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Vacancy flux or supersaturation enhances grain-boundary mobility, but experimental evidence is not large
and in many cases the role of vacancies is only inferred indirectly. We will show effectively in the present
work the importance of the vacancy role in grain-boundary mobility in commercial pure and high-purity
magnesium using mechanical spectroscopy, electrical resistivity and positron annihilation spectroscopy. It
has been found that the mobility decrease of grain boundaries and dislocations is related to vacancy con-
centration reduction attained after the homogenisation treatment. Indeed, the largest vacancy concentra-
tion reduction is observed between 420 and 500 K. Unlocking grain boundaries and dislocations requires
new vacancies, generated at temperatures above 500 K. In addition, a new damping peak related to vacan-
cies was discovered at 490 K for an oscillating frequency of 1 Hz.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

We have reported recently several papers related to the study of the precipitation process in WE43 (Mg —
4wt% Y — 3.4 wt% Nd — 0.7 wt% Zr), AZ91 (Mg — 9.5 wt% Al — 0.6 wt% Zn — 0.2 wt% Mn) and QE22
Mg -2 wt% Ag— 2 wt% Nd—Zr) magnesium alloys [1—-3]. Precipitation processes were studied within
the temperature range 400—600 K in the following two ways: (a) studying the effects on the damping
spectrum caused by the appearance of a precipitation peak and (b) studying the effect of the precipitation
process using grain-boundary mobility. In addition, several works have been reported on the damping
response of magnesium related to grain-boundary and dislocation mobility within the range of medium
homologue temperatures (7/7,,, where 7, is the melting temperature) [4—6]. Besides, an unexpected
decrease in the damping at around 420 K annealing temperature was reported and was related to the
interaction of impurities with dislocations [6].
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The mechanical spectroscopy (MS) technique (mechanical damping and elastic modulus measure-
ments versus temperature) is very sensitive to the microstructure of the sample and therefore quite suit-
able for the study of lattice defects and their interaction processes in materials. Damping, O, is often
produced by the presence of a defect, which causes a local strain coupling to an externally applied stress.
It is related to the ratio between the vibrational energy loss and the vibrational energy per cycle. In addi-
tion, the elastic modulus is proportional to the square of the natural oscillation frequency, 1[4, 7].

Electrical resistivity (ER) measurements are very sensitive to the microstructure, too. Its behaviour is
controlled by the competition of two effects: (a) the depletion of impurities from the solid solution and
(b) the appearance of internal stresses. In fact, the appearance of internal stresses produces the modifica-
tion of the interatomic distances leading to a change in the Fermi energy. The band structure can also
change during the appearance of internal stresses. Consequently, the coupling with other techniques is
mandatory to distinguish which is the physical mechanism controlling the ER behaviour [8, 9].

Positron annihilation spectroscopy (PAS) is a well-established highly sensitive technique for detecting
open-volume sites in solids [10]. After the implantation of positrons emitted by a 3" source (like Na?) in
matter, they react with electrons (their anti-particles). When a positron is trapped, annihilation takes
place with the characteristics determined by the local electron density, which is lower in the open-
volume defect than in the bulk. The reduced electron density implies a reduced annihilation rate. Thus,
trapped positrons survive for more time in comparison to the free ones [11]. Trapping is the reason of the
great sensitivity of positrons to defects. In fact, if the metal contains defects as vacancies, vacancy clus-
ters and dislocations, i.e. regions of less than average electron density, positrons may become trapped at
these defects [12—14].

In the case of Mg, positron lifetime measurements have been performed in well-annealed and elec-
tron-irradiated Mg. Indeed, a survey of the various factors, which govern the trapping efficiency in va-
cancies, leads to the conclusion that magnesium is a borderline case. In the periodic table of elements
magnesium is situated between sodium, which is a typical alkali metal showing no trapping at vacancies,
and aluminium, in which the positron lifetime increase with respect to the bulk lifetime (well-annealed
sample) is about 35%. Indeed, the monovacancy positron lifetime reported in those measurements,
255+ 5 ps, is about 15% larger than the positron bulk lifetime, 225 ps [15].

In the present work we study grain-boundary and dislocation mobility within the temperature range
room temperature (RT)—600 K, in commercial pure and high-purity magnesium, using mechanical spec-
troscopy, electrical resistivity and positron annihilation spectroscopy. The knowledge of grain-boundary
and dislocation mobility mechanisms within this temperature range is important due to the overlapping
of precipitation processes that appear in alloyed magnesium, as was shown in the above-cited works.

The present results allow concluding that the mobilities (between RT and 600 K) of both grain
boundaries and dislocations in magnesium are controlled by vacancy concentration. In fact, as was al-
ready pointed out by Humphreys and Hatherly [16], the vacancy flux or supersaturation enhances the
grain-boundary mobility, but the experimental evidence for this is not extensive and in many cases the
role of vacancies is only inferred from indirect evidence.

