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A B S T R A C T

Solid state recycling by direct extrusion of metal chips can significantly reduce energy requirements in com
parison to traditional recycling strategies and primary production. The process consists of cold-compacting the 
chips into chip-based billets and subsequent hot extrusion to the desired profile. Thereby, mechanical properties 
comparable to conventional profiles made from as-cast billets can be achieved. This study examines the devel
opment of microstructure and texture and their impact on the mechanical properties. Consequently, extrusion 
experiments are conducted using two sets of dies, namely a flat face (FF) die and an ECAP die, with magnesium 
alloys AZ31 and ZK60. The texture of the profiles and extrusion remainders of both dies is measured using EBSD 
and XRD in order to analyse the influence of the chips and deformation path on the texture development. The 
microstructure of the extruded chip-based profiles exhibits notable grain refinement, which can be attributed to 
the substantial mechanical strain introduced during milling and compaction of the chips. Furthermore, it is 
demonstrated that the combination of chip-based billets and FF die extrusion results in a favourable weakening 
of basal texture and development of a RE-like < 2–1-11 > texture component, thus causing a tilt of basal planes 
out of extrusion direction. Conversely, ECAP extrusion leads to an increased intensity of basal texture, high
lighting the influence of deformation path on texture development. Finally, it is shown that a combination of 
microstructure and texture effects can result in preferable mechanical properties of chip-based profiles.

1. Introduction

The use of magnesium for structural components is motivated by its 
high strength-to-weight ratio and thus its suitability for lightweight 
applications. A reduction of weight can significantly reduce energy 
consumption and carbon emissions during the product service time, 
especially in the mobility sector. Nevertheless, energy requirement for 
the production of primary magnesium is high, resulting in high carbon 
emissions. Alternatively, secondary magnesium can be used as a sub
stitute by recycling magnesium scrap material. Different strategies can 
be found in literature of which solid-state recycling (SSR) by hot 
extrusion proves to be capable of further reducing energy consumption 
and carbon emissions due to omitting melting of the scrap material [1]. 
SSR is suitable especially for recycling of scrap material with high 
surface-to-volume ratio such as milling chips due to avoidance of 
melting losses which can result from the high amount of oxides [2].

Several studies on the extrusion of magnesium chips show the 
feasibility of mechanical properties comparable or even higher than 

profiles from as-cast billets [3,4]. This improvement of mechanical 
properties is mostly attributed to the amount and dispersion of oxide 
particles and the resulting grain refinement due to increased nucleation 
rate [5,6]. It was shown that the increased pressure, strain and shear 
through die design can lead to improved welding of aluminium alloy 
chips [7]. Especially severe plastic deformation processes such as ECAP 
improve the mechanical properties during SSR [8]. The effect of high 
strain during extrusion of magnesium alloys was demonstrated by Chino 
et al. [9] by a high extrusion ratio of 1600:1 resulting in more uniformly 
distributed oxide particles and subsequently improved strength through 
grain refinement and dispersion strengthening. Ying et al. [10] showed 
that the combination of extrusion and ECAP leads to improved tensile 
strength of chip-based AZ91 magnesium alloy profiles, even though the 
basal texture is weakened, which is attributed to grain refinement by 
dispersed oxides. A weakened basal texture after ECAP of isothermal 
sintered Mg-RE chips was also observed by Pei et al. [11] leading to an 
improved ductility of the sample. In general, ECAP is known to be an 
efficient tool for production of ultra-fine grain Mg-alloy structures with 
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improved mechanical properties [12]. Furthermore ECAP can lead to 
weakening of the texture and formation of texture favourable for basal 
slip without lowering strength [13,14].

It is well known that texture plays a major role in determining the 
formability of magnesium alloys due to the hexagonal crystal lattice and 
limited slip systems [15]. The texture is thereby influenced by param
eters such as extrusion speed, temperature, deformation history and 
initial texture [16,17].

Nevertheless, no study was found that analyses the texture devel
opment during solid-state recycling of ZK60 and AZ31 magnesium alloy 
chips by extrusion. Therefore, this paper will systematically investigate 
the texture modification induced by the chip material and through 
different strain paths introduced by die design. The findings provide 
crucial information to further improve the properties of solid-state 
recycled Mg-alloy chips by connecting the texture and microstructure 
characteristics to the mechanical properties.

2. Methods

The materials used in this work consist of chip-based billets as well as 
conventional extrusion billets (referred to as reference billets) made 
from cast magnesium alloy AZ31 (3 wt% Al, 1 wt% Zn, 0.4 wt% Mn) and 
extruded ZK60 (5.16 wt% Zn, 0.072 wt% Zr). Homogenization was done 
at 400 ◦C for 16 h to eliminate local differences in concentration of 
alloying elements and thus ensure homogeneous material properties of 
the reference billets. To produce the chip-based billets three consecutive 
steps were carried out. Firstly, the chips were produced by turning and 
milling from the as-received billets of the alloys ZK60 and AZ31 
respectively resulting in chip geometries as shown in Fig. 1 (a, b). To 
ensure clean chips, turning and milling was performed omitting lubri
cants. Subsequently, chip-based billets were produced by cold- 
compaction to simplify handling and to increase the relative density 
thereby increasing yield (Fig. 1c).

