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Abstract: The manufacturing parameters influence the properties of thermo-mechanically pro-
cessed metals such as Mg alloys. This paper presents how the mechanical properties, the micro-
structure and the degradation rate of extruded Mn-containing Mg-Gd-alloys can be modified. Gd
as represented REE-element is particularly interesting due to the influence on the texture develop-
ment in Mg and therefore studied as a base alloy system. The contents of Gd were investigated
between 2 to 9 wt.% with Mn-addition of 0.5 and 1.0 wt.%. The grain sizes and the corresponding
textures were modified by the extrusion parameters and the alloy content. It was shown that mod-
ification by Mn can decrease the grain size, but increase the degree of recrystallization and decrease
the degradation rate in the biological medium compared to the binary Mg-Gd system from previous
studies. The results suggest that the binary Mg-Gd system can be produced more efficiently by add-
ing Mn and that the resulting properties are more robust.
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1. Introduction

Tailoring the properties of magnesium alloys is inevitable for their versatile applica-
tions as a lightweight structural material or as a material for degradable implant applica-
tions. Pure magnesium itself features unfavourable properties such as unfavourable me-
chanical properties and corrosion resistance!. Especially for applying this material to im-
plant applications requires adjusted alloying concepts to address the degradation or cor-
rosion behaviour and likewise to tailor mechanical properties according to respective
specifications. This is especially important if the material is subject to thermomechanical
treatment as carried out during forming such as extrusion which itself initiates a property
profile development.

Rare earth elements (REE) are soluble in Mg alloys. In general, the addition of REE
initiates weaker textures during processing which also improves the deformability?$. Fur-
thermore, high ductility at room temperature based on beneficial activation of more slip
systems are also attributed to REE additions* > # °. Recent developments have shown that
alloying with gadolinium (Gd) maintains good biocompatibility of magnesium!%1> as well
as a potential to increase mechanical properties® 1620 and improve corrosion resistance?! 22.

In addition to Gd, manganese (Mn) has shown to be beneficial to the degradation
behaviour of magnesium alloys as it is reducing the cathodic activity of impurities such
as omnipresent Fe particles in the alloys?*?5. Mn as an alloying element is mostly used in
ternary Mg-Al-Mn alloys to form MnAl compounds that lead to higher corrosion re-
sistance due to the reduced solubility for Fe? or by the formation of AlsMns phases that
can substitute Fe into the Mn lattice sites?* ?”. The most beneficial ratio of Fe to Mn in Al-
free Mg alloys is reported to be 0.036 or lower?*. This also opens the possibility to tolerate
higher Fe contents in Mg alloys when Mn is added in sufficient amounts. The addition of
Mn to Mg-Gd shows increased corrosion resistance?. Compared to REE, the addition of
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Mn to magnesium provides far less potential for solid solution strengthening. Only a lim-
ited maximum solubility of up to 2.2 wt.% is revealed (e.g. by thermodynamic calculations
with Pandat™ 2017 and PanMagnesium 2017 database, CompuTherm, L.L.C.). As an ex-
ample, the addition of 0.8 Mn to Mg-10Gd leads to finer grains after extrusion associated
with a-Mn precipitates which hinder recrystallization grain growth®. Extruded Mg-Mn
alloys tend to form fibre-like textures with a special alignment of basal planes parallel to
the extrusion direction if the extruded profile follows a round bar symmetry’. Such tex-
tures lead to limited ductility® and represent one reason why Mg-Mn alloys have not been
considered for structural application despite excellent damping capacities® and good deg-
radation properties?*. Robson et al.3! showed in early work that a suitable distribution of
Mn particles could suppress recrystallization in binary Mg-Mn systems. However, Yu et
al.32 reported about as extruded Mg-1Mn that feature weakened textures and increased
ductility due to coarse Mn precipitates present before extrusion.

In terms of biocompatibility, Mn serves as an essential trace metal in the human or-
ganism that is involved in several immune functions and aids in defence mechanics
against free radicals®. The estimated safe and adequate dietary intake of is reported to be
2-5mg/day for adults®**. The tolerable upper intake level for adults based on a no-ob-
served-adverse-effect level for Western diets was determined to be 11 mg/day®. Ele-
mental Mn is also essential for bone growth as deficiencies may lead to bone resorption.
Interestingly, non-experimentally induced Mn deficiency in humans has not been re-
ported®. Contrary excess of Mn results in impaired bone development and neurotoxi-
city®. Such adverse health effects of Mn are primarily reported for inhaled Mn that will
be transported directly to the brain before metabolization. An actual threshold level at
which Mn exposure produces neurological effects in humans has not been established?.

This work establishes a benchmark for Mg-Gd-Mn alloys in order to obtain a homog-
enous and slow degradation behaviour and provide an array of mechanical properties
that can be adjusted according to the specific requirements of applications. The approach
is based on earlier work in Harmuth et al.8 on binary extruded Mg-Gd alloys and addresses
the impact of an addition of Mn in these alloys for the behaviour during extrusion and the
resulting microstructural, mechanical and degradation properties.