We will show in the present work the importance of the vacancy role in grain-boundary mobility. In
addition, a new damping peak related to vacancy interaction is reported.

2 Experimental procedure

The studied samples were obtained from commercial pure (cpMg: 99.8 wt%) and high-purity
(hpMg: 99.99 wt%) magnesium cast bars, provided by Magnesium Electron, Manchester, UK. The
chemical compositions of the employed specimens, determined by spark emission spectroscopy, are
listed in Table 1.

Homogenisation treatment was performed in order to relieve mechanical stresses produced by the
machining of the samples and for fixing the starting thermodynamical state of each sample previous to
all the subsequent tests, i.e. the same dislocation density, grain size and vacancy concentration. In addi-
tion, in the case of homogenised cpMg samples impurity aggregates can be dissolved by means of the
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Table 1 Chemical composition of the employed magnesium samples in parts per million.

Si Mn Fe Ni Al Cu Zn

cpMg (99.8 Wt%) 980 737 120 48 38 75 60
hpMg (99.99 wt%) 111 176 286 54 93 13 2

homogenisation treatment. Homogenisation treatments were performed under argon atmosphere at stan-
dard pressure, at 823 K during 1 h followed by quenching into RT water.

MS measurements were carried out employing an inverted torsion pendulum which can work at reso-
nant frequencies between 0.2 and 40 Hz for free-decaying vibrations [17, 18]. The oscillations were
recorded with an optical system involving a mirror and a photodiode. Measurements were carried out
under argon atmosphere at standard pressure. The device is driven automatically by means of a closed-
loop computer-controlled setup. For all these measurements the same initial and final values of the
decaying amplitudes were used, in order to eliminate possible distortions due to amplitude-depen-
dent damping effects [18]. The samples used in the MS tests were bars of rectangular section
(1 mm x 2.2 mm x 20 mm). The maximum strain on the surface of the sample was 5 x 10~°. Damping
and elastic modulus error was less than 2%. MS measurements were performed following subsequent
heating and cooling runs on each sample. The final temperature of each heating run was increased by
about 30 K, starting from 420 K up to the homogenisation temperature (823 K).

In each thermal cycle the furnace of the pendulum is removed and simultaneously an argon flux is
opened in the environment of the sample. The cooling run can be considered to consist of two cooling
stages, due to the high thermal inertia of the system for temperatures close to RT. The first involves
cooling from the highest temperature reached during the cycles down to 400 K and the second is from
400 K down to RT. The average cooling rates were 14 and 3 K/min, respectively.

Samples, which were heated during the MS tests directly to various final temperatures, were also
measured, i.e. without increasing the maximum temperature of each thermal cycle. Besides, MS meas-
urements were also performed at RT, after heating the sample at a rate of 1 K/min up to different final
temperatures, under argon at atmospheric pressure, followed by quenching into water at RT. The samples
measured under this condition will be called “samples measured under isochronal annealing”, in contrast
to the samples measured during the thermal cycles which are performed in continuous heating. A sum-
mary of the status of measured cpMg samples by means of MS tests is shown in Table 2.

ER measurements were performed at RT by evaluating the eddy-current decay induced in the sample
by changing the applied magnetic field [19]. The employed samples were cylinders of 10 mm diameter
and 25 mm length. ER values as a function of temperature were measured at RT after heating the sample
at a rate of 1 K/min up to various final temperatures, under argon at atmospheric pressure; followed by
quenching into RT water.

At least two samples in the same thermal state were employed in each one of the MS and ER tests for
checking the reproducibility of the measurements.

Positron lifetime measurements were performed by a conventional fast—fast timing coincidence sys-
tem. Taken into account the proximity of the average lifetime values in all the measured samples, we
performed large statistical measurements where the total number of counts in each measurement was
above 2 x 10° counts. The resolution function was approximated by a Gaussian having a FWHM of
240 ps. A *NaCl source of about 25 uCi contained in an envelope made from a thin Kapton foil
(1.1 mg cm™) was sandwiched in between two samples. The lifetime spectra were analysed with the
computer program POSITRONFIT [20]. The source corrections were obtained after measuring very pure
(5N) and well-annealed Al and Mg samples. In order to extract the correct source correction, one lifetime
was fixed to 382 ps, i.e. the value currently assigned to the Kapton foil [21]. To obtain satisfactory fits a
very long component of about 1.5 ns and with low intensity originating very probably from surface ef-
fects was needed. The source correction obtained and used in the measurements performed in the Mg
samples under study in this work were 382 ps (10.5%) and 1.5 ns (1.5%). After subtraction of the source
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Table 2 Status of the cpMg samples employed in the MS tests. Test denomination: A—B—C, where A
indicates the sample number, B the heating run number and C the maximum temperature reached in the
thermal cycle.

sample test heating maximum temperature heating mode state of the sample
denomi-  denomination run# achieved during during the MS previous to the MS test
nation the heating (K) tests

1 1-01-420K 01 420 continuous homogenised 823 K,
1 1-02-450 K 02 450 heating 3600 s

