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This work aims to provide new insights into understanding precipitation kinetics in Mg-Zn alloys. First, the
evolution of Zn solute, precipitate size and volume fraction is characterized using a combination of thermo-
electric power, X-ray diffraction, atom probe tomography and transmission-electron microscopy in an Mg-1.7at.
%Zn alloy when aged at 150 °C and 200 °C. The experimental results are then supported by a precipitation model
based on classical nucleation and growth theories for rod and plate-shaped precipitates. It is found that rod-

shaped precipitates are prevalent in the early aging stage, while plate-shaped precipitates dominate the over-
aging stage. The kinetics of both precipitates are depicted in detail to represent this competition. Finally, a
time-temperature-transformation diagram for these two types of precipitates is proposed for this system.

1. Introduction

Age hardening is a popular way to improve the mechanical proper-
ties of metallic alloys by introducing nano-scale precipitates to impede
the movement of dislocations [1]. In Mg alloys, though the age hard-
ening response is generally not as high as that seen in aluminium alloys,
it is observed that the precipitates can increase or decrease the yield
asymmetry, by influencing the twinning behaviour, based on their shape
and size distributions [2]. Accurate characterization of size distribution
and volume fraction with aging time is, therefore, essential to establish a
structure-property relationship for future material development.

As one of the earliest age-hardenable Mg alloys developed [3], the
Mg-Zn system has great potential in lightweight industrial design and
degradable biomaterial applications due to its high specific strength,
low corrosion potential and outstanding biocompatibility [4-7]. It is
thus an important candidate for studying the precipitation in Mg alloys.
The precipitation in Mg-Zn alloy begins with the formation of
rod-shaped ﬂll precipitates, followed by coarse plate ﬂ/z precipitates, and
reaches to the § equilibrium phase after a long aging time [8-11]. Both
/J’Vl rods and /i/z plates have been reported to have strong hardening ef-
fects on slip and twinning [2,12-20]. In Mg-Zn alloys, it is generally

accepted that the dominant strengthening phase is ﬂ/l rods as the number
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density of ﬂ/z plates is usually low [12-19]. Understanding and opti-
mising the distribution of these precipitates is key to maximise their
impact on strength. The /}'2 plates have been confirmed to display a
hexagonal structure that is identical to the MgZn, phase. While the
structure of the /fl rods is in debate, it has been reported as either hex-
agonal MgZny [21,22] or monoclinic Mg4Zny [23-26]. A recent study
has observed that /3'1 rods consist of a mixture of Mg4Zn; and MgZny
phases for a cast Mg-3Zn alloy aged at 150 °C through a high-resolution
transmission electron microscopy (TEM) investigation [27]. This infor-
mation suggests that the ﬂ/l phase experiences a structural trans-
formation during aging or as a function of alloy composition.
Capturing the full formation kinetics of precipitates is known to be
challenging. It involves characterising the evolution of various param-
eters as a function of time and temperature, including chemical and
morphological information. Generally, if the types of precipitates are
already known, measuring hardness evolution is the easiest and most
popular way to indirectly follow the precipitation kinetics [1,8,21], but
it does not provide any microstructural information.
Transmission-electron microscopy (TEM) is particularly useful for
measuring the morphological parameters of precipitates and is
frequently applied in Al and Mg alloys [28-31]. Jain et al.[17] used TEM
to study the precipitation kinetics in an Mg-6Zn alloy aged at 200 °C.
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Rosalie et al. [32] combined TEM and Small angle X-ray scattering
(SAXS) to characterise the precipitation kinetics during aging at 150 °C
in an Mg-8Zn alloy. The size and volume fraction of rod precipitates are
quantitatively investigated in their work, but the authors report signif-
icant variations between their TEM and SAXS results. These variations
can come from the small volume analyzed in TEM and large errors
arising from the difficulty in correctly measuring the TEM foil thickness
to obtain the precipitates volume fraction quantitatively. Atom probe
tomography (APT) is also commonly used to assess precipitate
morphology and compositions. A limited number of studies have used
APT on Mg alloys [33-36]; for example, Honma et al. [35] detailly
analyzed the chemistry of nanoscale precipitates in an Mg-Gd-Y-Zr alloy
aged at 200 °C using APT. In a recent study by Mo et al. [33], Gd—Ca
co-clusters were verified for the first time through APT in a
solution-treated Mg-Gd-Ca alloy responsible for the solid solution
hardening. However, APT only analyzes a small volume and can lack
statistical relevance compared to the bulk.

