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Abstract

The influence of high-pressure torsion (HPT) processing on the texture and microhardness of
two binary Mg-RE (RE=Nd and Ce) alloys was investigated using X-ray diffraction and
Vickers microhardness measurements. Disks cut from the alloys were processed by HPT at
room temperature for up to 10 turns. The precipitation products of both alloys were identified
using synchrotron radiation. The results show that both alloys exhibit a weak basal texture
where the c-axis of most grains is shifted 15° from the shear direction. An Mg-1.44Ce (wt. %)
alloy showed a continuous decrease in the texture strength which may be due to the effect of
second precipitation phases (Mgi7Ce, and MgCe;). The microhardness of both alloys
increased significantly with increasing HPT turns but levelled-off beyond about one HPT
turn. Maximum values of ~65 and ~96 Hv were achieved which are significantly higher than

the hardness of the undeformed Mg-Ce and Mg-Nd alloys.

Keywords: Mg-Rare Earth alloy; High-Pressure Torsion; Microhardness; Twinning; Second
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1. Introduction

Despite their favorable thermal stability and strength, magnesium alloys have a
disadvantage because of their poor room temperature formability and ductility which is
caused by the basal texture in the microstructure and basal slip during deformation [1]. This
disadvantage may be limited or even avoided through microstructural changes by the addition
of alloying elements, through appropriate mechanical processing or combinations of both. A
review of the literature indicates that additions of small amounts of rare earth (RE) elements,
such as Nd, Ce, Y, Gd and La, provide the potential for improving the room temperature
formability, modifying the recrystallization kinetics and the plastic deformation behavior as
well as influencing the texture evolution of Mg-based alloys [2-10].

It has been reported that, contrary to conventional Mg-based alloys with non-RE
elements, either small (Mg-X (X=Nd, Ce, Y, La)) or heavy additions of RE (WE alloys) can
develop more random-type texture during deformation processing [10-13]. It was suggested
that the modified texture in Mg-RE alloys was due to particle-stimulated nucleation of
recrystallization (PSN) following deformation [11]. Nerveless, PSN is not the single
mechanism responsible for RE-texture modification, especially in the case of Mg-based alloys
containing RE micro-alloying with a very small amount of second phase. The promotion of
non-basal slip such as <a> prismatic and/or <c + a> pyramidal slip via a solute strengthening
mechanism and the suppression of grain boundary mobility through solute drag were
proposed as solid solution-based mechanisms responsible for the texture weakening in Mg-
RE alloys [13-15].

The mechanical processing of metals through the application of intense deformation
provides the potential for achieving significant grain refinement [16]. Specifically, severe
plastic deformation (SPD) techniques, such as equal-channel angular pressing (ECAP) [17],

accumulative roll bonding (ARB) [18] and high-pressure torsion (HPT) [19, 20], have the
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capacity to produce ultrafine-grained (UFG) microstructures [21-23] and also significantly
affect the size/distribution of precipitates within the crystalline matrix [24].

It is well known that processing of metals through the application of intense
deformation provides a potential for achieving important additional microstructural
modifications such as very high dislocation densities and high densities of point defects [16].

To date, many available scientific reports demonstrate the successful achievement of
grain refinement down to the sub-micrometer level and significant improvements of the
mechanical properties in various Mg-based alloys processed by SPD techniques [25-28].
Frequently, SPD processing (such as by ECAP) of Mg-based alloys were performed at a
relatively high temperature (200-300 °C) [29]. Consequently, the grain refinement was rather
limited due to the occurrence of recovery and even dynamic recrystallization during
processing. Surprisingly, the hydrostatic stresses developed during HPT processing prevented
cracking and allowed the processing of magnesium alloys even at room temperature [30].
Moreover, it has been confirmed that HPT processing gave more significant grain refinement
compared to ECAP processing of the same AZ31 alloy and at a similar temperature (200 °C)
[31, 32].

The crystallographic texture of Mg-based alloys such as pure Mg, AZ3land ZK60A
alloys after HPT processing was characterized by a basal texture where the c-axis rotates from
the disc plane towards the torsion axis [33-36]. The deviation of the c-axis from the torsion
axis depends strongly on the HPT processing temperature [36]. Detailed texture analysis
revealed a significant difference in the evolution of texture between the overall texture taken
throughout the disk and the local texture at the disk edges up to 5 HPT turns [34, 35].