1 1-03-470 K 03 470

1 1-04-506 K 04 506

1 1-05-540 K 05 540

1 1-06-570 K 06 570

1 1-07-590 K 07 590

1 1-08-600 K 08 600

1 1-09-620K 09 620

1 1-10-640 K 10 640

1 1-11-658 K 11 658

1 1-12-690 K 12 690

2 2-01-430K 01 430 continuous deformed in torsion 6%
2 2-02-540 K 02 540 heating at RT after

2 2-03-550 K 03 550 1-12-690 K test

3 3-01-560 K 01 560 continuous homogenised 823 K,
3 3-02-560 K 02 560 heating 3600 s

3 3-03-690 K 03 690

3 3-04-690K 04 690

4 370 isochronal homogenised 823 K,
4 390 annealing 3600 s

4 400

4 420

4 450

4 480

4 510

contribution only one component gave satisfactory fits to the spectra. In Figs. 7 and 8 each positron life-
time value represents the arithmetic mean of three measurements. In all the cases the deviation between
the three measurements was within the error of the average positron lifetime, amounting to 0.5 ps.

Samples employed in the PAS study were measured at RT after heating the samples at a rate of
1 K/min up to various final temperatures, under argon at atmospheric pressure, followed by quenching
into water at RT.

Transmission electron microscopy (TEM) studies were performed in CM 200 transmission electron
microscope (Philips, Eindhoven, Netherlands, 200 kV) equipment. Samples were thinned electrolytically
using 20% perchloric acid in ethanol at 253 K.

3 Results

3.1 Light and transmission electron microscopy studies

The grain size and grain arrangement were similar in all tested samples detailed in Table 2, i.e. changes
in the size or in the shape of the grains were not observed, neither after plastic deformation nor after
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Fig. 1 (online colour at: www.pss-a.com) Optical
microscopy photograph of a homogenised cpMg
sample.
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mechanical spectroscopy tests. Figure 1 shows a photograph of a homogenised cpMg sample where
some twins can be observed.

Figure 2 shows a TEM micrograph of a plastically deformed sample (6% torsion) after a 1-12-690 K
test. The dislocation density was determined for a homogenised sample, for a sample after the 1-12-690 K
test and for the previously cited deformed sample. The measured values were respectively 1 x 10° cm™,
8 x 107 cm™ and 1 x 10" cm™. The low dislocation density values measured in the present work are in
agreement with previously reported works [4, 22].

3.2 Mechanical spectroscopy studies

Figure 3a shows the measured damping of a homogenised cpMg sample as a function of temperature,
during different heating runs, up to successively increasing maximum temperatures, see Table 2. Only
heating runs #1, 2, 3, 4, 5, 6, 8 and 12 were plotted in the figure for clarity. In order to have a detailed
view of the behaviour of the damping curves at values smaller than 14 x 107, Fig. 3b shows a zoom of

b)

Fig.2 (a) TEM micrograph of a sample plastically deformed after test 1-12-690 K. (b) The diffraction
diagram indicating the plane for viewing the microstructure of (a).

WWW.pss-a.com ©2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig.3 (a) Damping of homogenised commercial purity magnesium measured during heating. Legends
as indicated in Table 2. (b) Zoom of (a) for values of damping smaller than 14 x 10°°. (c) Elastic modulus
(of?) for three different heating runs in cpMg. Legends are defined as in Table 2.
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the 300—520 K range for runs #1 to 6. The sample was vibrating during the cooling, but the damping
was measured only in the small cooling rate zone close to RT, because of the high cooling rate at higher
temperatures. As can be seen from the figure, the first run-up in temperature shows a small damping
peak at around 320 K. At higher temperatures the damping curve does not change up to around 400 K
and subsequently it decreases at around 420 K (see Fig. 3b). Damping values corresponding to the first
cooling are completely overlapped by damping points measured during heating run #2. In addition, an
increase in temperature to 470 K during run-up #3 does not produce clear changes in the damping spec-
trum.

In contrast, during run-up #4, a slight damping increase started to appear at around 350 K. Moreover,
a peak seems to appear at around 490 K. Even if changes in the spectrum of run-up #4 are small these
changes have also been found in two other samples with the same thermal history.

After annealing up to 540 K, during run-up #5, the damping spectrum of run-up #6 shows a damping
peak at around 480 K, which could be composed of more than one elementary damping peak. In addi-
tion, the damping peak height at 480 K increases as the final temperature of each cycle increases
(Fig. 3a).

Heating the sample to 658 K leads to a strong increase of the background damping (see curve 1-12-
690 K in Fig. 3a).

It should be stressed that during the heating runs, up to temperatures lower than 500 K, the character-
istic grain boundary damping peak of magnesium, which usually appears at temperatures of about 420 K
(at 1 Hz), did not appear. In contrast, a peak at approximately 480 K develops.

