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Abstract This paper investigated the mode of recrystal-

lization in the nugget zone (NZ) of friction stir welding

(FSW) joint of AA6061-T6. By correlating grain orienta-

tion spread results, kernel average misorientation (KAM)

results, misorientation maps of grain boundaries (GBs) and

selected area diffraction patterns of precipitates systemat-

ically, we found that continuous dynamic recrystallization

(CDRX) and geometric dynamic recrystallization (GDRX)

both occurred. CDRX could be enhanced by decreasing

feeding speed of FSW. The variation trend of fraction of

low-angle grain boundaries in NZ indicated different con-

tribution brought by CDRX and GDRX and also different

combination form of heat input. KAM results can also act

as indicator of the extent of dynamic recrystallization in the

NZ of FSW, only under a constant feeding speed. The fine

needle-shaped b’’ precipitate disappeared in NZ and

evolved to b’ and equilibrium b-Mg2Si phase during FSW.

Furthermore, the shape and orientation of b’ or b phases

could be changed by mutual interaction with dislocation

movement, to different extent depended on CDRX.
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1 Introduction

With the aid of high-resolution electron backscattered

diffraction, grain orientation spread (GOS) and kernel

average misorientation (KAM) maps are more and more

applied to analysis of deformation degree of Al alloy [1–4].

The final Al alloy products can be obtained via a variety of

thermal–mechanical processings. During these operations,

friction stir welding (FSW) [5, 6] exerts high temperature

(typically[ 0.5 Tm) [7] and severe plastic deformation to

the joint instantaneously. Thus, different from static

recrystallization followed by cold deformation and

annealing treatment, dynamic recrystallization has been

reported to exist in NZ during FSW [8].

Welding parameters, including rotation speed, feeding

speed, shoulder diameter of the tool, pin shape and axial

force, will influence the microstructure of the joint, espe-

cially NZ, according to recent studies using response sur-

face methodology [9, 10]. When studying FSW of AA7075

with high strength, Bisadi [11] found that shoulder diam-

eter of the tool had considerable effects on the heat input,

compared to the pin shape; meanwhile, the pin shape had

considerable effects on the plastic deformation. It results in

distinct variations of metal flow mode within the NZ (one

mode near the shoulder and the other one mode around the

pin) [12]. For some non-heat-treatable Al alloy with a

moderate strength [13], fine and fragmented dynamically

recrystallized grains form in nugget zone (NZ), with tensile

fracture outside NZ and strength equal to about 90% of the

base metal. AA6061 Al–Mg–Si–(Cu) alloy is widely used
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in transportation industries. As a heat-treatable Al–Mg-Si

alloy with a moderate strength, on the one hand, it is easy

to get fine and fragmented dynamically recrystallized

grains. On the other hand, the dynamical recrystallization

character seems different from high-strength heat-treat-

able Al alloy, according to EBSD studies on metal flow

transfer in dissimilar FSW joint between AA6082-T6 and

AA2014-T6 [14], or between dissimilar FSW joint of

AA6082-T6 and AA7075-T651 [12].

In this paper, we focus on the effects of rotation speed

and feeding speed on recrystallization characteristics of

FSW joint by using GOS and KAM, which were rarely

done, especially for moderate-strength aging-hardening

Al–Mg–Si alloy. For AA6061, it contains various

strengthening precipitates such as the GP-I zones, GP-II

zones (b’’), b’ and b. Since dislocation substructures play a
key role in recrystallization [2], the interaction between

small precipitates and dislocation is also critical to control

the grain structure [15]. By studying the evolution of

micro-substructure and precipitates, we aim to reveal the

effect of FSW parameters, especially rotation speed and

feeding speed, on the mode of dynamic recrystallization

and the feature of phase transformation.

2 Experimental Procedure

The AA6061-T6 plates of 5.85 mm thick, with tensile

strength Rm & 306 MPa and tensile elongation d & 14%

as shown in Fig. 1, were butt-welded using an FSW

machine (FSW-3LM-3012). The chemical composition is

shown in Table 1. The welding tool is schematically

illustrated in Fig. 2. It comprises a shoulder with two

concentric grooves and a conical pin with 5.54 mm length

and 5 mm diameter at half-length. The screw of tool pin is

left-threaded around the cone to generate the down forging

force. The back tilting angle of the tool is 2.5� during FSW.