The microstructures and thermal stability of an Mg-Gd alloy processed by HPT were
investigated using positron annihilation spectroscopy (PAS) and transmission electron

microscopy (TEM) [37, 38]. The results showed that the Mg-Gd alloy exhibited a
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homogeneous UFG microstructure with a high density of uniformly distributed dislocations
and a grain size of about 100 nm with a concomitant significant rise of hardness [37]. An
appreciable thermal stability up to 300°C was also reported [38].

It was also demonstrated that HPT processing strongly affects the precipitation
kinetics in Mg-RE alloys [39]. The occurrence of precipitation was shifted to a lower
temperature in the HPT-deformed sample and this shift was associated with a high fraction of
grain boundaries that act as potential nucleation site of a second phase and the enhanced
difficulty of the solute elements to diffuse along grain boundaries [39].

To the present time, little information is available on the crystallographic texture and
mechanical properties of Mg-RE alloys subjected to HPT processing [33] and this contrasts
with the extensive published data about Mg-based alloys subjected to conventional
deformation [40-45]. Accordingly, the objective of the present research was to investigate the
influence of HPT processing at room temperature on the texture and the microhardness of two
Mg-RE alloys (Mg-1.43Nd and Mg-1.44Ce (wt. %)) in the presence of precipitates and

residual solute elements.

2. Experimental materials and procedure

The materials used in this investigation were alloys of Mg-1.43Nd and Mg-1.44Ce
(wt.%) supplied in an as-cast state by colleagues from the Institutfir Metallkunde und
Metallphysik (IMM), Aachen, Germany. Discs with diameter of 10 mm were machined from
the as-cast materials and then homogenized in sealed glass tubes at 535 °C for 5 h.

After homogenization, disks with thicknesses of 1.5 mm were sliced from the
cylindrical samples and then carefully polished with abrasive papers to final thicknesses of
~0.85 mm. The HPT processing was conducted at room temperature with a rotational speed of

1 rpm up to 1/2, 1, 5 and 10 turns using an imposed pressure of 6.0 GPa. All disks were
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processed by HPT under quasi-constrained conditions [46] where there is a limited out-flow
of material around the periphery of the disk during processing.

The textures were determined at the centers and edges of the disks processed by HPT
by measuring the incomplete pole figures using a Phillips X-ray texture goniometer. A set of
six measured pole figures {1010}, {0002}, {1011}, {1012}, {1120} and {1013} was used to
calculate the orientation distribution function using the MTEX toolbox [47]. Figure 1 shows a
representation of the axis system to assist the texture representation, where SD, RD and CD
refer to the shear, rotation and compression directions, respectively.

X-rays diffraction patterns were obtained using the high photon flux synchrotron X-
ray beam at MaxLab, Lund, Sweden (beamline 1711). A wavelength of 0.9938 A was
calibrated using a Si (111) single-crystal monochromator. A large area Titan CCD detector
from Agilent with a radius of 165 mm was used in the range 12—60° in 26. The volume
fraction of precipitates was determined from a quantitative analysis using MAUD (for
Material Analysis Using Diffraction, http://www.ing.untin.it/ ~luttero/) software.

The Vickers microhardness was measured on the cross-section in the center and edge
of the deformed disk. At least five indentations were recorded to obtain the average hardness

values with a load of 100 g (Hvo1) and dwell time of 10 s.

3. Experimental results

The microstructures of the solution-annealed Mg-1.43Nd and Mg-1.44Ce alloy are
given in Fig. 2(a) and (b), respectively. Inspection shows that the microstructures of both
alloys are characterized by elongated large columnar grains with average transverse grain
sizes of ~ 400 um. It was not possible to effectively characterize the initial texture due to the

very poor statistics with records of only 22 grain orientations for Mg-1.43Nd and 13 grain


http://www.ing.untin.it/%20~luttero/%5d.

orientations for Mg-1.44Ce. Nevertheless, it is reasonable to assume that the texture is
random.

