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A B S T R A C T   

Mg-3Al-1Zn-0.2Mn (wt.%, AZ31B) wires were successfully produced from commercial hot-rolled plates in one 
step using the CoreFlowTM process, a novel stationary shoulder friction stir extrusion manufacturing. CoreFlowed 
AZ31B wires exhibited fine grains with a heterogeneous grain size distribution of 6.5 ± 4.2 μm along the 
transverse direction (TD) compared with the as-received material. A weakened texture was also obtained in 
CoreFlowed AZ31B, with basal poles aligned parallel to TD shift toward extrusion direction (ED) from wire 
center to edge. Periodic needle-like regions with a distinctively different orientation from neighbouring regions 
were observed at the sample edge. The engineering ultimate tensile strength (UTS) and elongation (El) of the 
CoreFlowed sample was 258 ± 5 MPa and 22.3 ± 0.8%. The El was significantly increased by 58% with 
equivalent UTS compared to the as-received material. Such a good combination of strength and ductility is 
attributed to grain refinement with heterogeneity, texture weakening, and homogeneously redistributed second 
phase particles.   

Magnesium is the lightest metallic structural material (the density of 
Mg is 2/3 of aluminium, and only 2/9 of steel) [1]. Mg alloys have been 
increasingly used in products which aim at mass reduction for energy 
saving, carbon emission reduction, and efficiency improvement [2–4]. 
However, the application of Mg alloys is still far less than that of Al 
alloys and steel. One of the reasons for this is the limited formability of 
Mg alloys at room temperature [5,6]. Mg has a hexagonal close-packed 
(HCP) crystal structure and the deformation mode is relatively limited. 
Among common deformation modes, basal slip and extension twinning 
have much lower critical resolved shear stress (CRSS) at low tempera
tures compared with other deformation modes, and thus non-basal slip 
systems are usually not activated to facilitate continuous plastic defor
mation [7,8]. As a result, producing Mg alloys with high strength and 
ductility remains a challenge. 

To solve the aforementioned problem, many strategies have been 
investigated. Adding rare-earth (RE) elements [9–11] or Ca [12,13] into 
Mg has been proved to be effective due to the possibility of texture 

weakening. Controlling deformation path is also an approach which can 
possibly solve this problem by texture weakening [14,15]. Severe plastic 
deformation (SPD) [16] is another possible solution which aims at 
solving the problem by refining the grain size. Grain refinement can 
increase the yield strength, and improve ductility by increasing the ac
tivity of intergranular deformation [7,17,18], supress the formation of 
extension twinning [18], and enhance the synergetic plastic deforma
tion in neighbouring grains [7]. So far, many SPD variants have been 
applied to Mg alloys [19], including equal channel angular pressing, 
high pressure torsion, accumulative roll bonding, friction stir processing 
(FSP), etc. Although grain refinement was achieved, there are still some 
limitations such as limited size [20,21], several repetitive steps, and 
extra pre-treatments between steps [22–24]. Thus, SPD technologies 
with reduced steps and continuous or semi-continuous technology 
remain challenging. 

CoreFlowTM is a new SPD and sub-surface treatment technology 
developed from friction stir welding (FSW), recently invented by TWI 
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(Fig. S1, Video S1). In this paper, CoreFlowTM was used to produce Mg 
alloy wires for the first time. It was designed as a subsurface channelling 
technology [25,26]. However, we found CoreFlowTM has a potential of 
rapidly screening chemical compositions for high performance metallic 
wires and producing bespoke wires of theoretically unlimited lengths 
from the base material in a single step without extra external heat input. 
CoreFlowTM is believed to have similar effects on Mg alloys to what FSP 
can possibly do, such as grain refinement, second phase particle redis
tribution, texture modification and thus improving the mechanical 
properties [27–32]. To validate our hypotheses, as-received AZ31B 
plates were used for wire extrusion. Various combinations of rotational 
speed and travel speed of the probe were tested to explore whether wire 
extrusion by CoreFlowTM is suitable for Mg alloys, and the tool design 
can be found in Fig. S1. Comparisons were made between CoreFlowTM 

and as-received AZ31B to reveal the texture and microstructure evolu
tion and their effects on final mechanical properties. The findings in this 
work could provide insights into the potential of producing suitable Mg 
alloy wires for industrial applications in one step at room temperature. 