FSW trials were carried out at a feeding speed from 60 to

250 mm/min (millimeter per minute) for various rotation

speeds. The welded pieces were cooled in air after welding.

We used a JSM-7800F scanning electron microscope

(SEM) (Tokyo, Japan) and Oxford NordlysMax3 system to

acquire electron backscattered diffraction (EBSD) data and

then processed them with Channel 5 commercial software

(v5.12.67.0). The EBSD images were observed on the

transverse cross section perpendicular to the welding

direction and at the mid-thickness position of the center

area in the NZ. The GOS was calculated for each scan.

GOS maps were determined by the degree of orientation

change between every pixel in the grain and the grain

average orientation within a grain, where 15� or higher

misorientation was used to define a grain boundary. The

grain was then colored by the average measurement for all

of its constituent pixels. It is a classification of whole

grains, which acts as a primary strain analysis tool

revealing grains which show the most deformation. KAM

maps were also obtained by Local Misorientation Com-

ponent of Channel 5 software. KAM, which indicates

deformation extent, represents the average misorientation

(within 5�) of each pixel with respect to its surrounding

pixels and assigns the mean value to that pixel. Misorien-

tations over a certain value are also discarded, so that the

misorientations associated with discrete subgrain and grain
Fig. 1 The engineering stress–strain curves of tensile tests for

6061-T6 base metal

Table 1 Chemical composition of AA6061-T6 (mass%)

Si Fe Cu Mn Mg Cr Ti Zn Al

0.574 0.350 0.199 0.038 0.991 0.120 0.024 0.016 Bal

Fig. 2 The schematic representation (with dimensions) of the

welding tool
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boundaries are excluded. TEM samples were prepared by

Twin Jet Thinning instrument. The foil specimens from the

NZ were sliced for TEM observation in a Topcon EM-

002B transmission electron microscope.

3 Experimental Results

The welding parameters for all the trials are listed in Fig. 3

with macrographs of transverse section of joints. All of

them have no obvious welding defects. The grain size of

NZ in FSW joint is only a few microns seen from Fig. 4,

which is much smaller than that in matrix because of

dynamic recovery and dynamic recrystallization [16–18].

There exist 3 styles of dynamic recrystallization [19, 20]:

(1) discontinuous dynamic recrystallization (DDRX),

which occurs in alloys with low stacking fault energy by

nucleation and growth of new grains; (2) continuous

dynamic recrystallization (CDRX), which involves the

formation of arrays of low-angle boundaries and a gradual

increase in the boundary misorientation during hot defor-

mation, finally leading to new grain development; (3)

geometric dynamic recrystallization (GDRX), resulting

from the impingement of serrated grain boundaries which

can occur when grains are extremely elongated by severe

hot deformation. For AA6061 that has a high layer fault

energy [21, 22], CDRX and GDRX mainly occur con-

comitantly [23, 24]. Meanwhile, it seems difficult to dis-

tinguish the mode of dynamic recrystallization, as a

dislocation net can be seen within a grain, regardless of

welding parameters.

In order to see more clearly, a larger area containing

several adjacent grains was observed. As it is shown in

Fig. 5, the grains A, B and C seem formed from an elon-

gated grain according to their similar orientation and width.

Because the orientation of the [110]Al selected area

diffraction patterns obtained by adjusting the angle of the

double tilt sample holder is consistent, the misorientation h
can be calculated directly by the formula (1) [25]:

cos h ¼ cosDa cosDbþ 2 sin a1 sin a2 sin
b2 � b1

2

� �2

ð1Þ
Da ¼ a2 � a1 ð2Þ
Db ¼ b2 � b1 ð3Þ

where a is tilt angle of X axis and b is tilt angle of Y axis.