The evolution of the texture measured at the center and edge of the HPT processed
disks of both alloys are presented in Figs 3 and 4 in terms of the basal (0002) recalculated
pole figures, respectively. As can be seen, the developed texture at the center and edge of the
HPT processed disks of both alloys was globally similar and shows an asymmetric split of the
basal planes shifted towards SD.

The intensity distributions of the basal (0002) poles of the processed Mg-1.43Nd and
Mg-1.44Ce alloys are shown in Fig. 5 as a function of the polar angular tilt towards SD. It is
readily apparent in Figs. 5(a) and 5(b) for Mg-1.43Nd that in the center and edge of the % turn
HPT processed disks there are two intensity maxima around 15° and 40° shifts towards SD.
However, the Mg.144Ce alloy after %2 HPT turn shows in both the center and edge of the
HPT-processed disks a strong basal texture (~8.8 mrd) where the basal (0002) planes are
parallel to the shear (SD, RD) plane or the c-axis is parallel to CD. From Figs. 5 (c) and (d),
the basal maximum intensity is located at 15° towards SD. With increasing strain, the splitting
shown in Mg-1.43Nd disappears and a basal texture appears. This basal texture is visible in
the form of a crescent unilaterally shifted towards SD (15°) in the basal (0002) images of Figs
3 and 4. Figure 5 demonstrates clearly that all samples exhibit an asymmetric basal texture,
with the distribution of the basal poles lying towards CD.

It is interesting to note that a similar texture evolution was reported in the WE54 alloy
after hot uniaxial compression [44]. The present results show that the intensity of the basal
texture of the Mg-1.43Nd alloy is essentially stable during HPT processing except after 5
HPT turn, as demonstrated in Fig. 3(c) and Figs. 5(a), 5(b) where the intensity increases to
reach a maximum of 8.8 mrd in the edge of the 10 HPT sample. The Mg-1.44Ce alloy

developed a similar type of basal texture in the center and edge of the sample, but the
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intensity decreased continuously with increasing numbers of HPT turns from ~8.8 mrd after %2
HPT turn to ~ 4.2 mrd after 10 HPT turns in the center and from ~8.7 mrd after %2 HPT turn to
~5.6 mrd after 10 HPT turns in the edge. It is interesting to note that the texture in the center
of the Mg-1.44Ce alloy is different after 10 HPT turns because symmetrical splitting of the
weak basal poles is formed from CD towards SD and a new weak component also appears
that is a basal (0002) pole 45° tilted from SD.

The 1D-XRD patterns from the high photon flux synchrotron for the HPT-processed
Mg-1.43Nd and Mg-1.44 Ce alloys are shown in Fig. 6 after 1 and 10 turns. Inspection of
these patterns shows that the use of a high beam easily reveals the different precipitate peaks
that are often obscured in the background when using more conventional XRD techniques.

Figure 7 illustrates the microhardness evolution in the center and edge of Mg1.43Nd
and Mg-1.44Ce HPT-processed disks with increasing numbers of HPT turns. Thus, the
microhardness increases significantly in the initial stages with increasing HPT turns but after
about 1 turn it essentially saturates for both alloys. The maxima values are ~65 and ~96 Hv
for the Mg-Ce and Mg-Nd alloys and these values are ~57 and ~100 % more than the
hardness values of the undeformed Mg-Ce and Mg-Nd alloys, respectively. From Fig.7, it can
be seen also that the hardness as well as the hardening rate at the beginning of HPT for Mg-

Nd are obviously higher than those for Mg-Ce.

4. Discussion

4.1 Texture evolution

The texture results demonstrate that the Mg-1.44Ce alloy develops a weaker texture
than the Mg-1.43Nd alloy during HPT processing. It is known that the Ce element exerts a
stronger effect on texture and grain size compared to other RE elements such as Y and Gd and

this is due to the strong Ce interaction with dislocations and grain boundaries [48].
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Nevertheless, another investigation on the effect of RE elements (Ce, La, Nd, Gd) on the
sheet texture modification during warm rolling of a ZEK 100 alloy showed that the Ce and Nd
elements led to similar texture evolutions [49]. The texture weakening after addition of these
RE elements is associated with the grain boundary pinning effects caused by solute
segregation and precipitate particles and the suppression of twinning [50-52]. In this context,
it is important to consider the effect of residual Nd and Ce solutes and possible precipitated
MoxRE, particles.