2. Materials and Methods

The alloys were produced from pure magnesium (99.97%, Magnesium Elektron, UK),
pure Gd (99.90%, Dr. Ihme GmbH, Germany) and Mg-2Mn (97.9 wt.% Mg with 2.08 wt.%
Mn, Dead Sea Magnesium Ltd, Israel) as raw materials for casting. Permanent direct chill
casting was conducted in a resistance furnace under protective atmosphere of argon with
3 Vol.% sulphur hexafluoride (SFs). Pure magnesium and M2 alloy were molten at 720 °C
followed by the addition of pure Gd. The melt was stirred at 250 rpm for 20 min and
poured into preheated (650 °C) steel moulds with conical cylindrical dimension at a max-
imum diameter of 70 mm at the top and a total height of 230 mm. After placing the mould
in a holding furnace at 650 °C for 2 min it was slowly immersed into a water bath for a
direct solidification of the ingot. The inner surface of the moulds is coated with boron
nitride prior to pouring to allow for easy extraction after solidification. A list of all alloys
investigated within this work is presented in Table 1. The scheme includes a variation of
the Gd content in the range of 2 to 9 wt.% as well as an addition of 0.5 wt% Mn or 1 wt.%
Mn, respectively. The resulting chemical compositions of the alloys in the cast condition
are shown in Table 1. Contents of Gd and Mn were measured by inductively-coupled
plasma optical emission spectrometry. Values for Fe, Cu and Ni were determined by spark
emission spectroscopy (ppm in weight). The ingots obtained were machined to cylinders
of 49 mm in diameter and 150 mm length for the extrusion.
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Table 1. Compositions with standard deviation of alloys in as cast condition. Contents of Gd and
Mn were measured by inductively-coupled plasma optical emission spectrometry whereas levels
of Fe, Cu and Ni were determined by spark emission spectroscopy.

Alloy Gd Mn Fe Ni Cu Mg
[wt.%] [wt%] I[ppm] [ppm]l [ppm] [wt.%]

Mg-2Gd-0.5Mn 2.27+0.12 0.51+0.02  24+3 <13 <7 bal.
Mg-2Gd-1.0Mn 1.95+0.06 0.94+0.03 5243 <13 <7 bal.
Mg-4Gd-0.5Mn 4.18+0.10 0.53+0.03  56+3 <13 <7 bal.
Mg-4Gd-1.0Mn 4.13+0.12 0.95+0.03  66+3 <13 <7 bal.
Mg-9Gd-0.5Mn 9.01+0.36 0.55+0.02  58+3 <13 <7 bal.
Mg-9Gd-1.0Mn 8.99+0.14 1.06+0.02  82+3 <13 <7 bal.

After casting and machining, heat treatment was conducted for all alloys at 525 °C
for 8 h under the protective atmosphere of argon. Ingots were water quenched immedi-
ately after heat treatment to ensure maximum solid solution. Furthermore, ingots were
pre-heated to the respective extrusion temperatures for 1 h prior to extrusion in a furnace.

An automatic extrusion press (Miiller Engineering GmbH & Co KG, Todtenweis,
Germany) with a maximum force of 2.5 MN and a container with a diameter of 50 mm
was used. Round bars with a diameter of 10 mm were produced with a flat die by apply-
ing indirect extrusion, corresponding to an extrusion ratio of 1:25. Extrusion parameter
variations include two temperature settings (350 and 450 °C) and three ram speeds (0.6,
1.1 and 2.2 mm/s) for process parameter variation.

Microstructures of the extruded conditions were investigated throughout this work.
Specimens were embedded in plastic cold-curing resin. Powdery and liquid Demotec 30
(Demotec Metallographie, Nidderau, Germany) were mixed in the weight ratio of 10:7.
Microstructures of all materials investigated were obtained by grinding with silicon car-
bide papers of down to 2500 grit and polishing with 1 um SiO2 OPS (Oxide Polishing Sus-
pension) (Cloeren Technology GmbH) with diamond 0.25 um. Polished surfaces were
cleaned using ethanol and dried under blowing hot air. Etching was conducted for about
10 to 15 s in a picric acid solution containing 20 ml distilled water, 200 ml ethanol, 7 ml
glacial acetic acid and 15-20 g of picric acid followed by cleaning with ethanol and drying
under blowing hot air.

Optical microscopy of the as extruded samples was used to characterise microstruc-
tures with respect to the grain size and the fraction of recrystallized microstructure taken
from an area analysis. Analyses were performed using a light optical microscope Leica
DMI 5000. Grain sizes (GS) were determined on longitudinal sections (0.058 mm? each) by
applying a line intersection method with grain boundaries as a mean value of three images
per sample (top, middle, bottom).

Non-recrystallized fractions of the microstructure are more likely to be present in
conditions of slow extrusion speeds and low temperatures due to retarded dynamic
and/or static recrystallization. These areas can be easily identified by their elongated
band-like structure with significantly larger dimensions compared to the surrounding re-
crystallized fine grains. The degree of recrystallization was analysed on longitudinal sec-
tions (5.8 mm? each) as a mean value of three images per sample (top, middle, bottom).
These areas are summed up and divided by the overall area to obtain the fraction of re-
crystallized areas.