Due to the high friction between the chips and compaction container, 
cold compaction was realised in portions of 120 g with a compaction 
pressure of 240 MPa to ensure mechanical bonding of the chips, 
resulting in billets of approx. 45 mm length and a relative density of 

approx. 84 %.
Extrusion experiments were carried out on a 2.5 MN extrusion press 

of Müller Engineering. Two different dies were used (Fig. 1d and 1e). A 
normal flat face (FF) die and in order to increase pressure, strain and 
shear on the material a variation of an ECAP die was used. The presented 
ECAP-die slightly tapers towards the die exit ensuring die filling. 
Nevertheless, a high amount of strain by shearing in the intersection 
between ECAP-channels is still present. Both dies depicted produce 
profiles with a rectangular cross section with a side length of 15 mm and 
a corner radius of 1.5 mm. This results in an extrusion ratio of R = 8.67 
for both the FF and ECAP die. Extrusion was carried out at 350 ◦C and a 
ram speed of 1 mm/s. Billets were preheated to 350 ◦C for one hour. All 
of the specimens for testing were taken from the mid-section of the 
profile to ensure steady state of the extrusion process.

Compression tests were performed in accordance with DIN 50106 at 
room temperature. The tests were done strain-controlled with a strain 
rate of 0.001 s-1 at RT on a Zwick Z050 universal testing machine. Stress 
strain curves were recorded and the mechanical properties such as 
compression yield stress (CYS), ultimate compression stress (UCS) and 
fracture strain were determined. Cylindrical compression specimen of 
the dimensions h = 13.5 mm and d = 9 mm were produced resulting in a 
height to diameter ratio of 1.5. Both, tests with specimen in extrusion 
direction (ED) as well as in normal direction (ND) were performed to 
investigate anisotropic effects of the profiles in respect to mechanical 
properties. For each condition three tests were carried out in order to 
take statistical deviations into account. From each of the three tests one 
curve was selected to show the behaviour of the specimen of each 
condition exemplarily.

The microstructure of all profiles was observed by optical light mi
croscopy. Therefore, the samples were ground to size, polished using SiC 
paper from #800 to #2500 and further polished using a diamond sus
pension and oxide polishing suspension (OPS). After polishing the 
specimens were etched in a picric acid solution, according to Kree et al. 
[18], to make the grain boundaries visible for microscopy. The solution 
consists of 10 ml distilled water, 150 ml ethanol, 7 ml acetic acid and 6 g 
of picric acid. The etching process was carried out for 3–5 s. The 
microstructure shown in the following depicts the ED-TD-plane.

Fig. 1. chip geometry of ZK60 chips (a) and AZ31 chips (b), chip-based billet after cold compaction of AZ31 chips (c) and respective reference billet (f). The flat face 
(FF) die (d) and ECAP die (e) used for the extrusion experiments.
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EBSD (electron backscatter diffraction) measurements were carried 
out on a Zeiss Ultra 55 with an acceleration voltage of 15 kV and a step 
size of 0.6 µm. To analyse the grain orientation of the samples inverse 
pole figures (IPFs), which depict the texture components of the basal 
planes (0001) and the first- (10–10) and second-order (2–1-10) pris
matic planes as well as grain orientation maps were calculated using TSL 
OIM Analysis 7. The preparation of the samples follows the scheme of 
optical testing by light microscopy without etching. The resulting sam
ple corresponds to the ED-TD plane of the centre of the profile. In 
addition to mechanical polishing, the samples were electropolished 
using an AC2 solution (StruersTM) at 30 V and −20 ◦C for 40 s to further 
remove fine scratches.

Global texture of the initial materials was measured by an X-ray 
diffractometer (PANalytical X’Pert PRO MRD). Additionally, texture in 
different locations of the remaining discard and profile was measured to 
gain insights into the texture development during extrusion through the 
FF and ECAP die. Inverse pole figures (IPF) were calculated using open- 
source code MTEX [19].

An FE-model was set up in QForm UK Extrusion to analyse the in
fluence of strain path, i.e. extrusion die on the temperature fields. The 
model was created using the Extrusion mode which allows for me
chanically and thermally coupled simulations of material flow and die 
deformation. A built in material model for AZ31 was used based on [20]. 
Friction is calculated by Levanov Law with Friction factor 1 and Levanov 
coefficient 1.25 [21]. The extrusion parameters were chosen in accor
dance with the experimental setup. The model was validated against the 
extrusion force with a deviation of 8.67 % and 3.33 % for the ECAP and 
FF die respectively.

3. Results and Discussion

3.1. Extrusion force and extrusion temperature

The extrusion force of the conducted experiments, extruded at 350 ◦C 
and 1 mm/s ram speed, is shown in Fig. 2 as a function of ram 
displacement. The results are similar between AZ31 and ZK60, with the 
maximum extrusion force being slightly higher for AZ31 than for ZK60. 
All curves show a smoothly declining force after reaching the peak 
indicating a good extrudability of both chip-based and reference billets. 
The comparison between the flat-face (FF) and ECAP die shows that 
almost double the force is needed to extrude using the ECAP die which 
indicates a higher resulting pressure affecting the chips. Additionally, 
the pre-chamber and ECAP turns are observable in the curves by the 
force reaching a plateau and then further increasing. Comparison of the 
force–displacement curves of the reference and chip-based billets shows 
a distinction in the force increasement. Whereas the force during 
extrusion of the reference billet increases rapidly during upsetting inside 
the container, the rate of increasement of the force of the chip-based 
billet is lower, as it is further compacted rather than upset inside the 
container. This results in a larger ram displacement as well. Further
more, a slightly lower maximum extrusion force can be seen for the chip- 
based billets. Which can be related to differences in billet length after 
fully compacting the billet inside the container and thus a lower friction 
force. Due to the long extrusion channel and the ECAP turns, the high 
forming and friction forces demand for a higher extrusion force.

