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Abstract  The microstructure and mechanical properties of friction stir welded boron steel 
in butt joint configuration are experimentally studied. Two different friction stir welding (FSW) 
parameter combinations are used to successfully fabricate butt joints. Microstructural analysis 
exhibites that the stir zone (SZ) primarily consists of fine lath martensite, while the thermo-
mechanically affected zone (TMAZ) comprises bainitic ferrite and granular bainite with a small 
amount of martensite. The presence of granular bainite in TMAZ suggests that alloying 
composition affects the phase transformation. The formation of recrystallized structures with 
lath martensites and high dislocation density in the SZ significantly enhance the hardness of 
the joints compared to that of the base metal. The results of the present study suggest that 
FSW can be used as a method for local hardening of structural components made of boron 
steels, without complicated heating and rapid cooling of a conventional hot stamping process.  

 
1. Introduction   

Automotive industries are moving towards creating vehicles with lighter weight, lower carbon 
footprint, and better crashworthiness. The evaluation of advanced or ultra high strength steels 
makes the weight reduction of automotive structures possible with ferrous alloys without com-
promising strength and ductility [1-4]. With the increasing use of new ferrous alloys with im-
proved strength, automotive industries require advanced joining technologies to minimize the 
weakening of mechanical/material properties of joints that commonly occurs in conventional 
fusion joining processes. 

Among the relatively new ferrous alloys, boron steels are used for hot stamping processes. In 
hot stamping process, boron steel has been heated just above the Ac3 temperature (900 °C, γ 
→ α transition) for an appropriate dwell time to maintain homogeneous austenization. Rapid 
cooling after forming at elevated temperature induces the formation of martensitic phase, re-
sulting in uniform hardening [5, 6]. Over the last decade, researchers have worked on the de-
velopment of spot welding for hot-stamped boron steels. Khan et al. [7] and Ma et al. [8] ob-
served that resistance spot weldability of hot stamped steel could be achieved by optimizing the 
range of the electric current. Researchers have frequently found expulsive and interfacial types 
of failure in resistance spot welding (RSW) of hot-stamped boron steel [7, 8]. Kim et al. [9] stud-
ied laser welding of hot stamped boron steel and observed extensive heat affected zone (HAZ) 
softening. HAZ softening during RSW of hot stamped boron steel was also reported by other 
researchers [7, 8].  

Friction stir welding (FSW) [10], a solid-state joining process, is known to mitigate various is-
sues such as the cast structure in the weld zone and HAZ softening during the joining of ferrous 
alloys. Miles et al. [11] investigated the microstructural phenomenon with mechanical perform-
ance of the joints for FSW of 6 mm thick DP590 steel. They concluded that acicular ferrite and   
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bainite formed in the stir zone (SZ) whereas, polygonal ferrite 
with martensite formed in the thermo-mechanically affected 
zone (TMAZ). Fully martensitic structure at SZ has been ob-
served by Khan et al. [12] and Ohashi et al. [13] during friction 
stir spot welding (FSSW) of DP 600 steel. Santella et al. [14] 
reported a comparison between FSSW and RSW of bare (un-
coated) and GA DP780 steel sheets. They noticed that both 
diffusion and mechanical interlocking/hooking phenomenon 
during FSSW enhanced the mechanical performance of joints 
compared to RSW. 

Unfortunately, studies on FSW/FSSW of boron steel are still 
quite limited. Hovanski et al. [15] studied FSSW of hot-stamped 
boron steel. They observed mostly martensitic structure in the 
SZ and TMAZ, with a thin ferrite band at the interface of the 
sheets, which remained along the both sheet surfaces as well 
as throughout the SZ. They did not observe any HAZ softening 
in the joint.  

Since the peak temperature during FSW/FSSW of steels can 
reach up to 1000-1200 °C, which is clearly above than the Ac3 
temperature of boron steel, it is expected that FSW/FSSW of 
boron steel without hot stamping would induce a unique micro-
structural change in the SZ and TMAZ. In the present study, 
FSW of boron steel without hot stamping is considered. The 
microstructural investigation and texture pattern of the joints 
are addressed using scanning electron microscopy (SEM), 
electron back scattered diffraction (EBSD), and transmission 
electron microscopy (TEM). The results of this microstructural 
analysis are then correlated with the mechanical properties 
from hardness measurements. 