An alternative way to quantitatively analyze precipitation mecha-
nisms is by using techniques sensitive to variations in solid solution,
such as conductivity and Thermoelectric power (TEP) measurements.
TEP measures the magnitude of an induced thermoelectric voltage in
response to a temperature difference across a material. The TEP of alloys
is strongly influenced by the presence of solute atoms; therefore, it is a
sensitive tool to follow the precipitation kinetics [37,38]. The advantage
of this technique is that it requires minimal sample preparation and data
analysis while providing considerable accuracy and statistical informa-
tion on a bulk sample. So far, TEP has been successfully applied to follow
precipitation in a range of alloying systems such as steel, Al and Cu al-
loys [37,39,40], but it has yet to be applied to Mg alloys. Solute elements
change not only electrical resistance, but also the lattice parameter,
which can be measured by XRD [41,42]. Filep et al. [42] approximated
the solid solution concentration in Al alloys by measuring lattice pa-
rameters through XRD, with the help of a known correlation between
solute concentration and the change of lattice parameters. This method
is an efficient way to test solute concentration and the influence from a
second phase can be mostly avoided.

Accurate characterization of precipitation kinetics is paramount to
building extensive databases that can be used to calibrate robust pre-
cipitation predictive models. Generally, precipitation models provide
computed evolution of a wide range of parameters such as precipitate
size, number density and volume fraction as a function of aging time and
temperature. The commonly used mean-field approach [43-45] couples
nucleation, growth and coarsening into a continuum level, usually based
on KWN (Kampmann-Wagner-Numerical) model [43], and has been
successfully operated in Al alloys and steel due to their efficiency and
simplicity [46-51]. Although these models are often limited to simple
cases such as spherical precipitates, efforts have been made to extend
these models to the case of non-spherical precipitates. Robson [52]
developed a coupled KWN model and successfully predicted the
competition between continuous and discontinuous precipitation of
plate-shaped precipitates in an AZ91 alloy. Bardel et al. [53] proposed a
modified KWN model by introducing a shape factor ¢ =1 /r,, where [ is
the precipitate length and r, is the tip diameter, to successfully model
the evolution of radius and volume fraction of needle-shaped pre-
cipitates in a 6061 alloy. A similar shape factor has been adopted by
Chen et al. [54] to model the precipitation kinetics of needle-shaped
precipitates in Al-Mg-Si alloys. In these cases, the precipitate aspect
ratio is considered constant, and its value is found to influence the
growth rate of precipitates. Holmedal et al. [55,56] successfully
modelled the formation kinetics of needle-shaped precipitates in
Al-Mg-Si alloys using a modified KWN model which incorporated an
evolution of the precipitates’ aspect ratio. This approach has also been
adopted by Li et al. [57] to describe the precipitation kinetics of
disk-shaped particles in Al alloys. Very recently, Miao et al. [58]
modelled the precipitation in Mg-Al-Sn alloys using an improved KWN
model combined with the Svoboda-Fischer-F-Kozeschnik (SFFK) model
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where the changing aspect ratio of non-spherical precipitates has also
been considered. While the changing aspect ratio provides better rich-
ness of describing precipitate shape evolution, it requires certain
knowledge of crystallography of the precipitate/matrix interface and on
the growth mechanism. Fixed aspect ratio is still commonly used for its
efficiency [52-54,59], especially in some less studied alloying systems
such as Mg-Zn alloys [59]. Paliwal et al. [60] and Robson et al. [59]
proposed modified KWN models to study the evolution of rod-shaped
precipitates in Mg-Zn alloys, the results have been compared with the
experimental data from Jain et al. [17] and Rosalie et al. [32]. The
proposed models roughly agree with experiments, but inconsistencies
are still found between them. The asymmetrical nature of precipitates in
Mg-Zn alloys and the complexity of precipitate compositions make it
challenging to characterize and accurately describe precipitation ki-
netics in these alloys. The current work aims to improve the under-
standing of the precipitation process in Mg-Zn alloys required to develop
meaningful and accurate precipitation kinetics models.

