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Abstract
T6-treated 20 wt%  B4Cp/6061Al sheets were joined under welding speeds of 400–1200 mm/min by friction stir welding 
(FSW) with a threaded cermet pin. The macro-defect-free FSW joints could be achieved at high welding speeds up to 
1200 mm/min, but larger plunge depth was required at the welding speeds of 800 and 1200 mm/min to eliminate the tun-
nel defect. In the nugget zone (NZ) of the joints, the  B4C particles were broken up and uniformly redistributed. The NZ 
exhibited lower hardness than the base metal (BM), and the hardness value almost did not change with increasing welding 
speed, attributable to the dissolution of precipitates. Compared with the BM, the joints showed lower tensile strength. As 
the welding speed increased from 400 to 800 mm/min, the joint efficiencies were nearly the same and up to ~ 73%. When the 
welding speed increased up to 1200 mm/min, the tensile strength significantly decreased, due to the occurrence of kissing 
bond defect at the bottom of the NZ. With increasing welding speed, the fracture location of the joints transferred gradually 
from the heat-affected zone to the NZ due to the kissing bond defects.

Keywords Metal-matrix composites · Microstructures · Mechanical properties · Friction stir welding · High-speed welding

1 Introduction

B4C particle  (B4Cp)-reinforced aluminum matrix compos-
ites  (B4Cp/Al) have recently been considered as an alterna-
tive to the common particles (SiCp,  Al2O3p, etc.)-reinforced 
composites for some structural applications due to the lower 
density to hardness ratio of  B4Cp [1, 2]. Particularly, the 
neutron capture ability of  B4Cp makes the  B4Cp/Al an ideal 

neutron absorbing material for nuclear applications [3, 4], in 
which the welded structures are indispensable.

Friction stir welding (FSW) is a highly feasible welding 
technique for the composites to avoid the fusion welding 
defects [5, 6], and homogenize the distribution of the rein-
forcement as well [4, 7]. This technique is also widely used 
for the fabrication and modification of metal-matrix com-
posites [4, 8]. However, the ultra-hard reinforcements result 
in the poor plastic deformation ability of the composites [9, 
10], which makes it difficult to realize the high-speed weld-
ing. Furthermore, studies on FSW of  B4Cp/Al were limited 
and mostly focused on the softer  B4Cp/Al [11, 12]. For the 
high-performance applications, the precipitation-strength-
ened composites such as the  B4Cp/6061Al-T6 with higher 
strength are required. In this case, the FSW of such high-
strength composites needs to be deeply explored.

In general, the precipitates, being a critical factor to 
determine the properties of the precipitation-strengthened 
aluminum alloys, would suffer dissolution, reprecipitation 
and/or coarsening during FSW [13], leading to the soften-
ing of the joints. It was documented that the FSW softening 
could be moderated by increasing welding speed [14]. This 
offers the possibility to obtain high-quality joints with high 
joint efficiency by high-speed FSW. In particular, the nearly 
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equal strength joint to the base material of SiCp/2009Al was 
achieved at a high welding speed of 800 mm/min by Wang 
et al. [15]. However, whether increasing the speed of FSW 
could produce increased joint efficiency in the composites 
based on 6xxx series aluminum alloys such as 6061 is still 
unclear [16, 17].

The precipitation behavior of the precipitation-strength-
ened composites was similar to the corresponding matrix 
alloys, however, with accelerated kinetics and much finer 
precipitates [18, 19], which may lead to different evolutions 
during FSW. In addition, the precipitation characteristics 
were quite different for different aluminum alloys. For exam-
ple, the 2xxx series aluminum alloys exhibit a strong ten-
dency for natural aging, whereas the 6xxx series aluminum 
alloys do not have this inclination. The precipitation char-
acteristic differences could lead to varied precipitate evolu-
tion during FSW, especially the responses to welding speed 
[20, 21]. Because the composites based on the 6xxx series 
aluminum alloys exhibit lower strength and higher ductil-
ity compared to those based on the 2xxx series ones, it is 
expected that higher welding speeds could be applied for 
the composites based on the 6xxx series aluminum alloys.