As is apparent from inspection of Fig. 6, the XRD patterns of the HPT-processed
alloys show that the Mg-1.44Ce alloy contains large volume fractions, proportional to their
intensities, of two second phases identified as MgCe, (space group 14/mmm, a = b=1.036 nm
and ¢ = 0.596 nm) and Mg;,Ce; (space group P63/mmc, a = b= 1.035 nm and ¢ = 1.026 nm).
By contrast, smaller amounts of the Mg;,Nd phase (space group 14/mmm, a = b = 1.031 nm
and ¢ = 0.593 nm) exist in the Mg-1.43Nd alloy as shown in Fig. 6(a) and (b). The volume
fraction of precipitates determined from a quantitative analysis using MAUD software were
as follows: Fv (Mg17Ce;) = 4-4.5 % and Fv (Mg12Nd) = 1-1.5 % and obviously there was no
variation upon straining. Additionally, a close inspection of the matrix (Mg) diffraction peaks
revealed no shift of their 20 angular positions.

Consequently, the heat treatment at 535 °C for 5 h failed to ensure a fully-
homogenized solid solution in both alloys. From a close inspection of the precipitate peaks, it
is concluded that more residual Nd atoms remain in the Mg-Nd alloy than Ce atoms in the
Mg-Ce alloy.

It was reported that the presence of a large volume fraction of second-phase particles
in the AZ91 alloy leads to weak deformation textures at high strains where this is attributed to
the reduction of the twinning activity and the promotion of dynamic recrystallization [53].

However, the suppression or the activation of twining by interaction with particles depends
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strongly on their size and their distribution within the microstructure [54-56]. For example, a
particle spacing of ~100 nm was found to lead to the suppression of twins in Mg—1.62 Mn and
Mg-5% Zn alloys [54, 55]. Unfortunately, in the present research the size and distribution of
the Mg;7,Ce;, MgCe, and MgioNd second phases, as well as the Nd and Ce residual
supersaturations in both alloys, are not known precisely. It is also worth noting that these
characteristics may be strongly affected by the HPT processing. Moreover, in addition to the
lack of direct evidences for the size and distribution of precipitates, it is not clear whether or
not there is a suppression of twinning in the two alloys and whether the precipitates influence
the recovery and recrystallization. Consequently, it is believed that the texture difference
between the two alloys may be partly due to the effect of second phase particles and residual
solutes.

The texture evolutions of both alloys are different from the typical torsion texture
where most of the (0002) planes of grains are oriented parallel to the shear (SD-RD) plane
[57]. Furthermore, the texture in this investigation is different from that in other Mg-based
alloys processed by HPT [34-36]. Indeed, the textures obtained are not only weaker in the
Mg-RE alloy but also the qualitative characters of the textures were altered as well. For
example, the texture of an AZ31 alloy after HPT processing at room temperature exhibited
two fibres, a rotated basal texture (10° towards SD) and a second fibre (¢, = 87°, ® = 68° and
@2 = 0 to 60°) [36]. It was also found that the HPT processing temperature affects the angle
between the c-axis and the torsion axis such that the c-axis is 10° from the torsion axis at 25
and 100 °C but 5° from the torsion axis at 200 °C [36]. For commercially pure Mg processed
by HPT at room temperature up to 8 turns there was a typical torsion texture and it was stable
after one HPT turn [34]. A weak basal fibre texture that saturated with increasing numbers of
HPT turns (up to 5 turns) was reported in a ZK60A (Mg-6Zn-0.5Zr wt.% alloy) after HPT

processing at room temperature [35].The formation of a typical torsion texture was attributed
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to the activation of {1012}<1011>tension twinning that caused a rotation of the basal planes
about 86.3° to SD [34]. During further HPT processing, and since the grains are now oriented
in positions where dislocation slip on basal <a> or prismatic <a> planes may dominate over
the twinning, the c-axis became perpendicular to SD and the Schmid factor of <a> dislocation
slip was not zero.