Then, the calculated misorientation between grains A and

C is 8.76�, which belongs to low-angle grain boundary. The
grain B was wedged into the grain boundary between

grains A and C. The misorientation of grain A–B and B–C

is 7.16� and 1.40�, respectively. Although low-angle grain

boundary (LAGB) can be confirmed according to the

definition (2�\LAGB\ 15�), the formation mechanism

of these LAGBs is different. It is easy to find that the

dislocation density in grain B is obviously lower than that

in A and C. The misorientation of the sub-grain boundary

cannot increase continuously by consuming dislocations.

Even with the increase in strain or at a very high

temperature (\ 0.9 Tm, Tm is the melting point), the

orientation difference of subgrain boundary is still stable at

a very low angle (\ 4�) [26]. The increment formula of

Fig. 3 Macrographs of

transverse section for FSW

joints obtained at various

welding parameters
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grain boundary misorientation h in uniformly deformed

grains during CDRX was proposed by Pantleon [27]:

h ¼
ffiffiffiffiffiffiffiffiffiffi
cb=d

p
ð4Þ

where b is the burger’s vector, d is the grain size, and c is

the shear strain. In addition, according to Orowan’s theo-

retical calculation [28], it is found that the shear stress

increment of dislocation line motion changes with the size

of the second-phase particle spacing. In the process of

CDRX, the migration of subgrain boundary is limited by

the pinning effect of fine dispersed second phase. Finally,

grain B is formed by absorbing the dislocations, namely the

result of CDRX, resulting from a low precipitate density.

The low misorientation (1.4�) between grains B and C

illustrates that grain B is nucleated within grain C. Before

that, grains A and C are generated from a larger elongated

grain by insufficient GDRX. A sustained deformation will

bring GDRX one after another, which would further widen

the misorientation between grains A and C in the future and

lead to the formation of high-angle grain boundary

(HAGB) [24]. The orientation of grain D can be obtained

through rotating grain C around [110]Al incident axis by

77.3� and thus close to a 70.5�/\ 110[ twin relationship.

It can be inferred as a compensatory movement of grain D

in the direction perpendicular to length direction of grains

A, B and C during GDRX [29–31].

4 Discussions

From a statistical standpoint, GOS maps were used to

evaluate recrystallization extent. The grains recrystallized

were determined by the GOS analysis within 3� [32], which
located in blue area according to the colorful bar in Fig. 6.

Meanwhile, the orientation spread within a grain which is

fully recovered stays near 6�. Although HAGBs can be

formed by GDRX, there exists a large area where dislo-

cation density is high within the grain for the NZ under

high feeding speed (250 mm/min) shown in Fig. 7a–c. The

reason why the area fraction of fully recrystallization grain

is low is that the ability of CDRX is limited due to low heat

input under high feeding speed. Normally, reducing the

feeding speed will increase the welding heat input and then

reduce the resistance of GDRX and CDRX simultaneously.

Fig. 4 Bright figures (BFs) of

TEM of NZ form FSW joints

under: a 1000 rpm–250 mm/

min; b 600 rpm–250 mm/min;

c 600 rpm–175 mm/min;

d 900 rpm–100 mm/min;

e 600 rpm–100 mm/min;

f 800 rpm–60 mm/min

Fig. 5 BFs of adjacent grains with similar tilt angles in the NZ under

600 rpm–100 mm/min
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Seen from Fig. 7d–f, more and more recovered grains

transform to fully recrystallization state under the influence

of CDRX.

The interesting thing is that, when the feeding speed is

high, the fraction of LAGBs varies nonlinearly while

decreasing the rotation speed of the welding tool. However,

when the feeding speed is low, the fraction of LAGBs

Fig. 6 Grain orientation spread (GOS) figures of the center area in NZ under different welding parameters, small angle grain boundaries

(2� * 15�) marked as red lines and high-angle grain boundaries ([ 15�) marked as black line

Fig. 7 The GOS distribution plots of the center area in NZ under different welding parameters
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becomes larger while increasing the rotation speed, shown

in Fig. 8. Normally, heat is generated by friction between

the tool and work piece and via plastic deformation during

FSW [33]. The calculated line heat input generated by

friction between the tool and work piece decreases with

rotation speed increasing, when maintaining a constant

feeding speed shown in Fig. 9; on the contrary, for mid-

thickness Al alloy (6 mm), the line heat input generated via

plastic deformation will increase with the increase in

rotation speed [34].