In our previous study [22], the sound joints of 20 wt% 
 B4Cp/6061Al-T6 were achieved at welding speeds of 
50–400 mm/min, and improved joint strength was obtained 
with increasing welding speed. In this work, the 20 wt% 
 B4Cp/6061Al-T6 was subjected to FSW at higher welding 
speeds up to 1200 mm/min, aimed to (a) study the feasibil-
ity of achieving sound FSW joints at higher speeds and (b) 
clarify the effect of the welding speed on the microstructure 
and mechanical properties.

2  Experimental

20 wt%  B4Cp/6061Al-T6 sheets 2.9 mm in thickness were 
used in this work. The  B4Cp/Al billet was fabricated by pow-
der metallurgy technique, including the powder mixing and 
hot pressing, using 6061Al alloy as the matrix and  B4Cp 
as the reinforcement. The billet was hot-extruded and fol-
lowed by hot rolling to a thickness of 2.9 mm. The sheets 
were solutionized at 530 °C for 2.5 h, water-quenched and 
then aged at 175 °C for 8 h to achieve T6 temper condi-
tion. Detailed fabrication process of the composite has been 
described in our previous study [22].

The T6-sheets were butt-welded along the rolling direc-
tion using an FSW machine at a rotation rate of 1000 rpm 
and welding speeds of 400, 800 and 1200 mm/min, denoted 
as joints 400, 800-I and 1200-I in the following text. A 
plunge depth of 0.15 mm and a tool axial tilting angle of 
2° were used for all FSW processes. An ultra-hard cermet 
tool with a shoulder 14 mm in diameter and a threaded 

conical-shaped pin 5 mm in root diameter and 2.8 mm in 
length was used for FSW.

During welding experiments, it was found that it was dif-
ficult to obtain sound joints at welding speeds of 800 and 
1200 mm/min with the plunge depth of 0.15 mm. To ensure 
the high quality of the joints, the additional plunge depths 
of 0.2 mm and 0.4 mm were applied for 800 and 1200 mm/
min, respectively. The corresponding joints are denoted as 
joints 800-II and 1200-II in the following text.

After welding, the FSW joints were cross sectioned 
perpendicular to the welding direction for microstructural 
examination by optical microscopy (OM) and scanning elec-
tron microscopy (SEM) after it was mechanically polished 
and etched by Keller’s reagent. The differential scanning 
calorimetry (DSC) was conducted to characterize the pre-
cipitation features in the base material (BM) and the differ-
ent FSW joints, by measuring the heat evolution during the 
heating, with a heating rate of 10 °C/min. Five specimens 
of 50 mg in weight were tested, i.e., the solutionized BM 
(BM-Sol), the T6-treated BM (BM-T6) and the NZs of joints 
400, 800-II and 1200-II (400-NZ, 800-NZ and 1200-NZ, 
respectively).

The hardness profiles of the joints were measured along 
the mid-thickness of the cross sections perpendicular to the 
welding direction under a 1000 gf load for 30 s. The line for 
the test started from the weld center and extended to 20 mm 
on both the retreating side (RS) and advancing side (AS). 
The indentation interval was chosen to be 1 mm. Dog-bone-
shaped tensile specimens with a gauge length of 40 mm and 
a width of 10 mm were machined perpendicular to the weld-
ing direction with the NZ being in the center of the gauge. 
Room-temperature tensile tests were carried out at a strain 
rate of 1 × 10−3 s−1, and the property data for each condition 
were obtained by averaging three testing results. The fracture 
surfaces of the tensile specimens were observed by SEM.

3  Results and Discussion

Figure 1 presents the welding tool morphologies before and 
after all the FSW operations, with the total welding dis-
tance reaching 1000 mm. Slight abrasion on the top and 
the screw thread of the pin, with almost no shortening of 
the pin, was observed, indicating the high durability of this 
self-designed cermet tool for the FSW of the high-strength 
20 wt%  B4Cp/6061Al-T6 at high welding speeds up to 
1200 mm/min.

Figure 2 shows the surface morphologies of the FSW 
joints at various welding speeds (v) and various plunge 
depths for v = 800  mm/min and v = 1200  mm/min. The 
smooth surfaces with semicircular features resulting from 
wake effect were obtained for all the joints. No defects were 
observed for the joints at 400 and 800 mm/min. For joint 
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1200-I, the incomplete semicircular features were observed 
due to the insufficient plunge depth, as shown by the white 
arrow. As the additional plunge depths were applied, larger 
trimming was generated in joint 800-II, as shown by the 
black arrow, and the incomplete semicircular features were 
eliminated in joint 1200-II.

