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Abstract

The report presents results of the analyses of biocompatible WE 43 Mg-based alloy processed by friction stir
processing (FSP) at two different rotational speeds of 400 rpom, and 1200 rpm. The structures were observed
by scanning electron microscopy (SEM), electron backscattered diffraction (EBSD). Observations were
primarily focused on characterizations of grains and textures; supplementary testing of mechanical properties
was performed via tensile tests. The results of low angle grain boundaries fractions and grain sizes showed
that both the processing methods led to significant grain refinement and recrystallization, the average grain
diameter within the 1200 rpm sample was less than 2 ym. Texture observations showed slight tendencies of
the grains to align in the {0001}(1010) and {0001}{1120) preferential orientations, however, the maximum
intensities were only about two times random. Supplementary tensile tests confirmed the positive effects of
FSP on structures and properties of both the samples.
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1. INTRODUCTION

The advantageous mechanical and physical properties make Mg-based alloys perspective solutions for
demanding modern applications [1,2]. Due to their favourable biocompatibility, light weight, and low elastic
modulus, some alloys are also bio-applicable [3,4]. Besides the positive effect on in-vivo corrosion resistance,
additions of rare earth (RE) elements were shown to increase formability, which is generally very low for pure
Mg, by reducing the critical resolved shear stress (CRSS) for non-basal slip systems [5]. RE such as Gd and
Nd generally support grain refinement and improvement and homogenization of the mechanical properties,
e.g. via formation of precipitates stable at a wide temperature range [6]. Similarly to Nd, yttrium supports texture
randomization and activation of non-basal slip systems, and increases both, formability and final strength [7].
It also supports creep resistivity, as does also e.g. thorium and silver [8].

The formability of Mg-based alloys can also be enhanced by processing at elevated temperatures (higher than
~ 250 °C) [8], or by utilization of specialized deformation technologies. Methods of severe plastic deformation
(SPD), such as equal channel angular pressing - ECAP [9] and its modifications [10], twist extrusion (TE) [11],
etc., are favourable not only for imparting significant grain refinement and enhancing the final properties of
materials, but also for the ability to process materials with low formability [12-14]. From the grain refinement
viewpoint, the most effective SPD methods are high pressure torsion HPT [15] and friction stir processing
(FSP). Several reports on the effects of FSP on Mg-based alloys have been published [16-20], but they are
scarce.

This study presents the results of the investigation of a cast and solution treated Mg-4Y-3Nd (WE43) alloy
processed via rotary swaging (RS) and subsequently via friction stir processing (FSP). RS is a versatile
intensive plastic deformation process which enables to reduce the diameters of solid and hollow axisymmetric
products by a repeated action of rotating swaging dies [21]. It contributes to structure homogenization, grain
refinement, and enhancement of the final properties. The structures were studied via scanning electron
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microscopy; the analyses primarily focused on grains and texture characterization. Structure observations
were supplemented with tensile testing of mechanical properties.

2. EXPERIMENT

WEA43 alloy was cast into a mould with the diameter of 40 mm and length of 80 mm, homogenization annealed,
processed via RS, heat treated by T4 heat treatment - 8 hours’ dwell at 520 °C followed by quenching (similar
to [4,6]) - and subsequently subjected to 400 rpm and 1200 rpm FSP. The final reduction ratio during RS was
1.20.

After swaging (RS) and solution treatment (ST), samples with 40 x 20 x 20 mm dimensions were cut using
electric discharging machine, polished, and subjected to FSP processing at the traverse rate of 60 mm-min-’
and the rotational speeds of 400 rpm and 1200 rpm. The conical friction tool with a pin with 3 mm in length
and diameter varying between 6 mm and 4 mm equipped with a flat shoulder with 15 mm in diameter was
made of a tool steel (set up similar as e.g. in refs. [18,22]).

