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A B S T R A C T   

Samples from commercially pure aluminium were subjected to various number of passes of Incremental Equal 
Channel Angular Pressing (I-ECAP) and subsequently welded using Friction Stir Welding (FSW). Similar and 
dissimilar welds were obtained and investigated in terms of their microstructure and mechanical properties. In 
the case of similar weld from coarse grained aluminium in the stir zone a decreased average grain size was 
obtained, which resulted in enhanced microhardness. In the case of samples after I-ECAP, the ultrafine grained 
regime has not been preserved, which caused a drop in microhardness in the stir zone. Nevertheless, obtained 
results were still higher than those for coarse grained sample. In all welds the average grain size of 2.1–3.7 μm 
was obtained. No correlation between the microstructure of base material and stir zone has been found. Tensile 
tests revealed, that the localization of deformation was obtained in each weld in the area of the biggest average 
grain size. For dissimilar welds from deformed and undeformed samples a gradient change in microstructure and 
microhardness was obtained on the cross-section of the welds.   

1. Introduction 

Bulk ultrafine grained (UFG) materials produced by severe plastic 
deformation (SPD) processes [1] are of great interest due to their 
exceptional properties. Among SPD processes, the most common include 
equal channel angular pressing (ECAP) [2], high pressure torsion (HPT) 
[3] and accumulative roll bonding (ARB) [4]. They differ in deformation 
path, the level of strain possible to apply and sample size and shape, 
which influences the grain refinement possibilities. The materials pro-
cessed by these techniques exhibit enhanced strength and hardness due 
to the elevated amount of grain boundaries and dislocations generated 
during deformation. Such materials can also pose superplasticity at 
elevated temperature [5], which is a crucial factor in some 
post-processing techniques, such as deep drawing. UFG materials also 
reveal enhanced corrosion resistance, as an oxide layer forms more 
rapidly and is more integral [6]. Nevertheless, the main factor, which 
limits the application of UFG materials is their low thermal stability. Due 
to the elevated amount of structural defects and high stored energy, the 
activation energy for grain growth is lowered in comparison to their 

coarse grained counterparts. Instant grain growth causes a deterioration 
of enhanced mechanical properties. In the case of aluminium and its 
alloys, a reported thermal stability is up to 200 �C [7,8]. 

The low thermal stability of UFG materials is a major obstacle for 
processing of these materials at elevated temperature. This specifically 
applies to welding. Fusion techniques which include liquid state are not 
suitable for UFG materials at all because UFG structure cannot be 
restored during solidification. The methods, which are conducted at 
lower temperatures and at least remain in a solid state, are much more 
promising as they may preserve small grain sizes. One of such techniques 
is friction stir welding (FSW) [9]. In this method, a rotating tool with a 
special pin is placed between samples in the form of plates or sheets and 
then moved along the contact line. A stable weld is obtained by mixing 
heated, plasticized and deformed materials along the contact line of the 
welded elements. 

In the weld advancing side (AS) and retreating side (RS) can be 
distinguished. In the AS, the flow of the material during the process is 
consistent with the welding direction while in the RS, this direction is 
opposite. The crucial factor for achieving a consistent weld is plastic 
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deformation at elevated temperature. It causes a displacement of atoms 
at a distance, which allows the creation of the metallic bond between the 
welded samples. In combination with the increased density of lattice 
defects, the final microstructure in different weld areas mainly depends 
on dynamic recrystallization and/or recovery [10], which is common in 
materials such as aluminium, which is characterized by high stacking 
fault energy (SFE). 

FSW weld consists of four characteristics zones. Base material (BM) is 
assumed as an area unaffected by heat and plastic deformation during 
the process. Further area is heat affected zone (HAZ), which is influ-
enced only by the heat cycle. The next area is characteristic for FSW 
process and is called thermomechanically affected zone (TMAZ). This is 
a transition zone between the stir zone (SZ) and the HAZ. TMAZ is an 
area in which the microstructure is affected by both plastic deformation 
and temperature. As a result, this zone is heavily deformed and grains 
are deformed in the direction of material flow around the SZ. Although 
plastic deformation occurs in this area, there is no recrystallization due 
to insufficient deformation and heat, which distinguishes this area from 
the SZ. In addition, this area is usually characterized by a high density of 
subgrains. The last area is the SZ. Due to the intensive plastic defor-
mation at elevated temperature a dynamic recrystallization (DRX) oc-
curs. As a result, a fine grain structure in SZ can be obtained with a few 
to dozen microns sized grains. It can result in an increase in hardness in 
this zone in comparison to the BM in case of coarse grained materials, as 
was shown for steel [11,12] or commercially pure aluminium and its 
alloys [13–15]. 

Apart from similar welds, FSW technique can be used for dissimilar 
welding. As an example, numerous works concerning the welding of 
various aluminium alloys can be shown, e.g. AA 2098 and AA 2024 [16], 
AA 7075 and AA 5083 [17], AA 7003 and AA 6013 [18], AA 5052 and 
AA 6061 [19] or AA 5454 and AA 7075 [20]. The great advantage of 
FSW method is the possibility of welding difficult to weld materials. 
Also, materials with a high difference in melting point can be weld 
together, which can be challenging using conventional techniques. For 
instance, titanium was successfully joined with aluminium [21], steel 
with magnesium [22,23], steel with aluminium [24] or copper with 
aluminium [25] using this technique. Also, welding of multi-layered 
materials can be successfully conducted, as was shown e.g. for mate-
rials composed of number of layers of two kinds of steel [26]. It should 
be noted that all dissimilar welds were obtained from coarse grained 
materials. 