It is well known that the deformation texture depends strongly on the initial texture of
the alloy with respect to the loading and torsional plane [35]. The initial texture was assumed
random in the present investigation. For this situation, the c-axis of the grains may be parallel,
perpendicular or may have any orientation relatively to SD, so that the basal <a>, prismatic
<a> and/or pyramidal <c + a> slip can be activated and probably contribute to the torsional
deformation during HPT processing [36]. The rare earth content in the Mg may also
contribute to the activation of non-basal slip by modifying the stacking-fault energy (SFE) of
the Mg matrix [58].

The Nd and Ce elements may play a crucial role in the resulted texture after HPT
processing and the precise role of rare earth elements was investigated for the texture
modification of Mg alloys [58]. It was assumed that the slow diffusivity of the rare earth
elements in magnesium, together with the segregation of RE element on the grain boundaries
and dislocations, will slow down the movement of grain boundaries and dislocations (solute
drag) and hence this will influence the texture development during deformation [58]. The
dominant part to texture weakening is, however, quiet difficult to determine. Moreover, it was
reported that RE inter-metallic precipitates appear to be less effective than RE segregation to
GBs or dislocations for producing texture modification.

There is also another factor which may explain the texture evolution during HPT at
both the disk centers and edges but very little published information exists [36, 59]. This is

associated with the deformation strain at the central region of the HPT disk that is very
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complex, and varies with the position relative to the disk center. In the present study, the
XRD macrotexture measurements were performed at the disk center and, unlike the disk edge,

the sample texture was then complicated by the axial symmetric strain around the central axis.

4.2 Hardness evolution

The considerable increase in the hardness shown in Fig. 7 within 1/2 turn of HPT
processing may be due not only to conventional dislocation and grain size hardening but also
to texture strengthening. It is plausible that texture strengthening may play an important role
in this early hardening during HPT where the strengthening is a direct consequence of the
basal plane reorientations from a stochastic arrangement in the as-cast condition to an
arrangement parallel to the shear direction (and thus vertical to the loading direction of the
microhardness tests) [34].

Many authors have reported similar significant grain refinement within one HPT turn
[34, 35, 60]. In addition, the very slight change between 1 and 10 HPT turns is due in part to a
concomitant saturation of grain subdivision and the dislocation density and in part to a
recovery of dislocations which begins even at room temperature in HPT-deformed Mg [61].
Values of the hardness achieved in this investigation are no more than 20 % higher than the
peak age-hardening values reported for conventionally aged Mg-Ce and Mg-Nd alloys [62—
67]. Furthermore, the microhardness evolution follows a trend that is similar to many metals
processed by HPT or other SPD techniques [34, 66, 67]. The higher hardness and hardening
rate at the beginning of the HPT processing observed for Mg-Nd by comparison with Mg-Ce
may be associated with residual solute/dislocation and precipitate/dislocation effects as well
as the concomitant influence of the complex MgyRE, phase size, distribution and morphology.
It is worth noting that there is very little if any data about such complex inter-correlations

available in the literature and especially after severe plastic deformation.
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As shown above, HPT processing neither induced a shift to lower angles (i.e. larger
lattice parameter) for the o-Mg diffraction peaks nor decreased the intensities of the
intermetallic diffraction peaks. Therefore, any dissolution of the Mg;,Nd and Mg;-Ce;
particles occurred upon increasing strain. Thus, the solute content of the a-Mg remains
reasonably constant and causes no supplementary hardening. There is evidence for such
solution hardening in an Mg-Gd-Y-Zn-Zr alloy after HPT processing [68]. Furthermore, this
research also revealed a mechanism of dispersion hardening by which the Mg-RE
intermetallics in the Mg-Gd-Y-Zn-Zr alloy were broken into small particles with sizes of ~1—
10 um and were then homogeneously dispersed in the matrix after HPT for 16 turns [68].