As-received hot rolled AZ31B plates were used for the CoreFlowTM 

experiments. Based on TWI’s previous experience on processing Mg and 
Al alloys using FSP, the traverse speed of the tool was fixed at 100 mm/ 
min and the rotational speed was set from 600 to 1400 rpm, with an 
interval of 200 rpm. Texture and grain size of the wire and as-received 
material were characterised using a JEOL JSM-7900F FEG-SEM with 
EBSD detector (step size: 0.5 um for CoreFlowed samples, 2 um for as- 
received samples), and analyzed using AZtec Crystal software. A FEI 
Inspect F50 FEG-SEM was used for obtaining back-scattered electron 

(BSE) images to analyze the second phase particle distribution. To better 
understand the second phase particles in extruded wire, X-ray computed 
tomography (XCT) was carried out using Zeiss Xradia 620 Versa (voxel 
size: 2.2 um). Tensile tests were carried out on a Deben CT500 rig (de
tails in Fig. S2, loading rate: 1.0 mm/min). Tensile tests were conducted 
along the RD for the as-received samples and along the ED for the 
CoreFlowed samples. Three tensile tests for each material were 
conducted. 

The trial of 1200 rpm tool rotational speed was the only setting 
which produced consolidated wire (Fig. S3). The EBSD inverse pole 
figure (IPF) maps of CoreFlowed and as-received AZ31B are shown in 
Figs. 1 and S4. Their corresponding pole figures (PFs) and IPFs are 
shown in Fig. 2. The as-received AZ31B sample exhibited equiaxed 
grains. The average grain size of as-received AZ31B was measured to be 
20.5 ± 9.4 μm, 20.7 ± 9.2 μm, and 20.0 ± 9.1 μm along RD, TD, and ND, 
respectively. The pole of (0001) basal planes aligned along ND with 
multiples of uniform density (MUD) of 9.5, indicating a strong basal 
texture. The average grain size of CoreFlowed AZ31B was 6.5 ± 4.2 μm 
and 6.7 ± 4.5 μm along TD and ED, respectively. The PFs of CoreFlowed 
AZ31B show that basal poles orientation was quite uncommon, and the 
highest texture intensity is only about 7.8 MUD (Fig. 3(a-2)). For the 
EBSD IPF map of CoreFlowed sample, it is evident that grains from the 
center to the edge are dominantly characterised by different crystal 
orientations with distinct geometries, which was not observed in the as- 
received samples. And at the edge region, periodically distributed 
needle-like regions dominated by grains with different colours from 
neighbouring regions were observed. 

Fig. 1. (a-1) EBSD IPF map of as-received AZ31B along TD (IPF-Z//TD), (a-2) position of EBSD zone on as-received sample; (b-1) EBSD IPF map of CoreFlowed 
AZ31B along TD (IPF-Z//ED), (b-2) position of EBSD zone on CoreFlowed zone. 
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Based on these, the CoreFlowed wire was divided into three different 
regions R1–R3, and R3 can be subdivided into R3S1 region and R3S2 
region due to their distinctive characteristics (Fig. 2). It is apparent that 
the basal pole orientations of these regions were different. From R1 to 
R3 (i.e. core to edge), the basal pole gradually rotated towards the ED. In 
R3, two basal pole peaks were observed corresponding to R3S1 and 
R3S2. More specifically, the shift of the basal pole from R1 to R3S1 was 
continuous, whilst the basal pole of R3S2 tended to shift toward a 
different direction. The IPFs also shows different texture components 
from R1 to R3. The IPF of R1 indicates that the <11-20> directions of 
grains mainly aligned along ED. When it comes to R2 and R3, the 
<0001> direction gradually rotates toward ED, becoming more off- 
basal. R3S1 and R3S2 also showed a difference, between which R3S2 
tended to be more off-basal. 

BSE images of as-received and CoreFlowed AZ31B are shown in 
Fig. 3. Second phase particles in the as-received sample were mainly 
elongated and linearly aligned along the RD, although a few equiaxed 
particles with a larger size were also noted. This is common for rolled 
AZ31B, during which second phase particles are elongated along the 
rolling direction and then broken and become discontinuous. While in 
the CoreFlowed sample, along both ED and TD, second phase particles 
tend to be round, and the distribution was also homogeneous. No 
obvious clustering was observed in CoreFlowed sample. XCT results 

further revealed the 3D distribution of second particles in the Core
Flowed (Fig. 3, Video S2). Second phase particles were homogeneously 
distributed, as shown in the BSE images, and internal voids were hardly 
observed. A cylindrical volume was also extracted to investigate the 3D 
information of second phase particles. The size and distribution of sec
ond phase particles were homogeneous throughout the CoreFlowed 
sample. 