There are only few reports on joining UFG materials by FSW tech-
nique. In Ref. [27], similar welds were made of AA 1050 and AA 6016 
sheets before and after the ARB process. In both welds, a larger average 
grain size was obtained in the SZ compared to the BM as a result of 
recrystallization. A microhardness decreased by 20% for AA 1050 and 
even by 50% for AA 6016. Similar results were obtained for AA 1050 
after ARB process [28]. FSW welding led to an increase in the average 
grain size from two to more than five times depending on the welding 
parameters, which resulted in a decrease in microhardness by a dozen or 
so HV units. Similarly, the materials processed by constrained groove 
pressing also exhibited the decrease in microhardness in the SZ [29,30]. 
In our previous study [31], we successfully joined AA 1050 plates pro-
cessed by Incremental ECAP (I-ECAP) creating good quality similar 
welds. The microhardness dropped in SZ due to the recrystallization, 
however, the values were higher than for material after annealing. 

Nevertheless, there are no works regarding dissimilar welds obtained 
from the samples from the same alloy, but with varying degree of 
deformation. Furthermore, no systematic studies on impact of material 
deformation on the microstructure and mechanical properties of the 
welds were performed. Therefore, this paper presents unique results 
achieved for similar and dissimilar welds obtained from coarse grained 
and ultrafine grained aluminium. In similar welds, the influence of 
applied strain of the BM is investigated. In dissimilar ones, the samples 
with different applied strain have been joined in order to reveal po-
tential possibilities of such weld’s configuration. 

2. Materials and methods 

2.1. Base materials and welds 

Aluminium of technical purity (not lower than 99.50 wt%) EN AW- 
1050A has been chosen as an investigated material. Its chemical 
composition is given in Table 1. The material was supplied in the form of 
3 mm thick cold rolled sheets. The samples were processed using I-ECAP 
[32] at room temperature. In this process, the feeding and deformation 
stages are decoupled by feeding a billet incrementally and synchroni-
cally with a reciprocating punch (see Fig. 1). It causes a reduction in 
friction forces and allow processing of long products with a control of 
their thickness. Construction of I-ECAP machine makes it possible to 
produce UFG plates with no limitations of thickness nor length of the 
billet. This technique was already implemented in plate shaped samples 
in commercially pure aluminium [33] and Al–Mg–Si alloy [34]. For bar 
shaped samples a wider range of materials have been tested, including 
pure titanium [35] or magnesium alloy AZ31B [36]. 

In order to obtain samples with different degree of deformation, 1, 4 
and 8 passes of I-ECAP were applied, which corresponds to the equiv-
alent strain of 1.15, 4.6 and 9.2, respectively. The samples were pro-
cessed with a 0.6 mm step size. Route C has been chosen, which is based 
on the 180� rotations between passes around X direction (for route A 
there is no rotation between passes and for route B the rotation is about 
90�). The scheme of the process is presented in Fig. 1. The size of 
deformed plate-shaped samples was 100x62x3 mm. I-ECAP process was 
carried out at the Institute of Manufacturing Processes at Warsaw Uni-
versity of Technology. To obtain coarse grained samples, the as-received 
sheet was annealed for 2 h at 450 �C and then furnace cooled. 

Both similar and dissimilar welds were made using FSW. In similar 
welds, the samples after the same processing were welded while in 
dissimilar ones, the samples after different number of I-ECAP passes. The 
scheme of the produced welds is shown in Table 2. All welds were made 
using the same tool and at the same welding parameters. The tool had a 
shoulder diameter of 12 mm. Tapered pin with a thread and length of 
2.85 mm, diameter at shoulder of 5 mm and diameter at tip of 3.5 mm 
has been used. FSW was conducted with a rotational speed of 800 rpm 
and linear speed of 400 mm/min. The angle of inclination of the tool was 
1.5�. Process was stroke controlled. In the case of dissimilar welds, on 
the advancing side of the weld the sample with a larger accumulative 
strain was placed. FSW experiments were conducted at the Institute of 
Materials Science, Joining and Forming at Graz University of 
Technology. 

2.2. Microstructure investigations 

For the general view of the cross-section of the welds the Light Mi-
croscope (LM) Nikon Nipohet was used, where metallographic samples 
were observed. For detailed microstructure investigation Transmission 
Electron Microscope (TEM) (Jeol Jem 1200) and Electron Backscatter 
Diffraction (EBSD) on an analytical Scanning Electron Microscope 
(SEM) (Hitachi SU-70) together with observation on SEM were applied. 
The samples in the form of thin foils were used for the latter in-
vestigations. Samples were prepared first by cutting on a saw with a 
diamond blade, then ground down to 150 μm. Final preparation was 
conducted by electropolishing on a Struers Tenupol-5 at a voltage of 35 
V and temperature of 278 K. Observations were conducted on the plane 
X (transverse, according to the notation used in the ECAP-based pro-
cesses) of the BM in order to characterize the evolution of the 

Table 1 
Chemical composition of investigated material.   

Si Fe Cu Mn Mg Zn Al 

Content 
[%] 

max. 
0.25 

max. 
0.40 

max. 
0.05 

max. 
0.05 

max. 
0.05 

max. 
0.07 

balance  
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microstructure during I-ECAP processing. For complementary charac-
terization EBSD maps were recorded, from which quantitative parame-
ters regarding grain size distribution and grain boundary characteristics 
were derived. For the annealed sample, SEM observations in secondary 
electron mode were carried out due to the grain size. 

EBSD orientation maps (OIM) were also collected for the cross- 
sections of the welds. A grain boundary was identified when the 
misorientation angle between two adjacent points was greater than 2�. 
Low angle grain boundaries (LAGBs) were assumed as boundaries with 
misorientation angle between 2� and 15�, while high angle grain 
boundaries (HAGBs) as those with misorientation angle above 15�. 
Apart from OIM also maps showing grain boundary distribution are 
presented. Grain size was determined using the equivalent diameter d2, 
which is defined as a diameter of a circle with the same area as the 
measured grain. In addition, two other parameters describing the 
microstructure in a quantitative manner were determined, i.e. the grain 
elongation factor α and coefficient of variation CV describing the grain 
size variation. The first was calculated as a ratio of the maximum to 
equivalent diameter and the latter as a ratio of standard deviation to 
average grain diameter. Quantitative description was performed for BM 
and SZ of the welds. The measurements included both grains and 
subgrains. 