The temperature calculated by means of FEM is depicted in Fig. 3. 
The maximum temperature during the process is given for each die for 
the last calculated step corresponding to the extrusion of the whole 

Fig. 2. Extrusion force diagrams for AZ31 (a) and ZK60 specimens (b) extruded at 350 ◦C and 1 mm/s for both dies (FF and ECAP) and both billet types (solid and 
chip-based).

Fig. 3. Temperature calculated by QForm UK Extrusion for the FF (a) and ECAP (b) die during extrusion of AZ31 billets with a ram speed of 1 mm/s and process 
temperature of 350 ◦C.
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billet. The maximum temperature is 368 ◦C and 377 ◦C for the FF- and 
ECAP-die respectively. The maximum temperature of the FF dies is 
located in the primary forming zone while the maximum temperature 
during extrusion through the ECAP die can be located at the corner of 
the first ECAP turn.

3.2. Microstructure

Fig. 4a shows the microstructure of the as-cast AZ31 billet. Large 
equiaxed grains can be seen. Fig. 4b shows the microstructure of the cold 
compacted AZ31 billet. Chips are clearly visible and metal to metal 
contact between chips is only partly established. It shows that each chip 
consists of multiple loosely connected chip fragments. Taking a closer 
look into the microstructure of each chip fragment a high amount of 
twins are visible. Moreover, the bonding of chips after cold compaction 
is enabled by mechanical interlocking, no welding is visible.

In Fig. 4c the microstructure of the ZK60 reference billet is shown. It 
can be seen that the microstructure differs significantly from the AZ31 
reference billet due to the production of the reference material by 
extrusion. The difference can mainly be seen in a deformation micro
structure consisting of elongated and small recrystallized grains. 

Furthermore, large, elliptical grains are visible. The microstructure of 
the chip-based ZK60 billet is depicted in Fig. 4d and consists of overall 
smaller grains compared to the chip-based AZ31 billet. Nevertheless, 
similar to the chip-based AZ31 billet a high number of twins can be seen.

The microstructure of the specimens in ED-TD-plane is depicted in 
Fig. 4. The AZ31 ECAP reference specimen (Fig. 5b) shows a heteroge
neous microstructure with mostly equiaxed grains. Additionally, iso
lated unevenly shaped grains that are elongated in ED are visible. The 
respective chip-based specimen (Fig. 5f) shows mostly fine equiaxed 
grains with some areas of larger grains. Chip boundaries are well visible 
by aligned grain boundaries, differences in grain size, and scattered 
particles along those boundaries. The reference specimen of the FF-die 
(Fig. 5a) shows a microstructure interspersed by in ED elongated 
grains. In between, bands of smaller equiaxed grains can be found par
allel to ED. The chip-based AZ31 specimen of the FF die (Fig. 5e) shows a 
mostly homogenous microstructure of small equiaxed grains. Differ
ences in grain size in-between chips are less pronounced compared to 
the chip-based ECAP specimen. Chip boundaries are visible by particles 
located between chips and aligning grain boundaries.

All specimens of the alloy ZK60 (Fig. 5c,d,g,h) are characterized by 
elliptical grains elongated in ED surrounded by smaller equiaxed grains. 

Fig. 4. Microstructure and texture of the reference AZ31 billet (a), reference ZK60 billet (c), compacted AZ31 chip-based billet (b), and compacted ZK60 chip-based 
billet (d).
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The amount of elliptical grains seems to be higher in the reference 
specimens (FF and ECAP die) and the lowest amount can be seen in the 
chip-based ECAP specimen. Overall, the chip-based specimens appear to 
have smaller grains than their respective reference specimen.

Overall, ZK60 specimens show a refined microstructure compared to 
AZ31 specimens. In contrast to the particles being located along chip 
boundaries in the recycled AZ31 specimens (Fig. 6a), there are particles 
visible in both recycled and reference specimens in the ZK60 alloy that 
are dispersed in the microstructure.

Additionally, the microstructure of the ZK60 specimens differenti
ates from the AZ31 specimens through elliptical grains along ED. These 
elliptical grains are mainly found in the reference samples, while they 
are only occasionally visible in the chip-based samples. This micro
structure may be attributed to Zr-rich cores found in ZK60 alloys, which 
only partly recrystallize during extrusion [22]. Dependent on the 
imposed strain during extrusion those cores recrystallize into areas of 
fine grains or form elongated unrecrystallized grains along ED. In other 
words, a higher strain leads to a higher degree of recrystallization [23]. 
Since the chip-based specimens undergo high straining during the 
milling process and during cold-compaction before being extruded the 
amount of recrystallized Zr-rich cores is higher compared to reference 
specimens. This can further contribute to the grain refinement as seen in 
the chip-based specimens of the ZK60 alloy.