Figure 3a presents the cross-sectional morphologies of 
the FSW joints under various welding speeds (v) and various 
plunge depths for v = 800 mm/min and v = 1200 mm/min. 
As shown in Fig. 3a, the actual plunge depths were smaller 
than the preset plunge depths for the joints at v = 800 mm/
min and v = 1200 mm/min, no matter with or without the 
additional plunge depths. This could be attributed to larger 
material springback due to the larger elastic deformation 
amount of the material in the joint region at lower heat input 
with higher welding speeds.

Figure 3b and c shows the zoom-in morphologies of the 
white boxes in Fig. 3a. The joints were divided into four 
zones: nugget zone (NZ), thermomechanically affected 
zone (TMAZ), heat-affected zone (HAZ) and base mate-
rial (BM). The NZ widths were almost the same for three 

welding speeds, without clear NZ/TMAZ boundaries on the 
RS. Since the width of the TMAZ was too small, it was hard 
to clearly show the NZ/TMAZ and TMAZ/HAZ boundaries 
in Fig. 3a.

Sound joint was achieved for joint 400, while tunnel 
defects were detected for joints 800-I and 1200-I, when the 
same plunge depths were applied. As shown by the white 
arrows in Fig. 3b and c, the tunnel defect was only observed 
at the NZ/HAZ boundary on the RS at the bottom of the NZ 
for joint 800-I, while for joint 1200-I the tunnel defects were 
observed both at the NZ/HAZ boundary and in the center of 
the NZ at the bottom of the NZ. The size of the tunnels was 
larger in joint 1200-I than in joint 800-I.

The tunnel defect is a common defect in FSW joints when 
the improper parameters were applied, due to the low heat 
input, insufficient material plasticization and imbalance in 
the material flow around the pin [23]. When the lower weld-
ing speed v = 400 mm/min was used, a long stirring time and 
consequently adequate material flow resulted in a balanced 
material flow in the joint. Therefore, a sound FSW joint was 
produced at v = 400 mm/min as shown in Fig. 3a. As the 

Fig. 1  Welding tools a before, b after all welding operations

Fig. 2  Surface of the FSW joints at various welding speeds and various plunge depths
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welding speed increased to 800 and 1200 mm/min, this bal-
anced material flow would be changed into insufficient mate-
rial flow, due to much higher traveling speed and the poor 
material plasticization under the decreased heat input. By 
applying the additional plunge depth at both v = 800 mm/min 
and v = 1200 mm/min, the sound joints were achieved by 
completely eliminating the tunnel defects, as shown in joints 
800-II and 1200-II in Fig. 3a, attributing to the increased 
heat input and the corresponding improved material plasti-
cization under larger plunge depth [24].

Figure 4a–d shows the microstructures of the BM and 
NZ of the FSW joints with the corresponding  B4Cp size and 
aspect ratio shown in Fig. 4e. In the BM, the  B4Cp was in a 
polygonal shape with sharp tips. Some particles with large 
aspect ratio were observed in the BM. The  B4Cp size was 
about 7.5 μm with the aspect ratio of about 2.2 (Fig. 4e). 
The  B4Cp distribution in the BM was slightly non-uniform. 
The particle clusters [zone (1) in Fig. 4a] and the slightly 
banded distribution regions of  B4Cp [zone (2) in Fig. 4a] 
were observed in the BM.

After FSW, the shape of the  B4Cp hardly changed. 
However, the  B4Cp was redistributed uniformly in the 
matrix and the number of the  B4Cp with large aspect 
ratio was decreased in the NZ, resulting from the drastic 
plastic deformation of the Al alloy matrix and the par-
ticle/tool interaction, such as collision, during FSW [4, 
25, 26]. Furthermore, the  B4Cp size and aspect ratio were 
significantly reduced in the NZ as shown by the statistical 
result (Fig. 4e), with some fine  B4Cp being observed as 
shown by the white circles in Fig. 4b–d. This indicates that 
the material flow combined with the interaction between 
 B4Cp and the welding tool resulted in the fragmentation 
of  B4Cp during FSW. With increasing welding speed, the 

distribution, size and aspect ratio of  B4Cp were almost 
unchanged, indicating a similar impact level of FSW on 
 B4Cp under such high welding speeds.