Scanning electron microscopy (SEM) was used to characterize particle morphologies.
In addition, EDS was conducted to identify local compositions of specific areas and parti-
cles. Samples for SEM were prepared in identical fashion as for optical microscopy. How-
ever, no etching was conducted to guarantee an analysis of unaffected surfaces. SEM ex-
periments were performed at an acceleration voltage of 15 keV and a working distance of
15 mm using a scanning electron microscope (TESCAN VEGA3-SB, Brno, Czech Republic)
equipped with energy-dispersive X-ray spectroscopy (EDS) (IXRF Sytems, IXRF, Austin,
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USA). The composition were recalculated with the software Iridium Ultra (IXRF, Austin,
USA) in wt.%.

Textures of all materials were measured in order to obtain information about grain
orientations. Six pole figures were measured on polished cross sections of the extruded
bars using X-ray diffraction and a goniometer setup (Malvern PANalytical, Kassel, Ger-
many). Cu Ka radiation with a beam size of 1.5 mm x 1 mm and tilt angles from 0° to 70°
was applied. Texture evaluation is addressed by presenting inverse pole figures in the
extrusion direction that are recalculated by using an open source code MTEX?. Due to the
symmetry of the extruded cylindrical bars, the inverse pole figures in extrusion direction
contain all relevant information to describe the texture.

Uniaxial tensile and compression testing was conducted at room temperature to
characterize the mechanical properties of the extruded bars. Tensile test specimens were
machined according to ISO 6892 Form B with a diameter of 5 mm and a gauge length of
25 mm. Compression test specimens were machined to a diameter of 8 mm and a length
of 12 mm. All tests were performed using a universal testing machine Zwick Z050 (Zwick-
Roell GmbH & Co. KG) at room temperature and at a constant initial strain rate of 103 s
Evaluation of hardness was conducted using an EmcoTest M1C 010 machine based on
ISO 6507-1 by using the software EmcoTest M41Eht v4.20.8.0 of the company Osterer.
Vickers hardness was determined with a load of 5 kg and a dwell time of 30 s. An average
of 12 measurements were taken for each sample.

Degradation properties of all alloys were evaluated by weight loss measurement of
3 samples after 7 days in a semi static immersion test. All tests were conducted under cell
culture conditions (37 °C, 5% COz, 20% Oz, 95% relative humidity) in Dulbecco’s modified
eagle medium + Glutamax (DMEM, Fisher Scientific) + 10% fetal bovine serum (FBS, PAA
Laboratories). The composition of DMEM consists of 6 salts and glucose supplemented by
13 essential amino acids and 8 vitamins. The medium was changed every two days with
simultaneous measurement of pH and osmolality.

Prior to immersion samples were ground with 2500 SiC paper, cleaned (20 min in
hexane, 20 min in acetone, 5 min 100% ethanol all in ultrasonic bath, Merck KGaA) and
sterilised (5 min in 70% ethanol). Final sample dimensions after grinding were 1.4 mm
height and 9 mm diameter. After immersion, corrosion products were removed by im-
mersion in chromic acid (180 g/L in distilled water, Sigma-Aldrich) for 20 min. The weight
after removal of corrosion products was measured. The degradation rate (DR) [mm/year]
was determined by applying Equation (1) with Am - weight change after immersion, A -
surface area, t - immersion time and p - density. Density was determined following Ar-
chimedes principle using a scale (Sartorius LA 230 S, Germany) with setup for density
measurements by buoyancy method in ethanol.

Am

= - 1
VeI 1)

DR

3. Results
3.1. Extrusion forces

The extrusion experiment is characterized by a force increase to a peak level during
the initiation of the material flow and a constant steady state force level during processing.
The reader is referred to earlier work for the visualization of such a diagram which only
varies in the reached levels of forces for the materials in this study?3. Both forces increase
as the speed increases or the extrusion temperature decreases (Figure 1) as a result of
lower flow stresses with increasing temperature where increased deformation related
heating with higher speed will be the dominating effect. At higher temperatures, the in-
creasing Gd content leads to a distinct increase in forces, while the influence of the Mn
content is negligible. At 350 °C, the forces increase more significantly with higher Mn con-
tent than in extrusion process at 450 °C. In particular, the difference in peak forces is more
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pronounced for the alloys with higher Mn content at 350 °C. An increase in speed is of
almost no effect.
(b)
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Figure 1. Extrusion forces peak force for Mg-xGd-0.5Mn (a) and for Mg-xGd-0.5Mn (b) and steady state force for Mg-
xGd-0.5Mn (c) and for Mg-xGd-0.5Mn (d) with respect to extrusion parameters.