As seen in the microstructure a reduction of grain size correlates with 
the use of chip-based billets instead of the reference billets. Conse
quently, the use of chip-based billets leads to smaller grains in com
parison to reference billets independent of the used extrusion die. 

Similar findings can be found in literature that connect the grain 
refinement in connection with solid-state recycling of magnesium alloy 
chips to impeded grain growth through dispersed oxide particles. [9,10]. 
As shown in Fig. 6b, a high concentration of particles corresponds to 
smaller grains in the chip-based ZK60 ECAP specimen indicating 
impeded grain growth and particle stimulated nucleation (PSN). PSN 
can have a significant influence on the microstructure of ZK60 alloys by 
promoting dynamic recrystallization through posing as nucleation sites 
for new grains [24]. This can contribute to the grain refinement of ZK60 
specimens in general. The oxide particles of the chip-based AZ31 spec
imens are mainly located on the chip surfaces. That is, a grain refining 
effect of particles is unlikely for AZ31 as no dispersion of particles is 
visible (see Fig. 6a). Nevertheless, it can be seen that the chip boundaries 
lead to impeded grain growth as is visible through the aligned grain 
boundaries along the chip boundaries of the chip-based AZ31 
specimens.

Furthermore, the initial microstructure of the chip-based billets 
consists of a high number of twins compared to the as-cast microstruc
ture caused by machining and cold-compaction prior to extrusion 
(Fig. 4b,d). Deformation twins are known to facilitate the nucleation of 
new grains during dynamic recrystallization and result in a fine-grained 
microstructure [25]. Therefore, it is likely that the fine-grained micro
structure of the chip-based specimens results from extensive twinning 
prior to extrusion. Thereby, the high number of twins leads to a high 
nucleation rate during DRX during extrusion, leading to a fine-grained 
microstructure as seen in the chip-based specimens.

Against expectations, the use of an ECAP die does not lead to further 

Fig. 5. Microstructure of the extruded AZ31 specimens (a,b and e,f) and ZK60 specimens (c,d and g,h).

Fig. 6. Microstructure of the AZ31 chip-based ECAP specimen (a). The red dashed line indicates the chip boundary and oxide particles. Microstructure of the ZK60 
chip-based ECAP specimen (b). Zone of fine grains and high number of particles is indicated by blue dashed line. Island grains are indicated by red arrows. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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grain refinement neither for chip-based specimens nor for reference 
specimens. On the contrary, the use of the ECAP die leads to larger 
grains, particularly for the AZ31 specimens. The difference in grain size 
of the specimens of the ZK60 alloy is less pronounced. The microstruc
ture of the AZ31 ECAP specimens shows differentiating features between 

chip-based and reference specimens. While the chip-based specimen has 
a clear separation between areas of large and small grains through the 
chip’s boundaries, see Fig. 7a, the microstructure of the reference 
specimen shows no such separation. Instead, small grains are scattered 
in between larger grains, see Fig. 7b.

Fig. 7. Bimodal microstructure of AZ31 chip-based and reference ECAP specimens. Large and small grains are separated by chip boundaries in the chip-based 
specimen (a) and interspersed in the reference specimen (b).

Fig. 8. EBSD maps and IPFs of reference and chip-based AZ31 specimens extruded through ECAP and FF die. Separation of microstructure by grain orientation 
spread (GOS).
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This bimodal grain size distribution in connection with severe plastic 
deformation through ECAP can be associated with abnormal grain 
growth (AGG). AGG is further characterized by the presence of “island 
grains” and is reportedly taking place during annealing of highly 
strained metals [26,27]. Instead of homogenous grain growth during 
recrystallization some grains grow rapidly, leading to a coarse hetero
geneous microstructure. The characteristic island grains can be seen 
exemplarily in Fig. 6 (red arrows) of the microstructure of the ZK60 
ECAP chip-based specimen but also occur in the other ECAP specimens. 
Different explanations for AGG can be found in literature differentiating 
between the effect of second phase particles, differences in crystallo
graphic orientations and differences in stored energy of grains [27–29].

The high strain induced into the material during ECAP can result in a 
temperature instability of the microstructure [30]. Subsequently, dif
ferences in stored strain can lead to selective grain growth during 
annealing of highly strained metals, such as ECAPed magnesium sheets 
[27]. In general, a minimum annealing temperature must be exceeded 
for AGG to take place [31]. It is important to note that due to cooling of 

the profiles in air, slow cooling rates can be expected. Thus, two 
mechanisms need to be considered for the resulting microstructure, 
those are DRX and SRX. Even though, no annealing in the traditional 
sense is carried out, the high temperature of the profile is maintained, 
possibly leading to temperature activated recrystallization without 
further deformation (SRX). This is further promoted by the high amount 
of strain induced during extrusion and incomplete DRX. Additionally, 
the irregular distribution of chips leads to a randomized orientation of 
grains in the chip-based billets. Dependent on the orientation of grains 
relative to the load direction during extrusion different degrees of 
deformation affect the chips. This might influence dynamic recrystalli
zation and thus lead to differences in grain size in-between chips.