 
2. Experimental procedure 

Boron steel sheet of 2 mm thick was used as a base material 
during FSW. Chemical composition of the base metal is listed 
in Table 1. A custom-made FSW machine (RM1, TTI, USA) 
was used to fabricate all the joints. The process response (ax-
ial (Z) force and torque), and the depth of penetration were 
simultaneously recorded for each case with an embedded 
DAQ system. The temperature profiles during FSW were re-
corded using an infrared thermal imaging camera (FLIR-T621, 
FLIR, Sweden). A spark plasma sintered tungsten carbide 
(WC) tool was used. The detailed geometry of the tool with the 
process parameter combinations are specified in Table 2. 

To determine the successful fabrication of the joints, the 
cross sections were analyzed with an optical microscope (OM). 
Quasi-static tensile tests in the perpendicular direction to the 
tool travel direction were also conducted to confirm successful 
joining by the occurrence of failure in the base metal, which is 
typically used to evaluate the soundness of joining. The tensile 
tests were conducted with a displacement rate of 2.5 mm/min 
until complete failure. 

For microstructural analysis, the cross section of the joints 
was analyzed by SEM (JEOL, JSM 7600F, Japan). EBSD 
(Oxford Instruments/HKL Nordlys 5 Channel) analysis was 
conducted to characterize the crystallographic orientation maps. 

TEM was used to analyze the SZ and TMAZ using a micro-
scope (JEOL-2000EX, manufacturer, Japan) operating at 
200 kV. For TEM analysis, dual ion beam polishing (FEI 
Quanta 3D FEG Dual Beam) was used to prepare interface 
specimens. Microhardness was determined using Vickers mi-
crohardness indenter (HM-100, Mitutoyo, Japan), with a load of 
490.5 mN and a dwell time of 10 sec, across the weld cross 
section.  

 
3. Results and discussion 

Fig. 1 clearly exhibits successful FSW joining of boron steel 
with two different combinations of parameters without any mac-
roscopic defects. The tensile test results of FSW joints show 
that the failure occurred in the base metal for both process 
parameter sets, P1 and P2, as shown in Fig. 2.  

Understanding the thermal history during FSW of boron steel 
helps to evaluate microstructural phenomena in detail. The 
temperature distribution along the perimeter of the tool shoul-
der showed that the maximum temperature exceeded 900 °C 
(Fig. 3(a)) and 1050 °C (Fig. 3(b)) for the P1 and P2 parameter 
sets, respectively. The temperature distribution confirms that 
the temperature of the material under the tool shoulder during 
the FSW process was clearly higher than the Ac3 temperature 
(811 °C) [16] of the boron steel. 

Process responses (axial force and torque) during FSW are 
significantly relevant to understand the consequence of ther-
mally activated softening, deformation, and strain and strain 
rate hardening. Frictional heat generation increases with in-
creasing tool rotational speed and enhancing thermal softening 
of the material. Fig. 4(a) shows that at a constant tool travel 
speed, the joining process progressed at lower axial force with 
higher tool rotational speed. 

Evolution of the axial force is the response generated by the 
work piece material under the influence of processing parame-
ters. Interestingly, it was also noted that the axial torque re-

Table 1. Chemical composition of boron steel. 
 

C Si Mn Cr B Ti Fe 
0.2 0.2 1.18 0.02 0.004 0.004 Bal. 

 
Table 2. FSW tool geometry and process parameters. 
 

Material PCBN 
Shoulder diameter (mm) 14.3 

Probe length (mm) 2 Tool geometry 

Shoulder type Convex scrolled  
shoulder 

Tool rotational speed 
(rpm) 

1200 (P1), 
1500 (P2) 

Travel speed (mm/min) 50 
Tool tilt angle (°) 2 

Process parameter 

Depth of penetration 
(mm) 1.85 
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sponse decreased with the increase in tool rotational speed 
(Fig. 4(b)). Reduction of the torque with increasing tool rota-
tional speed is associated with the material flow phenomenon 
and the viscous characteristics of the material around the tool 
induced by higher heat input. The base metal microstructure 
showed typical ferrite and pearlite structures (Fig. 5). The mi-
crostructures of the SZ for both P1 and P2 clearly show dy-
namic recrystallization phenomenon with fine lath martensites, 
as shown in Figs. 6(a) and 7(a), respectively. Whereas, the 
TMAZs for both P1 (Fig. 6(b)) and P2 (Fig. 7(b)) primarily con-
sist of bainitic ferrite/granular bainite with small amounts of 
martensite. EBSD analysis was conducted at the center of the 
SZ and the TMAZ for both P1 (Fig. 8) and P2 (Fig. 9). 