2.3. Mechanical properties 

The testing of mechanical properties included microhardness mea-
surements and static tensile tests. The microhardness tests were per-
formed on metallographic specimens on the cross-section of the welds, 
which were previously grinded and polished. The Vickers method was 
used with a load of 200 g (HV0.2). The loading time was 15 s. To create 
microhardness profiles, the measurements were conducted on the line 
across the welds at mid-thickness. For each weld 40 measurements were 
taken. 

For tensile tests fivefold rectangular flat samples were used. The tests 

were performed with non-contact displacement measurement using 3D 
digital image correlation (DIC). The tests were carried out at room 
temperature at a strain rate 1 � 10-3 s-1. Due to the limited measure-
ment range in the case of large elongation values, it was not possible to 
record the entire strain range. For this reason, only ultimate tensile 
strength (UTS) and yield strength (YS) results are presented. Also, 
deformation maps showing the places of strain localization during 
straining are presented. Quantitative results given in the paper are the 
average values of three tests for each weld. Welds were tested in as 
welded condition. 

3. Results 

3.1. Microstructure of the base materials 

The microstructure of X plane for samples before and after I-ECAP 
processing are presented in Fig. 2. The quantitative parameters, which 
describe the microstructure of the BM are summarized in Table 3. The 
initial sample (Fig. 2a) exhibits strongly elongated grains, as evidenced 
by the high value of the α parameter (1.75). The average grain size is 
about 2.6 μm while the fraction of high angle grain boundaries is 46.7%. 
These boundaries are oriented horizontally. One can also notice trans-
versal boundaries inside the highly elongated grains, which exhibit low 
misorientation angles. The first ones can be assumed as geometrically 
necessary boundaries (GNBs) while the latter as incidental dislocation 
boundaries (IDBs), due to the geometrical changes and requirements 
during the rolling process [37]. GNBs are dividing crystallites, which 
deform by different slip systems or different strain, while IDBs are 
created as a result of the trapping of glide dislocations. 

I-ECAP process caused a disappearance of the banding of the 
microstructure characteristic for the rolling process. After the first pass 
the equiaxial grains started to appear, as can be seen in Fig. 2b. TEM 
observations revealed a microstructure composed of grains and sub-
grains, which average size decreased to ~1.4 μm. The fraction of grain 
boundaries with a high angle misorientation is less than 40%. The 
microstructure is also characterized by a high density of dislocations 
visible in TEM micrograph. The shape of grains is still elongated, how-
ever, the spread in grains sizes decreased in comparison to the initial 
sample, which is quantified by CV parameter (Table 3). 

After four I-ECAP passes (Fig. 2c), a well-formed microstructure 
composed of grains with an average size of about 1.1 μm is formed. The 
shape of grains is closer to equiaxial, which is quantified by a decreasing 
value of elongation factor α < 1.5. The CV coefficient also decreased, 
which indicates a greater homogeneity of the microstructure in terms of 

Fig. 1. The scheme of I-ECAP process.  

Table 2 
Diagram of performed similar and dissimilar welds.   

Annealed (A) 1 I-ECAP 4 I-ECAP 8 I-ECAP 

Annealed (A) X X X X 
1 I-ECAP  X  X 
4 I-ECAP   X X 
8 I-ECAP    X  
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grain size. After 4th I-ECAP pass, the fraction of HAGBs has increased to 
47%. Higher plastic deformation (up to 8 I-ECAP passes) led to a slight 
reduction in the grain size, which remains at the level about 1 μm. The α 
and CV coefficients are comparable to the values obtained after 4 I-ECAP 
passes, while the fraction of HAGBs increased to the value above 53%. 

The changes in grain size as a function of equivalent strain are presented 
in Fig. 3. The initial sample exhibits not only the biggest average grain 
size, but also the most pronounced grain size diversity. Plastic defor-
mation caused the reduction in grain size and furthermore its greater 
homogeneity. After the first I-ECAP pass, the grain size has been reduced 
by more than half. Further plastic deformation results in only slight 
reduction in the grain size but also a reduction in grain size diversity. It 
should be noted that the difference in terms of grains size between 
samples after 4 and 8 I-ECAP passes is negligible. This is in line with the 
previous considerations and means that further processing (above 4 
passes) does not influence the grains size, but mainly the misorientation 
angle between them. 

The microstructure evolution presented here is typical for aluminium 
processed by SPD techniques [38]. Under the low strains, aligned cell 
blocks are found within the primary bands and some of the dense 
dislocation boundaries between such cell blocks have already exceeded 
15�. In the case of medium deformation, the microstructure consists of 
elongated strain bands, which are divided laterally and form dislocation 
cell structures. Further reorganization of the microstructure consists of 
the division of longitudinal grains by transversal boundaries and 
increasing the angles of misorientation of grain boundaries and sub-
grains, leading to the formation of a relatively equiaxial microstructure 
with the majority of grain boundaries with a high misorientation angle. 
Therefore, the differences in the average size of grain between 4 and 8 
passes of I-ECAP are small and the most pronounced difference is 
observed in the fraction of HAGBs. 

Fig. 2. TEM micrographs and grain boundaries distributions (red – LAGBs, 
black – HAGBs) of X plane of samples: a) cold rolled and after I-ECAP pro-
cessing: b) one pass, c) four passes and d) eight passes and e) SEM micrograph 
together with grain boundaries distribution of annealed sample. 

Table 3 
Quantitative parameters describing the microstructure of BM, plane X.  

Sample d2 [μm] CV α HAGB [%] 

0 X 3.14 1.42 1.78 46.2 
1 X 1.36 1.24 1.69 39.1 
4 X 1.09 0.75 1.48 47.1 
8 X 0.97 0.85 1.45 53.2 
Annealed 12.89 0.71 1.38 81.7  

Fig. 3. Changes in the grain size during I-ECAP processing.  

Fig. 4. Misorientation angle distribution of undeformed and deformed samples.  
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One of the base materials used for FSW experiments was AA 1050 
annealed in order to achieve coarse grained microstructure with a high 
fraction of HAGBs. The microstructure of this sample is presented in 
Fig. 2e. The average grain size is about 13 μm. Grain boundaries are 

homogenously distributed with a fraction of HAGBs close to 82%. White 
dots seen in Fig. 2e are the Fe-containing primary intermetallic particles, 
commonly observed in commercially pure aluminium. 

