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Abstract:

In this study, the ageing behaviour of a nanostructured Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr
(wt.%) alloy produced by solution treatment followed by high pressure torsion (HPT)
was systematically investigated using hardness testing, high resolution high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM),
elemental mapping, X-ray diffraction (XRD) and XRD line broadening analysis. The
HPT-deformed alloy exhibits an ageing response that produces a higher peak-aged
hardness at lower temperature and shorter ageing time as compared to the same alloy
aged after conventional thermomechanical processing. The HAADF-STEM and
elemental mapping reveal extensive segregation of solute atoms along grain boundaries
during ageing. A model is developed which shows that the main structures causing
hardening for peak-aged samples are the grain boundaries and the segregation of solute
atoms formed along grain boundaries. The metastable B’ phase precipitates, which form

on ageing of conventionally processed Mg-Gd-Y-Zn-Zr alloy samples, do not form in
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the present aged samples, and instead equilibrium B-Mgs(RE,Zn) phase forms on over-
ageing. This altered precipitation behaviour is attributed to the high defect density (e.g.
grain boundaries, dislocations and vacancies) introduced by HPT, leading to enhanced
diffusion of solutes. The present processing produces an alloy that has a hardness of
~145 HV. A model of strengthening indicates that whilst grain boundary strengthening
provides the largest contribution to strengthening, it is the additional solid solution
hardening, cluster hardening, and dislocation hardening that provide the main factors
that caused the hardness to surpass that of other bulk processed Mg alloys studied to
date.

Key words: High pressure torsion; Mg-RE alloy; Ageing behaviour; Grain boundary
segregation; Nano precipitates.

Graphical Abstract:
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1. Introduction

In recent years, the addition of rare earth elements (RE) into magnesium alloys has
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provoked scientific and industrial interest due to the combination of low density with
outstanding mechanical properties at both room and elevated temperatures [1-4]. Grain
refinement is an effective approach to improve strength of magnesium alloys whilst
retaining reasonable ductility [5].

Several techniques based on severe plastic deformation (SPD) are effectively used
to fabricate an ultrafine-grained structure in Mg alloys to provide further enhanced
strength in combination with a reasonable ductility [6-8]. Amongst the SPD procedures,
high pressure torsion (HPT) is especially effective to produce bulk nanostructured Mg
alloys because an extremely large torsional straining together with high hydrostatic
pressure of several GPa can be imposed by HPT at ambient temperature [9, 10].
Strengthening due to SPD is generally caused by grain refinement and dislocation
hardening.

For most Mg-RE based alloys that contain substantial amounts of soluble alloying
elements, ageing treatment is another effective approach to strengthen the alloys. Grain
boundaries (GBs) usually play an important role in promoting heterogeneous
precipitation [11], and the large amount of GBs created by HPT processing may lead to
different ageing behaviours of the nanostructured Mg alloys. Therefore HPT-deformed
supersaturated Mg-RE alloys that are aged after HPT may develop unusual mechanical
properties. Up to now, very few reports have focused on the ageing response of nano-
grained Mg alloys processed by HPT. VICek et al. [12] investigated the isochronal
annealing behavior of solution-treated binary Mg-13Tb (wt.%) and ternary Mg-3.6Thb-

2.1Nd (wt.%) alloys processed by HPT at room temperature for 5 turns. On ageing at
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200°C a high peak hardness of ~130 HV was achieved and based on positron lifetime
data it was speculated that coherent B” precipitates caused the hardening (no direct
microcopy evidence of any structures was presented). The research by Dobatkin et al.
[13] indicated that the strength of HPT-processed Mg-4.7Y-4.6Gd-0.3Zr (wt.%) alloy
with a partially nanocrystalline structure could be further improved by ageing at 175
and 200 °C. They ascribed the age hardening to fine precipitates, however, they failed
to reveal or identify any precipitate in the HPT-deformed and subsequently aged alloy
presumably due to the nanoscale dimensions of the constituents and a high dislocation
density.

In the present research, a solution-treated Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (wt.%)
alloy was processed by HPT at ambient temperature, and the ageing response of the
HPT-deformed alloy at various temperatures is systematically investigated. The aim is
to both shed light on the mechanisms of age hardening of nanostructured Mg-RE alloys
as well as to investigate potential for producing Mg alloys with improved strength in
combination with a refined nanostructure that has potential for high ductility.

2. Experimental procedures

A direct-chill cast Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (wt.%) alloy was homogenized at
510 °C for 12 h, followed by immediate quenching into warm water at ~60 °C [14].
Disks with a diameter of 10.0 mm and a thickness of 1.0 mm for HPT processing were
machined from the ingot. After grinding with abrasive papers on both sides to a final
thickness of ~0.85 mm with parallel broad surfaces, the disks were subjected to HPT

processing with 10 turns at room temperature under an imposed pressure of 6.0 GPa
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and a rotational speed of 1 rpm [15]. The HPT-processed disks were aged at 90 °C, 120
°C, 150 °C and 200 °C for a range of different time periods, followed by quenching in
cold water.