Frequency squared (proportional to the elastic modulus) versus temperature is plotted in Fig. 3¢, for
heating runs #1, 2 and 12. For clarity only three curves have been plotted; however, they summarise the
behaviour of the elastic modulus during the 12 heating and cooling runs. As can be seen from the figure,
the elastic modulus during the second run-up is higher than the corresponding value for the homogenised
sample. In addition, the modulus remained higher than the values of the homogenised sample up to an
annealing temperature of 500 K. During the successive heating runs, up to temperatures higher than
500 K, the elastic modulus began to decrease progressively, reaching the smallest values during run-up
#12.

Figure 4 shows the damping spectra of samples of type #2, plastically deformed in situ under a maxi-
mum torsion of 6% at room temperature. The deformation process was carried out after the test 1-12-690 K
(see Table 2 and Fig. 3a). As can be seen from the figure a damping peak at 320 K has again developed,
followed by a damping jump down at around 420 K. In addition, the background of all curves is higher

40

35 —e— 2-01-430K

—<o— 2-02-540K
30

—ix— 2-03-550K
25

20

Q'x10°

15

10 F°

PR ekl ekl PR T U U T N T T W W
300 350 400 450 500 550 600
T (K)

Fig. 4 Damping of “in situ” plastically deformed cpMg sample (6% in torsion) at room temperature af-
ter heating run 1-12-690 K of Fig. 3a, see Table 2.
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than for sample #1, due to the large quantity of free dislocations produced by the deformation process.
During the second run-up, the damping does not change very much up to around 450 K. Besides, the
characteristic grain-boundary relaxation at around 420 K does not develop. Nevertheless, the appearance
of a relaxation peak at higher temperatures (490 K) can be observed. In addition, in the run-up #3, after
annealing up to 540 K (during run-up #2), a wide damping peak develops between RT and 550 K, which
is composed by more than one elementary peak.

The damping spectra in deformed samples exhibit a wide peak between RT and 550 K, in similar
mode as for the homogenised samples. However, the following different features should be highlighted:
(a) the damping background is larger in deformed samples, about twice, and (b) the peak height of the
damping peak at about 490 K is larger in deformed samples than in homogenised ones, when the same
temperature is reached in the previous annealing. This last difference will be shown more clearly in the
next paragraphs and figures.

Furthermore, damping and elastic modulus measurements performed on a homogenised sample #3
(see Table 2), which was thermally cycled with different final temperatures than the ones plotted in

- —
- L 1-12-690K |
A/
6 _ 1-08-600K
o 5 - -
e 1-06-570K
x 4
o 3
2
1
0 a)
350 400 450 500 550 600
T (K)
8 —r—r—r-rr-r-—r——r-rrr-rrrrTrr-r-r-7Trr—r—
7 - =
2-03-550K
6F N -
AN
<] - \ -
o .
- 1-06-570K 1-06-570K
x 4 = \\\ / -
- \
e 3 | \\ i
\\
2F v .
1 =
0 s b)
350 400 450 500 550 600

T(K)

Fig.5 (a) Alt-dashed, dotted and dashed lines represent the deconvoluted peaks for spectra 1-06-570 K,
1-08-600 K and 1-12-690 K after background subtraction (full lines) of Fig. 3a. (b) Deconvoluted peaks
for the spectra 1-06-570 K and 2-03-550 K, corresponding to homogenised and plastically deformed sam-
ples, respectively, previously heated up to 540 K. Full lines are spectra after background subtraction.
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Fig. 3, exhibited the same behaviour as #1 type samples. In fact, the characteristic of the damping and
elastic modulus spectra depends on the previous annealing temperature, which is reached in the previous
temperature run-up. In addition, sample #4, which was measured at RT under an isochronal annealing
condition, exhibits a similar damping response to the one shown in Fig. 3a, which is also in agreement
with previous works.

In Fig. 3a the plotted damping spectra show a clear damping peak within the temperature range 380—
550 K (1-06-570 K, 1-08-600 K and 1-12-690 K tests). In fact, firstly, run-up #4 (1-04-506 K) begins to
reveal the appearance of a peak at higher temperatures (about 490 K). In the next heating run the peak at
around 490 K becomes more evident and another peak at lower temperature can also be observed. More-
over, during run-up #8 (1-08-600 K) a clear hump over the low-temperature tail of the damping peak is
present. This suggests that the peak is composed by more than one elementary peak. Consequently, the
whole peak was deconvoluted.

Figure 5a shows the three damping peaks, after background subtraction, corresponding to heating runs
#6, 8 and 12 of Fig. 3a (1-06-570 K, 1-08-600 K and 1-12-690 K spectra), plotted by full lines. Peak Fit
V.4 [23] performed the background subtraction with cubic polynomials. Deconvolution of the spectra
was also performed by means of Peak Fit using the second-derivative method with Gaussian functions.
Owing to the background subtractions and the subsequent deconvolution the error bandwidth related to
damping is less than 0.7 x 107 in the plotted curves of Fig. 5.