The histograms of grain boundaries’ misorientation angles for 

Fig. 5. Macrographs of similar and dissimilar welds.  
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annealed sample and after I-ECAP processing are presented in Fig. 4. For 
all deformed samples the highest peak is observed for misorientation 
angle below 10�. In the case of the sample after 1 pass, the peaks are 
shifted towards even smaller angles of misorientation, with a maximum 
value lower than 5�. As the applied strain increases, the misorientation 
between grains increases, which results in higher fraction of HAGBs. 
However, still about half of grain boundaries have low misorientation 
angle. It is caused by the applied deformation route C, which is based on 
the rotation of 180� between passes. This route is not the optimal one for 
equiaxial grains and HAGBs formation, as reported in Ref. [39]. The 
advantage of using the deformation route C is a higher microstructure’s 
homogeneity due to more uniform an effective strain distribution [40]. 
Annealed sample has the majority of boundaries with misorientation 
angles above 40�. 

3.2. Microstructure of the welds 

The welds obtained in the present study are of a good quality without 
any visible cracks (except weld 8 I-ECAP – 1 I-ECAP on the root side), 
pores or discontinuities, as illustrated in Fig. 5. AS is placed on the left 
side and RS on the right side of presented cross-sections. In the case of 
welds from samples after I-ECAP processing, there is no visible changes 

in grain size between particular zones due to small grains. In the case of 
welds from annealed aluminium, it is seen that BM possess bigger grain 
size than those in SZ. 

The microstructure of SZ for each weld is shown in Fig. 6. In all cases 
the microstructure is similar and consists of equiaxial recrystallized 
grains of a size of few microns. The quantitative parameters obtained 
from EBSD analysis describing the microstructure in the SZ of each weld 
are presented in Table 4. The average grain size is within a range of 
2.1–3.7 μm with a small diversity in sizes, as the values of CV factor are 
relatively small. Also, the elongation factor α reveals rather small dif-
ferences between individual welds. The microstructures feature high 
fraction of HAGBs which ranges from 71% to 79%. Similarly to initial 
material (Fig. 2e) Fe-containing primary intermetallic particles are 
observed. Nevertheless, changes in their size and distribution will not be 
discussed in present study. 

The distributions of grain boundary misorientation angles in SZ are 
rather flat without any dominant angles, as illustrated in Fig. 7, with 
some minor differences. Similar welds made of samples after 1 and 4 I- 
ECAP passes show two ranges with the largest fraction of grain bound-
aries - for very small values of the misorientation angle - below 15� and 
for the largest misorientation angles, i.e. above 50�. For similar A-A and 
8 I-ECAP - 8 I-ECAP welds, the SZ is characterized by more even distri-
bution of misorientation angles without the clear dominance of any of 
the angular value ranges. The distribution of the misorientation angles 
for dissimilar welds with an annealed sample on the RS (Fig. 7b) show 
that the largest fraction of the small angles (below 10�) exhibit a weld of 
4 I-ECAP - A, while the largest fraction of HAGBs, i.e. above 15�, has a SZ 
of the weld 8 I-ECAP - A. The distribution of misorientation angles for 
dissimilar welds obtained from samples after different number of I-ECAP 
passes shown in Fig. 7c indicates an almost identical course for both 
welds, with two peaks - for the smallest angles of misorientation and for 
values of 50–54�. In each case the distribution of grain boundary 
misorientation varies from MacKenzie’s plot [41], which is a theoretical 
plot for cubic polycrystals with random orientations. The deviations 
from MacKenzie’s plot, as in present samples, indicate a presence of 
intense texture. 

Fig. 6. Microstructure of SZ of investigated welds.  

Table 4 
Quantitative parameters describing the microstructure in the SZ of individual 
welds, plane transverse to welding direction.  

Weld d2 [μm] CV α HAGB [%] 

A-A 3.08 0.78 1.52 75.8 
1 I-ECAP – 1 I-ECAP 2.62 0.62 1.50 71.0 
4 I-ECAP – 4 I-ECAP 3.67 0.66 1.50 73.8 
8 I-ECAP – 8 I-ECAP 3.05 0.53 1.38 76.7 
1 I-ECAP – A 2.45 0.52 1.45 79.0 
4 I-ECAP – A 2.93 0.68 1.51 71.2 
8 I-ECAP – A 2.14 0.59 1.47 78.6 
8 I-ECAP – 1 I-ECAP 3.06 0.58 1.35 76.9 
8 I-ECAP – 4 I-ECAP 2.75 0.65 1.53 76.2  
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The EBSD grain orientation maps with the corresponding grain 
boundary arrangements were recorded for the selected welds. The re-
sults from the AS and RS of the A-A weld are presented in Fig. 8. Coarse 
grained microstructure of the BM is transformed into refined micro-
structure with a variety of grains orientation in the SZ. Grain boundaries 
are in majority of high angle type in this zone. The main difference 
between the AS and the RS lies in the transition zone. In the AS, this zone 
is characterized by more deformed and inclined grains in comparison to 
the RS. Transition zone is characterized by elevated number of LAGBs in 
comparison to both, BM and SZ. 

The EBSD grain orientation maps together with the corresponding 

grain boundary arrangements for the 8 I-ECAP – A weld are presented in 
Fig. 9. In the AS, one can see a transformation from an elongated 
microstructure with a mixture of HAGBs and LAGBs typical for 8 I-ECAP 
base material into equiaxial microstructure in the SZ. In the transition 
zone between the BM and SZ, the increase in the density of HAGBs is 
noticeable. The weld in the RS shows similar changes as in the case of A- 
A weld. The map showing the arrangement of grain boundaries indicates 
that the BM (annealed) exhibits grains in the micrometer range with the 
majority of HAGBs. The transition zone is characterized by an increased 
density of grain boundaries. Initially, the boundaries with a low 
misorientation angle predominate, and when approaching the SZ, a 
significant predominance of HAGBs is obtained, which is consistent with 
the results of the quantitative analysis presented in Table 4. 