Furthermore, nonuniformly distributed second phase particles can 
lead to locally impeded grain growth and a locally lower pinning force 
respectively and thus resulting in heterogenous grain size distributions 
[28]. This effect is also found in extruded nano-TiC/AZ61 bars due to a 
nonuniform distribution of nano particles [32]. In respect to chip-based 
specimens this could mean a locally higher pinning force through oxide 

Fig. 9. EBSD maps and IPFs of reference and chip-based ZK60 specimens extruded through ECAP and FF die. Separation of microstructure by grain orientation 
spread (GOS).
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particles along the chip’s surfaces, resulting in the bimodal micro
structure of the chip-based AZ31 specimen (Fig. 5 e,f). A similar effect of 
AGG in chip-based specimens at high extrusion ratios was observed by 
Chino et al. [9] but attributed to a uniform dispersion of oxide particles 
during extrusion with high extrusion ratios. However, since no oxides 
can be seen dissolving from the chip boundaries to the inside of the chips 
in the AZ31 specimens this effect seems to be unlikely (Fig. 6a).

3.3. Texture

The texture of the initial material is shown in Fig. 4. The cast AZ31 
reference billet is characterized by a random texture distribution 
(Fig. 4a). The ZK60 reference billet shows a < 10–10 > -component 
corresponding with the highly deformed microstructure. Additionally, a 
weak < -12–11 > component is visible. The texture of the chip-based 
billets of both alloys is similar, consisting of a weak orientation of 
basal planes in direction of the cold compaction (Fig. 4b,d).

Fig. 8 shows orientation maps from EBSD and as a separation tool 
grain orientation spread (GOS) maps with the corresponding IPFs of the 
AZ31 specimens. A bimodal microstructure of in ED elongated grains 
and small equiaxed grains with average GS = 27.6 µm is visible in the FF 
reference specimen, Fig. 8a. A preferred orientation of basal planes 
parallel to ED is apparent in the FF reference specimen with double-fibre 
along the arc between the < 10–10>- and the < 11–20 > -poles, whereas 
the < 10–10 > fibre component is more pronounced. By considering a 
grain orientation spread GOS > 1◦ (assuming that recrystallized grains 
have low internal misorientation [33]), the elongated grains show to be 
deformed and non-recrystallized. The texture for GOS greater than 1 
shows the well-known deformation texture (<10–10>- component) in 
the nonrecrystallized microstructure. Similarly, the ECAP reference 
specimen shows a bimodal grain structure (GS: 35.3 µm) with large 
inhomogeneously formed non-recrystalized grains, Fig. 8b. Also here, 
the double-fibre along the arc between the < 10–10>- and the < 11–20 
> -poles, with a higher intensity towards the < 10–10 > pole, dominates 
the texture. Comparing the chip-based (Fig. 8 c,d) with the reference 
specimen (Fig. 8 a,b), it is apparent that the grain size is much smaller in 
the chip-based specimens with an average GS of 8.5 µm and 9.5 µm for 
the FF and ECAP die respectively. Both chip-based specimens show a 
bimodal microstructure with mostly small equiaxed grains but areas of 
larger equiaxed grains arranged in bands along ED. In contrast to the 
reference specimen of the FF die, the chip-based specimen shows a 
weakened RE-like texture component. So, a texture with tilt of basal 
planes out of the extrusion direction. A rotation of the texture similar to 
RE-textures as described by Standford et al. [34]. Whereas the highest 
intensity is also at the < 10–10 > pole. It is important to note that this RE 

texture is already clearly present in the non-recrystallised grain struc
tures (GOS greater than 1◦). However, the IPF of the chip-based ECAP 
specimen shows a more intense texture with the previously mentioned 
component for the reference samples (double-fibre) Fig. 8d. In contrast, 
the maximum intensity is visible towards < 2–1-10 > instead of <

10–10 > of the reference specimen. The fraction of recrystallized grains 
differs from reference to chip-based specimens and in-between FF and 
ECAP die. While the reference ECAP specimen has the highest RX frac
tion (0.77) the chip-based ECAP specimen has the lowest (0.45). Both 
chip-based specimens have a lower fraction of recrystallized grains than 
their respective reference specimen.

Fig. 9 shows the grain orientation maps and corresponding IPFs of 
the ZK60 specimen. Compared to the chip-based specimen the pro
nounced elliptical and elongated grains are well noticeable in the 
reference specimen. The grain orientation map shown in Fig. 9 with GOS 
< 1◦ indicates those grains as deformed but not recrystallized. Similar to 
the AZ31 specimens, the reference specimens of the ZK60 alloy have a 
higher average grain size. However, the difference is less pronounced 
than for the AZ31 alloy. Again, a slightly higher average GS is visible in 
the ECAP specimens compared to the FF specimens. The FF reference 
specimen exhibits a < 10–10 > fibre component. In contrast, the ECAP 
reference specimen shows a double-fibre along the arc between < 10–10 
> and < 2–1-10 > poles with the highest intensity towards the latter. 
Equally to the AZ31 specimen, the ZK60 FF chip-based specimen shows a 
weakened RE-like texture component. Again, this RE texture is already 
clearly present in the non-recrystallised grain structures. On the other 
hand, the chip-based ECAP specimen shows a texture similar to the 
respective reference specimen, but with a more pronounced fibre 
component towards the < 2–1-10 > pole.