The alt-dashed, dotted and dashed lines indicate the deconvoluted peaks for 1-06-570 K, 1-08-
600 K and 1-12-690 K curves, respectively. The deconvoluted damping peak at lower temperatures would
increase slightly its peak height up to run-up #8. From run-ups #8 to 12, the peak height stabilises. In
contrast, the peak at higher temperatures increases as the final temperature of the thermal cycles increases.

Figure 5b makes it easy to highlight the effects of the plastic deformation on the relaxation peaks. It
shows the damping peaks (full lines) after background subtraction for previously homogenised (1-06-
570 K) and plastically deformed (2-03-550 K) samples. The samples were annealed in the previous heat-
ing run, up to the same maximum temperature, 540 K (see Table 2). As can be seen from the figure the
peak height for the maximum at around 490 K is larger in the deformed sample than in the homogenised
one, about two times larger indeed. In addition, the peak at 430 K in the deformed sample is slightly
smaller than in the homogenised one.

On the other hand, in order to obtain the activation energy for both relaxation peaks, the natural oscil-
lating frequency f was changed by about one order of magnitude from about 0.5 Hz up to around 5 Hz.
Three different oscillating frequencies were employed. Figure 6 shows the corresponding Arrhenius plots

1.5 F—r—r-rr-r-r-—-—r1Tr-r-r-rrr-r-rr —
[ A . 1

H = 56 kJ/mol ]

2 F -

> :
B 25 F ]
e ]
3F H = 106 kJ/mol -

_35 [ 3 2 3 b 2 2 2 2 b g 32 3 a3 1L g 3 3 31l 32 3 3
190 200 210 220 230 240

Tp‘1 x 10° (K")

Fig. 6 Arrhenius plots for the grain-boundary and vacancy peaks.
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for the deconvoluted peaks, where @ = 2nf'and the subscript p indicates values corresponding to circular
frequency and temperature at the maximum damping value.

The calculated activation energy for the lower-temperature peak is 106 kJ/mol (1.11 eV), while for
the higher-temperature peak the activation energy is 56 kJ/mol (0.59 eV). The activation energy for the
relaxation peak at lower temperatures is close to the self-diffusion value for magnesium (134 kJ/mol —
1.4 eV —[24, 25]). In contrast, the activation energy calculated for the higher-temperature peak is smaller
than the self-diffusion value. Indeed, it is close to the values for the formation and migration of vacancies
[24].

Error bars in the temperature axis show the largest uncertainty due to the background subtraction
and peak deconvolution procedure. The error is lower than 10 K, giving rise to the following activa-
tion energy intervals for each peak. Low-temperature peak: 156 kJ/mol (1.64 ¢V)> 106 kJ/mol
(1.11 eV) > 80.4 kJ/mol (0.84 e¢V). High-temperature peak: 66 kJ/mol (0.69 eV) > 56 kJ/mol (0.59 eV)
> 48.81 kJ/mol (0.51 eV). In comparison, the error in frequency can be neglected.

3.3 Electrical resistivity and positron annihilation spectroscopy studies

Figure 7 shows the behaviour of the ER measured for a homogenised cpMg sample at RT as a function
of annealing temperature. As can be seen from the figure, the curve exhibits firstly an increase up to
about 350 K followed by a decrease at approximately 420 K. At higher temperatures up to 500 K the ER
increases and, subsequently, it begins to decrease again.

It is interesting to note the good correlation between the changes in the ER curve and the most salient
features of the thermal cycles plotted in Fig. 3. In fact, annealing up to temperatures of about 400 K leads
to the damping peak at 320 K followed by the constant damping behaviour and the ER curve increase.
Annealing up to 420 K develops the jump down in the damping spectrum and the ER curve decrease.
After the sample was heated up to around 540 K, both the peak at 490 K and the peak at lower tempera-
ture develop and the ER curve reaches its maximum value. Finally, after heating over 540 K, the damp-
ing spectra show clearly a wide peak at around 450 K and an increased damping background. Then, the
ER curve decreases again.

Also shown in Fig. 7 are the positron average lifetime values measured by PAS. The positron lifetime
exhibits a most remarkable behaviour as a function of temperature. In fact, a minimum in the 420—-500 K
range can be observed.
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Fig. 7 Electrical resistivity and positron average lifetime in cpMg sample measured at room temperature
as a function of the annealing temperature.
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Positron lifetime reported in well-annealed (bulk) Mg amounts to 225 ps [15]. The lifetime of posi-
trons trapped at monovacancies produced by electron irradiation is 255 + 5 ps [15]. Therefore, an aver-
age lifetime of 225 ps indicates that all the positrons are annihilating in the perfect Mg structure; how-
ever, a value of about 255 ps would indicate that all the positrons are annihilating at monovacancies.
Consequently, the average lifetime variation obtained in this work, even if not large, clearly indicates a
noticeable variation in the vacancy concentration in the measured samples, particularly with respect to
the sample that presents the minimum in the average lifetime.

