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In the present work positron annihilation spectroscopy combined with Vickers hardness testing were em-
ployed in order to investigate precipitation effects in Mg—Zn alloys. It was found that incoherent precipitates of a
metastable Zn-rich phase formed in the samples isochronally annealed above 200 °C cause hardening of the alloy.

DOI: 10.12693/APhysPolA.125.718
PACS: 78.70.Bj, 61.72.J-

1. Introduction

Mg-7Zn system is of particular interest in searching
for biomedical alloys suitable for biodegradable implants
with moderate degradation rate and good mechanical
properties since zinc is one of the most abundant ele-
ments in the human body [1].

The maximal Zn solubility in Mg is 6.2 wt% (i.e.
2.5 at.%) at 325°C [2]. At lower temperatures Zn sol-
ubility in Mg rapidly decreases. Hence, supersaturated
solid solution can be formed by rapid cooling from el-
evated temperatures. Appropriate subsequent thermal
treatment may lead to strengthening due to formation of
finally dispersed second phase particles.

In this work positron annihilation spectroscopy (PAS)
was employed for investigation of precipitation effects
in binary Mg—Zn alloy. Positron lifetime (LT) spec-
troscopy [3] enables to identify defects and to deter-
mine their densities. Coincidence Doppler broadening
(CDB) [4] carries information about local chemical envi-
ronment of defects. Development of mechanical proper-
ties was characterized by Vickers hardness (HV) testing.

2. Experimental

Binary Mg—6 wt% Zn alloy (Mg6Zn) was prepared
by squeeze casting under protective gas atmosphere
(Ar + 1% SFg). Two sets of samples were investigated:
(i) as-cast alloys, (ii) samples subjected to 15 h solution
treatment at 320 °C finished by quenching into water at a
room temperature. Both samples were then isochronally
annealed in steps 20°C/20 min.

Scanning electron microscopy (SEM) observations
were performed on a FEI Phenom microscope.

The HV testing was carried out using a STRUERS
Duramin 300 hardness tester. In each HV test a load of
100 g was applied for 10 s.

A 22NayCOj3 positron source (1 MBq) deposited on a
2 pm thick Mylar foil was used. A digital positron life-
time spectrometer [5] with excellent time resolution of
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145 ps (FWHM for ?2Na) was employed for LT spec-
troscopy. The source contribution determined using the
well annealed Mg reference sample consists of 2 compo-
nents with lifetimes of ~ 368 ps and = 1.5 ns, relative
intensities of ~ 7% and ~ 1% and representing a contri-
bution of positrons annihilated in the 22NayCO3 spot and
the covering Mylar foil, respectively. The CDB measure-
ments were carried out using a spectrometer described
in [6].
3. Results and discussion

3.1. As cast alloy
Figure la shows a SEM micrograph of the as-cast
Mg6Zn alloy in Z-contrast. Diffuse Zn-enriched bands
along grain boundaries separate grain interiors which ap-
pear dark due to lower Zn concentration. Thus, in the
as-cast sample Zn is not completely dissolved in Mg ma-
trix and excess Zn segregates at grain boundaries.

Fig. 1.
trons (Z-contrast): (a) as-cast alloy, (b) sample an-
nealed at 300°C for 100 min. Let us note that black
spots and lines visible in the micrograph are artifacts
caused by polishing of sample surface.

SEM micrographs using backscattered elec-

Temperature dependence of HV of the as-cast alloy
subjected to isochronal annealing is plotted in Fig. 2a. At
low annealing temperatures (7' < 100°C) HV decreases
with increasing temperature most probably due to an-
nealing of dislocations introduced into sub-surface region
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of the sample by cutting and polishing. The sample
exhibits a single component LT spectrum with lifetime
71 = 222.84+0.5 ps close to the Mg bulk lifetime 73 |7, §8].
This testifies that the as-cast alloy exhibits very low de-
fect density in the bulk, dislocations induced by cutting
and polishing are located in a sub-surface region.
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Fig. 2. Temperature dependence of HV (a) as-cast al-
loy, (b) solution treated alloy.

Further annealing at T > 180°C leads to an increase
of HV which achieves maximum at 7" = 220°C. This tes-
tifies to formation of Zn-rich second phase particles. Ac-
cording to the equilibrium phase diagram of Mg—Zn sys-
tem [9] formation of MgZn phase can be expected in the
alloy studied. However formation of metastable MgyZns
and MgZn, phases instead of MgZn phase may occur [10].
Our attempt to determine the structure of the second
phase by X-ray diffraction was not successful since the
volume fraction of second phase is too low. Peak hard-
ening observed at 1" = 220°C corresponds to maximum
density of the second phase particles. At higher tem-
peratures the second phase precipitates grow in size and
their density becomes lower leading to a decrease of HV.
Finally, the second phase precipitates are dissolved.