After FSP and final quenching in water, samples taken for structure analyses in the direction of friction tool
movement were mechanically ground and electrolytically polished. The structures of the FSP-processed
samples, as well as the sample after rotary swaging and solution treatment (RS(ST)) were scanned using a
Tescan Lyra 3 SEM device equipped with an electron backscatter diffraction (EBSD) detector. The scans
acquired with the step of 0.25 pm were evaluated using OXFORD Instruments [23] and LEM3 Laboratories
[24] software. The textures were evaluated in the direction perpendicular to the direction of friction tool
movement with 20° maximum misorientation. The 10 mm long samples for tensile testing with 2 x 4 mm cross-
sections were cut in the direction parallel to the direction of friction tool movement with an electric discharging
machine. Tensile tests were performed at room temperature with the strain rate of 10 s' using a Zwick
machine.

3. RESULTS AND DISCUSSION

3.1. Grains characterization

The mean grain diameter for the RS(ST), 400 rpm, and 1200 rpm sample was 58.5 ym, 4.2 ym, and 1.8 ym,
respectively (Figure 1a to 1¢). The 1200 rom FSP rate led to the formation of microstructure the average grain
size within which approached the ultra-fine (UF) level, ~ 18 % of the grains were smaller than 1 um. The
significant grain refinement, especially after 1200 rpm, can be explained by the combined effects of dynamic
recrystallization and presence of Nd and Y elements supporting grain boundary pinning and UF grains
formation [1,25]. Similar phenomenon was observed by Vargas et al. [19] for a ZKX50 alloy with an addition
of Zr, the average grain size for which after FSP processing by 1000 rpm was ~ 1 pym.
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Figure 1 Grain size distributions for samples: RS(ST) (a); 400 rpm (b); 1200 rpm (d)

The grain boundaries analyses showed that the RS(ST) sample featured a vast majority of high angle grain
boundaries (HAGBs), which is typical for annealed materials (not shown here). After 400 RMP of FSP, the
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fraction of low angle grain boundaries (LAGBs) increased to approximately 11 % (Figures 2a, 2b), which
points to the development of substructure by the effect of the severe imposed strain introducing accumulation
of structure defects, such as dislocations, which cluster into tangles and cells, and form dislocation walls and
eventually LAGBs [26]. As evident from Figures 2c and 2d, processing at 1200 RMP introduced a fraction of
LAGBs similar to processing at 400 rpm, i.e. ~ 11 %.
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Figure 2 Grain boundaries misorientations distributions for samples: 400 rpm (a); 1200 rpm (c); EBSD scans
with HAGBs highlighted in blue colour: 400 rpm (b); 1200 rpm (d).

The results indicate that FSP processing at 400 rpm already introduced sufficient energy to impart
recrystallization within the structure. Nevertheless, the increase in FSP rate up to 1200 rpm resulted in increase
in the imposed energy and in the real processing temperature, too. After the critical level of accumulated
energy is reached, recrystallization introduces formation of grains characterized with HAGBs, which decreases
the volume fraction of LAGBs [26]. However, HAGBs featuring high energy are not thermodynamically stable.
By this reason, the structure has the tendency to decrease the internal energy via formation of new dislocation
tangles, dislocation cells and walls, and subsequent formation of new LAGBs if activated e.g. via increasing
the FSP rate [27]. These phenomena resulted in the comparable fractions of LAGBs for the 400 rpm and 1200
rem samples despite the finer grains and higher fraction of recrystallized grains (as further proven in Section
3.2) within the 1200 sample.

3.2. Texture

The textures for the RS(ST), 400 rpm, and 1200 rpm samples were evaluated with the emphasis on the
preferential orientations and recrystallized fractions. Figure 3a to 3c show pole figures (PF) depicting
recrystallized grains for RS(ST), 400 rpm, and 1200 rpm samples, respectively. The colours in the PFs
characterize the individual growing grains, from blue for the new smallest recrystallized grains, through green
for the growing ones, to red for the largest grown grains.