3.2. Microstructure

The effect of Mn addition and the process parameters on the microstructure is
demonstrated in Figure 2 and Figure 3 using two sets of results as exemplary examples.
Figure 2 shows the influence of the Gd content (from left to right) on the microstructure
development and the impact of the Mn content (from top to bottom). Higher Gd content
leads to an enhanced degree of the recrystallized microstructure at these lowest speed and
temperature settings. The influence of Mn, i.e. a change from 0.5 wt.% Mn to 1.0 wt.%
leads to a stabilization of the grain size development even at higher Gd content. This sta-
bilization persists if the extrusion temperature in increased, Figure 3 (a) and (b), still re-
vealing coarser-grained microstructures if compared to Figure 2. An increase of the extru-
sion speed exhibits a similar effect. The influence of both extrusion parameters, tempera-
ture and extrusion speed on the grain size and the fraction of recrystallized microstructure
is collected in Figure 4. Generally, an increase of extrusion speed and temperature results
in an increased fraction of recrystallized microstructure and an increase in the grain size.
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Figure 2. Light optical micrographs with average grain size (GS) of Mg-2Gd and Mg-9Gd
with 0.5 and 1.0 wt.% Mn with respect to extrusion temperature (extrusion direction hori-

zontal).

Figure 3. Light optical micrographs with average grain size (GS) of Mg-xGd-1Mn (x =2 and
9 wt.%) with respect to extrusion speed (extrusion direction horizontal).

For Mg-xGd-1Mn the overall degrees of recrystallization are at high levels (Figure 4
(a) and (b)). The slowest speed of 0.6 mm/s is accompanied by not fully recrystallized
microstructures in Mg-2Gd-1Mn and Mg-4Gd-1Mn. However, in Mg-9Gd-1Mn it can be
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considered fully recrystallized (Figure 2 (b) and (d)). Compared to Mg-xGd-0.5Mn the
addition of 1Mn significantly increases the degree of recrystallization. Results reveal a
homogeneous distribution of equiaxed fine grains for all alloys in all conditions with par-
tially recrystallized areas present for lower extrusion speed and temperature (Figure 2
and Figure 3). Both concentrations of Mn in the system show a similar influence of extru-
sion parameters on the grain sizes. Grain sizes are gradually increased with increasing
extrusion speeds and temperatures. However, a difference between the addition of 0.5 Mn
or 1 Mn becomes visible in values for grain sizes (Figure 6). The grain sizes of Mg-Gd-
0.5Mn and Mg-Gd-1Mn are visualized in Figure 4(c) and (d). For Mg-Gd-0.5Mn grain
sizes range from 3 to 28 um. Contrary, for Mg-Gd-1Mn grain sizes range from 3 to 21 um
revealing a decrease in grain size for extrusions at 450 °C. Secondary particles are present
in all the microstructures.
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Figure 4. Degree of recrystallization for Mg-xGd-0.5Mn (a) and for Mg-xGd-0.5Mn (b) and grain size with respect to extrusion
parameters for Mg-xGd-0.5Mn (c) and for Mg-xGd-0.5Mn (d). Error bars are standard deviations.

The effect of the process parameters on the texture development of Mg-xGd-yMn is
shown in the Figure 5 using the example of the Mg-xGd-1.0Mn series. An influence of the
Mn content is negligible and shows a similar texture, with the maximum intensity tending
to be slightly lower with increasing Mn content. The maximum intensity decreased with
increasing Gd content and extrusion speed. Increasing the temperature at low extrusion
speed first maintains the significance of a [1100] pole prismatic fiber component, which
is associated with the unrecrystallized fraction of the microstructure. This significance de-
creases with increasing speed but also with increasing content of Gd.

Intensities at the [0001] pole are visible at high Gd content and lower thermal im-
pact but vanish with increasing extrusion speed. No intensities at the [0001] pole are pre-
sent in Mg-2Gd-yMn. With increasing Gd content in the alloys and with increasing extru-
sion speed, the intensities decrease and shift from [1100] to [1210]. At high speed and
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temperature, very weak textures are obtained with almost random character while main-
taining a preferential orientation range around the [1210] pole as well as a tilt component
of basal planes out of the extrusion direction.
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Figure 5. Inverse pole figures in ED of as extruded Mg-xGd-1Mn with respect to extrusion
parameters. Bottom left [0001] pole, bottom right [1210] pole and top right [1100] pole
with intensities ranging from 0 to 10.

Figure 6. Mg-9Gd-1Mn extruded at 450 °C / 2.2 mm/s in (a) SE mode with (b) Gd and (c)
Mn element maps in wt.%. Gd-rich (GdH2) with distinct rectangular shape present and
small Mn-rich particles (pure Mn).

Exemplary EDS analysis was conducted on Mg-9Gd-1.0Mn with the highest propor-
tion of second phases. Results are shown in Figure 6. The particles are not preferentially
located at the grain boundaries but are lined up as stringers in the extrusion direction.
Two types of second phases can be distinguished, a Gd-rich (up to 100 wt% Gd) and a
Mn-rich (up to 95 wt% Mn). A Gd content in the Mn-rich particles most likely results from
a small overlap of the Gd and Mn EDS spectra (Mn: Kal & Ka2 at 5.89 kV & Gd: Kal &
Ka2 at 6.05 kV). The Gd-rich particles are of rectangular shape with a size of up to 3 um
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Figure 6 (b) in all alloys and under all conditions. The amount of these particles increases
with the Gd content. However, the Mn-rich particles have a round shape with a diameter
of less than 1 um, Figure 6 (c), and can only be observed in the Mg-xGd-1.0Mn series.