In the 1 I-ECAP - A weld, the microstructure on AS changes from 
elongated grains with high fraction of LAGBs for the BM towards equi-
axial in the SZ, as illustrated in Fig. 10. In the transition zone, one can 
notice an increase in the number of HAGBs which is also preserved in the 
SZ. On the RS 1 I-ECAP – A weld shows a decreasing average grain size 
towards SZ. In the transition zone LAGBs are dominant while in the SZ 
the prevailing share of HAGBs is observed. Both OIM and grain 
boundary arrangements are similar to those obtained for RS for previous 
welds (Figs. 8 and 9). 

Fig. 11 and Fig. 12 shows the (111) pole figures taken from different 
areas of the weld starting from the AS base material to the SZ of the 8 I- 
ECAP – A and 1 I-ECAP – A welds, respectively. The changes in the grain 
orientations were already visible in orientation maps displayed in Figs. 9 
and 10. In the pole figures, the intensification of texture is observed. 
From the RS such figures have not been shown due to the small area of 
display in relation to the grain size for aluminum after annealing. After 8 
I-ECAP passes (Fig. 11a) the texture consists mainly of simple shear 
texture components A {111}<110> and C {001}<110>, according to 
notation presented in Ref. [42]. With the approaching to the SZ the 
texture components are changing. In SZ zone (Fig. 11d), the texture due 
to shear deformation also consists of simple shear components, the same 
as after ECAP-based processing. However, the main texture component 
in the SZ is different with a predominant A* {111}<112> component. 
The same texture component in the SZ is observed for the 1 I-ECAP – A 
weld (Fig. 12d). It has to be noticed that the intensity of texture is high in 
SZ, as can be seen from pole figures, with the main difference is for the 
BM. After 1 I-ECAP pass the shear texture components are not so distinct 
as after 8 passes. Based on the results it can be concluded, that initial 
texture does not influence the texture observed in SZ. 

3.3. Microhardness 

The microhardness distributions on the cross-section of similar welds 
are shown in Fig. 13a, while the average values of SZ and BM are 
gathered in Table 5. For A-A weld, a slight increase in microhardness in 
the SZ can be noticed in comparison to BM. The average microhardness 
of the BM is about 26 HV0.2 while in the SZ it increases to 29 HV0.2. For 
the similar welds made of samples after the I-ECAP process, the micro-
hardness in the SZ decreased to about 31–33 HV0.2 irrespective of the 
samples being joined. Achieved differences in results are within the 
error limits. In case of BM the average results equal 47 HV0.2, 51 HV0.2 
and 54 HV0.2 for samples after 1, 4 and 8 I-ECAP passes, respectively. 
The most distinct scatter in microhardness is obtained for sample after 
one I-ECAP pass. It can be caused by the higher inhomogeneity of the 
microstructure due to the incomplete microstructure refinement. 
Therefore, the changes in grain size and misorientation between them 
can be noticeable and further influence the microhardness. 

An important part of FSW joints is HAZ defined as a transition zone 
with decreasing microhardness down to the value obtained for the BM. 
The size of the HAZ for individual welds as a percentage of the SZ size is 
shown in Table 5. For A – A weld, the size of HAZ is comparable on both 
sides. The size of HAZ is the highest for the 8 I-ECAP-8 I-ECAP weld and 
for welds made of samples after I-ECAP is always bigger on the AS. 

Fig. 7. Distribution of grain boundaries misorientation angles in SZ of a) 
similar welds and b,c) dissimilar welds. 
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The microhardness distributions of dissimilar welds made of 
annealed samples and after the I-ECAP processing are shown in Fig. 13b. 
In each of the three presented cases, the microhardness decreases 
moving from AS to RS. The microhardness decreases from the value 
typical for the BM on the AS, i.e. after the I-ECAP deformation, to the 
mean values of approx. 30 HV0.2 in the SZ. It is worth noting that the 
size of the HAZ depends on the materials placed on this side of the weld 
and increases with the number of passes applied to AA 1050 (Table 5). 
The average values of microhardness in SZ are within the error limit, 

however, the highest variety is observed for weld 8 I-ECAP – A, which 
also exhibits the highest average value of microhardness. In this weld, 
the most significant changes in microstructure between base materials 
are present. The reason of scattering of results may be the intermixing of 
the materials and therefore the local differences in grain size. The BM on 
the RS, i.e. aluminium after the annealing, has a lower microhardness 
than the SZ, hence the heat influence zone in this case was estimated as 
the distance at which the microhardness value decreases to the typical 
value of the BM. In this case, the size of the HAZ was comparable for 

Fig. 8. OIMs and distribution of grain boundaries (red color denotes LAGBs, black color – HAGBs) maps of weld A - A from: a) AS and b) RS. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. OIMs and distribution of grain boundaries (red color denotes LAGBs, black color – HAGBs) maps of weld 8 I-ECAP - A weld from: a) AS and b) RS. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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each weld (24–25%). The largest fluctuations in microhardness results 
are observed in the SZ of the 8 I-ECAP – A weld. These results are the 
justification for obtaining the smallest average grain size in the SZ for 
this weld. 

The microhardness distributions of dissimilar welds made of the 
samples after different number of I-ECAP passes are shown in Fig. 13c. In 

both cases, the microhardness in the SZ was reduced to 31–32 HV0.2, 
which is the error limits and in accordance with the results obtained for 
the previous welds. In the 8 I-ECAP - 1 I-ECAP weld a larger HAZ was 
obtained on the AS, for 8 I-ECAP - 4 I-ECAP weld the size of the HAZ is 
comparable on both sides and at the same time smaller than in the first 
case. 