The effect of ageing at different temperatures was evaluated by the evolution of
Vickers hardness using a Zwick microhardness tester under a static load of 500 gf for
15 s. Each reported value represents the average of 8 indentations all at the half-radius
positions of the disk. The variation of electrical conductivity g with ageing time at 120
°C was measured by a Sigma 2008B Eddy current conductivity meter. Each
measurement was repeated 10 times and an average conductivity value was determined.

The TEM observation was carried out at the half-radius position of HPT-processed
disks using a FEI Talos F200X transmission electron microscope (TEM) operated at
200 kV accelerating voltage. TEM samples were thin disks with a diameter of 3.0 mm
punched out from the HPT disks, where the centres of these smaller disks were at 2.5
mm distance from the centres of HPT-processed disks. The TEM disks were ground to
~ 50 um and then ion-milled using a Gatan plasma ion polisher. The average grain sizes
of HPT-processed samples were determined from TEM images using the modified line
intercept method [16], and the grain size d was taken as d = 1.455L, where L is the
average line intercept [17, 18]. High resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images were performed on a FEI
Titan G2 60-300 ChemiSTEM, equipped with a Cs probe corrector and a Super-X EDS
with four windowless silicon-drift detectors and operated at 300 kV. In order to analyze

the coarser constituent phases, X-ray diffraction (XRD) was conducted on the HPT-



In press: Acta Materialia, 2018

processed samples before and after ageing treatment. The crystallite sizes and
microstrains of the Mg-rich matrix phase in the HPT-processed samples were estimated
using XRD line broadening analysis with the aid of the Material Analysis Using
Diffraction (MAUD) software [18-20]. Detailed information on this analysis was
described before in Refs. [18, 21]. The dislocation density p was deduced from the

measured microstrains (2)'/2 [15, 18, 22]:

_ 2V3(e?)1/?
T Db

(1,
where b is the Burgers vector length and D¢ is the crystallite size.
3. Results and analysis
3.1 Age hardening response

The hardness of the Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (wt.%) alloy after HPT is ~126
HV, and Fig. 1 shows the age-hardening curves of the HPT-processed alloy during
isothermal ageing at 90 °C, 120 °C, 150 °C and 200 °C. These data reveal that artificial
ageing at 90 °C for up to 18 h leads to a gradual slight increase in hardness, and hardness
decreases on continued ageing. During the initial stage of ageing at 120 °C, the hardness
gradually increases and a maximum value of ~145 HV is achieved after ageing for ~12
h. The hardness decreases slightly until ageing for 18 h, and then drops rapidly to ~129
HV after ageing for 24 h. When the ageing temperature is increased to 150 °C and 200
°C, the peak hardness reaches ~142 HV and ~141 HV after 6 h and 3 h, respectively,
i.e. the age-hardening progress is accelerated, while peak hardness is reduced.
Compared with the age-hardening behavior of the same Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr

(wt.%) alloy processed by conventional extrusion or rolling [4, 23, 24], the present
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HPT-processed alloy shows an accelerated hardening response with a much higher peak

hardness obtained at a lower ageing temperature.

3.2 Variation in electrical conductivity

Fig. 2 shows the relative change of electrical conductivity, (g-go)/go, for the HPT-
processed sample subjected to ageing treatment at 120 °C for up to 24h, in which go is
the electrical conductivity of the initial HPT-processed sample (3.27 MS / m), and g
represents the electrical conductivity of the aged sample. During the initial 5 h, the
electrical conductivity increases rapidly, and subsequently increases at a lower rate
until ~18 h, but after 20 h it accelerates again. It is noteworthy that in comparison with
the initial HPT-processed sample (without ageing) the electrical conductivity is

increased by 13.7 % after ageing at 120 °C for 24 h.

3.3 Microstructure

Fig. 3(a)-(c) show the TEM images of the HPT-processed alloy before ageing
treatment. At this stage the average grain size is about 48 nm, and the corresponding
selected area electron diffraction (SAED) pattern shows a number of rings from the Mg
matrix, which confirms the presence of large amount of high angle GBs in the
nanostructured Mg alloy. Fig. 3(d)-(i) show the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image and elemental mappings of
HPT-processed sample prior to ageing treatment. This reveals that alloying atoms are
distributed homogeneously in the Mg-rich matrix phase.