3.3. Mechanical properties

The mechanical properties in tension and compression are collected in Table 2. A
small increase of the yield strength and the ultimate stress with higher Mn content is more
pronounced at higher Gd content. Generally, the thermal impact (with higher extrusion
temperature or higher extrusion speed) leads to a reduction of these strength values con-
current to the above mentioned grain coarsening. The same tendency is found for the
hardness, which is mainly influenced by the temperature and the Mn content in the alloy
series. An increase in extrusion speed shows a more pronounced decrease in yield
strength, ultimate strength and hardness at higher Gd contents, but with a higher Mn
content, the values increase at identical Gd content.

Table 2. Mechanical properties with respect to extrusion parameters and alloy.

Allo T Ext.speed TYS UTS £t CYS ucCs & Hardness
y [°Cl [mm/s] [MPal [MPal [%] [MPa] [MPa] [%] [HV]

350 0.6 184+1  217+1 315+1.1 15741 360+7 12.8+1.3 59.6 +1.4

0.6 13743 187 +1 9.9+23 94 +2 309+4 13.7+1.0 45.3 +1.0

Mg-2Gd-0.5Mn 450 1.1 116 +4  185+1 16.8+4.4 76 +8 31046 19.7+27  453+1.1
22 104+1 18141 22.042.2 86 +4 33046 25.5+1.2 43.4+1.1

350 0.6 184+1 22241 30.8+1.2  155+2  367+1 12.6+04 58.9 +1.1

0.6 12842  197+1 184 +15 99 +1 324+2  14.8+1.1 48.8 1.7

Mg-2Gd-1.0Mn 450 1.1 12042  194+1 20.8+1.8 79 +7 32042  17.5%0.6 455 +1.1
22 105+2  189+1 27.6+1.6 81 +8 315+4  19.1+0.9 44.6 +0.9

350 0.6 17342 225+1 262+19 16343  368+7 16.4+0.7 64.3 +0.9

0.6 13443  206+2 165+1.2  108+11 347+5 203+1.4 53.2 +1.4

Mg-4Gd-0.5Mn 450 1.1 11443  200+1 251+1.8 11743  357+6 24515 52.0 +0.8
22 109+2  198+1 267+1.0 116+l 35545 24.5+0.9 50.5 +1.1

350 0.6 187+2  238+1 258406  169+4  382+3 16.0+0.7 67.8 +1.6

0.6 14342  220+1 21.6+1.1 142 +1 365+2  20.9+0.9 58.0 +0.9

Mg-4Gd-1.0Mn 450 1.1 13543  216+1 232420 13248  363+4 22.1+13 56.3 +0.6
22 11542  206+1 279421 12347  374+2 257405 54.3 +1.3

350 0.6 212+1 28741  26.6+05  227+4  458+2 125404 86.2 +1.2

0.6 164+2  268+1 229+1.7 18446 43043 19.3+0.6 75.8 +0.9

Mg-9Gd-0.5Mn 450 1.1 14543 25742 244+06  194+2  420+3 18.5+0.1 74.6 +1.8
22 138+6  248+1 25.0+1.5  186+2  418+3 19.0+0.5 74.7 +1.8

350 0.6 233+1 29742 269404  253+2  475+4 124403 90.8 +0.7

0.6 183+4  281+1 242431  206+4  452+2 18.1+0.4 81.4+0.8

-9Gd-1.

Mg-9Gd-1.0Mn 450 1.1 166+7  271¢1  24.8+03  191+10 440+3 19.0+0.3 79.5 +1.3

2.2 154+7  262+1  26.0+0.7 187 +3 4321  19.3+0.5 77.5 0.9

Elongation to fracture (e:) achieves the highest values at the lowest extrusion temper-
ature and lowest Gd content. In contrast to this, compression to fracture (&) achieves the
lows values at the lowest extrusion temperature and lowest Gd content. The increase in
the Mn content increased &: and &, but this difference becomes smaller with higher Gd
contents. &t and ecincrease with extrusion speed and Mn content at 450 °C. The variations
in et and ec decrease with higher Gd and Mn content.

The changes in the stress-strain curves are shown for the examples with the lowest
and highest Gd concentrations with 1.0 wt% Mn at 350 °C and 450 °C at 0.6 mm/s in Figure
7. Note, that changing the extrusion speed also changes the mechanical properties from
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tensile and compression test, but not the characteristic shape of the stress-strain curves
itself. These results for the tensile test show a clear yield stress for Mg-2Gd-yMn, which
transitions to the yield point at higher Gd content. At 350 °C this yield stress is still present,
but at 450 °C a yield point is almost reached for the Mg-2Gd-yMn alloys. In the compres-
sion test, the S-shape is present at both temperatures for the Mg-2Gd-yMn and Mg-4Gd-
yMn materials. This S-shape disappears with the highest Gd concentration and can no
longer be determined for the Mg-9Gd-yMn.