Figure 8 shows the behaviour of damping and ER measured in a homogenised sample of hpMg. It
shows during the first heating run (hp-1-01 test) a damping peak at around 320 K and, subsequently, at
around 420 K, a strong decrease of the damping. The damping curve during cooling, after the first heat-
ing, coincides with the damping of the next run-up in temperatures during thermal cycles up to about
550 K (hp-1-03 test). In fact, as can be seen from the figure, the full circles of run-up #1, during cooling,
are overlapped by the triangles of the hp-1-03 test.

During run-up #3, the appearance of the grain boundary damping peak is not yet clear. In contrast, a
peak can be observed at approximately 490 K. In addition, after annealing the sample at higher tempera-
ture during the thermal cycles, the grain-boundary peak was restored. Consequently, the damping behav-
iour of high-purity magnesium is similar to the one of commercial pure magnesium.

The ER curve measured for hpMg (see right-hand axis in Fig. 8) also behaves in a similar manner as
the one for cpMg (see Fig. 7). Both ER curves start with an increase, followed by a decrease at around
450 K. At higher temperatures a re-increase appears up to around 500 K and finally the ER curve de-
creases.

It should be pointed out that absolute values of ER plotted in Figs. 7 and 8 should be considered with
care. Even if they are in reasonable agreement with the values reported for pure magnesium, 42 pQ mm
[26, 27], the length to diameter ratio of the samples is smaller than 5. In fact, the ER value is sensitive to
the length of the sample when the length/diameter ratio is smaller than 5 [28]. However, we pay attention
to the relative variation of ER instead of the absolute value.

4 Discussion

The homogenised sample measured in Fig. 3a, during the first heating run, shows a peak in the damping
spectrum at 320 K. This peak was already reported for hpMg to be metastable and difficult to reproduce
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Fig. 8 Electrical resistivity in high-purity magnesium measured at room temperature as a function of the
annealing temperature (empty circles). Damping measured in high-purity magnesium during different
thermal cycles (as indicated in the legend).
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[4]. The physical mechanism controlling this peak is still unclear, but this lack of information does not
obstruct the subsequent analysis of the present work.

The damping plateau between 350 and 400 K during run-up #1 in Fig. 3a reveals the occurrence of
some kind of interaction process between dislocations and point defects. In addition, the lack of appear-
ance of the characteristic grain boundary damping peak indicates that the mobility of grain boundaries is
strongly reduced. It is well known that the characteristic grain-boundary peak in unalloyed magnesium
appears at around 420 K at a frequency of about 1 Hz [1-5]. In addition, we reported previously that
grain-boundary relaxation can be inhibited by substitutional atoms that lock the movement of bounda-
ries. In fact, in AZ91 and QE22 magnesium alloys the characteristic grain-boundary peak appears at
temperatures between 420 and 450 K at 1 Hz, during the depletion of solute atoms from the supersatu-
rated solid solution by the occurrence of precipitates [2, 3].

Nevertheless, grain-boundary locking by impurities should not be expected for the concentration of
the cpMg samples employed in this work (see Table 1) [4, 7]. Consequently, the lack of a grain-
boundary peak could be related to some kind of intrinsic locking of this relaxation. This point will be
discussed in the followings paragraphs.

A damping decrease at around 420 K for the same kind of magnesium samples was earlier obtained in
samples measured at RT by an isochronal annealing mode [6], in agreement with the present results. This
damping decrease was assumed to be controlled by an impurity diffusivity increase with temperature
produced by quenching or plastic deformation, out of thermodynamic equilibrium. This movement of
impurities leads to the pinning of dislocations, producing a decrease of damping. In contrast, a decrease
of point defect density at dislocations with increasing annealing temperature was assumed to be respon-
sible for the re-increase of damping [6].

The elastic modulus behaviour plotted in Fig. 3¢ is in agreement with changes in the degree of mobil-
ity of dislocations and grain boundaries. In fact, the modulus increases after the first heating and remains
higher during thermal cycles up to temperatures below 500 K. This is in agreement with the reduction of
the damping background at low temperatures, close to room temperature, due to the decrease of disloca-
tion mobility [29] (Fig. 3a and b). In addition, a higher elastic modulus within the temperature range of
the grain-boundary relaxation for magnesium (400—550 K) can also be related to the grain boundary
mobility decrease [1-3, 7, 16, 30—32]. Therefore, within this temperature range, the reduction of dislo-
cation and grain-boundary mobility is occurring overlapped.

Subsequently, on increasing the final temperature of the thermal cycles above 500 K, the elastic
modulus begins to decrease, reaching smaller values than for run-up #1. This indicates that dislocations
and grain boundaries became more mobile, in agreement with both the increase of the background in the
whole temperature range and the appearance of the grain-boundary relaxation (see curves 1-08-600 K
and 1-12-690 K in Fig. 3a).

Therefore, in the temperature range between RT and about 500 K dislocations and grain-boundary
mobility decrease in the homogenised samples. It will be shown in the following paragraphs that the
degree of dislocation and grain-boundary mobility is controlled by the vacancy concentration in the ma-
trix.