Fig. 4 shows the TEM microstructure of HPT-processed sample aged at 120 °C for
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12 h. As shown in Fig. 4(a)-(c), nano-sized grains with high-angle misorientations are
retained after this ageing treatment, and some inhomogeneous diffraction contrast
caused by a high density of dislocations still exist in grain interiors, further suggesting
a good resistance against recovery by rearrangement of dislocations of the HPT-
deformed sample. The HAADF-STEM images in Fig. 4(d) and (e), and elemental
mappings in Fig. 4(f)-(j) show that after ageing at 120 °C for 12 h solute segregation is
generated. These solute enriched areas contain both Zn and RE atoms (see Fig. 4(g)-
(i), and they are mainly located along GBs as demonstrated by the corresponding
atomic-resolution HAADF-STEM image in Fig. 4(e). The peak hardening of the HPT-
processed alloy at 120 °C is considered to be mainly attributed to the dense nanoscale
solute segregation. It also explains why the conductivity increases significantly during
ageing up to this stage: solute atoms are clustering around dislocations and grain
boundaries and thus substantial parts of the Mg rich phase have less solute atoms (see
Discussion section).

After longer ageing to a total of 24 h at 120 °C, a similar segregation along GBs
still exist as seen from Fig. 5(d)-(g), but the average grain size is increased to ~100 nm
(see Fig. 5(a)-(c)), whilst the hardness has decreased. The atomic-resolution HAADF-
STEM image shown in Fig. 5(e) provides further evidence that segregation of alloying
elements occurs at GBs. The crystallographic structure remains identical to the a-Mg
matrix. These observations suggest that after ageing for 24 h the hardening solute
segregation is retained, but the material is softened due to grain growth.

Fig. 6 shows that when ageing temperature is increased to 200 °C, the segregation
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regions of RE and Zn atoms in the vicinity of the GBs become wider and more densely
distributed in comparison with the HPT-processed alloy aged at 120 °C. At this higher
temperature, the average grain size increases to ~54 nm after ageing for 3 h (see Fig.
6(a) and (b)). After ageing for 6 h at 200 °C, as shown in Fig. 7(a) and (b), the grain
size is further increased and diffraction rings become discontinuous. Due to the
presence of crystal defects induced by large strains imparted by HPT, the phase
transformation cannot be clearly distinguished in the TEM images. However, Fig.7 (c)-
(i) provides evidence for the generation of well-defined precipitates with an average
size of ~20 nm. As almost no segregation can be observed at this stage of ageing, it is
likely that these precipitates have formed from solute segregation near GBs. According
to the corresponding HRTEM and FFT images given in Fig. 7(j)-(I), the precipitates are
identified to be equilibrium B phase (Mgs(RE,Zn), fcc structure [25]). This B-
Mgs(RE,Zn) phase has been reported to precipitate in over-aged Mg-RE alloys [26, 27],
and GBs usually are the preferential locations for its formation during ageing treatment
[25]. It thus appears that the reduction in hardness on over-ageing is due to the
coarsening of the grain structure, the formation of a precipitate that is coarse compared
to the solute clusters as well as the inevitable decrease in the total dislocation density

(see Section 3.4).

3.4 XRD analysis
Fig. 8 shows XRD patterns of our HPT-processed and aged Mg-8.2Gd-3.8Y-
1.0Zn-0.4Zr (wt.%) alloy samples. The section of the XRD patterns between 30° and

40° presented in Fig. 8(b) shows that ageing at both 120 °C and 200 °C induces a shift
9
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to larger angle (i.e. smaller lattice parameter) for the a-Mg diffraction peaks. This
indicates that during ageing the decomposition of the HPT-deformed o-Mg
supersaturated solid solution occurs, which is in a good agreement with the TEM
observations in section 3.3.

The crystallite size, microstrain, dislocation density and lattice constants’ ratio c/a
of our HPT-processed Mg-Gd-Y-Zn-Zr alloy at different ageing states as obtained from
the XRD line broadening analysis are summarized in Table 1. In agreement with grain
size growth during ageing as observed by TEM, the crystallite sizes estimated by XRD
analysis also increase with ageing, however the crystallite size is smaller than the grain
size [18]. The dislocation density of HPT-processed sample is slightly reduced after
ageing at 120 °C for 12 h. When ageing time is prolonged to 24 h, a dramatic decrease
in dislocation density and an increase in crystallite size occur, which coincide with
softening. The trends in evolutions of crystallite size, microstrain and dislocation
density during ageing at 200 °C are similar with the alloy aged at 120 °C. In addition,
the lattice constant c/a of the HPT-processed alloy is increased with increasing ageing
temperature and holding time indicating that crystal lattice distortion gradually recovers

as the concentrations of the solute elements dissolved in a-Mg matrix reduce.