(a)s00 T T T T T (b)s00 T T T T
\ 450 4 4
250 ]
400 - ]
2004 {1 350 4 J
& & 3004 J
= =
= 1504 1= 2501 ]
wv) wv)
12 12}
£ £ 200 ]
< 1004 {9 150
——— Mg-9Gd-1.0Mn 350 °C / 0.6 mm/s, ——— Mg-9Gd-1.0Mn 350 °C / 0.6 mm/s
0] —— Mg-9Gd-1.0Mn 450 °C / 0.6 mm/s, 100 4 —— Mg-9Gd-1.0Mn 450 °C / 0.6 mm/s|
——— Mg-2Gd-1.0Mn 350 °C / 0.6 mm/s, 0] ———Mg-2Gd-1.0Mn 350 °C / 0.6 mm/s| |
—— Mg-2Gd-1.0Mn 450 °C / 0.6 mm/s, —— Mg-2Gd-1.0Mn 450 °C / 0.6 mm/s
0 T T T T T T 0+ T T T
0 5 10 15 20 25 30 35 0 10 15 20 25
Strain [%] Strain [%]

Figure 7. Examples of the stress-strain-curves from (a) tensile and (b) compression test.

3.4. Degradation

Overall, low DRs of 0.3 mm/year are determined for all materials in all conditions as
visualized in Figure 8. Also, for all alloys, results of initial degradation testing are not
affected by the extrusion parameters. No statistical significant difference is detected
within all conditions of a single alloy or between all alloys. However, there is a trend vis-
ible that higher additions of Gd lead to slightly lower DRs. The addition of 1wt.% Mn
leads to DRs of 0.2 mm/year in Mg-2Gd-yMn and Mg-4Gd-yMn. DRs for Mg-9Gd-1Mn
are decreased to values close to 0.1 mm/year.

(a)04 : : : (b)0-4 : . .
v Mg-9Gd-0.5Mn 350 °C 1 Mg-9Gd-1.0Mn 350 °C
¢ Mg-4Gd-0.5Mn 350 °C o Mg-4Gd-1.0Mn 350 °C
=031 4 Mg-2Gd-0.5Mn 350 °C% 1 =2 A Mg-2Gd-1.0Mn 350 °C y
§ = Mg-9Gd-0.5Mn 450 °C § Mg-9Gd-1.0Mn 450 °C
ool ¢ Mg-4Gd-0.5Mn 450 °C | Eoa. ®  Mg-4Gd-1.0Mn 450 °C|| ]
£ 4 Mg-2Gd-0.5Mn 450 °C £ A Mg-2Gd-1.0Mn 450 °Cls
A 5 ) A
0.1 . 4 o01{°® 3 =
=]
0.0 : : : 0.0 : . .
0.5 1.0 15 2.0 25 05 1.0 15 2.0 25

Extrusion speed [mm/s]

Extrusion speed [mm/s]

Figure 8. Degradation rates (DR) based on weight loss after 7 d immersion for (a) Mg-Gd-0.5Mn (b) Mg-Gd-1.0Mn. Values
for Mg-Gd are shown as reference. Error bars are standard deviation. Degradation rates of Mg-Gd are shown as reference.
Error bars are standard deviations.
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4. Discussion

During indirect extrusion the applied force increases to an initial peak value when
the material flow starts and then decreases to a steady-state level during continuous ma-
terial flow. A direct correlation between the speed of the extrusion ram and the force can
be attributed to the influence of the alloying elements in solid solution during the extru-
sion process (Figure 1). In the case of this study, the increasing Mn content shows a neg-
ligible influence on the force increase at 450 °C, but a visible increase at 350 °C. While
precipitates are visible and a substantial amount of Mn-particles is identified, solid solu-
tion strengthening is a consistent explanation for the increased forces with increasing Mn
content as well as with the Gd content. At higher temperatures, Gd and Mn are less effec-
tive as enhancers because atoms and dislocations are more mobile during massive defor-
mation of the crystals. At the same time, the higher temperature activates additional slip
systems and promotes recovery processes such as dynamic recrystallisation®. The equi-
librium force is lower than the peak force, which is due to the introduction of the defor-
mation heat during the process. The dependence of the forces on the deformation rate can
be related to the increasing extrusion speed and the respective yield stress of the materials
and parameters.

