two fundamental factors that control the joint 
strength, namely the intimate contact between joining inter-
faces and interfacial microstructure, especially the genera-
tion of IMCs. The poor wettability in FSB generally results 
from the poor mechanical effect on disrupting oxide film 
on steel surface rather than the absence of eutectic reaction 
[25]. SEM image of brazing for both FSB-ed specimen and 
FSVB-ed specimen as well as their chemical composition 
analysis by EDS without adding the reinforcing particles is 
presented in Fig. 8. Based on the phase diagram of Sn–Pb 
alloy [30–33], the alloy after solidification consists of a pri-
mary β (Sn-rich) phase and a eutectic mixture consisted of 
nearly pure lead (α) and nearly pure tin (β). α and β phases 
are observed as dark and light layers, respectively. As vibra-
tion is used during the FSB process, the development of high 

pressure and temperature enhances the wettability between 
base alloy and filler material and, consequently, improves the 
thermally activated diffusion process. Therefore, the met-
allurgical reaction is drastically accelerated by mechanical 
vibration. After the FSVB process, the β-Sn phases became 
finer and smaller in size and are seemed more globular in 
shape. In addition, their homogeneity and even distribution 
increase during the FSVB process.

Figure 9 presents the LOM (light optical microscopy) 
images of the braze microstructures for both FSB and FSVB 
conditions. It indicates that grains in the joint zone under 
the FSVB process are smaller than those fabricated under 
the conventional FSB process. It can be associated with an 
increase in the nucleation sites which reduce the as-cast 
grain size during the FSVB process. Vibration led to a more 
homogenous structure as well as more turbulency which 
caused waves on the surfaces of the mold. Kocatepe [34] 
reported that these waves separate the primary nuclei nucle-
ated on the surfaces of the mold. Thus, a collision happens 
among the nuclei and this leads to a uniform heat transfer 
mechanism. This process increases the nucleation rate and 
results in grain size reduction. It is concluded that the use 
of vibration enhances the fragmentation of the aggregated 
clusters and increases the flowability. The flow-ability indi-
cates the ability of the plasticized material to move freely in 
different directions and to be mixed fairly.

It is worth mentioning that the nanoparticles because of 
their high surface area are prone to agglomerate to cut down 

Fig. 8  SEM images of braze regions and chemical composition analyses of the selected areas by SEM–EDS for both a FSB and b FSVB (rectan-
gle areas indicate the areas used for EDS analyses)
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their overall energy [35]. This phenomenon arouses pores 
in the matrix and increases inter-particle spacing and as a 
result, reduces the strengthening of jointed samples. The 
SEM image of reinforcing particle distribution during both 
FSB and FSVB processes is shown in Fig. 10. From SEM 
analyses, it is observed that the distribution of reinforcing 
particles improves during the FSVB process compared to 
the FSB process. Second-phase particles hamper the grain 
growth and decrease the coarsening of the matrix pattern 
through pinning the motion of grain boundaries (Zener 
pinning effect) [36]. Regarding the SiC particles, they also 
increase the number of dislocations because of the coeffi-
cient of thermal expansion mismatch between the matrix and 
the reinforcement. Additionally, the SiC particles impede the 
microcrack propagation by inducing large differences in the 
elastic behavior between the matrix and the particle. There-
fore, for FSVB-ed specimens which contain SiC particles 
with lower size and interparticle spacing, higher strength is 
predicted compared to FSB-ed specimens.

Shear test results of brazed samples for both joining con-
ditions (FSB and FSVB) are depicted in Fig. 11. The actual 
fracture performance is decided by the relationship between 

the stress distribution and mechanical properties [37]. Based 
on Fig. 11, the shear strength of brazed samples by FSVB 
is higher than that of the brazed samples by FSB. This may 
be associated with the smaller grain size and also higher 
homogeneity of particles as mentioned in the microstructural 
evolution section (Figs. 9 and 10). Based on the Hall–Petch 
relationship ( � = �

0
+ kd

−
1

2 ) [38], strength ( � ) improves as 
grain size (d) reduces. By decreasing the grain size, the vol-
ume fraction of grain boundaries improves. Grain bounda-
ries hinder dislocations mobility and as a result, improve 
the strength of materials. The vibration of joining speci-
mens during FSB leads to more homogenous intermixing 
of melt filler metal between the adjoining specimens and 
better adhesion of solidified melt to adjoining specimens 
is obtained. In this regard, interfacial boundary strength 
enhances. This increases the shear strength of brazed speci-
mens made by the FSVB compared to the specimens fab-
ricated by the FSB method. The presence of cavities and 
lack of diffusion in brazing metal under the FSB process is 
another reason for their low strength. Cavities lead to stress 
concentration and fracture occurs at low shear force values 
[38].