The chip-based ZK60 specimens show, in contrast to the AZ31 
specimens, a higher fraction of recrystallized grains compared to their 
respective reference specimen. The highest fraction is reached by the FF 
chip-based specimen (0.51). That is, the ZK60 specimens show a mainly 
deformed microstructure.

Typically, a basal texture forms during extrusion whereby different 
fibre components develop dependent on processing parameters [17,35]. 
The most common < 10–10 > fibre component, which forms during 
extrusion or drawing of rods and wires [36,37], can be seen in both 
reference specimens extruded through the FF die. The use of chip-based 
billets (FF extrusion) instead leads to a weakening and broadening of the 
texture and significant reduction of grain size. It can be hypothesized 
that both effects result from the high amount of twins found in the 
compacted billets caused by high straining during machining of the 
chips and the cold-compaction process. It is important that this texture 
modification only exists in the chip-based FF specimens but not the FF 

Fig. 10. IPFs of the AZ31 chip-based FF profile and discard before the first extrusion step (1), during the extrusion step (2) and after the extrusion step (3, 4). The 
development of a characteristic deformation texture can be seen.
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specimens made from reference billets. This excludes the possibility of a 
rigid rotation causing the RE-like texture component. Instead, it must be 
induced by the chip material. It can therefore be assumed that the low 
intensity texture of the chip-based extrudates is connected to the ran
domized pre-texture of the chip-based billets and high number of twins 
in combination with the RE-like texture of the deformed microstructure 
the weak characteristic texture of the chip-based specimens forms.

The effect of a weakened / tilted texture is visible for both alloys 
extruded through the FF die (chips) but is more pronounced for the ZK60 
alloy. The AZ31 specimen loses the < 2–1-10 > component and the <
10–10 > fibre is weakened, while the ZK60 specimen develops a 

component similar to RE-alloys [34]. The IPFs in Fig. 8c and 9c show 
that the RE-component is mainly introduced by the deformed grains and 
already present in the initial ZK60 microstructure (Fig. 4c). In addition 
to the RE-texture of the deformed microstructure, a weakened texture is 
also visible in the recrystallized microstructure of the chip-based FF 
specimen. On top of grain refinement due to extensive twinning and 
DRX as described in Zhu and Ringer [25], recrystallized grains origi
nating from twins can result in a weakened, non-basal texture [38]. 
Thus, the high amount of twinning introduced during machining and 
cold-compaction of the chips can explain the reduced texture intensity of 
the chip-based FF specimens. However, no such relationship can be seen 
for the ECAP specimens, thus, indicating the influence of deformation 
path on texture development.

3.4. Texture development

To gain insight on the influence of deformation path on the devel
opment of texture XRD measurements were carried out in different po
sitions on the remaining discard and profile. The measurements were 
carried out on the AZ31 ECAP and FF chip-based extrusion remainders. 
Fig. 10 shows the positions of measurements and corresponding IPFs of 
the AZ31 FF chip-based specimen. Depending on the location of mea
surement different textures are visible. Moreover, three distinctive zones 
of similar texture can be recognized. In detail, position 1 features a 
weakened basal texture with a tilt of approximately 40◦ towards ED. 
Position 1 corresponds to the remaining discard before reaching the pre- 
chamber. During the final extrusion step a double fibre running along 
the arc between < -12–10 > and < 1–100 > poles forms (position 2) 
which concentrates towards a single fibre at the < 1–100 > pole at the 
die exit (position 3). However, a deflection of the basal planes in ED can 
already be recognised in position 3. In position 4, after exiting the die a 
further weakening of the texture and deflection of basal planes towards 
the ED is visible which develops into a double-fibre component with a 
slight tilt of the basal planes towards ED (position 4).

Texture development along the deformation path during ECAP can 
be seen in Fig. 11. While the remaining discard shows a similar texture 
as the FF die discard (position 1), the first extrusion step leads to an 
alignment of basal planes along ED (position 2). After the first two ECAP 
turns the texture develops into a double fibre along the arc between <
-12–10 > and < 1–100 > poles but with its highest intensity towards the 
former (Position 3). The texture after the final extrusion step (position 4) 
is similar to position 3. The slight reduction in intensity in position 4 can 
be set into the context of recrystallization. As shown by Jin et al. [39], 
the fraction of DRXed grains increases after exiting the die, leading to a 
reduced grain size and decreased intensity of texture.

Fig. 11. IPFs of the AZ31 chip-based ECAP profile and discard before reaching the first extrusion step (1), after the first extrusion step (2), after the first two ECAP 
turns (3) and after the final extrusion step (4).

Table 1 
Grain size (GS) and mechanical propertiescompression yield stress (CYS), ulti
mate compression stress (UCS) and fracture strain from compression tests in ED 
and ND of the chip-based and reference AZ31 and ZK60 specimens.