It can be inferred that maintaining a low feeding speed,

as the rotation speed increases, the total heat input and the

ratio of heat via plastic deformation to heat by friction both

become large. Then, a large quantity of dislocation is

formed during plastic deformation and more LAGBs are

formed by dynamic recovery (Fig. 8d–f); on the other

hand, the high heat input generated via plastic deformation

drive more grains into fully recrystallization state, com-

pared between Fig. 7d–f. Maintaining a high feeding

speed, the ratio of heat via plastic deformation to heat by

friction becomes large as the rotation speed increases;

meanwhile, the total heat input may be nearly the same.

Thus, in this situation, a large quantity of dislocations

formed during plastic deformation cannot be fully recov-

ered under high rotation speed and a high fraction of

HAGB is obtained by GDRX; but the total heat input can

recover a low density of dislocation sufficiently brought by

low rotation speed and then result in a high fraction of

LAGB.

As mentioned before, the driving force of CDRX is the

deformation storage energy which has not been released

after recovery. Normally, KAM results cannot act as the

criterion of static recrystallization. However, we can still

find some relationship between GOS and KAM results.

When different samples are compared under a constant

feeding speed, the order of magnitude of average local

misorientation is 100 mm/min–600 rpm[ 100 mm/min–

800 rpm & 100 mm/min–900 rpm and 250 mm/min–

600 rpm[ 250 mm/min–1000 rpm[ 250 mm/min–

800 rpm (Fig. 10). The order of magnitude of fully

Fig. 8 The distribution of misorientation angle of GBs of the center area in NZ under different welding parameters

Fig. 9 Line heat input generated by friction between the tool and

work piece using different welding parameters
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recrystallization fraction resembles that of average local

misorientation. It is obvious that KAM results can indicate

extent of dynamic recrystallization in the NZ of FSW when

compared under a constant feeding speed, which can be

seen directly within Fig. 11a–c or with Fig. 11d–f.

As there must exist an interaction between dislocation

movement during dynamic recovery and CDRX in NZ, the

specific type, size and distribution of precipitates have been

analyzed. One round-shaped particles in NZ are marked by

circle in Fig. 12a, b, which is confirmed as overaged pre-

cipitate b-Mg2Si. It is obvious that the diameter is normally

Fig. 10 Local misorientation of the center area in NZ under different welding parameters

Fig. 11 KAM images of the center area in NZ under different welding parameters
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smaller than 100 nm at high feeding speed. Its orientation

is [001]Al // [001]b and [100]Al // [110]b mentioned as

conventional cube-shaped phase observed in [001]Al
[35, 36]. Figure 13a illustrates another orientation between

irregular block-shaped b phase and Al matrix, namely

(111)Al // (111)b and [110]Al // [110]b. As seen in Fig. 13b,

the real multi-diffraction pattern of b phase can be verified

by its corresponding single diffraction pattern shown in

Fig. 13c. The irregular shape of b phase here is different

from the classic hexagonal one in Al–Mg–Si–Cu alloy

[37]. It can be also observed that b0 phase exists in NZ

regardless of feeding speed. The corresponding orientation

of b0 phase in Fig. 14 with Al matrix can be described as:

(001)b0k(001)Al, [110]b0k[310]Al and [100]b0^[100]Al &
11�. The orientation of Fig. 15 is (001)b0 // (001)Al,

[1–10]Al // [1–30]b0 and [100]Al^[100]b0 & 0�. So, the low
FSW feeding speed, namely enhanced dynamic recovery

and CDRX, also alter the orientation of precipitates.