4. Discussion
4.1 Segregation in nanostructured Mg-RE alloy processed by HPT

The ageing response of the present nanostructured Mg-RE alloy is significantly
different from that of conventional coarse-grained Mg alloys. In our previous research

on ageing behavior of Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (wt.%) alloy samples with coarse
10
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microstructure aged at both 200 °C and 225 °C, the precipitations sequence is the well
established one:

Supersaturated solid solution (SSSS) — B” (D019) — B’ (bco) — P (fcc) [25].

The B’ metastable phase is regarded as the main age hardening phase in
conventional thermo-mechanically processed Mg-Gd-Y-Zn-Zr alloys [4, 23, 24]. The
present results show that when the grain size of Mg-Gd-Y-Zn-Zr is refined to nanoscale,
solute clusters at GBs are generated in the peak-ageing stage at both 120 °C and 200 °C,
and the precipitation sequence is changed: no B or B’ metastable precipitates form
during ageing treatment, and formation of stable p phase precipitates occurs without
any distinct metastable precursor phase. A similar absence of a distinct metastable
precursor phase was also observed in equal-channel angular pressed Al-1.7Cu (at.%)
during ageing at 100°C for 24 h. In that case, the nucleation of the equilibrium 6 phase
at GBs occurred and the precursor metastable 6" and 6’ phases were not observed [28],
whilst no evidence for segregations at the grain boundaries was reported. In another
report, during ageing of HPT-deformed Al-1Mg-4Cu (wt.%) alloy at 150°C for two
days, no semi-coherent S or S’ precipitates were detected, and instead the Cu-Mg
clusters were speculated to dominate the strengthening [29].

This phenomenon is also supported by Fig. 2, which indicates the conductivity
initially, up to about 3 to 4 h, increases linearly with time. It is clear that removal of
solute from the Mg-rich phase is the main process for increase in conductivity and some
of this removal of solute proceeds via enrichment at the grain boundary, see Figs. 4 and
5. In other works it has been shown that if solute atoms are mobile they also segregate

11
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to dislocations, e.g. [18, 30-33]. If segregation to planar defects, e.g. GBs, was the main
process for removing solute from Mg-rich phase then there should be a root time
dependency of resistivity and if diffusion to linear defects, e.g. dislocations, was the
main process for this then the conductivity should increase linearly with time in this
initial stage. Thus the observed initial linear increase in Fig. 2 indicates that at least in
the first stage (up to about 3 to 4 h) diffusion of solute atoms towards line defects is the
main process involved. Both segregation at planar defects and linear defects have been
implicated in strengthening of a range of alloys [18, 21, 29, 34, 35].

There are two major factors responsible for solute segregation. One factor is likely
to be a combination of high solubility and large atomic size difference between RE and
Mg atoms. Two classical models (Langmuir-McClean [36] and Cahn-Liicke-Stiiwe
[37]) have been used to predict the tendency of solute elements to segregate at GBs,
demonstrating that due to elastic strain energy induced by higher size mismatch, the
driving force for RE elements to segregate to GBs in Mg alloys is greater than that for
more common alloying elements such as Zn and Al [37]. For our present Mg-Gd-Y-Zn
alloy it is relevant to note that the atomic radius of the RE atoms (Gd and Y) is larger
than that of Mg, whereas the atomic radius of transition element Zn is smaller. Thus the
presence of a RE atom in the Mg-rich phase leads to a positive misfit and a compression
strain, while the presence of a Zn atom causes a negative misfit and an extension strain
[27, 38]. It thus is expected that RE and Zn atoms in the Mg-rich solid solution have a
propensity to co-segregate at defect sites to minimize the elastic strain. The other factor

influencing solute segregation is fast solute diffusion. In SPD processed alloys, the high

12
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density of defects (GBs, dislocations and vacancies) reduces energy barriers for
diffusion. For nanostructured alloys, a large volume fraction of GBs could also provide
shorter diffusion pathways compared to coarse grains to enhance thermally activated
diffusion rates [39, 40] even at a relative low temperature. This means that at 120 °C
the atomic mobility of solutes is high enough to allow most of them to transport from
the grain interiors to the GBs within the time needed to reach peak hardness, thus
facilitating the formation of segregation regions. The extent of solute segregation is
governed by the ageing temperature, which influences both diffusion coefficient and
solid solubility in the a-Mg matrix. After ageing at 200 °C for 6 h, equilibrium p phase
precipitates (Fig. 7) are formed through the consumption of alloying elements that had
segregated at GBs. It has been reported that the composition of the semi-coherent
metastable B’ phase is Mg7RE and non-coherent equilibrium 8 phase is MgsRE [27], i.e.
the atomic ratio of RE elements of 3 phase is higher than that of B’ phase. This indicates
that the temperature of 200 °C is high enough to overcome the nucleation barrier
necessary for formation of the p phase, and also enhance atomic mobility, thereby an
accumulation of sufficient solutes in the proximity of interface may favor rapid growth
and coarsening of § phase.
4.2 Hardening mechanisms