The tensile properties are shown in Table 1. Representative engi
neering and true stress-strain curves are also plotted in Fig. 4(a). The El 
was significantly improved by nearly 58% via CoreFlowTM, without 
noticeable compromise in strength. The typical SEM images of fractured 
surfaces after tensile tests are shown in Fig. 4(b) and (c). The fractured 
surface of as-received sample exhibited well-defined step patterns and 
shallow dimples. Whilst in the CoreFlowed sample the fractured surface 
was dominated by much deeper dimples of different size, indicating 
increased ductility deformation modes. 

The texture and microstructure differences are believed to be the 
result of the complex material flow during CoreFlowTM. Considering the 
similarity between these two technologies, a hypothesis of the Core
FlowTM process can be developed based on previous research on FSE 
[33–35]. During processing, the base material was firstly cut and 
extracted by the 8-thread probe (Fig. S1) when it was rotating and 
moving forward. These materials were transported with the rotation of 

Fig. 2. (a-1)-(a-7) PFs and (b-1)-(b-7) IPFs of as-received and CoreFlowed AZ31B.  
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the tool and welded together in a helical mode in the region where 
threads end. Then the consolidated material was extruded through the 
channel and air cooled. 

To validate this hypothesis, a simple calculation (Eq (1)) based on 
R3S2 (Fig. 2(b-1)) was carried out. Although no valid evidence can 
justify it, several findings support this hypothesis. If the aforementioned 
hypothesis is correct, then it follows that: 

2D = ndtanθ (1)  

where D is the diameter of the wire, n is the number of threads on the 
probe, d is the distance between each R3S2 region, and θ is the angle 
between R3S2 region and ED axis. In this work, D was 2 mm, d and tanθ 
was measured to be 0.31 mm and 1.65. The calculated value of n was 
about 7.82, which is very close to the actual number of threads 8. EBSD 
IPF maps also support the hypothesis. The texture of the as-received and 
CoreFlowed AZ31B samples were significantly different from center to 
edge, which is attributed to different conditions during CoreFlowTM. 
Based on IPFs shown in Fig. 2(b-1)–(b-7), the as-received AZ31B 
developed a strong basal texture which is very typical in conventional 

Mg alloys such as AZ31B. While for CoreFlowed AZ31B, the strain path 
of R1 is similar to that of extrusion, represented by basal fibre texture 
components with <10-10> or <11-20> directions parallel to the 
extrusion direction [36]. However, there were also a range of 
non-specific directions in the basal plane. The basal fibre texture with 
<11-20>//ED is usually related to the recrystallised texture, which is 
consistent with the CoreFlowed AZ31B where dynamic recrystallisation 
(DRX) occurred. 

For R2 and further to R3, the peak in the IPFs moves toward 
<0001>, indicating the texture further deviates from the “extrusion 
condition”. This continuous shift from R1 to R3S1 is attributed to the 
enhanced effect of rotation at the edge. In contrast to R3S1, the basal 
pole of R3S2 tends to shift to a different direction. This is attributed to 
the seam welding between materials extracted from neighbouring 
threads. This explains why these needle-like regions have limited 
thickness, different orientations from neighbouring regions, and peri
odicity. In addition to the texture, the complex material flow also trig
gered grain refinement and microstructural modification. The grain 
refinement effect is attributed to the DRX during processing [37]. 
Considering the low stacking fault energy, possibly high total strain and 
high temperature during CoreFlowTM, continuous dynamic recrystalli
sation (CDRX) should be the dominant mode [37]. Commonly observed 
internal grain misorientation and well-defined subgrain boundaries 
validate the prominent occurrence of CDRX (Fig. S5). Some grains had 
hardly deformed and incomplete CDRX grains over 20 μm remained in 
CoreFlowed AZ31B, forming a heterogeneous structure within the small 
DRXed grains. The friction stirring effect also generated a redistribution 

Fig. 3. BSE images of (a) as-received AZ31B along TD, (b) CoreFlowed AZ31B along ED, (c) CoreFlowed AZ31B along TD, (d) A 3D view of second phase particles in 
a cylindrical volume extracted from CoreFlowed AZ31B XCT result. 