Alloy Direction Die/ 
condition

CYS UCS Fracture 
strain

GS

​ ​ ​ MPa MPa % µm
AZ31 ED FF reference 94 ± 1 398 ±

1
10.7 ± 0.2 27.6

FF chip- 
based

141 ±
2

419 ±
3

11.4 ± 0.1 8.5

ECAP 
reference

82 ± 0 377 ±
5

8.6 ± 0.5 35.3

ECAP chip- 
based

123 ±
3

399 ±
7

7.7 ± 0.4 9.5

ND FF reference 86 ± 2 326 ±
2

13.5 ± 0.2 ​

FF chip- 
based

135 ±
7

359 ±
4

12.7 ± 0.9 ​

ECAP 
reference

87 ±
24

344 ±
25

11.6 ± 3.5 ​

ECAP chip- 
based

198 ±
7

369 ±
3

3.6 ± 0.3 ​

ZK60 ED FF reference 160 ±
3

461 ±
2

7.6 ± 0.1 10.8

FF chip- 
based

192 ±
3

458 ±
14

9.6 ± 0.7 4.4

ECAP 
reference

161 ±
6

473 ±
8

8.8 ± 0.6 15.5

ECAP chip- 
based

192 ±
3

455 ±
6

9.4 ± 0.6 5.9

ND FF reference 139 ±
1

396 ±
4

12.1 ± 0.3 ​

FF chip- 
based

171 ±
4

396 ±
16

10.3 ± 1.4 ​

ECAP 
reference

155 ±
31

382 ±
53

7.9 ± 4.1 ​

ECAP chip- 
based

191 ±
1

342 ±
13

4.9 ± 0.1 ​
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The resulting texture measured by XRD after the final extrusion step 
(Figs. 10 and 11, position 4) matches with the texture measured by EBSD 
(Fig. 8c and 8d).

While in Fig. 10 position 3 on the FF discard shows a characteristic <
1–100 > deformation component (additional to the weak RE- 
component), this component weakens in position 4 after exiting the 
die. The IPFs in Fig. 8c show that the RE-like texture component is part 
of the deformed microstructure. With progressing recrystallization, the 
< 1–100 > deformation component is diminished. The weak recrystal
lization texture and formation of the RE-texture can again be set into 
context of the high amount of twins present in the chip-based billets, as 
described in Section 3.3. As shown in Nienaber et al. [40] twins lead to a 
realignment of grains. A significant texture weakening due to a 
randomization of the orientation distribution has been explained by 
locally pronounced twin reorientations. Also, Peng et al. [41] reveal that 
texture weakening was produced by (10–11) twins related to static 
recrystallization.

The texture of the ECAP die in position 2 shows a weak texture, 
comparable to the FF die in position 4. This is before reaching the first 
ECAP turn. The texture in position 4 is then comparable to the texture 
measured by EBSD. It was shown that the deformation texture is com
parable to the overall texture of the profile (Fig. 8d). Therefore, it can be 
concluded that the deformation path is responsible for differences in 
texture development, namely the high intensity double fibre of the ECAP 

die. Additionally, it can be shown that the weakened recrystallization 
texture introduced by the chips gets diminished. Instead, a typical 
recrystallization component towards the < -12–10 > pole forms.

3.5. Effect of microstructure and texture on mechanical properties

The results of the compression tests (Table 1) are depicted in Fig. 12
as stress–strain-curves. Generally, the curves follow the behaviour of 
ductile materials. None of the compression specimens show signs of 
delamination indicating sufficient bonding of the chips. Furthermore, 
the fractures occur close to a 45◦ angle to the compression direction. In 
ED the UCS is reached by the chip-based FF specimen (419 MPa) in case 
of AZ31 and the reference ECAP specimen (473 MPa) for ZK60. 
Furthermore, the chip-based specimens of the alloy AZ31 show a higher 
UCS value than the reference specimen of the respective die.

The chip-based ECAP specimens of both alloys show a deviating 
curve in ND with a significantly lower fraction strain indicating a more 
brittle behaviour. While the AZ31 chip-based ECAP specimen still rea
ches high UCS, the ZK60 chip-based ECAP specimen has lower values 
compared to the other specimens.

More significant differences are visible for the CYS with a higher 
value for all chip-based specimen compared to the reference specimen of 
the respective die. Additionally, a lower yield strength is visible in the 
AZ31 ECAP specimens compared to the FF specimens, with exception of 

Fig. 12. Compression test diagrams (strain controlled 0.001 s−1).
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the before mentioned chip-based ECAP specimen in ND. Contrasting, 
there is no such relation visible in the ZK60 specimens, instead yield 
strength in ED is only dependent on condition of the billet not on the 
used die. Moreover, in ND the ECAP specimens show higher yield 
strength than the respective FF specimen.

The welding of chips during solid-state recycling is primarily pre
vented by oxide layers covering the chips surfaces, which hinder metal 
to metal contact being established [42]. The oxide layers of magnesium 
alloy chips form as porous, brittle, and thin layers, which are easy to 
break up. Thus, comparably low levels of pressure are needed during 
extrusion to enable micro-extrusion through gaps of the oxide layers. 
Since pressure during extrusion is mainly introduced through extrusion 
ratio and die design, sufficient welding of the chips is feasible already at 
low extrusion ratios. This can be seen in the mechanical properties of the 
chip-based specimen of the FF die, which reach values comparable to or 
even exceeding the reference specimen in compression strength and 
ductility despite comparably low extrusion ratio of R = 8.76. Further
more, no delamination of the deformed compression specimen is visible 
(Fig. 12), indicating sufficient welding of the chips, even at low extru
sion ratios.