As shown in Fig. 1, the optimal ageing condition for hardening is 12 h at 120 °C.
The peak hardness of HPT-deformed Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (wt.%) alloys after
this optimized ageing treatment (145 HV) is substantially higher than that of the coarse

grained counterparts after hot extrusion and rolling followed by ageing [4, 23, 24].
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In this section we will construct a model for hardening that can explain the very
high hardness as well as general ageing behaviour trends. The model considers five
main factors which are thought to contribute to hardness: dislocations, GBs, solid
solution, nanoscale segregation, and precipitates.

The relationship between hardness HV and yield strength o, can be
approximated by the equation:

HV = Co, ),
where the unit of hardness is HV, and C is a constant about 0.3 [41].
The contribution of grain boundary hardening and dislocation hardening can be
assessed by existing models [18, 42].

For the GBs hardening, the Hall-Petch relation is applied, and the hardness
increment HVgg is calculated as follows:

k
AHVgp = C d?f; (6),

where kup is the Hall-Petch constant for Mg polycrytals, which equals 40.7 MPa um?®/?
[42], d is the grain size (here obtained from our TEM observations).

For dislocation hardening, the hardness increment HVp is generally accepted to be
given by the relationship (see e.g. [42] and references therein):

AHV), = CMa,Gb.[p (7),
where p is the dislocation density (measured as 3.85x10%* m2, see Table 1), G is the
shear modulus (17.7 GPa), b is the length of the Burgers vector taken as 0.3197 nm,
and a1 is a constant equalling about 0.3 [18, 42]. M is the Taylor factor, and in the
present simplified approach (which does not explicitly consider the various

14
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fundamental slip directions of the HCP lattice) it is taken here as a single constant
equaling 2.6 [42].

For solid solution hardening, the hardness increment A HVgs can be estimated
using the following formula [43-45]:

A HVss = C(Z k;/mc)m (8),
where ¢; are the equilibrium concentrations of solute atoms (i.e. Gd, Y and Zn) in the
matrix phase, n is a constant , which for the present elements dissolved in the Mg rich
phase has been shown to be 1/2 [45], and k; are factors related to individual elements
taken as 683 MPa(at.%)?, 737 MPa(at.%)™"?, 578 MPa(at.%)? for Gd, Y and Zn
elements, respectively [45]. The concentrations of solute atoms, c;, are taken from the
EDS line profile analysis across the segregation in Fig. 4(e). For the HPT-processed
sample, this indicates a composition of 1.40+0.01 at.% Gd, 1.20+0.03 at.% Y,
0.40£0.01 at.% Zn, while after peak ageing at 120 °C it reduces to 0.43%0.01 at.% Gd,
0.47+0.01 at.% Y and 0.10+0.02 at.% Zn.

Considering the strengthening effect due to the interaction of segregated alloying
elements and dislocation, an approximation can be made by using the following
equation, which has been applied to estimate the strengthening from Cu-Mg segregation
in Al-Mg-Cu subjected to HPT [18, 21, 29, 46-48]:

A HVspy = CM A Tgyg 9)

_ Yseg _ AHy-p
A Tseg = > - T

4 2 2 2
X5 [g Va+y8) — (ng}’A t3XaVe t 2x,xp)]  (10),
where ys.4 is the change in energy per unit area on slip planes, A H,_p is the

enthalpy of the nearest neighbour bond, y, and ygp represent the amounts of A atoms

15
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and B atoms in the co-segregation, whereas x, and xp stand for the amounts of A
atom and B atoms in the Mg-rich phase. This model of strengthening is based on the
additional work required for movement of dislocations due to the presence of solute
segregation and clustering [46, 47], which is related to the interaction energy between
the solute atoms and GBs [18, 21]. In the case of strengthening of a polycrystals due to
solute segregation, application of stress causes dislocations to be activated, move along
slip planes to GBs, and cause stress concentrations. When the stress concentration is
large enough, a dislocation at the grain boundary in the neighboring grain very close to
the boundary may be activated. Thus the cluster/ordering bonds between solute located
at or near the grain boundaries are cut by the moving dislocations and the yield strength
is increased due to the additional work required to achieve the increase in free energy
related to disruption of these near-neighbor bond between solute atoms. As Gd and Y
have similar atomic size and valence structure, whilst the mix enthalpy change of Gd-
Zn is 31 kJ/mol which is relatively close to that of Y-Zn (29 kJ/mol) [49], we simplify
the evaluation of the AHVseg as follows: the total content of RE atoms (including Gd
and Y) is regarded as A atoms, and the enthalpy change is approximated as 30 kJ/mol.
EDS analysis shows that after peak ageing at 120 °C the amount of RE and Zn atoms
in clusters are about 1.72+0.03 at.% (i.e. 0.70 at.% Gd and 1.02 at.% Y) and 0.38+0.02
at.%, and in the matrix the compositions are about 0.90+£0.02 at.% (i.e. 0.43 at.% Gd
and 0.47 at.% Y) and 0.10+0.02 at.%. Using these data and approximations, Egs.(9)
and (10) provide A HV.,=29.5 HV for the peak aged state. A similar assessment (see