It is important to mention that there exists a controversy on the grain-boundary relaxation. Some au-
thors pointed out that the relaxation is controlled by the sliding of dislocations, instead of grain-boundary
sliding [4]. In fact, in the case of magnesium the characteristic grain-boundary relaxation was also re-
lated to dislocation glide controlled by jog climb and vacancy diffusion with an activation energy close
to 100 kJ/mol (1.04 eV) [4, 33]. Nevertheless, this point is under open discussion; see for example
Refs. [4, 7]. Hereafter, we refer to grain-boundary relaxation as grain-boundary relaxation itself or as
dislocation relaxation at grain boundaries, because this point does not obstruct the subsequent analysis.

On the other hand, a creep-effect contribution to the damping peaks during the thermal cycles, at high
temperatures, was eliminated after damping background subtraction. In fact, from about 0.4T,, the con-
tinuous increase of damping at high temperature follows a law approximately exponential with reciprocal
temperature, the so-called high-temperature background [4, 7, 34], and is related to creep mechanisms
[34].
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As was shown in the preceding section (Fig. 6), the activation energy calculated for the peak at low
temperature is 106 kJ/mol (1.11 eV). This value is not too far from the one of self-diffusion in magne-
sium (134 kJ/mol (1.4 eV) [24, 25]). In addition, the peak temperature is in good agreement with the
peak temperature for the characteristic grain-boundary relaxation of magnesium [1-5, 7]. Therefore, it is
reasonable to relate the peak at 420 K to the characteristic grain-boundary peak of magnesium. Conse-
quently, this peak will be called hereafter the grain-boundary peak. Moreover, the constant peak height
of deconvoluted grain boundary peaks during the thermal cycles, once they have developed and stabi-
lised (see spectra 1-08-600 K and 1-12-690 K in Fig. 5a), supports the assumption made.

On the other hand, the activation energy calculated for the damping peak at about 490 K is 56 kJ/mol
(0.59 eV). This small value indicates that this peak cannot be related to the solute grain boundary peak
nor to the peak related to particles at grain boundaries in magnesium [1]. It is interesting to note that the
calculated activation energy of 56 kJ/mol (0.59 eV) is close to the values of both vacancy formation and
migration energies. In fact, the activation energy for vacancy migration is between 38 and 76 kJ/mol (0.4
and 0.8 eV) [24]. Besides, the activation energy for vacancy formation is between 55 and 85 kJ/mol
(0.58 and 0.9 eV) [24, 35-43].

This peak develops after annealing the homogenised or deformed samples at temperatures over 500 K
and it has a peak temperature within the interval of grain boundary relaxation peaks (400—550 K). In
addition, the peak height increases in the deformed sample, Fig. 5b. Indeed, the damping peak height for
a previously homogenised sample (1-06-570 K) is smaller than for a plastically deformed (2-03-550 K)
one. We are comparing these two spectra, because both of them were annealed in the previous heating
run, up to the same maximum temperature, 540 K, see Table 2. In addition, optical microscopy studies
do not detect any grain-size change after the tests detailed in Table 2. Consequently, taking into account
these facts and the activation energy found for the peak, we can relate this peak to a mechanism of inter-
action of free dislocations with vacancies. Besides, the positron average lifetime has also increased to
236.6 ps in the deformed sample, which is also in agreement with the proposed mechanism about the
interaction of dislocations with vacancies. However, an interaction mechanism between vacancies, grain
boundaries and free dislocations in the grain boundaries also could occur. Then, we refer to this peak as a
damping peak involving vacancy interactions and it will be called hereafter a vacancy peak.

It is convenient to point out that the vacancy peak we are considering involves free dislocations. So,
the increase in temperature after the last run-up (1-12-690 K) leads to a slight decrease in the dislocation
density, but as indicated by the increase in the background values the quantity of dislocations which are
free to move, owing to the temperature increase, is larger.

In agreement with the interaction mechanism involving vacancies in the present work, the appearance
of a damping peak related to the interaction of vacancies with dislocations at temperatures of about 0.37,,,
in high-purity single-crystalline molybdenum [44, 45] has been recently reported.

The peak height increase of the vacancy peak during the successive run-ups in temperature, Fig. Sa,
can be explained considering dislocation and/or grain-boundary movement assisted by vacancy move-
ment or formation. The increase in temperature leads to a larger quantity of vacancies allowing disloca-
tions and/or grain boundaries to move, giving rise to the appearance of the grain-boundary and the va-
cancy peaks. A larger increase in the annealing temperature during the thermal cycles leads to a larger
quantity of vacancies and consequently to a larger quantity of unlocked grain boundaries and disloca-
tions, leading to their increase in the peak height. This mechanism is in agreement with the increase of
the background values as the final temperature of the thermal cycles increases (see Fig. 3a) and with the
decrease in moduli values (Fig. 3c).