In this paper, we analyze the precipitation kinetics of rod and plate-
shaped precipitates in an Mg-Zn alloy by using a combination of TEP,
TEM, XRD and APT. TEM observation is conducted to measure the
shape, size and distribution of rod and plate precipitates. TEP, XRD and
APT are employed to characterize the solute evolution during aging. In
addition, a modified KWN model for rod and plate-shaped precipitates is
applied to support the experimental results by giving a detailed view
from thermodynamics aspects. Here, for the first time, a combination of
multi-characterization and modeling is used to follow the precipitation

kinetics of ﬂ/l and /1'2 in a Mg-Zn alloy.
2. Materials and methods
2.1. Alloy preparation

The material used in this study is an extruded Mg-1.7at.%Zn alloy.
The cast Mg-1.7at.%Zn was solution treated at 330 °C for 24 h and 370
°C for 120 h, followed by extrusion at 350 °C with a reduction ratio of ~
36 and ram speed of 0.1 mm/s.

In order to consider the solute loss due to aging, reference alloys are
obtained following the same procedures with Zn concentrations of ~ 0.7
at.% and ~ 1.1 at.%.

2.2. Isothermal aging

Two groups of samples were prepared for the aging treatment: raw
extruded samples and samples solution treated after extrusion at 370 °C
for 6 h and 12 h. Isothermal aging was then performed at 150 °C and 200
°C using a silicon oil bath; all samples were quenched in water at
ambient temperature after aging. Note that the reference sample Mg-
0.7at.%Zn and Mg-1.1at.%Zn followed the same solution treatment,
then the Mg-0.7at.%Zn sample was aged at 150 °C and the Mg-1.1at.%
Zn sample was aged at 200 °C for a long time. The PANDAT software was
used to calculate the Zn content in the reference alloys. According to the
phase diagram, the Zn contents of 0.7at.% and 1.1at.% correspond to the
respective maximum solubilities of Zn in Mg at the aging temperatures
of 150 °C and 200 °C after reaching equilibrium.

2.3. Hardness test

The hardness of samples with various aging conditions was measured
using Vickers micro-hardness measurements and the surface of samples
was mechanically polished up to 4000 SiC grit paper before testing. A
load of 300 g and a holding time of 20 s were used for the measurements.
The reported value is an average of at least 8 different indentations.
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2.4. TEP measurement

Samples from all groups before and during the aging process were
prepared for TEP measurement with a gauge size of 75 mm x 5 mm x 1.5
mm. TEP measures the voltage (V) arising from the Seebeck effect be-
tween the two junctions of studied material which are attached to a
reference pure metal (here, pure Cu was used) [37]. During the mea-
surements a temperature gradient (AT) at the junctions is established. In
the current study, the temperature of the blocks used was T and T+AT
with T = 15 °C and AT = 10 °C. The relative TEP is defined as:

S=S' =S, =AV/AT e}

Where S* is the absolute TEP of the studied alloy and S, is the TEP of
pure Cu.

The absolute TEP S* of a Mg alloy is affected by the defects present in
the Mg matrix and can be represented as:

8" =Sy, + ASss + AS, + AS), 2

Where Shg is the TEP of pure Mg without defects. ASgs, AS; and AS,,
are TEP values induced by solid solution (ss), dislocation (d) and pre-
cipitates (pp).

The contribution of solute element Zn (concentration [Zn],, ,) on TEP
of pure Mg ASgs is given by the Gorter-Nordheim law [61]:

PAS; = (/)0 +azn [Zn]m.”/r)ASSS = Q72870 [Zn]m.% @)

Where p, is the resistivity of pure Mg, az, is the specific resistivity of
Zn in Mg (expressed in pQ-cm-at.% ) and Sy, is the specific thermo-
electric power of Zn in Mg (in pV-K ™).