It is well known that metals and alloys strengthen through the four basic mechanisms
of solid solution, precipitation, dislocation and grain boundary strengthening. Conventionally
age-hardened Mg-RE alloys often exhibit a mixture of precipitate phases that have different
morphologies, sizes and distributions. Then the overall strengthening of these alloys is totally
determined by multi-form interactions between precipitates with dislocations and twins during
the deformation process [65]. Basically, the strengthening is progressive up to the peak value
and it is proportional to the volume fractions of the precipitates.

It is known that there are two main causes of hardening upon processing by SPD.
These are the effects of a strong grain refinement which is accompanied by a steep evolution
of the dislocation density [34]. However, these two effects may not apply in a simple manner
in f.c.c metals owing to the simultaneous occurrence of recovery or dynamic recrystallization.
In practice, it was shown that dynamic recrystallization leads to a bimodal distribution of
small recrystallized grains embedded within the original large grains [30] and this
development of a bimodal microstructure is fully consistent with the principles of grain

refinement developed for Mg alloys processed by other SPD techniques [69, 70].
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Earlier results showed that dynamic recrystallization takes place in the temperature
range of approximately 147 — 327 °C for magnesium and its alloys that are usually processed
by ECAP [71-74]. By contrast, in the present study the Mg-RE alloys were processed by HPT
at room temperature and these conditions will probably prevent, or at least hinder, any
dynamic recrystallization. A DSC analysis of the Mg-1.43Nd and Mg-1.44Ce alloys
suggested that recrystallization may occur in the temperature range of ~180-220 °C.
Moreover, it has been reported that defect recovery is stronger in Mg by comparison with Al,
Cu, Ag and a range of metals with higher melting temperatures [34].

Finally, it is necessary to note that the presence of precipitate particles may also
influence the defect recovery process and hence the overall hardening of the Mg-RE alloys.
The processes of dislocation generation, recovery and the interaction of dislocations with
precipitation products and the possibility of particle breakage are areas requiring further
exploration. Nevertheless, the very weak evolution of hardness upon HPT processing between
Y and 10 turns appears to be due to a steady-state dislocation generation in work hardening

and the annihilation or recovery of dislocations as proposed also in another report [75].

5. Summary and conclusions
* Mg-1.43Nd and Mg-1.44Ce alloys were processed by HPT at room temperature for up
to 10 turns.
« The experimental textures at the centers and edges of the disks of both alloys were
characterized by an asymmetric basal texture shifted 15° towards the shear direction
with the appearance and disappearance of some minor components. The Mg-1.44Ce

alloy developed a weaker texture than the Mg-1.43Nd alloy during HPT processing.
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*  Whereas for the Mg-1.43Nd alloy the texture was reasonably stable, there was a
continuous decrease in the texture intensity in Mg-1.44Ce with increasing number of
HPT turns and this was associated with the effect of Mg;7Ce; and MgCe; phases.

» The microhardness increased with increasing HPT turns but ultimately leveled off for

both alloys.
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Figure captions

Figure 1: Distribution of HPT-sample areas, where the texture measurements were
performed. SD, RD and CD are corresponding to the shear, rotation and compression
direction, respectively.

Figure 2: IPF maps showing the microstructure of annealed: a) Mg-1.43Nd and Mg-1.44Ce.
Figure 3: Basal (0002) recalculated pole figures near the centre and the edge of the disks of
Mg-1.43Nd alloy proceeds by HPT at room temperature for: a) %2, b) 1, ¢) 5 and d) 10 turns.
Figure 4: Basal (0002) recalculated pole figures near the centre and the edge of the disks of
Mg-1.44Ce alloy proceeds by HPT at room temperature for: a) 2, b) 5 and d) 10 turns.

Figure 5: Basal (0002) pole intensity distribution in shear direction (SD) of HPT deformed: a)
near the centre, b) near the edge of the disks of Mg-1.43Nd, c) near the centre and d) near the
edge of the disks of Mg-1.44Ce alloys.

Figure 6: XRD patterns of HPT deformed: Mg-1.43Nd alloy to a) 1 turn, b) 10 turns and Mg-
1.44Ce alloy to ¢) 1 turn and c) 10 turns.

Figure 7: Evolution of Vickers microhardness with number of HPT turn of Mg-1.43Nd and

Mg-1.44Ce alloys.
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