Fig. 10. OIMs and distribution of grain boundaries (red color denotes LAGBs, black color – HAGBs) maps of weld 1 I-ECAP - A weld from: a) AS and b) RS. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 11. PFs (111) from AS of weld 8 I-ECAP – A: a) BM, b) HAZ, c) HAZ/TMAZ, d) SZ.  
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3.4. Tensile tests 

Fig. 14 presents the deformation maps of the welds recorded at the 
moment of the sample’s fracture during tensile tests. Due to the irreg-
ularities of the weld resulting from the nature of the FSW process, not all 
of the points are depicted. Dashed lines indicate the weld centre line and 
red arrows indicate the area where the rupture occurred. The defor-
mation maps show that welds are of good quality as the rupture occurred 
in every case in area with the biggest average grain size. For the A-A 
weld it is shown that the SZ has not been deformed, only the area of the 
BM. The material fractured in the BM zone, however, due to the large 
plastic deformation, it could not be captured on the cameras recording 
the image. In the case of the remaining similar welds, the deformation 
was localized in the centre of SZ and the samples have fractured in this 
area. The deformation maps of dissimilar welds made of samples after 
various number of I-ECAP passes show that the deformation is also 
localized in the SZ. 

The deformation maps of dissimilar welds made of samples after the 
I-ECAP process and aluminium after annealing are similar, in each case 
the SZ shows a negligible deformation, while the greatest deformations 
are observed in the BM on RS, i.e. annealed sample. Only in the case of 1 
I-ECAP - A weld, the necking is observed. In other cases, the fracture 
occurred outside the observed area. 

The average values of UTS and YS for all the welds investigated in the 
present study together with error bars are presented in Fig. 15. On the 
diagram with UTS additionally the place where the fracture occurred 
has been added. In case of the fracture in BM in all cases it occurred on 
the RS. In the case of similar and dissimilar welds from samples after I- 
ECAP processing, the values are in the range of 84–97 MPa and 69–74 
MPa for UTS and YS, respectively. Results of YS are in the range of error 
limit for the welds, as can be seen in Fig. 15. In case of values of UTS for 
similar welds from samples after I-ECAP the results are also comparable. 
Dissimilar welds exhibit comparable results, which is visible due to very 
small error bars. The difference between dissimilar welds can be caused 
by irregularities on the weld’s surface, what can be also seen in Fig. 14 as 
irregularities and undetected points on the maps. In case of weld 8 I- 
ECAP – 1 I-ECAP, the observed cracks on the macrograph (Fig. 5) can be 

a reason of lower value of UTS in comparison to other welds from 
samples after I-ECAP processing. 

For the welds with the annealed samples, the results are lower and 
UTS equals 70–74 MPa while YS is in the range of 50–56 MPa. For 
comparison, the results for the BM, i.e. A, 1 I-ECAP, 4 I-ECAP and 8 I- 
ECAP equal 72 MPa, 140 MPa, 172 MPa and 178 MPa, respectively. It 
means, that similar and dissimilar welds from samples after I-ECAP have 
lower UTS than samples after SPD processing, however, the results are 
higher than for annealed AA 1050. In the case of welds with annealed 
samples, the UTS is the same as for the annealed BM. It should be noted 
that the error bars are relatively small suggesting high uniformity of the 
welds. 

4. Discussion 

4.1. Microstructure formation in the SZ 

UFG aluminium poses lowered thermal stability than coarse grained 
materials, as it depends on the size of the grains, as well as on the energy 
and mobility of grain boundaries [43]. The microstructure of UFG ma-
terials differs from that of coarse grained counterparts by a higher 
density of defects such as vacancies [44], dislocations and grain 
boundaries. Materials characterized by a smaller average grain size will 
recrystallize faster because the grain boundaries with HAGBs are the 
preferred nucleation sites, and therefore their increased number will 
lead to faster recrystallization process. This causes that ultrafine grained 
materials are less stable and exhibit rapid grain growth at elevated 
temperature, resulting in the loss of strength properties. The thermal 
stability of UFG materials also depends on the nature of grain bound-
aries. Humphrey’s theory [43] on the influence of the character of grain 
boundaries predicts that subgrains structures with LAGBs are inherently 
very unstable, while structures with medium to high misorientation 
angles can show higher stability. Therefore, during FSW process, as 
temperature increases significantly, it can be expected that UFG struc-
ture would be less stable. Nevertheless, during FSW not only tempera-
ture but also intense plastic deformation, comparable to ECAP, takes 
place and is responsible for the final microstructure in the SZ. 

Fig. 12. PFs (111) from AS of weld 1 I-ECAP – A: a) BM, b) HAZ, c) HAZ/TMAZ, d) SZ.  
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These two factors lead to the dynamic recrystallization (DRX) in this 
area, which occurs in aluminium alloys, which are characterized by high 
SFE. However, the mechanism of microstructural evolution may be 
different based on welding conditions. Three types of DRX mechanisms 
are distinguished [45]. First, namely continuous dynamic recrystalliza-
tion (CDRX), based on the new grains formation due to the gradual in-
crease of subgrains misorientation. CDRX occurs mainly at a very high 
temperature. Second DRX mechanism is discontinuous dynamic 
recrystallization (DDRX), which is based on the nucleation and growth 
of strain-free grains. This mechanism occurs at the temperature >0.3 
Tm. The third mechanism of grain formation of aluminium alloys during 
FSW process is called the geometric dynamic recrystallization (GDRX). 
Its characteristic feature is a preservation of some of the high-aspect 
ratio fibrous grains in the SZ. All three mentioned mechanisms may 
occur during welding of aluminium and its alloys. 

In order to investigate the influence of temperature during FSW on 
microstructure of welds, in work [46] the temperature rise during FSW 
was in a range from 150 �C to 450 �C, depending on the rotational speed. 
The observed dominant microstructural evolution mode in each tem-
perature was continuous recrystallization. However, elevated tempera-
ture led to increased grain boundary mobility and this induced limited 
discontinuous recrystallization. Greater mobility of grain boundaries at 
higher temperature caused a change in the substructure from a lamellar 
to equiaxed type with simultaneous change in the crystallographic 
texture from C{001}<110> to B––B’{112}<110>. Moreover, the 
higher rise of temperature during welding for higher rotational speed 
was also responsible for the reduction of dislocation density and this 
way also slowing down the process of continuous recrystallization. The 
incompleteness of the continuous recrystallization at very high tem-
perature gave rise to the low fraction of HAGB. The fraction of HAGBs 
was increasing with increasing rotational speed with a maximum frac-
tion of ~74% for 1000 rpm. With further increase in rotational speed the 
HAGBs fraction decreased as well. 