As far as precipitates are concerned, small coherent or semi-coherent
precipitates are likely to have an intrinsic effect, depending on their
shape, size and volume fraction. In contrast, the influence of large
incoherent precipitates is negligible [37-40]. Dislocations can also have
a minor influence on the TEP. For example, in Fe alloys, the increased
dislocation density was shown to result in a decrease in the TEP [38]. In
the current study, the precipitates are large enough so that their effect on
the TEP will be minimal [37-40]. Assuming only solute atom variations
influence TEP (AS; = ASp, = 0), the Gorter-Nordheim law can be
applied to estimate the solute variations [61]:

* * aZMSZn [Zn]m,%
A% =85 = ) w2, @

Where S* — S, can be obtained by subtracting measured relative

TEP of pure Mg from relative TEP of studied Mg alloy.
Eq. (4) can also be written as:

1 A

Po 1
= +B, A= —— | B= 5)
ASss  [Zn],4

Az SZn ' SZn

Where A and B are constant in this equation that can be determined
by conducting a linear fit of 1/ASss against 1/[Zn]a¢.0-

2.5. TEM observation

Foils for TEM observation were machined from the center of aged
samples with a thickness of 0.5 - 1 mm and manually ground to ~ 120
pm with 1200 grit SiC paper then to ~ 60 pm with 4000 SiC paper. 3 mm
discs were punched from these thin foils using GATAN PIPS (precision
ion polishing system) to make a hole through their center. The TEM
observations were performed using a JEOL 2100 FEG TEM.

The size of rod and plate-shaped precipitates was measured by
observing them perpendicular to the c-axis of the Mg matrix. To
distinguish the overlapped particles, multiple TEM images with high
magnification were taken and compounded together to cover a large
area, and each condition is supported with at least 300 measured pre-
cipitates. The average aspect ratio is calculated from the measured
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aspect ratio of all individual particles. The number density of pre-
cipitates was obtained by counting the number of particles in a specific
area with known average thickness, where the foil thickness was esti-
mated through the electron energy loss spectroscopy (EELS) technique
with the assisted calibration from convergent beam electron diffraction
(CBED) technique. The volume fraction of rod and plate-shaped pre-
cipitates was estimated by considering the average precipitate size and
their number density.

2.6. Energy-dispersive X-ray (EDX) analysis

EDX analysis were carried out with a scanning electron microscope
(SEM) to investigate the matrix solute distribution. Tests of plane par-
allel to the extrusion direction were performed using a field emission
LEO 1530 SEM. Samples for EDX were grounded to 200, 600, 1200 grit,
followed by polishing using colloidal diamond suspension. Finally, the
samples were polished using colloidal silica solution. The accelerating
voltage and working distance of each test were 20 kV and ~ 10 mm,
respectively.

2.7. XRD measurement

X-ray diffraction measurements were carried out to quantify the
concentration of solute elements in the Mg matrix. The measurements
were performed in the powder diffraction beamline at the Australian
synchrotron using a monochromatic beam of 21 keV (wavelength of
0.58998 A) and with a spot size of 4 x 1.2 mm? incident on the sample at
90° angle [62]. Samples of 1 mm thick were cut into thin pillars with the
pillar’s long axis along the extrusion direction. These pillars were
rotated continuously to compensate for the orientation effects and to
improve the grain sampling statistics. The diffraction profiles were
analyzed using the TOPAS software suite [63] to evaluate the lattice
parameters. The diffraction profiles were calibrated using a scan per-
formed on Lanthanum-hexaboride (LaB6) sample using the same con-
ditions as the sample.

2.8. APT measurement

APT samples were prepared by standard two-step electropolishing at
room temperature. The APT experiments were carried out for samples
peak aged at 150 °C and 200 °C using a Local Electrode Atom Probe
(LEAP 5000XR) instrument (CAMECA Instrument, USA), operated in
voltage mode at a pulse rate of 200 kHz and a pulse fraction of 20%. The
temperature was controlled at 60 K and the detection rate was 0.5%. The
APT data were reconstructed and analyzed using the CAMECA Inte-
grated Visualization and Analysis Software (IVAS) version 3.8.2
software.