Figure 5 shows the DSC curves of the BM with differ-
ent tempers and the NZs at different welding speeds. Two 
exothermic peaks located in the range of 200–300 °C were 
observed for the BM-Sol and all the joints, which were 
believed to associate with the precipitation of the β″ and 
β′ phases [13]. Only β′ precipitates peak was observed for 
the BM-T6, indicating that most of the precipitates in the 
BM were β″ phases. It can also be seen in Fig. 5 that the 
intensities of both the two peaks in the NZs were lower 
than those in the BM-Sol, and slightly increased with the 
increasing welding speed from 400 to 800 mm/min and 
then almost unchanged with the further increase in the 
welding speed from 800 to 1200 mm/min.

According to our previous study [22], the joint suffered 
the dissolution of the β″ precipitates, reprecipitation of the 
spherical-shaped GP-I zone, β″ to β′ transformation and 
coarsening of β″ and β′ during FSW. The similar profiles 
between the FSW joints and the BM-Sol, and the differ-
ence between the FSW joints and the BM-T6 indicated that 
the β″ precipitates in the BM dissolved during FSW and 
reprecipitated with the same sequence of the BM-Sol dur-
ing the DSC test. The lower intensity of the β″ precipitate 
peak, corresponding to lower number of solutes in the NZs 
compared to the BM-Sol, and the lower intensity of the β′ 
precipitate peak, corresponding to decreased β″ to β′ trans-
formation in the NZs during the DSC test, indicated that 
reprecipitation, β″ to β′ transformation and/or coarsening 
of β″ and β′ also occurred accompanied with the dissolu-
tion of β″ during FSW.

Fig. 3  a Cross-sectional macrostructures of FSW joints under various welding speeds and plunge depths, b, c magnified views of joints 800-I 
and 1200-I
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In general, the heat input and material deformation 
decreased with increasing welding speed [27], which may 
decrease the dissolution of the β″ precipitates. However, the 
slight increase in the peak intensities with increasing weld-
ing speed shown in Fig. 5 was observed, indicating that a 
larger number of solutes was retained in the NZs of joints 
800-II and 1200-II after FSW. This might be explained that, 
as the welding speed increased from 400 to 1200 mm/min, 
the heat input slightly decreased, which was not enough to 
trigger the significant difference of the precipitation evolu-
tion in the NZs. The additional plunge depth in joints 800-II 

and 1200-II led to increased heat input which resulted in a 
similar amount of dissolution of β″ during FSW.

During the cooling down of the joints after FSW, the 
increased welding speed led to higher cooling rate, resulting 
in less reprecipitation of β″. Therefore, more solutes were 
retained in joints 800-II and 1200-II. The slightly increased 
intensity of the β′ precipitates peak in joint 800-II than in 
joint 400 indicated that more β″ to β′ transformation and/or 
coarsening of β″ and β′ occurred during FSW, attributable 
to the slightly decreased heat input and higher cooling rate 
in joint 800-II.

Fig. 4  Microstructures in the BM and in the NZ of FSW joints: a BM, b joint 400, c joint 800-II, d joint 1200-II, e  B4Cp size and aspect ratio
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The accelerated precipitation kinetics and the much finer 
β″ precipitates in this composite as observed in our previous 
study [22] may also contribute to decreasing the precipita-
tion evolution difference at various welding speeds, due to 
the high proneness to dissolve and coarsen under the heat 
effect.

Figure 6 shows the transverse cross-sectional hardness 
profiles of joints 400, 800-II and 1200-II. The hardness of 
the T6-treated BM was about 150 HV. The hardness pro-
files under different welding speeds showed almost the same 

patterns and values. A wide low-hardness region was gener-
ated in the center of all the joints, in which the hardness was 
reduced to around 100 HV, and then gradually increased to 
150 HV with increasing the distance away from the edges 
of the low-hardness region. The hardness profiles in the 
low-hardness region for all the joints were almost flat, with 
a slightly lower hardness zone (LHZ) at the edges of this 
region.