The development of mechanical properties can be connected to 
mechanisms such as grain refinement and texture. Especially grain 
refinement is known to be the main mechanism contributing to im
provements of mechanical properties of hcp-alloys [43]. The improve
ment of mechanical properties of solid-state recycled magnesium chips 
is also reported in literature and connected to grain refinement and 
particle-dispersion strengthening [9,10]. This increasement is attributed 
to oxides being finely dispersed by severe deformation which results in 
impeded grain growth and particle-dispersion strengthening [9]. In 
order to analyse the effect of grain refinement on the Hall-Petch relation 
is plotted in Fig. 13, by setting the CYS in relation to grain size. The 
linear dependency of the parameters CYS and GS can be given by the 
following equation [44,45]: 

σy = σ0 + kd−1/2 (1) 

Where σy is the yield stress (CYS), σ0 is the friction stress for dislocation 
gliding along slip planes and k is the Hall-Petch factor. In good agree
ment with the Hall-Petch relation, an increase in CYS with refined 

microstructure is noticeable for both alloys in ED (Fig. 13a). Therefore, 
the improved mechanical properties can mainly be attributed to grain 
refinement. Nevertheless, differences in the slope and friction stress of 
the Hall-Petch relation are obvious between the different alloys. 
Different factors such as texture, grain size and deformation temperature 
are known to have significant influence on those parameters. Thus, the 
two parameters grain size and texture must be taken into account in 
analysing the different Hall-Petch slopes. While a decreasing grain size is 
known to reduce the slope [46], an increase in texture results in higher 
Hall-Petch parameters [47]. The results given by Fig. 13a show that the 
higher texture intensity ZK60 has a higher friction stress but lower k 
value. This can be explained by the combined effect of GS and texture 
effecting the Hall-Petch slope. The higher friction stress can be attrib
uted to the higher texture intensity while the lower slope can be related 
to conflicting effects of overall lower GS leading to a reduced slope but 
higher texture increasing the slope. Meanwhile, the lower GS and 
texture intensity of the AZ31 specimens leads to lower friction stresses 
and higher slope of the Hall-Petch relation. The yield strength in ND in 
dependency of GS is given in Fig. 13b. The results show lower consis
tency with the Hall-Petch-relationship compared to ED. This highlights 
the importance of texture effects on mechanical properties and their 
anisotropy.

Overall, texture plays a decisive role in determining the mechanical 
properties and their anisotropy, due to the limited slip system available 
in magnesium alloys [48]. A weakening of texture and tilt of basal planes 
away from ED results in increased ductility and decrease of yield and 
ultimate stresses [49]. On the one hand, an increasement of ductility of 
the chip-based FF specimens which show a weakened basal texture can 
be seen. On the other hand, no decreases in strength are visible which 
can be related to the refined microstructure of those specimens, as 
shown by the Hall-Petch-Relation in Fig. 13.

Additionally, a distinctive deformation behaviour is visible for the 
chip-based ECAP specimens when comparing ND to ED, resulting in a 
significantly lower ductility. This behaviour is especially pronounced for 
both chip-based specimen. Since anisotropy of hcp materials is primarily 
introduced through texture effects [50], this behaviour can be attributed 
to the increased texture intensity of the ECAP specimens compared to FF 
specimen. That is, the high intensity basal texture leads to a more 
difficult activation of the basal slip system and thus resulting in the 

Fig. 13. Hall-Petch relation with grain size values generated from EBSD measurements in (a) ED and (b) ND.
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lower compression limit. Additionally, the ECAP chip-based specimens 
of the AZ31 and ZK60 alloy show a low fraction of recrystallized grains 
(0.45 and 0.39). In other words, the dislocation density is high resulting 
in work hardening and thus in a significantly lower ductility and higher 
CYS, as seen in the respective AZ31 specimen.

4. Summary and Conclusion

In this work, the solid-state recycling by hot extrusion of AZ31 and 
ZK60 magnesium alloy chips was analysed. In particular, the influence 
of the chips and the influence of the tool path on microstructure and 
texture development was studied. It was shown that the resulting pro
files from directly recycled chips have mechanical properties compara
ble to those of profiles made from solid billets. 

- The grain refinement of chip-based profiles can be attributed to the 
high amount of twins induced during milling and cold compaction. 
This results in the formation of fine SRX grains during processing.

- Against expectations, no grain refinement is visible by ECAP 
extrusion.

- The chip-based profiles extruded through the FF die show the for
mation of a RE-like texture component and weakening of the basal 
texture. This is again related to the highly twinned microstructure of 
the chip-based billet resulting in a randomization of texture through 
locally pronounced twin reorientations and a weakening of basal 
structures during RX.

- In contrast, the ECAP die leads to an increased intensity of basal 
texture of the chip-based specimens. It was shown that the increased 
texture intensity first appears after the first ECAP turn. Thus, this can 
be attributed to repetitive shear during ECAP.

- The mechanical properties can be related to a combinatory effect of 
grain refinement and texture. Overall, the improvement in strength 
can be attributed to grain refinement as shown by the Hall-Petch- 
relation. On the one hand, the distinctive behaviour of ECAP speci
mens, namely a significantly lower ductility, results from the high 
intensity basal texture induced during the ECAP process. The high 
ductility of the chip-based FF specimens on the other hand, can be 
attributed to the RE-like texture component.
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