3. Results
3.1. Study of precipitation

3.1.1. Precipitation kinetics determined by TEP and hardness
measurements

The relative TEP variations during aging of Mg-1.7at.%Zn were
measured, samples were extruded and solutionized for 0 h, 6 h and 12 h
at 370 °C followed by water quenching. In order to assess the homo-
geneity of solute and dislocations in the as-extruded sample (as this
could impact the TEP signal), two groups of samples were cut from two
different regions of the extruded material and marked as Extruded-A and
Extruded-B. Fig. 1 shows the TEP variations (AS) of the extruded and
solution-treated Mg-1.7at.%Zn alloy during isothermal aging at 150 °C
(Fig. 1(a)) and at 200 °C (Fig. 1(b)), the variations are compared to the
Vickers hardness kinetics of Mg-1.7at.%Zn alloy (Fig. 1(c) and (d)). The
hardness and TEP are respectively found to increase and decrease during
ageing up to peak hardness. After the peak hardness is reached, hardness
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Fig. 1. comparison between TEP and hardness kinetics during aging at (a), (c) 150 °C and (b), (d) 200 °C. Extruded-A and Extruded-B are samples taken from

different regions of the extruded material.

decreases which is a sign of precipitates’ coarsening. The precipitation
kinetics are found to be very similar in both as-extruded and as-
solutionized samples, suggesting that the as-extruded samples are fully
solutionized and the influence of dislocations on TEP results is negligible
(Fig. 1(a) and (b)). For both temperatures, the TEP kinetics was found to
be stable at the early stages of aging, followed by a sharp decrease, then
the decreasing rate becomes slower and TEP seems to stabilise.
Contrarily the hardness was found to increase and then to stabilise to a
plateau before initiating a decrease over long aging times (Fig. 1(c) and
(d)). Three distinct stages during aging can be identified from the ki-
netics: (I) The incubation time where both TEP variation and hardness
increment are close to 0. (II) The growth stage where the TEP drops and
the hardness increases. This stage corresponds to the precipitation of the
rod-shaped f§; phase, the dominant strengthening precipitate in the
studied material [12,13,64]. Peak aging conditions are reached at the
end of this stage, which is demonstrated by a plateauing of hardness
increment at respectively ~ 20 AHv and 17 AHv at 150 °C and 200 °C.
(III) During coarsening, the TEP decreases at a slower rate and the
hardness starts to drop, indicating the over-aging of the alloy. The
continued drop of TEP after peak aging indicates that the matrix solute
content continues to drop, indicating that the precipitation process is
still ongoing despite the drop in hardness, which is often largely
attributed to coarsening. Three possible phenomena can be considered
during this stage: 1. coarsening of the ﬂl precipitates, which leads to the

decrease of hardness and, 2. The formation of the ﬂ'2 precipitates, which
leads to a decrease in solute concentration and a drop in TEP. 3. The
decrease of solute concentration itself also leads to a decrease in

hardness. It is likely that the softening effects caused by coarsening of ﬂ/l
precipitates and loss of solute elements exceed the hardening effect from
the formation of the /}'2 precipitates. To further elucidate this, TEM is
performed to characterize the precipitation at different aging stages in
below section.

3.1.2. TEM characterization of precipitates during aging

The state of precipitation in the Mg-1.7at.%Zn alloy was observed at
key aging times using TEM. Fig. 2 presents a selection of TEM images at
peak aged conditions at 150 °C and 200 °C and over aged conditions at
200 °C. It is shown that, at all conditions, the dominant precipitate is ﬂll
along the [0001] axis. This is in agreement with the previous literature
[12,13,64]. For peak aged conditions at 150 °C and 200 °C (Fig. 2(a) and
(b)), the majority of precipitates observed are rod-shaped and a few
blocky-shaped ﬂ/l precipitates with no ﬁ/z precipitates. The rod-shaped ﬂ/l
precipitates formed at the peak aging condition at 200 °C were observed
to be shorter and thicker and with a smaller number density than that at
150 °C. When over aged at 200 °C (Fig. 2(c)), the presence of
plate-shaped /}’2 precipitates can also be observed.

The average size, number density and volume fraction of 4, and f,
precipitates obtained from TEM are summarized in Table 1 and Table 2.
The size of both precipitates is increasing, and number density is
decreasing with increasing aging temperature and time. The volume
fraction of ﬁ; precipitates at 150 °C peak aging is twice larger than that
at 200 °C peak aging, and the volume fractions of /3/2 precipitates is
negligible in the peak aged conditions. In the over-aged condition at 200
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1pum

Fig. 2. TEM images of precipitates in aged Mg-1.7at.%Zn alloy. (a) aged at 150 °C for 84 h (peak aged). (b) aged at 200 °C for 12 h (peak aged). (c) aged at 200 °C for

180 h (overaged). In all figures, the zone axis is [1120].