supplementary material) for the sample aged at 120 °C for 24 h (i.e. over aged) then
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provides A HVs,,= 38.2 HV and for the sample aged at 200 °C for 3 h we find A
HVse4=32.2 HV. For the sample over aged at 200 °C for 6 h, the amount of RE and Zn
atoms in the matrix are about 0.38 :-0.03 at.% (i.e. 0.23 at.% Gd and 0.15 at.% Y) and
0.01 £ 0.005 at.% respectively, but most solute segregation are transformed into
precipitates. The volume fraction of precipitates is obtained from multiple TEM images
(see Fig.7), analyzed using Image J software, which provides 12%. (Here we apply the
stereological concept [50] that in a randomly obtained planar section, the area fraction
occupied by the particles is equal to the volume fraction of the particles.) Thus, after 6
h the amount of segregation is reduced by approximately two thirds in comparison with
the sample aged at 200 °C for 3 h, providing A HVg.,=12.6 HV.

Due to an interaction force stemming from the difference in shear modulus
between co-clusters and a-Mg matrix for the compatible deformation, also modulus
hardening A HV,, occurs, which can be calculated through a simplified treatment,

which has been adopted in a range of works [18, 21, 46-48]:

AHV, =CM 4255 o (11),
where A u is difference in shear moduli between co-segregation (us.4) and Mg matrix
(1mg). The shear modulus of co-segregation (us.4) in our alloy is approximated as a
weighted average of the modulus of the individual pure substances, i.e.:

Useg = Xmghmg T Xgallca + XyHy + Xznlzn (12),
where pyg, Hea, My and pz, arethe shear moduli of Mg (17.7 GPa), Gd (22.3 GPa),

Y (25.8 GPa), Zn (39.5 GPa) [42, 51, 52], and x4, Xgq, Xy and xz, represent the

fractions of the corresponding atoms in the segregation. The fs., is the average
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fraction of co-segregation of RE and Zn atoms, which is again obtained from HAADF-
STEM images as 12%, 18%, 20% and 7% respectively for the samples aged at 120 °C
for 12 h, 120 °C for 24 h, 200 °C for 3 h and 200 °C for 6 h. This provides A HV,, as
5 HV, 6 HV, 6 HV and 2.6 HV, respectively, for the four conditions. Therefore, the
hardening resulting from shear modulus difference for the present samples is calculated
to be around ~15% of A HVs,4, i.€. this ratio is close to the result from Ref. [18].

To assess the precipitation hardening in the over-aged sample it is assumed that
the dislocations by-pass these obstacles rather than cut them, which has been
demonstrated to be reasonable for precipitate strengthening in Mg-Zn alloys both in the
peak-aged and over-aged conditions [53]. Thus we adopt the Orowan-Ashby equation
[54, 55]:

0.13Gb lnd_p (13),

A HVprowan = C 1 2b

where d, is the mean diameter of the particles, and / is the average planar inter-particle
spacing. In the present samples, the precipitates are only detected after over ageing at
200 °C. Based on the TEM work on these samples in Fig.7, dpis taken as ~7 nm and 4
is taken as ~12 nm, providing A HVy,owan= 43.9 HV.

The total hardness after ageing can be expressed as a linear summation of all the
contributions assessed above [18]:

HV = HVy +A HVgg +A HVp +A HVsg +A HVsog +A HVyy +A HVprowan (14),
in which HV, is the microhardness of pure Mg in the annealed state before HPT
processing, and it has been estimated at ~6 HV [42]. The calculated hardness values for

a range of ageing conditions are presented in Fig. 9. These predicted values are
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consistent with the measured values with average deviation 5%, and correctly predict
the increasing and decreasing trends of hardness on ageing and over-ageing. This
indicates that the present model can describe final hardening, and also predicts the
hardness in the course of the age hardening process of nanostructured Mg alloys
through on a sound physically-based model.