Previous research [38–41] has shown that the orientation

alteration of precipitates can be caused by changing the

interface energy with Al matrix, such as interface segre-

gation of heavy metal atoms (Cu and Ag, etc.), dislocations

and stress field. The heat input will increase when the

feeding speed decreases. In this situation, the diffusion of

atoms get accelerated. Then, Cu atoms are attached to the

interface between Al and precipitate (b0 phase or b phase,

etc.). Besides, the CDRX in NZ also means a large quantity

Fig. 12 TEM images of the NZ with 600 rpm rotation speed and

250 mm/min feeding speed: a bright field image; b dark field image;

c SADP; d simulated SADP of the b phase under [001] zone axis

indicated by solid points with the Al matrix indicated by hollow

circles

Fig. 13 TEM images of the NZ

with 600 rpm rotation speed and

60 mm/min feeding speed:

a BF; b SADP; c simulated

SADP of b phase under [110]Al
zone axis indicated by solid

points with Al matrix indicated

by hollow circles

Fig. 14 TEM images of the NZ with 600 rpm rotation speed and 250 mm/min feeding speed: a bright-field image; b electron diffraction patterns

from selected zone; c simulated SADP of the b0 phase under [001]Al zone axis indicated by black solid points with the Al matrix indicated by

grey points
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of dislocation movements. When the dislocations pass the

precipitates, the interface energy also can be affected. The

bright figure in Fig. 14 is the cross section of b0 phase.
Fortunately, the b0 phase is observed in direction perpen-

dicular to its [001] c axis (b0 phase’s length direction) in

Fig. 15. It is clearly shown that the dimension of originally

rod-shaped b0 phase’s length direction is largely decreased

which gives a delusion that this may be a b phase, and

dislocations exist near the b0 phase. Although the break-

down of inter granular precipitate has also been reported to

be equiaxed in the NZ grains of AA6101-T6 and AA6351-

T6 [42], the type should be b phase as mentioned in these

literatures. Thus, in this paper, there is a strong possibility

that deformation caused by the pin during FSW has broken

down the b0 phase from inside the grain.

All the tensile samples of the joints under different

welding parameters fracture in the heat-affected-zone with

ductile morphologies. It means the dynamic recrystalliza-

tion has prevented NZ from becoming the vulnerable

segment in the AA6061-T6 FSW joint. Among these

parameters, a high feeding speed with a moderate rotation

speed, such as 250 mm/min–800 rpm, shows better

mechanical properties, shown in Fig. 16.

5 Conclusions

This paper studied the NZ of FSW joint of AA6061-T6 by

EBSD. Grain orientation spread (GOS) results, kernel

average misorientation (KAM) results, misorientation

maps of GBs and selected area diffraction patterns of

precipitate were obtained. Based on the results and analy-

sis, the following conclusion can be drawn:

1. For 6061 Al alloy, the NZ contains fully recrystalliza-

tion grains and also grains with a large density of

dislocations. CDRX and GDRX both have occurred.

The area fraction of recovered grains and fully

recrystallization grains will increase by enhanced

dynamic recovery and CDRX, when decreasing feed-

ing speed of FSW.

2. The fraction of LAGB, recovered grains and fully

recrystallization grains both increase by increasing

Fig. 15 TEM images of the NZ

with 400 rpm rotation speed and

60 mm/min feeding speed:

a BF; b SADP; c simulated

SADP of b0 phase under [110]Al
zone axis indicated by red solid

points with Al matrix indicated

by blue solid circles; d double

diffraction of b0

Fig. 16 The tensile properties of FSW joints of 6061-T6
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rotation speed of FSW when maintaining a constant

low feeding speed, which is caused by severe plastic

deformation and its driving force. The opposite trend

of fraction of LAGB under high feeding speed has

been found, which is inferred that ratio of heat via

plastic deformation to heat by friction and the total

heat input may be another situation by changing

rotation speed; namely, besides CDRX, the effect of

GDRX is also obvious by increasing rotation speed

while maintaining a high feeding speed.

3. KAM results can indicate extent of dynamic recrys-

tallization in the NZ of FSW, only compared between

different rotation speed under a constant feeding

speed.

4. The high density of fine needle-shaped b’’ precipitate
is the main strengthening source for AA6061-T6,

which disappeares and evolves to b’ and equilibrium

b-Mg2Si phase during FSW. Furthermore, since

CDRX is accelerated by consuming the dislocation,

the shape and orientation of b’ or b phases can be

changed by mutual interaction with dislocation move-

ment, to different extent depending on CDRX.
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