Experiments with friction stir processing (FSP) on severely deformed 
aluminium revealed that there is no dependency between texture 
development in the SZ and the texture of severely deformed BM [47]. In 
fcc metals there is a strong influence of the SFE on the recovery/r-
ecrystallization processes and on the texture evolution. It was concluded 
that DDRX mechanism would be inhibited during FSW of aluminum 
alloys due to their high SFE, which act as an obstacle to accumulate the 
strain applied by the FSW tool. Actually, the high value of SFE simplifies 
the cross-slip and the dislocation climb. It results in suppressing the 
accumulation of strain, which is necessary for the nucleation and growth 
associated with DDRX. 

In work [45] different grain evolution mechanisms have been pro-
posed, depending on FSW parameters. For all of them a microstructural 
evolution consisted of four stages along the material flow direction was 
identified: dynamic recovery (DRV), dislocation multiplication, new 
grain formation, and grain growth. The differences were distinguished 
for different rotating speed. For lower value, i.e. 400 rpm, dislocations 
tend to organize into dense dislocation walls, which is characteristic for 
DRV, while the primary grains became flattened and elongated with 
serrated grain boundaries. For higher rotating speed (1000 rpm) authors 
observed, that in order to accommodate plastic strain as a result of FSW, 
different dislocation activities could be noticed, such as dislocation slip, 
accumulation, interaction, tangling or spatial rearrangement. First in the 
primary grains the formation of dislocation tangles and dense disloca-
tion walls was observed, which subsequently transformed into sub-
grains. With increasing the deformation, the rotation of subgrains was 
observed with a further increase in misorientation angle. As a result, 
new equiaxial grains with HAGBs were finally formed. This process was 

Fig. 13. Microhardness distribution on the cross-section of the a) similar welds 
and dissimilar with b) different number of I-ECAP passes and annealed samples, 
c) different number of I-ECAP passes. 

Table 5 
Results showing the size of the HAZ as a percentage of the size of the SZ and 
depending on the weld side and average values of microhardness of SZ and BM 
from AS and RS.  

Weld HV0.2 SZ HV0.2 BM 
AS 

HV0.2 BM 
RS 

AS RS 

A-A 28.7 � 1.0 25.8 � 0.2 26.1 � 0.4 12% 13% 
1 I-ECAP – 1 I- 

ECAP 
32.5 � 0.7 46.1 � 2.5 47.2 � 2.1 26% 20% 

4 I-ECAP – 4 I- 
ECAP 

33.1 � 1.3 51.2 � 0.8 51.1 � 1.0 23% 20% 

8 I-ECAP – 8 I- 
ECAP 

30.8 � 1.0 53.4 � 0.8 54.8 � 1.2 38% 32% 

1 I-ECAP – A 28.1 � 1.7 46.9 � 1.6 23.6 � 0.5 24% 25% 
4 I-ECAP – A 28.1 � 0.8 52.4 � 0.8 25.6 � 0.8 32% 24% 
8 I-ECAP – A 31.0 � 2.3 54.1 � 0.9 25.1 � 0.4 35% 25% 
8 I-ECAP – 1 I- 

ECAP 
31.0 � 0.9 53.1 � 0.7 48.1 � 1.1 39% 38% 

8 I-ECAP – 4 I- 
ECAP 

31.6 � 0.8 53.8 � 0.7 52.9 � 0.9 29% 26%  
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assumed as CDRX. 
Considering the microstructure in the SZ of the welds investigated in 

the present study, which consists of equiaxial grains with high fraction 
of HAGBs it can be assumed that CDRX is dominant in case of grains 
formation during FSW. Moreover, minor differences in the microstruc-
ture in SZ between particular welds indicate that the influence of initial 
microstructure and the deformation level has a negligible impact on 
microstructure and properties in the SZ. The microstructure of BM does 
not influence the mechanism of grain formation in the SZ of the inves-
tigated welds. The main influence should rather be assigned to the pa-
rameters of the FSW process, as they are responsible for the temperature 
rise and plastic deformation, and thus for the final microstructure of the 
SZ. Furthermore, texture components in SZ are independent on the 
texture of BM. 

The changes in the microstructure and texture in the cross-section of 
the weld obtained by the FSW method may vary due to the welded 
materials, but also the process parameters. In work [48], the differences 
in the texture on the cross section of the weld depending on the testing 
zone for aluminum alloys AA 5083 and AA 6062 were presented. For the 
first alloy the PFs indicated that the initial texture in the TMAZ was 
rotated relative to the rolling direction, but in the SZ the orientation of 
grains close to random was obtained. In addition, the intensity of the PFs 
in the SZ was lower than for the BM. Different results were obtained for 
alloy AA 6062. While the texture in the thermomechanical zone was 
close to that in the BM, in the SZ a strong shear texture was obtained, 
also manifested by the high intensity of PFs, as in present work. Dif-
ferences in results for welds of both materials are also reflected in dif-
ferences in the distribution of misorientation angles in the SZ - for alloy 
AA 5083 it was closer to random Mackenzie distribution than to alloy AA 
6062. For welds 8 I-ECAP – A and 1 I-ECAP - A the SZ are characterized 
by a high fraction of HAGBs, however the angular distributions differ 
from random distribution. This can therefore be an explanation for the 
stronger texture in the SZ than for the BM. 