Fig. 9(a) shows a comparison of the contributions of the different hardening
mechanisms under different ageing conditions. It is apparent that as compared to the
HPT-processed alloy, the solute segregation in the 120 °C peak-aged sample affords
additional hardening amounting to ~20 % of the overall hardness (145 HV), and the GB
hardening contribution is almost unchanged due to good thermal stability of nanosized
grains. On extending the ageing time to 24 h at 120 °C, although the hardening effect
due to solute segregation increases, the sample hardness is reduced as a result of
inevitable grain growth and decreasing dislocation density. After over-ageing at 200 °C,
nanosized precipitates provide significant hardening whilst hardening due solute
segregation decreases. It should be pointed out that the p precipitates observed in
conventionally processed Mg-RE type alloys [25, 27] nucleated heterogeneously within
the grains and at the grain boundaries during ageing, and these precipitates are relatively
coarse with sizes in the micrometer range. These relatively coarse precipitates will have
a very limited strengthening effect. In contrast, in the present HPT processed and
subsequently over-aged sample, dense nanosized precipitates formed from nanosized
solute segregation, and they do contribute substantially to the strength. The decrease in

hardness on over-ageing is due to grain growth as well as the annihilation and
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rearrangement of dislocations.

To provide an assessment of the relative merits of the hardness achieved in the
present work (145 HV) a wide range of publications on HPT-processed Mg alloys has
been analysed [12, 13, 15, 56-72] (see supplementary material). To provide a valid
comparison approximating the average hardness of the samples, the positions near the
half radius of HPT-deformed disks are considered. This assessment shows that the
present HPT-processed Mg-Gd-Y-Zn-Zr alloy possesses a significantly higher hardness
than other peak-aged conventional Mg alloys and Mg-RE alloys processed using a wide
range of processing conditions. It thus appears that the present combination of alloying,
SPD processing and optimised heat treatment produces a record (average) hardness
valid for Mg alloy samples of at least ~30 mm? (typical volume of the present HPT
samples). Following the above analysis of strengthening effects it appears that grain
boundary strengthening and segregation/cluster strengthening are the most potent
effects which could be used to further improve hardness/strength beyond the present
record levels. As optimizing of grain boundary strengthening through SPD processing
of as-cast or as-solution treated alloys has already been investigated in many
publications (see e.g. [10,13,15,16,61,73] and references therein), it appears unlikely
that further improvement is achievable through that route. Hence, especially further
optimization of segregation/cluster strengthening is thought to be a promising direction
for future research. For instance the ratio between RE and smaller solute elements (e.g.
Zn), which strongly influences the cluster strengthening, could be further fine-tuned.

Also SPD processing of alloys with nanoscale precipitates may provide routes to further
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optimize grain structure and improve stability of the refined grain structure.

5. Conclusions

In this work, a nanostructured Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (wt.%) alloy
produced by solution treatment and subsequent HPT was subjected to ageing treatment
with the aim of achieving a combination of grain refinement hardening and age
hardening. The age-hardening behavior and phase transformation at different
temperatures were investigated systematically, and the conclusions are summarized as
follows:
(1) The optimum ageing condition for HPT-processed Mg-Gd-Y-Zn-Zr alloy is found
at a temperature of 120 °C, which is considerably lower than that for conventional
thermo-mechanically processed Mg alloys. The peak hardness of 145 HV achieved in
the present processing is much higher than those of other HPT-deformed conventional
Mg alloys and Mg-RE alloys reported to date.
(2) The nanostructured Mg-Gd-Y-Zn-Zr alloy has significant changes in ageing
response as compared to the Mg-RE alloys with coarse microstructure. The main
strengthening structure of the peak-aged Mg-Gd-Y-Zn-Zr processed by HPT is solute
segregation, rather than the B’ phase precipitates formed in peak-aged Mg-RE alloys
processed by extrusion / rolling.
(3) The formation of solute segregation located along grain boundaries is attributed to
the numerous grain boundaries and abundant dislocations induced by HPT, which
facilitates the diffusivity of alloying elements.

(4) The present combination of alloying, SPD processing and optimised heat treatment
21
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produces a record (average) hardness for Mg alloy samples.
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Table:

Table 1 the crystallite size, microstrain, dislocation density and lattice axial ratio c/a of HPT-
processed Mg-Gd-Y-Zn-Zr alloy at different ageing states.