As can be seen, the RS(ST) sample featured randomly scattered grains with no preferential orientations
(Figure 3a). Processing at 400 rpm imparted significant grain refinement. The fresh new nucleated grains
depicted as blue dots in Figure 3b did not exhibit any preferential orientation. However, the growing grains
depicted as green and red dots exhibited the tendency to form the {0001}(1010) and {0001}(1120) preferential
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orientations, but the total texture intensities were not substantial (slightly higher than 2 times random). The PF
depicting texture characteristics for the 1200 rpm sample is shown in Figure 3c. The structure also evidently
underwent massive dynamic recrystallization and grain refinement, no secondary grain growth connected with
post-process grains reorientation was observed. FSP processing caused the base material to rapidly melt and
subsequently cool with the rate sufficient for formation of fine-grained structure exhibiting both the
{0001}(1010) and{0001}(1120) preferential orientations in similar intensities. Mutual correlation of the Figures
imparts the supposition that the growing grains had the tendency to align along the {0001}(1120) preferential
orientations at first, and later on, as they continued to grow, tended to acquire the {0001}(1010) orientation.
The very low (neglectable) maximum intensities of the preferential orientations demonstrate the favourable
influence of the Nd and Y alloying elements on texture randomization. Texture randomisation invoked by RE
additions within Mg-based biocompatible alloys was reported to support homogenization of mechanical and
corrosion properties and contribute to lower anisotropy as regards the compression and tension loads, which
influences positively the fatigue life of the final product [28].
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Figure 3 Pole figures emphasizing grains orientations in relation with grain growth for samples: (a) RS(ST);
(b) 400 rpm; (c) 1200 rpm

3.3. Tensile tests

The ultimate tensile strength (UTS) of the as-cast material was quite low, only 142 MPa. However, subsequent
swaging and solution treatment resulted in the increase in UTS to 201 MPa, the processing also increased the
elongation to failure, from 3.8 % for as-cast material to 5.8 %. RS is known for its favourable influence on grain
refinement and fragmentation of large precipitates [29] and its positive effects on enhancement of mechanical
properties were also documented by others. For example, Wang et al. [30] reported the UTS to increase up to
350 MPa for a hot rotary swaged and subsequently aged WE43 alloy.

The final stress-strain curves for the materials processed via FSP are depicted in Figure 4. Evidently, plasticity
(elongation to failure) increased significantly for both the processed samples and FSP processing by 1200 rpm
resulted in the increase in UTS to almost 280 MPa. The advantageous combination of high UTS and favourable
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elongation of more than 11 % recorded for the 1200 rpm sample
can primarily be attributed to the fine recrystallized grains and
almost random grains orientations ensuring uniform properties
throughout the material [31].
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significantly larger grains, but also precipitated particles introduced 1
by the solution treatment which acted as obstacles for dislocations o T 7 T T -
movement during tensile loading under cold conditions. This True strain(%)
resulted in lower plasticity when compared to the FSP samples [32], Figure 4 Stress-strain curves for
the processing of which imparted dissolution of most of the RS-ST and FSP-processed
precipitates into solid solution, which enhanced plasticity and also materials

increased the UTS [27].

4. CONCLUSION

The WE43 Mg-based alloy was cast, subjected to rotary swaging followed by solution treatment, and finally
processed via friction stir processing (FSP) at the rotational speeds of 400 rpm and 1200 rpm. FSP introduced
significant grain refinement, the 1200 rpm sample exhibited fine grained structure with the average grain size
smaller than 2 pm. Both the processed samples featured new recrystallized grains with no prevailing
preferential orientation, significantly improved strength of more than 200 and 250 MPa, respectively, and the
maximum elongation of more than 10 %. Suffice to say, both the samples treated at 400 rpm and 1200 rpm
exhibited substantial grain refinement and texture randomization, which imparts promising application of the
WEA43 alloy processed via rotary swaging and subsequent FSP at room temperature or at slightly elevated
temperatures, such as within the human body.
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