Fig. 9  Microstructures of braze 
regions relating to various 
brazing conditions. a FSB 
and b FSVB (rotation speed 
1100 rpm, traverse speed 
75 mm/min, and vibration 
frequency 25 Hz)

Fig. 10  SEM analyses of the 
distribution of reinforcing 
particles in the braze regions 
for a FSB and b FSVB (rota-
tion speed 1100 rpm, traverse 
speed 75 mm/min, and vibration 
frequency 25 Hz)
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3.2  Effect of vibration frequency

Shear test results for brazed specimens processed at vari-
ous vibration frequencies, namely 30, 45, and 60 Hz, and 
SiC nanoparticles incorporated in the braze microstructure 
are presented in Fig. 12. The results indicate that the shear 
strength of brazed samples improves as vibration frequency 
improves. It has been well-known that the second-phase 
particles distributed in a ductile matrix are a typical source 
of alloy strengthening [39]. Particles intersect slip planes 
in a random fashion and a gliding dislocation must either 

cut through the particles or penetrate the array of particles 
by bowing between the obstacles [40]. For both condi-
tions, more force should be applied to move the disloca-
tions. In addition, one significant result from Fig. 12 is the 
minor improvement of strength at high values of frequency. 
This shows that with an oscillation frequency of about 45 
cycles/s, the highest strength and also ductility values are 
achieved and they do not vary remarkably as vibration fre-
quency rises. It can be associated with the relation between 
strain and dislocation production. It has been reported by 
previous studies that the relation between the strain and 
dislocation production is not linear during work hardening 
and it follows a power-law relation [41]. That is, there is 
rapid improvement in dislocation production at low values of 
strain while this increment reduces at high values of strain.

Figure 13 indicates the grain size variation of the brazed 
samples under various vibration frequencies. The grain size 
is reduced as vibration is increased. As vibration improves, 
besides the stirring and traversing movement of the brazing 
tool, the material deformation increases. Since there is a 
direct relationship between material deformation (or strain) 
and the density of dislocations [42], so a quick multipli-
cation of dislocations and a rapid increase in dislocation 
density happen by increasing strain. It finally leads to finer 
grains in the brazed samples. It is worth mentioning that 
no significant change in the grain size is shown when fre-
quency increases from 45 to 60 Hz due to the power low 
relation between strain and dislocation density mentioned 
in the previous section.

By increasing the vibration frequency during FSVB, 
the distribution of second-phase particles changes and it 
becomes more homogenous. TEM images of braze micro-
structures relating to the FSVB-ed specimens at different 
vibration frequencies and contained SiC particles are dis-
played in Fig. 14. It is seen that the particles are distrib-
uted more homogenously and less agglomeration occurs as 
vibration frequency enhances. The material in the brazed 
zone experiences more deformation as vibration frequency 
improves. The presence of mechanical vibration leads to 
the breakdown of agglomerated reinforcing particles and 
increases the homogeneity of SiC particle distribution. The 
thermal expansion mismatch between the base metal and 
filler material can generate residual stresses in the joints dur-
ing cooling after soldering. The stress relaxation or creep 
deformation of the brazed specimen is expected to mitigate 
the mismatch of the thermal expansion coefficients between 
filler and the base metal [43].

The severe plastic deformation and temperature generated 
during brazing have a considerable effect on the formation of 
the intermetallic phase. The interfacial IMC layer thickness 
relating to various vibration frequency values for both top 
and bottom interfaces was measured using Eq. 1, and the 
results are presented in Fig. 15. It is seen that the thickness 

Fig. 11  Shear test results for samples brazed by FSB and FSVB (rota-
tion speed 1100  rpm, traverse speed 75  mm/min, and vibration fre-
quency 25 Hz)

Fig. 12  Shear test results of brazed specimens under different vibra-
tion frequencies
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of IMCs in joints made by conventional FSB is the highest 
value and for the joints made by FSVB process with 60-Hz 
vibration frequency, it is the lowest. This layer performs 
as a barrier and resists against the indenter movement dur-
ing hardness testing and raises the hardness. However, the 
mechanical vibration breaks the IMC layer into small parti-
cles and distributes them evenly in the joint zone. The dif-
ference in thickness between the top and bottom interfacial 

IMC layers is because of placing the vibration plate under 
the workpiece, in which the effect of vibration frequency is 
higher than the top interface. However, this discrepancy has 
been found to decrease with increasing vibration frequency.

As vibration frequency increases, due to severe contact 
between tool and base metal, temperature increases [43], and 
the melt, between the adjoining specimens, flows more eas-
ily. More fluidity of melt, due to higher temperature, causes 

Fig. 13  The grain size variation 
in the brazed samples under 
various vibration frequencies. a 
30 Hz, b 45 Hz, and c 60 Hz

Fig. 14  TEM analysis of SiC 
particles relating to brazed 
specimens at different vibration 
frequencies. a 30 Hz, b 45 Hz, 
and c 60 Hz
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the more homogenous distribution of SiC nanoparticles. The 
degree of strengthening based on second-phase particles is 
dependent on different parameters including the volume 
fraction, the shape of particles, the particle diameter, and 
also the interparticle spacing of particles [38]. According to 
the Orowan theory [38], strengthening presented by second-
phase particles is given by the following equation:

where:
α: constant.
G: shear modulus.
b: Burgers vector.
r: radius of spherical particles.
λ: interparticle spacing and a simple expression for it is:

where f is the volume fraction of spherical particles of 
radius r.