A strong shear texture in the SZ was also observed for welds of 
aluminium alloys AA 5083 and AA 7075, despite the fully recrystallized 
microstructure [17] and for welds of aluminium alloys AA 5052 and AA 
6062 [19]. Paper [49] shows that during the FSW welding of aluminium 
alloy AA 7005, recrystallization with the texture transformation 
occurred and a fibrous texture <111> parallel to the direction normal to 
the welding direction was obtained. Texture changes in the SZ with the 
change in the average grain size, but also the fraction of special 
boundaries was noted when the linear speed and rotational speed of the 
FSW process changed [50]. Even if severe gradients in crystallographic 
texture occurs in FSW welds, it was shown that they are characterized as 
one of more of the ideal fcc shear textures [51]. Also, in present study, 
the texture formation in SZ was independent of the texture of BM. Dis-
similar welds of samples after I-ECAP and annealed ones showed, that SZ 
reveals strong shear texture components, mainly consisting of {111}<
112> component. It also proves, that the microstructure of the BM does 
not influence the microstructure and texture in SZ. 

4.2. Mechanical properties of welds from ultrafine grained aluminium 

Microhardness profiles of welds from samples after I-ECAP have an 
U-shaped profile (Fig. 13), which is typical for work hardened non-heat- 
treatable alloys [52]. As the weld is approached, the heat from the 
process causes annealing and recovery, which leads to a drop in 
microhardness. The minimum value is expected in SZ, where the fine 
grained, fully recrystallized structure is formed. In case of welding 
annealed materials the hardness in SZ can exhibit no variation between 
the BM and SZ or a moderate increase in hardness due to hot work 
hardening and grain refinement, as in present study. Since the SZ for-
mation eliminates the prior deformation microstructure in cold worked 
material, the hardness of the SZ is independent of the initial state of the 
material. 

From the limited literature data concerning joining UFG aluminium 

Fig. 14. Strain maps obtained during static tensile tests for welds at sample’s fracture, dashed line indicates the weld centre line and red arrow shows the fracture 
location. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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using FSW it can be seen that similar results were obtained for samples 
after ARB processing [27]. For AA 1050 after 8 passes of ARB the 
microhardness decreased from 51 HV0.05 to ~38 HV0.05 in SZ. It was 
concluded, that pre-deformation history has no influence on the 
resulting microstructure and the mechanical properties within the SZ. 
Bigger grain growth in the SZ was obtained for commercially pure 
aluminium after two passes of constrained groove pressing in work [29], 
which resulted in a drop of microhardness from about 38 HV to ~26–27 
HV. Slightly higher microhardness in the SZ for welds from deformed 
samples in comparison do undeformed samples was achieved for 
commercially pure aluminium after ARB process [28]. Hardness after 
SPD processing equaled about 48 HV, in the SZ this value decreased up 
to 30–36 HV, depending on process parameters. Similar results were 
obtained in our previous work [31], where in samples after I-ECAP 
processing, with different FSW process parameters, a grain growth 
occurred in the SZ up to the value of 4.3–4.56 μm. It caused a decrease of 
microhardness from 58 HV0.2 to 32 HV0.2 and a drop of UTS from 184 
MPa to 95 MPa. Nevertheless, the results of SZ were higher than for 
annealed aluminium, for which microhardness equaled about 25 HV0.2 
and UTS about 77 MPa. 

In case of welding UFG aluminium the small grain size in SZ cannot 
be preserved. The increase in mechanical properties in this area in case 
of UFG materials can be obtained only for age-hardenable alloys, where 
strengthening from second phase precipitates has a more significant 

impact on mechanical strength than the bigger grain in SZ, as was shown 
for Al–Cu-M-Ag [53]. After the combination of plastic deformation, FSW 
and artificial ageing, the UTS value increased to the value of 445 MPa, 
while for the annealed state UTS equaled 290 MPa. Heat input caused 
also changes in hardness in the SZ of dissimilar welds from severely 
deformed aluminium and copper, while for coarse grained materials the 
increase in hardness was observed [54]. Nevertheless, the formation of 
intermetallic compounds caused the variation of hardness across the 
cross-section of the welds, independent on grain size. Therefore, the 
increase of hardness could be obtained. 

In present work, a novel approach to weld samples which differ in 
applied strain during SPD processing has been made. First, samples after 
different number of I-ECAP passes were joined with annealed samples. 
In the second group, the samples with different number of I-ECAP passes 
were joined together. In the latter case, comparable results to similar 
welds from samples after SPD processing were obtained. Due to the 
recrystallization process, a decrease in microhardness in SZ was ach-
ieved, comparable to all welds. From the quantitative results describing 
the microstructure presented in Table 4 can be seen, that there is no 
dependence between welds. Temperature rise during FSW together with 
an intense plastic deformation caused a grain growth in a SZ. Both welds 
reveal also similar size of HAZ. Only the results of microhardness on the 
RS differ, as sample with different number of I-ECAP passes is placed 
there. 

For dissimilar welds with an annealed sample on the RS, the gradient 
changes in microstructure have been obtained. The BM on the AS, which 
is after I-ECAP, poses an average grain size of 0.97–1.36 μm, depending 
on number of I-ECAP passes. SZs exhibit the growth of grains to the 
average value of 2.14–2.93 μm. BM on the RS has an average grain size 
of about 13 μm. As a result, a gradient change in microhardness was also 
obtained on the welds’ cross-section. 

5. Conclusions 

From the present study the following conclusions can be drawn:  

1 UFG plates of AA 1050 can be successfully joined using FSW method 
and good quality welds (without visible voids or cracks) can be 
obtained.  

2 The grains in SZ pose equiaxial shape with a high fraction of HAGBs, 
71–79%. The average grain size in the SZ and corresponding 
microhardness was similar in all welds’ configurations, which in-
dicates that the microstructure of the BM does not have an influence 
on the microstructure in the SZ.  

3 The grain size in the SZ increases in comparison to I-ECAP processed 
UFG BM while decreases in comparison to coarse grained annealed 
BM. The responsible mechanism was identified as CDRX.  

4 The strength of the welds is determined by the softest area with the 
largest grain size, not the quality of the bonding between plates. It 
proves that obtained welds are of good quality. The highest values of 
UTS were obtained for similar welds after I-ECAP although a 
decrease of strength in comparison to the BM is observed. 
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