Increasing deformation-related heating, i.e. temperature, as well as extrusion tem-
perature leads to changes in the grain structure, as the higher temperatures lead to in-
creased diffusion rates®. This can lead to increased recrystallization resulting in a larger
grain size as well as a corresponding change in texture. The effects on recrystallization
and grain size can be confirmed by the results obtained in Figure 4. The addition of 0.5
wt.% Mn has no effect on grain size and degree of recrystallization in the Mg-Gd system?.
For the Mg-xGd-0.5Mn, the grain size is in a similar range from 3 um to 28 um (Figure 4
(c)), as in the binary Mg-Gd system from the extrusion study? from 3 pm to 25 um. The
effect of 1 wt.% Mn addition in the present work results in a reduction of the grain size to
3 um to 20 um (Figure 4 (d) and Figure 3). Thus, at higher extrusion speeds, the Mn some-
what retards grain growth (higher deformation-induced heating) and does not act as a
recrystallization grain nucleus. This can be concluded from the comparable grain size at
lower extrusion speeds between both Mn content alloys. A similar conclusion was drawn
by Robson et al.3!, who reported that Mn particles of appropriate size and distribution
preserve the grain structure after rolling and heat treatment. Mn reduces grain growth but
increases the amount of recrystallized areas at lower temperature and low extrusion
speeds (Figure 2 and Figure 4 (a) and (b)). Growth restriction was also proved in extruded
Mg-10Gd with 0.9 wt.% Mn?» and Mg-1Gd-Mn alloys* by pinning the grain boundaries,
as well for as extruded Mg-1Mn®. Gd also increases the resulting degree of recrystalliza-
tion while not increasing the grain size at higher Gd contents, even in the binary system.
In the case of Gd, this can be attributed to the effect of solute segregation to the grain
boundaries and solute drag, as suggested by Robson et al.#! and in agreement with the
findings of Harmuth et al..

As already mentioned, Mn precipitation occurs at higher Mn contents, as shown in
Figure 6. This is in good agreement with the low solubility of Mn in Mg. These Mn particles
appear to reduce grain growth, as mentioned earlier. The amount of Gd-rich particles in-
creases with Gd content, but has no effect on grain size, as has been reported for the binary
Mg-Gd system?®. Rectangular precipitates with this high Gd content are the RE hydrides*
# of Gd, i.e. GAH2* .

Main and similar effect on the texture can be attributed to the Gd content in a binary
system as discussed in Harmuth et al.20 with the formation of the “rare earth” texture®.
However, an increase of the Gd content and speed also increases the fraction of recrystal-
lized microstructure and reduces the significance of the texture. The orientation of basal
planes perpendicular the [0001] pole to the extrusion direction is present for higher Gd
contents and vanished with higher extrusion speed and temperature. An proposed expla-
nation is given from Harmuth et al.20 based on a combination of shear band recrystalliza-
tion, the solute drag effect and a non-basal slip activation*> +’. The effect of addition of Mn
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alone is hardly visible. This is due to the prominent effect of Gd on the corresponding
textures. The texture changes because of the activation of deformation mechanisms like
slip and twinning?® 204745, As a comparison, textures of as extruded Mg-1Mn addition have
been reported by Bohlen ef al.”. At slow extrusion, textures in Mg-1Mn possess a fibre-type
texture with intensities distributed on the arc between [1100] to [1210] pole. This cor-
responds well to the general textures in the Mg-Gd-Mn alloys of this work. Bohlen et al.”
also reported that an increase in the extrusion speed leads to intensities shifted towards
the [1210] pole and a weakening of the texture. Similar results are obtained from ME11
alloy (1 wt.% Mn, 1 wt.% Ce) but with slightly increased maximum intensities for slow
extrusions. Overall, the textures in this work are slightly weakened when Mn is added to
binary Mg-Gd. This is contradictory to the findings of Yu et al.3' reporting about as ex-
truded binary Mg-1Mn alloys that texture were stronger compered to pure Mg.

The strengthening can be referred to a solid solution strengthening by alloying addi-
tions as well as concurrent grain refining. The solid solution strengthening is also con-
firmed by the extrusion forces values at the elevated process temperatures. Compared
with the binary Mg-Gd material in Harmuth et al.% the yield strengths is at similar levels,
as shown in Figure 9. Thereby the CYS levels fit well with the grain size dominated flow
consideration (Hall-Petch relation) of the binary Mg-Gd system. However, the TYS values
are at higher stress levels compared to the binary fit of Harmuth et al.?0. This can indicate
that Mn is having an anisotropic effect on the strengthening in relation to the load direc-
tion. It is also evident for alloys that the slope for TYS are not identical if the binary alloys
from the earlier work and the Mn-modified alloys from this study are compared. One
reason for this could be attributed to the incompletely recrystallized microstructure at
lower temperatures and speeds of the binary material and a higher degree of recrystalli-
zation with the addition of Mn. Furthermore, the texture is most pronounced in these
states, so that the impact of basal slip on this strength value is reduced (due to the unfa-
vorable alignment and corresponding lower Schmid factors). An evidence to this is the
yield point in the tensile tests on these materials, as in Figure 7 (a) is shown as an example.
With higher Gd and Mn content the UTS and UCT are significantly higher than for the
binary Mg-10Gd in Harmuth et al.?0 compared to the Mg-9Gd-yMn and in a similar rage
for Mg-4Gd-yMn compared to Mg-5Gd?. This shows that the Mn additions can substitute
Gd in this system as solid solution strengthener in slip-dominated flow while not in twin
dominated flow as seen in the CYS in Figure 9a. In the same time Mn is also reducing the
grain size with 1 wt.% Mn. The hardness of the different materials follow the identical
trend as the yield strengths and ultimate strengths, reflecting the strengthening due to
solid solution strengthening and grain boundary strengthening.