By increasing the vibration frequency, homogeneity of 
SiC particle distribution improves and their agglomeration 
reduces. Less agglomeration of SiC particles means less r 
value. Regarding the constant volume fraction of particles, 
λ decreases as r decreases. So, a more homogenous distri-
bution of SiC particles results in less r and λ values, and 
according to Eq. 2, strengthening because of the presence of 
second-phase particles improves more and higher strength-
ening is obtained [43].

(2)Δ� =
�Gb

�
ln

(3)� =
4(1 − f )r

3f

Hardness test measurement results for various brazed 
specimens processed by different vibration frequencies are 
displayed in Table 3. The hardness values relate to the braz-
ing metal between the adjoining specimens. Based on data in 
Table 3, the hardness value for the brazed sample improves 
as vibration frequency increases. Hardness which is con-
sidered as the resistance of a substance to localized plastic 
deformation depends greatly on dislocations movement [44]. 
Variables that reduce the motion of dislocations increase the 
hardness. The presence of second-phase particles restricts 
the mobility of dislocations and more force should be 
applied to move them [40]. Additionally, according to Eq. 2, 
the resistance of second-phase particles to the movement 
of dislocations increases as particles are distributed more 
homogenously (lower r and λ values). It was observed in 
Fig. 15 that the SiC particles distributed more homogenously 
as vibration frequency increased. The results obtained are in 
good agreement with the previous studies [2, 45], in which 
enhanced uniformity of the structure of β-Sn phase and the 
dispersion of eutectic phase improved the resistance against 
dislocation and resulted in a higher hardness profile.

3.3  Fractured surface analysis

Figure 16 indicates the fractured image of the joint zone for 
specimens made by FSB and FSVB while both specimens 
include reinforcing particles in the joint zone. The funda-
mental point of these images is the presence of dimples. 
Dimples usually form because of dislocation intersection, 
and they indicate a ductile fracture in samples [46–48]. In 
the first step of the deformation process, the dislocations 
are able to slip, climb, and cross-slip. Frank–Read sources 
and multiplication by the double-cross slip have been con-
sidered as some mechanisms for dislocation production and 
they can be activated through the improvement of deforma-
tion. However, by an increment of dislocations density, the 
interaction between dislocations leads to the generation of 
some dislocation locks that impede the higher slip of dis-
locations. In this condition, a higher improvement in the 
implemented force results in the generation of voids at the 
lock sites. Voids grow and dimples form and finally a duc-
tile fracture occurs. The fracture surfaces of joints made by 

Fig. 15  Interfacial IMC layers thickness for various brazing condi-
tions. FSB and FSVB with different vibration frequencies (25, 30, 45, 
and 60 Hz)

Table 3  Hardness values for base material and braze metal for differ-
ent brazing conditions

Hardness (HV)

FSB + Powder 16.5 ± 2
FSVB-30 Hz + Powder 23.1 ± 2
FSVB-45 Hz + Powder 27.5 ± 2
FSVB-60 Hz + Powder 28.2 ± 2
Base 125 ± 2
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the FSB method show coarse dimples as opposed to a large 
number of fine dimples in the fracture surface of joints made 
by FSVB. These can be associated with the role of grain size 
and also the distribution of reinforcing particles during the 
brazing process with various conditions. By decreasing the 
grain size, the mobility of dislocations and accretion of voids 
reduce, and consequently, the generation and growth of large 
voids reduce. On the other side, the site for void formation 
decreases as the grain size and agglomerated particles size 
decrease by an increment of vibration frequency. This is 
validated by the obtained brazed matrix hardness as shown 
in Table 3 and grain size distribution as observed in Fig. 13.

4  Conclusions

FSB as a joining method is based on metallurgical reaction 
instead of plastic flow. Different trials have been carried out 
to improve the mechanical properties of joints made by FSB. 
In the current research, a modified version of the FSB pro-
cess, entitled FSVB, is presented. In this method, joining 
specimens are vibrated mechanically during FSB, in a direc-
tion normal to tool transverse direction. Steel plates were 
joined by FSB and FSVB methods while %67wt Sn-%33wt 
Pb alloy was applied as brazing material and SiC particles 
were incorporated in the braze microstructure. Microstruc-
ture and mechanical properties of brazed samples at different 
brazing conditions were compared. It was concluded that:

1. FSVB provides higher joint strength, hardness, and finer 
grain size than those when using FSB.

2. Vibration in FSVB increases the fluidity of molten filler 
and as consequence, it enhances the homogeneity of 
strengthening particles distribution.

3. The strength and hardness of joints made by FSVB 
enhance as vibration frequency increases, while 
the grain size and the thickness of IMCs in the joint 
decrease.

4. FSVB as a new brazing method, which results in joints 
with proper mechanical properties, is proposed to weld-
ing communities and it is recommended for application 
in industries.
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