Consequently, the movement of grain boundaries or dislocations would be assisted by the formation and
diffusion of vacancies. This mechanism can be considered as the movement of the grain boundaries or dislo-
cations in a viscous medium in a similar mode as was already proposed by Schoeck [46] for dislocations.

The ER curve in Fig. 7 increases, after the homogenisation treatment, up to about 350 K, which could
be related to the development of internal stresses produced by thermally assisted movement of point
defects (impurities and vacancies) out of thermodynamic equilibrium. It is in agreement with (a) the
damping plateau and (b) the lack of appearance of the grain-boundary peak.
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The decrease of the ER curve at 400 K could be related to the migration of impurities to vacancies,
which is in agreement with the decrease in the average lifetime measured by PAS; see the right-hand axis
in Fig. 7. In addition, both vacancies and impurities could also migrate to dislocations and grain bounda-
ries with a similar effect on PAS and ER responses [10, 12].

A decrease in the damping values also appears at approximately the same temperature (420 K). There-
fore, the jump down in the damping and the non-appearance of the grain-boundary peak could be related
to the dislocations and grain boundary mobility decrease produced by the vacancy concentration reduc-
tion. This reduction could be produced by both the migration of impurities to vacancies and by the ab-
sorption of vacancies at dislocations and grain boundaries.

Increasing the temperature up to 500 K does not increase the vacancy concentration, as is indicated in
Fig. 7, in agreement with the increase of the ER. The MS behaviour shows that the structure is still
stressed for annealing temperatures up to around 500 K, as we mentioned before. The decrease in the
elastic modulus and the appearance of the grain-boundary peak after thermal cycles up to about 540 K
(see Fig. 3a and c) indicate that the recovery of internal stresses is more developed, in agreement with the
behaviours of ER and PAS plotted in Fig. 7.

At temperatures higher than 500 K, the PAS curve increases slightly, as could be expected, and the ER
curve decreases due to the decrease of the internal stresses promoted by vacancy-assisted mobility of
defects within this temperature range. This is in agreement with the restoring of the grain-boundary peak
and the decrease of the values of the elastic modulus, caused by the unlocking of grain boundaries and
dislocations.

Therefore, it could be proposed that the damping decrease, at around 420 K, in the homogenised sam-
ple is related to the decrease of the vacancy density excess attained from the homogenisation treatment;
both by impurity migration and/or by vacancy absorption during grain-boundary and dislocation move-
ment, as a coupled physical mechanism. In fact, the decrease in the vacancy concentration reduces the
possibility of dislocations and grain boundary movement within the temperature range RT—500 K, lead-
ing to the non-appearance of the characteristic grain-boundary peak and stressing the microstructure.
During the successive heating runs over 500 K, the increase of vacancy content with increasing tempera-
ture allows more dislocations and/or grain boundaries to move. This will produce the re-arrangement of
the microstructure recovering the internal stresses and leading to the appearance of the grain-boundary
peak and the increase of the vacancy peak.

In another light, Fig. 8 shows that for a hpMg sample the temperatures where changes in the ER curve
appear are in good agreement with the reported ones for cpMg. Therefore, a straightforward analysis
leads us to propose that the first increase in the ER curve is related to an internal stresses increase. The
ER decrease that follows the previous increase in the hpMg sample (see Fig. 8) should be related to a
vacancy concentration reduction at these temperatures. The reduction is caused by grain-boundary and
dislocation absorption due to the smaller concentration of impurity atoms in these samples. The next re-
increase of ER can be related to both new vacancy generation and increase of internal stresses. Finally,
the last decrease in ER is related to internal stresses reduction caused by the movement of grain bounda-
ries and dislocations, assisted by the new vacancies.

The impurity content in hpMg is much smaller than in cpMg. Therefore, the role of impurities in
hpMg for the reduction of grain-boundary and dislocation mobility cannot be very important. In fact, the
decrease of the mobility of grain boundaries and dislocations is an intrinsic mechanism related to the
absorption of vacancies during their movement after quenching. Indeed, the largest vacancy concentra-
tion reduction is observed between 420 and 500 K. Unlocking both grain boundaries and dislocations
requires new vacancies, generated at higher temperatures over 500 K. Therefore, it can be established
that effectively grain-boundary mobility in magnesium is controlled by vacancy concentration.

5 Conclusions

The grain-boundary relaxation and consequently the grain mobility in magnesium are developed through
the absorption of vacancies. After quenching from 823 K, the vacancies in excess are consumed at
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420 K, locking grain boundaries and dislocations. New vacancies generated by heating at temperatures
over 500 K are required for unpinning dislocation and grain-boundary structures.

Electrical resistivity and positron lifetime spectroscopy together with mechanical spectroscopy have
been found to be very appropriate techniques to follow the evolution of the microstructure in commercial
pure and high-purity magnesium.

A new damping peak related to vacancies in magnesium at 490 K, having an activation energy of
56 kJ/mol (0.59 eV), has been observed.
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