The LT spectra up to 7' = 200°C are well fitted by
a single component with lifetime 7 falling in the range
222-223 ps which is comparable with the Mg bulk life-
time. This testifies that defect density in the alloy is
very low. Above 200°C a second component with life-
time 7o = 256 ps appeared in LT spectra. The relative
intensity I of this component is plotted in Fig. 3 as a
function of annealing temperature. I reaches maximum
at 220°C, i.e. at the temperature of peak hardening. The
lifetime 79 = 256 ps agrees well with the lifetime at-
tributed to vacancy-like misfit defects at the interfaces
between semicoherent or incoherent precipitates and ma-
trix in Mg alloys [7]. Hence, one can conclude that the
component represents a contribution of positrons trapped
at vacancy-like misfit defects between Zn-rich second
phase precipitates and Mg matrix. Growth and following
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Fig. 3. Temperature dependence of intensity Iz of

positrons trapped at vacancy-like misfit defects in the
as-cast alloy (full points); the concentration of vacancy-
-like misfit defects calculated from LT data using Eq. (1)
(open points).

dissolution of the second phase precipitates above 220 °C
decreases density of misfit defects leading to a decrease
of I, see Fig. 3. Finally at T' > 260°C I becomes so
small that the component cannot be resolved in the LT
spectra anymore.

The concentration of misfit defects can be calculated
from LT results using the two-state simple trapping
model (STM) [11]:

15 /1 1

VW <TB T2>' (1)
For vacancy-like defects in metals specific positron trap-
ping rate vy usually falls into the range 1014-101° s71.
Here we used the lower bound vy &~ 10 s~ according
to [12]. The concentration of vacancy-like defects deter-
mined using Eq. (1) is plotted in Fig. 3 by open circles.
Let us note that the quantity [12]:

- _1y 1
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was evaluated and was found to agree well with the Mg

bulk lifetime 7p testifying that STM assumptions are ful-
filled.

Precipitation of Zn-rich phase at 220°C was detected
also by CDB spectroscopy. Figure 4a shows CDB ratio
curves for the as-cast and the isochronally annealed al-
loy up to 220°C. The CDB ratio curves for pure Zn and
Mg reference samples are plotted in Fig. 4b for compar-
ison. All ratio curves presented in Fig. 4ab are related
to well annealed pure Mg. Following the approach de-
veloped by Somoza et al. [13] cold rolled pure Mg sam-
ple showing saturated positron trapping at dislocations
was used to estimate shape of the momentum distribu-
tion nng v for positrons trapped at vacancy-like defects
and annihilated by Mg electrons. One can see in Fig. 4b
that the ratio curve pmg v is enhanced at low momenta
(p < 5 x 1073mgc) and lowered in the high momentum



720 P. Hruska et al.

1,15

T T T T T T T

(a o ©
O as-cast o o o
O annealed up to 220°C o

ratio to well annealed Mg

(o))
=
o
Lo}
T
jo}
[ =
c
=
2
o
2
T
L L @ QO
0 5 10 15 20 25 30 35 40
p (10° mc)
Fig. 4. (a) CDB ratio curves for the as-cast alloy and

the sample isochronally annealed up to 220°C. Solid
lines are model functions calculated by Eq. (4); (b) CDB
ratio curves for the well defined reference pure Mg and
Zn samples. Solid lines are polynomial fits. All CDB
ratio curves are related to well annealed Mg.

range due to positron localization at defects. The CDB
ratio curves gz, B and gz, v for a well annealed Zn (vir-
tually all positrons are annihilated in the free state) and
heavily cold rolled Zn (almost all positrons are trapped
at vacancy like defects) plotted in Fig. 4b exhibit a broad
peak with maximum located at p ~ 16 x 10™3mgc which
comes mainly from positrons annihilated by 3d Zn elec-
trons. One can see in Fig. 4a that the contribution of
positrons annihilated by Zn electrons is more pronounced
in the alloy annealed at 220°C due to precipitation of
Zn-rich second phase particles which introduced vacancy-
-like misfit defects between the precipitates and the ma-
trix. In general, the momentum distribution for Mg6Zn
alloy can be expressed as a superposition of the momen-
tum distributions measured in the reference samples

n(p) = (1 = Fv) [Emg,BnMg,B(P) + {z0,8720,B(D)]
+ Iy [§nvg ving v(P) + Ezn,vnzn v(D)]- (3)
The ratio curve related to well annealed Mg is obtained
by dividing Eq. (3) by nug s (p):
o(p) = (1 = Fv) [6mg,B + &2n,B0zn,B(D)]
+ Iy [§mgvomg v(p) + §zn,v0za,v(P)]- (4)
The symbol Fy in Egs. (3) and (4) is the fraction of
positrons annihilated in the trapped state at vacancy-

-like defects and can be calculated from LT results within
STM:

I(my — 18)

T2 27B
The coeflicients {umg s and &zn g stand for the probabil-
ity that a free positron is annihilated by Mg or Zn elec-
tron, respectively. Similarly the coefficients &g v and
&zn,v denote the probability that a positron trapped at
a vacancy-like defect will be annihilated by Mg and Zn
electron, respectively, and characterizes, thereby, chemi-
cal environment of vacancy-like defects.