Table 1 
Mechanical properties of as-received and CoreFlowed AZ31B.  

Material YS(MPa) UTS (MPa) El (%) 

As-received AZ31B 137 ± 9 260 ± 1 14.1 ± 0.3 
CoreFlowed AZ31B 134 ± 6 258 ± 5 22.3 ± 0.8  
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of second phase particles. The approximately linear size distribution of 
elongated second phase particles was transformed into a more homog
enous distribution of rounder second phase particles throughout the 
whole wire. 

It is unexpected that the yield strength was not improved by the grain 
refinement. According to Hall-Petch relationship (Eq (2)), 

σ = σ0 + kd− 1
2 (2) 

the strength σ increases when the grain size d decreases. However, no 
strengthening was observed in the CoreFlowed AZ31B after grain 
refinement. Zhang et al. [17] developed a fine bimodal grain structure in 
a Mg-3Al-1Zn-0.4Mn alloy with an average grain size of 8.2 μm, which is 
slightly coarser than the 6.5 μm obtained here. The calculated yield 
strength from the Hall-Petch relationship was much higher than the 
experimentally observed value, as found here, Fig. 4a. As analyzed by 
Berbenni et al. [38], the average grain size is not a good predictor of 
yield strength where a heterogeneous grain size is present. Their analysis 
showed that an increase in the dispersion of grain size results in a 
decrease in yield strength. This was believed to be associated with the 
internal stress and elastic stored energy between grains. Yuan et al. [39] 
and Chen et al. [40] indicated that the grain orientation plays an 
important role in the yield behavior of Mg alloys. The soft orientation for 
basal slip activation tends to generate lower YS, which is the case in the 
CoreFlowed samples even CoreFlowed samples have refined grains 
compared to as-received samples. 

Nevertheless, CoreFlowed samples showed a significant increase in 
the total elongation of ~58% compared to as-received AZ31B sheet, 
achieving a total elongation of ~22%. Such a good combination of 
strength and elongation (UTS 258 ± 5 MPa and EI 22.3 ± 0.8%) is not 
common. These properties are ascribed not only to the fine average grain 
size (6.5 μm) but also the grain size distribution. Zhang et al. [17] un
dertook a careful analysis of the strain developed within grains in a 
Mg-3Al-1Zn-0.4Mn alloy with a similar grain size distribution to that 
developed in the current work, which also showed high work hardening. 
They demonstrated that the high work hardening was associated with 
the grain size difference. A significant difference in microstrain was 
found between “large” and “small” grains, leading to a pile-up of 
geometrically necessary dislocations (GNDs) at the grain boundaries 
between the large and small grains, which they believed was responsible 
for the high work hardening rate. Moreover, a significant increase of 
non-basal dislocations was observed as strain increased, which they 

believed was responsible for ductility improvement. 
The weakening of the texture by the CoreFlowTM process will have 

played a part in achieving high uniform elongation. The weakened 
texture offers a wider spread of grain orientations and this is believed to 
allow more grains with a soft crystal orientation to accommodate plastic 
deformation. Moreover, non-basal slips would have been easier to 
activate with the weakened texture compared to the as-received hot 
rolled AZ31 plate with strong basal texture [17]. Such non-basal slip is 
usually considered to play an important role in improving the ductility 
of Mg alloys. In addition to the factors discussed above, the greatly 
improved homogeneity of the second phase particles, in terms of dis
tribution, size and shape, will have aided superior ductility. 

In summary, an AZ31B Mg alloy wire was successfully produced 
using CoreFlowTM in a single step at room temperature for the first time. 
Compared with the as-received material, CoreFlowed AZ31B exhibited 
finer grains with heterogeneous grain size distribution due to DRX. A 
weakened texture with gradient evolution from center to edge and pe
riodic needle-like regions with a distinctively different orientation from 
neighbouring regions around edge area was observed. These texture 
characteristics are assumed to be the result of friction stir, extrusion, and 
seam welding during the process. The UTS and El of the CoreFlowed 
sample reached 258 ± 5 MPa and 22.3 ± 0.8%, respectively. Such a 
good combination of strength and ductility for AZ31B Mg alloy is 
believed to be a result of grain refinement with a heterogeneous grain 
size distribution, texture weakening, and homogeneously distributed 
second phase particles. 
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