The hardness decrease in the joints could be mainly 
attributed to the dissolution and coarsening of the precipi-
tates [28]. According to the analyses above, the increasing 
welding speed only resulted in a negligible difference of the 
precipitation in the NZs when the larger plunge depth was 
applied at higher welding speeds. Thus, almost the same 
hardness profiles of all the joints were obtained under three 
welding speeds.

Figure 7 shows the tensile properties, the engineering 
stress–strain curves and the corresponding fracture locations 
of the BM and joints 400, 800-II and 1200-II. The strength 
of the joints was lower than that of the BM, with almost the 
same strength and elongation for joints 400 and 800-II, and 
similar stress–strain curves as well. However, joint 1200-
II exhibited much lower strength and elongation. For joint 
400, three tensile specimens fractured all in the HAZ; for 
joint 800-II, two tensile specimens fractured in the HAZ and 
one in the NZ; for joint 1200-II, all three tensile specimens 
failed in the NZ, indicating the gradual transformation of the 
fracture location from the HAZ to the NZ with increasing 
welding speed as shown in Fig. 7c, in which the white line 
shows the weld centerline.

Figure 8 shows the representative fractographs. For the 
joints fracturing at the HAZ, for both joints 400 and 800-
II, the ductile fracture surface showed similar features of 
the BM. For the joints fracturing at the NZ, for both joints 
800-II and 1200-II, some holes with sizes of 50–100 μm 
were observed at the NZ bottom, which were considered as 
the fracture initiation from the crack propagation features as 
shown in Fig. 8c and d. The magnified images around the 
holes indicated that the kissing bond occurred in this region, 
as shown in Fig. 8e and f.

Fig. 5  DSC curves of the BM and the NZs of FSW joints

Fig. 6  Transverse cross-sectional hardness profiles of FSW joints

Fig. 7  a Tensile properties, b engineering stress–strain curves of the BM and FSW joints, c the fracture locations of the joints after tensile test
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For joint 400, the decreased strength compared to the BM 
and the fracture location was consistent with the hardness pro-
file. The close strength of joints 400–800-II was also consistent 
with the similar hardness profiles of these two joints. With the 
increase in the welding speed up to 1200 mm/min, the signifi-
cant decrease in the strength and elongation was attributed to 
the kissing bond defects, which resulted from the insufficient 
plastic deformation [29, 30]. Actually, the kissing bond defect 
was also observed in joint 800-II, as shown in Fig. 8c. This 
indicates that although the additional plunge depths applied 
in this study were enough to eliminate the tunnel defects, the 
kissing bond defects could not be avoided completely at higher 
welding speeds. Even larger plunge depths might be necessary 
to eliminate the kissing bond defect at higher welding speeds 
of 800 and 1200 mm/min.

4  Conclusions

1. Macro-defect-free FSW joints  of  20  wt% 
 B4Cp/6061Al-T6 composites were obtained at high 
welding speeds up to 1200 mm/min. The additional 

depths of 0.2 mm and 0.4 mm for 800 and 1200 mm/
min, respectively, were necessary to eliminate the tunnel 
defects.

2. The hardness of the NZ was lower than that of the BM 
due to the dissolution and coarsening of the precipitates. 
The joint hardness profiles and hardness values were 
almost the same at various welding speeds.

3. The tensile strength of the joints was lower than that 
of the BM and almost the same as the welding speed 
increased from 400 to 800 mm/min, with the joint effi-
ciency up to ~ 73% being obtained. The joint strength 
and elongation at 1200  mm/min were significantly 
reduced by the kissing bond at the NZ bottom.

4. The fracture location of the joints gradually transferred 
from the HAZ to the NZ with increasing welding speed 
due to the kissing bond at higher welding speeds.

Acknowledgements The authors gratefully acknowledge the support 
of the National Natural Science Foundation of China under Grant Nos. 
U1508216 and 51771194, and the National Key R & R Program of 
China under grant No. 2017YFB0703100.

Fig. 8  Fractographs of FSW joints: a BM, b joint 800-II, HAZ, c joint 800-II, NZ, d joint 1200-II, NZ. e, f are the magnified images around the 
holes pointed out by the white arrows in c, d, respectively
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