Solid lines plotted in Fig. 4a show fits of ratio curves
by Eq. (4) and are in a good agreement with experi-
mental points. For the as-cast alloy Fy = 0 (virtu-
ally all positrons are annihilated in the free state) and
&zn,B = 0.006£0.001. This value is lower than the atomic
concentration of Zn in Mg6Zn alloy (2.3 at.%) which con-
firms that Zn is not completely dissolved in Mg matrix
and excess Zn atoms segregate at grain boundaries as ob-
served by SEM, see Fig. 1a. For the alloy annealed up
to 220°C £z, = 0.010 £ 0.004 and &z,,v = 0.50 £ 0.05
were obtained from fitting. Hence, annealing caused an
increase of £z, g since a portion of Zn segregated at grain
boundaries was dissolved in Mg matrix. Rather high
value of £z, v exceeding significantly the average Zn con-
centration in the alloy testifies that vacancy-like defects
are surrounded by Zn-rich environment. This supports
the picture that positrons are trapped at misfit defects
between Zn-rich precipitates and Mg matrix.

Fy

3.2. Solution treated alloy

A SEM micrograph in Z-contrast of Mg6Zn alloy an-
nealed at 300 °C for 100 min and quenched down to room
temperature is shown in Fig. 1b. Since some portion
of excess Zn segregated at grain boundaries dissolved in
Mg matrix, however slightly brighter regions along grain
boundaries are still visible indicating that annealing for
100 min was not long enough for a complete dissolution
of Zn in the Mg matrix.
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Fig. 5. (a) Development of HV during solution treat-
ment of Mg6Zn at 320 °C; (b) ageing of solution treated
alloy at ambient temperature. The bottom line refers to
HYV of solution treated alloy immediately after quench-
ing. The upper line refers to HV of solution treated
alloy after a week at room temperature.
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Thus, by long-term solution treatment at 320°C fol-
lowed by quenching the concentration of Zn in Mg ma-
trix can be enhanced and the distribution of Zn can be
made more uniform. Figure 5a shows development of HV
during solution treatment at 320°C. HV decreases and
finally converges to HV =~ 46, i.e. to a value compara-
ble to that measured in the sample isochronally annealed
up to 320°C, see Fig. 2a. The alloy solution treated
for 15 h was quenched to room temperature and subse-
quently isochronally annealed in the same regime as the
as-cast alloy in order to examine the influence of solu-
tion treatment on the precipitation processes. The tem-
perature dependence of HV during isochronal annealing
of the solution treated alloy is plotted in Fig. 2b. The
hardening above 200°C caused by precipitation of Zn-
-rich second phase particles is remarkably lower. More-
over, in the solution treated alloy HV firstly increases
at low temperatures and reaches maximum at 100 °C,
which is opposite to the behaviour of the as-cast alloy.
Interestingly, the solution treated alloy measured imme-
diately after quenching exhibits HV = 46 + 1, but when
the sample was left at ambient temperature for one week
HV increased to 49 £ 1, see Fig. 2b. This indicates that
dissolved Zn atoms agglomerate at ambient temperature
into small clusters which are obstacles for movement of
dislocations and cause an increase of HV. Clustering of
Zn atoms is easier in the solution treated sample, be-
cause the mean distance among dissolved Zn atoms is
lower and the driving force for clustering is higher due to
higher degree of supersaturation.

In order to investigate ageing of Mg6Zn alloy in detail
the solution treated sample was kept at ambient temper-
ature and development of HV was examined. Figure 5b
shows HV as a function of time of ageing. It is clear that
HV increases during ageing and converges to HV ~ 50
after ageing for ~ 15 h. Hence, the increase of HV at low
temperatures observed in the solution treated sample in
Fig. 2b is most probably due to clustering of dissolved
Zn atoms. The same phenomenon is responsible also for
lower hardening at 7' > 200 °C since due to agglomeration
of Zn atoms the second phase particles become coarser
than in the as-cast alloy.

4. Conclusions

Precipitation effects in Mg6Zn alloy were investigated
by PAS combined with HV testing. It was found that
Zn-rich second phase particles are formed in the tem-

perature range from 200 to 260 °C and cause noticeable
hardening of the alloy. Vacancy-like misfit defects are
formed at interfaces between the Zn-rich second phase
particles and the Mg matrix. In the as-cast alloy only
some portion of Zn is dissolved in matrix. Remaining
excess Zn atoms are located in bands along grain bound-
aries. Solution treatment at 320°C enables to dissolve
more Zn in the matrix. Solution treated samples exhibit
ageing at ambient temperature due to clustering of dis-
solved Zn atoms. Agglomeration of Zn atoms leads to
coarser second phase particles and reduces precipitation
hardening in the solution treated samples.
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