Samples Crystallite size  Microstrain ¢  Dislocation density p  Lattice axial
D¢ (nm) (%) (x10* m2) ratio c/a
HPT-processed 454 0.195 4.65 1.6125
120°C/12h 48.2 0.172 3.85 1.6140
120°C /24 h 60.4 0.163 2.92 1.6153
200°C/3h 52.4 0.162 3.34 1.6149
200°C/6h 62.0 0.160 2.80 1.6203
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Fig.1 Age-hardening curves of the HPT deformed alloy aged at different temperatures.
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Fig. 2 Relative changes of electrical conductivity (g-go)/go for HPT-processed sample subjected to

ageing treatment at 120 °C.
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Fig.3 Microstructure of the HPT-processed alloy before ageing treatment: (a) TEM bright-field
image and corresponding selected area electron diffraction (SAED) patterns; (b) TEM dark-field
image; (c) A high magnification TEM bright-field image; (d) HAADF-STEM image, and
elemental mappings: (e) Mg; (f) Gd; (9) Y; (h) Zn and (i) Zr.
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Fig.4 Microstructure of the HPT-processed sample aged at 120 °C for 12 h: (a) TEM bright-field
image and corresponding SAED pattern; (b) TEM dark-field image; (c) A high magnification
TEM bright-field image; (d) HAADF-STEM image; (e) Atomic-resolution HAADF-STEM image
of grain A marked in (d) and corresponding Fast Fourier transform (FFT) image, and elemental
mappings of red rectangular region marked in (e): (f) Mg; (g) Gd; (h) Y; (i) Zn; (j) Zr.
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Fig. 5 Microstructure of the HPT-processed sample aged at 120 °C for 24 h: (a) TEM bright-field
image and corresponding SAED pattern; (b) TEM dark-field image; (c) A high magnification
TEM bright-field image; (d) HAADF-STEM image; (e) Atomic-resolution HAADF-STEM image

of grain A marked in (d) and corresponding FFT image; (f) Elemental mappings of red
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rectangular region marked in (e); (g) Elemental mappings of blue rectangular region marked in

(d).
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Fig. 6 Microstructure of the HPT-processed sample aged at 200 °C for 3 h: (a) TEM bright-field
image and corresponding SAED pattern; (b) TEM dark-field micrograph; (c) A high magnification
TEM bright-field image; (d) HAADF-STEM image; (e) Atomic- resolution HAADF-STEM image

of grain A marked in (d) and corresponding FFT image, and elemental mappings of red
rectangular region marked in (e): (f) Mg; (9) Gd; (h) Y; (i) Zn; (j) Zr.
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Fig. 7 Microstructure of the HPT-processed sample aged at 200 °C for 6 h: (a) TEM bright-field
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image and corresponding SAED pattern; (b) TEM dark-field micrograph; (¢) HAADF-STEM
image; (d) high magnification of (c); elemental mappings of (c): (e) Mg; (f) Gd; (g) Y; (h) Zn; (i)
Zr; (j) HRTEM image; (k) and (I) FFT images of regions in (j) marked by squares A and B
respectively.
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Fig.8 (a) Overview of XRD patterns of the HPT-deformed and aged Mg-Gd-Y-Zn-Zr; (b) enlarged

section of the XRD patterns.
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Fig. 9 (a) Contribution of each mechanism to hardness for HPT-processed Mg-Gd-Y-Zn-Zr
alloy under different ageing conditions; (b) Comparison between calculated hardness and

measured hardness.
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Supplementary material:

EDS analysis showed that in the 120 °C for 24 h aged condition the amount of
atoms in clusters is 1.83+0.02 at.% RE (i.e. 0.75 at.% Gd and 1.08 at.% Y) and
0.42+0.01 at.% Zn, and in matrix are about 0.44+0.04 at.% RE (i.e. 0.22 at.% Gd and
0.20 at.% Y) and 0.04+0.01 at.% Zn.) Under the condition of ageing at 200 °C for 3 h
the amount of RE and Zn atoms in clusters approximate 1.80£0.02 at.% (i.e. 0.97 at.%
Gd and 0.83 at.% Y) and 0.40+0.03 at.%, and in a-Mg are about 1.02+0.03 at.% (i.e.
0.70 at.% Gd and 0.32 at.% Y) and 0.02+0.01 at.% providing A HVs,,= 32.2 HV.

Fig. S1 summarizes the average hardness reported for a range of Mg alloys
processed by multiple revolutions of HPT at room temperature and subsequent peak
ageing. To provide a valid comparison approximating the average hardness of the
samples, the hardness data plotted in Fig. S1 is chosen from the positions near the half
radius of HPT-deformed disks. It is clear that HPT-processed Mg-RE alloys with refined
grains exhibits enhanced peak hardness, and the present HPT-processed Mg-Gd-Y-Zn-
Zr alloy possesses a significant higher hardness than other peak-aged conventional Mg

alloys and Mg-RE alloys.
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Different Mg alloys processed by HPT
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Fig. S1 Comparison of average hardness in different Mg alloys processed by HPT at room
temperature (marked as solid symbols) and subsequently peak ageing (marked as open symbols).
For full details of compositions and processing see the cited publications [12, 13, 15, 56-72].
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