The inverse pole figure (IPF) maps for P1 show that the SZ 
is predominantly composed of fine lath martensite (Fig. 8(a)), 
while the TAMZ has a bainitic structure (Fig. 8(b)). The orienta-
tion distribution functions (ODFs) of the SZ for P1 at the Φ = 
45° and 65° sections of the Euler space were obtained along 
the standard ODF, as shown in Figs. 8(a1) and (a2), respec-
tively. The texture exhibited strong (001) é ùë û010 , (111) é ùë û132 , 

(110)) é ùë û332  components at Φ = 45° and a very strong S 

component (123) [ ]634  at Φ = 65° in the SZ. The main com-
ponents of the texture at Φ = 45° emerged from α and γ fibers. 
On the other hand, the texture in the TMAZ showed only 
(110) é ùë û113 , (110) é ùë û331 , (001) é ùë û230  components at Φ = 

45° and no S component at Φ = 65°, as shown in Figs. 8(b1) 
and (b2). 

The IPF map of the SZ for P2 shows slightly coarser lath 
martensite in comparison with that for P1, as clearly deter-
mined by comparing Figs. 9(a) and 8(a). Interestingly, it is ob-
served that the lath structure diminished significantly in the 
TMAZ for both P1 and P2. The TMAZ of P2 (Fig. 9(b)) shows 
coarse islands of bainite and fewer laths compared to P1 (Fig. 

 
 
Fig. 1. Macrographs for (a) P1; (b) P2. 

 

 
 
Fig. 2. Failure locations for FSW joints after tensile test. 

 

 
 
Fig. 3. Thermal camera profiles of butt welded joint for (a) 1200 rpm, 
50 mm/min (P1); (b) 1500 rpm, 50 mm/min (P2) combinations of parame-
ters. 

 

 
 
Fig. 4. (a) Z Force; (b) torque response for 1200 rpm, 50 mm/min (P1) and 
1500 rpm, 50 mm/min (P2) combinations of parameters. 

 

 
 
Fig. 5. Microstructure of boron steel base metal. 

 

 
 
Fig. 6. SEM microstructure of P1 FS welded joint: (a) SZ; (b) TMAZ. 

 

 
 
Fig. 7. SEM microstructure of P2 FS welded joint: (a) SZ; (b) TMAZ. 
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9b)). These results are reasonable since it is expected that the 
higher tool rotational speed in P2 enhanced grain growth with 
dynamic recrystallization and recovery. The ODFs of the SZ for 
P2 at the Φ = 45° and 65° sections of the Euler space were 
also obtained, as shown in Figs. 9(a1) and (a2), respectively. 
The texture exhibited strong (001) ,é ùë û230  (110) ,é ùë û331  

(001) é ùë û010  components at Φ = 45° and a very strong S com-

ponent ( )[ ]123 634  at Φ = 65° in SZ. Whereas, the texture in 

the TMAZ showed (110) ,é ùë û113  (110) ,é ùë û221  (001) é ù
ë û230  

components at Φ = 45° and no S component at Φ = 65°, as 
shown in Figs. 9(b1) and (b2), respectively. 

TEM analysis at the SZ for P1 clearly demonstrates the lath 
martensitic structure (Fig. 10(b)). Dislocation debris accumu-
lated near the lath boundaries and recrystallized structures 
were observed in the SZ (Fig. 10(c)). Accumulation of disloca-
tions adjacent to the martensite laths corresponds well with the 
results in Refs. [18-20]. Granular bainite and bainitic laths with 
a very small amount of martensite laths were observed in the 

TMAZ of P1 (Fig. 11(c)). Due to the similarity of the resultant 
microstructures of P1 and P2 as observed in EBSD analysis, 
TEM observation on the SZ and TMAZ was only conducted for 
P1, for the simplicity of the study. 