(a)250 (b)250 '
225 225
200 200
175 175
< 150 =150
% 125 = Mg-9Gd-1.0Mn}] 2.125] =  Mg-9Gd-1.0Mnf]
& 100 S Mg-9Gd-0.5Mn] E 100 S Mg-9Gd-0.5Mn]
75 ] 2 ® Mg-4Gd-1.0Mn] ~ 75] ®  Mg-4Gd-1.0Mn]
50 ——Mg-10Gd| © Mg-4Gd-0.5Mn|| 50 ——Mg-10Gd| © Mg-4Gd-0.5Mn]|
25 ] Mg-5Gd | 4 Mg-2Gd-1.0Mn|| 25 ] Mg-5Gd | 4 Mg-2Gd-1.0Mn|]
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Figure 9. Hall-Petch relation for (a) CYS and (b) TYS with data reprinted for Mg-2Gd, Mg-5Gd and Mg-10Gd from
Harmuth et al 8.
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The crystallographic orientation with respect to the loading direction and the alloy
composition in the hcp metals will influence the yield strength. For pure Mg, a tensile-
compression yield strength asymmetry of t/c > 1 is obtained in extruded material. Anisot-
ropy in comparison between tension and compression deformation can be seen in Figure
7, Table 2 and Figure 9. This asymmetry is reversed with increasing Gd content and finer
grains. Some works® 16 20 suggested that reverse flow asymmetry is caused by changes in
twin deformation. With increasing Gd content, the [1012] twinning is increasingly inhib-
ited by the short-range order. With an increased Gd content in the solid solution, on the
other hand, the [1011] compression twinning is still active® 1620, This explains in particu-
lar the difference in the stress-strain curve in the compression test. With low contents of
Gd, an S-shaped curve can be determined after exceeding the yield stress, but not with
higher contents of Gd. This inflection point in the S-shaped curve corresponds to a change
in the deformation process during the test, according to the work of Dobron et al.# this
can be explained by an initial hardening due to the growth of the tensile twins followed
by dislocation slip of the material. There is no significant difference between this behavior
and that of the binary Mg-Gd system due to the addition of Mn# 1620,

The degradation rate is low and appears suitable for biomedical applications, as in
the binary Mg-Gd system®. Moreover, the DR is independent of the processing parame-
ters, grain sizes or microstructural features. There is also the trend visible, that more Gd
reduces the DR in the material with 0.5 wt.% Mn and with 1 wt.% Mn the DR are all at the
same level. However, the higher Gd and Mn content is also associated with a higher Fe
contamination (Table 1), so the sources of this contamination are the alloy additions them-
selves. This is surprising, as Fe has a negative effect on the corrosion or degradation re-
sistance, which cannot be confirmed at this point. Harmuth ef al.20 already reported that
the higher Fe content in the binary Mg-Gd system were no problem regarding the DR
under in vitro conditions. The present work can confirm this conclusion on the effect of
Gd and Fe contamination. However, the DR are also at a lower level with similar Fe con-
tamination, except for Mg-2Gd-0.5Mn series. In same time, the DR with 1 wt.% Mn is
slightly higher than the low DR results with 0.5 wt.% Mn. This might be related to a higher
fraction of Mn particles and more Fe, leading to a higher DR. On the other hand, Mn is
known to be beneficial for increasing corrosion or degradation resistance in some sys-
tems?-28. According to Campos et al.28 the addition of Mn to cast Mg-10Gd in NaCl solution
enhances the formation of the passive layer on the surface and thus may improve corro-
sion or degradation resistance. A protective passivation layer can even lower the DR with
more Fe. This seems to provide a robust combination for this degradation resistance in the
ternary system with an increased Mn content.

5. Conclusions

The recrystallization of the REE (Rare earth elements)-containing Gd-based Mg alloy
can be improved by varying the extrusion process parameters and the Mn additions. This
allows an adjustment of the property profile in a similar range with higher strengths at
the same grain sizes compared to the binary Mg-Gd system?. Adjustment of mechanical
properties in the range between YTS 104 - 233 MPa, UTS 189 - 297 MPa, elongation at
fracture 9.9 - 31.5%, CYS 76 - 253 MPa, UCS 309 - 475 MPa, fracture pressure 12.4 -
25.7 MPa and hardness 43.4 - 90.8 HV is possible. Increasing the Mn content from 0.5 to
1.0 wt.% reduces grain growth by suppressing grain boundary movement by Mn parti-
cles, which has been mentioned in other studies on Mg-Mn systems. The Gd and Mn con-
tent leads to improved recrystallization without grain growth in the material, which al-
lows processing at lower temperatures. The strengthening can be attributed to solid solu-
tion strengthening and grain refinement. The asymmetry of the tensile-compressive yield
strength reverses with increasing Gd content, which is due to a change in the deformation
mechanism. The results that approximately 1.0 wt.% Mn in Mg-Gd systems reduces the
degradation rate could be confirmed, which can be explained by a better passivation even
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at an increased Fe content. The results suggest that the binary Mg-Gd system can be pro-
duced more efficiently and with more robust properties by adding Mn. The Mg-Gd sys-
tem is seen as an example system of other REE-elements in Mg alloys. It can therefore be
assumed that the conclusion also allows good transferability to other Mg-REE systems
and thermomechanical manufacturing processes.
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