As presented above, the severe deformation with high strain 
rates at the elevated temperature during FSW resulted in the 
complicated microstructures of the SZ and the TMAZ. During 
FSW, the SZ experienced temperatures around 1000-1100 ºC, 
which is higher than the Ac3 temperature. On the other hand, 
the boron content of the boron steel hinders conversion into 
softer microstructures and induces a martensitic microstructure 
during phase transformation [20-22]. Interestingly, boron acts 
primarily as a hardenability element, though boron also influ-
ences the formation of granular bainite, acicular ferrite, and 
bainitic ferrite, in addition to martensite, depending on the de-
formation and cooling rate [21]. With the aid of boron content, 

 
 
Fig. 8. P1 FS welded joint IPF maps for (a) SZ; (b) TMAZ, texture devel-
opment through ODF for SZ at (a1) Φ = 45°; (a2) Φ = 65°; for TMAZ at (b1) 
Φ = 45°; (b2) Φ = 65°. 

 
 

 
 
Fig. 9. P2 FS welded joint IPF maps for (a) SZ; (b) TMAZ, texture devel-
opment through ODF for SZ at (a1) Φ = 45°; (a2) Φ = 65°; for TMAZ at (b1) 
Φ = 45°; (b2) Φ = 65°. 

 

 
 
Fig. 10. (a) SZ interface sample for P1 after dual ion beam polishing, 
HRTEM image of P1 SZ; (b) bright field image of lath martensite; (c) dislo-
cation substructure and recrystallized regime. 

 
 

 
 
Fig. 11. (a) TMAZ interface sample for P1 after dual ion beam polishing, 
HRTEM image of P1 TMAZ; (b) bright field image of lath bainite, martensite 
and granular bainite; (c) lath bainite with dislocations. 
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severe deformation with very high strain rates and relatively 
fast cooling rates enhanced the formation of martensite over 
bainite in the SZ.  

It is speculated that the local shear strain in the SZ during 
FSW, along with the effect of boron, resulted in the localized 
high dislocation density adjacent to martensite lath boundaries 
[23, 24]. The localized high dislocation density increased the 
driving force for recrystallization. Similar increase in dislocation 
density due to boron have also been observed by other re-
searchers [22, 23].  

The result of microstructural analysis suggests that the effect 
of boron content on the microstructural phenomenon is more 
prominent in the TMAZ. The formation of granular bainite along 
with lath bainite indicates the strong effect of boron content. 
Micro-alloyed boron enhanced the granular bainitic microstruc-
ture [24-27] composed of dislocated bainitic ferrites, as shown 
in Fig. 11(b). It is well established that deformed sub-grains 
and grain boundaries are the preferential sites in nucleation, 
thus enhancing the probability of bainitic transformation [23]. 
This phenomenon is clearly seen in Fig. 11(b). The larger 
amount of bainite over martensite in the TMAZ could be ex-
plained by that the deformation during thermo-mechanical 
processing with relatively slow cooling rate enhanced the for-
mation of bainite. 

The formation of recrystallized structure with martensitic 
laths and high dislocation density in the SZ significantly in-

creases the microhardness (Fig. 12) compared to the base 
metal. For both P1 and P2, the SZ shows slightly higher hard-
ness than the TMAZ. This is probably due to the strengthening 
mechanism attributed to the amount of granular/lath bainite 
with dislocation density within the bainitic ferrite matrix [23, 26]. 

The tensile test results (Fig. 13), microstructural observation, 
and hardness measurements consistently indicate that the 
FSWed zone has much higher strength than the base metal. 
The results suggest that FSW (or friction stir processing; FSP) 
can be used as a method for local hardening of structural com-
ponents made of boron steel without applying a hot stamping 
process. For example, a center pillar of a vehicle can be di-
rectly stamped using boron steel without heating. FSW (or 
FSP) can then be applied locally to generate regions with 
higher strength, as schematically suggested in Fig. 14. 

 
4. Conclusion 

FSW of boron steel without hot stamping has been achieved 
successfully without any macroscopic defects. Microstructural 
analysis exhibited that the SZ mainly consists of fine lath mart-
ensite, while the TMAZ consists of bainitic ferrite/granular bain-
ite with a small amount of martensite. The microstructural re-
sults suggest that the effects of alloying elements should be 
carefully dealt with for the development of FSW processes for 
high strength steels. The result of hardness measurements 
suggests that FSW can be used as a method for local harden-
ing of structural components made of boron steel without com-
plicated heating and rapid cooling, which are unavoidable dur-
ing hot stamping. 

 
 
Fig. 12. Microhardness vis-à-vis distance plot. 

 
 

 
 
Fig. 13. Stress-strain curves. 

 

 
 
Fig. 14. Schematic of local hardening by FSW process. 
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