Table 1
Average size, number density and volume fraction of rod-shaped ﬂl precipitates
calculated from TEM measurement at different aging conditions.

Aging Length 1 Diameter r Aspect Number Volume
conditions (nm) (nm) ratio (I/r)  density fraction
m™
150 °C-84h 275 10(£2) 29 43 x 0.0093
(peak (+10) 10-20
aging)
200 °C-12h 395 11(+3) 37 1.3 x 0.0051
(peak (+14) 10720
aging)
200 °C- 251 19(+8) 13 8.4 x 0.0054
180h (£12) 10-19
(over
aging)
Table 2

Average size, number density and volume fraction of plate-shaped ﬂz pre-
cipitates calculated from TEM measurement at different aging conditions.

Aging Thicknesst  Diameterr  Aspect Number Volume
conditions (nm) (nm) ratio density fraction
2/t (m)
150 °C-84h 13.9(+0.4) 28.7 2.06 4.7 x 0.00043
(peak (£1.4) 1071
aging)
200 °C-12h 19.0(+0.6) 50(£2) 2.6 2 x 10°1° 0.00077
(peak
aging)
200 °C- 39.3(£1.4) 101.2 2.57 1.7 x 0.0055
180h (£3.4) 1019
(over
aging)

°C, the volume fractions of f, and 4, precipitates appear to be similar.
This is clear evidence that the ﬂ'Z precipitates appear after peak aging
and could be the main reason for the continued drop of TEP at stage (III)
in Fig. 1. The volume fraction of ﬂl precipitates appears to plateau from
peak aging to over aging at 200 °C combined with an increase of their
diameter, showing a clear sign of coarsening. This also suggests that the
ﬁ'z precipitates form as a new phase rather than arising from a structural

transformation of the ﬂ; precipitates.

3.1.3. APT measurement
To further analyze the state of precipitation in the peak-aged alloys,
APT was used to analyze the matrix solute content in these conditions.

Fig. 3 (a) and (b) show the three-dimensional reconstructed volumes of
alloys peak aged at 150 °C and 200 °C, respectively. The Mg and Zn
solute are colored in grey and appear to be highly uniform in the
collected APT volumes. Iso-concentration surfaces (colored in blue)
were used to highlight the precipitates and to generate average prox-
imity histograms for the two conditions, as shown in Fig. 3 (¢) and (d).
The presence of rod-shaped precipitates is revealed in the two studied
volumes (Fig. 3 (a) and (b)) and the different precipitates are observed to
be mostly aligned in the same direction, agreeing with the TEM results in
Fig. 2. One precipitate in Fig. 3 (a) (colored in pink) is shown to have a
slightly different orientation, compared to the other precipitates. This

precipitate is possibly a part of the blocky-shaped f; precipitate or an
un-reported precipitate species. The proximity histograms in Fig. 3 (c)
and (d) are computationally generated 1D composition profiles from the
matrix to the center of the precipitates. The Zn content in the matrix was
respectively found to be 0.59 and 0.72 at.% after peak aging at 150 °C
and 200 °C. This increased matrix solute content as a function of tem-
perature agrees with the increased Zn solubility when the temperature is
increased.

The Zn-to-Mg ratio in the precipitates is found to be close to 3: 2 in
the two samples, which differs from the commonly proposed ratio in the
literature of ~2: 1. This difference might arise from the local magnifi-
cation artifacts inherent to APT caused by the uneven evaporation rates
of Mg (21 V/nm) and Zn (33 V/nm), which artificially enriches the
precipitates with the matrix element. This points out the limits of using
APT for obtaining accurate precipitate compositions. However, APT is a
powerful tool to quantitatively assess the matrix solute content (far from
the precipitate interfaces) that can provide a reliable tool to assess the
state of the precipitation process.

3.2. Determination of the solute Zn content

3.2.1. Calibration of TEP and XRD

The Zn solute concentrations in aged alloys can be determined using
TEP and XRD. However, the analysis of both TEP and XRD requires
knowledge of the relationship between solute content and TEP signal/
lattice parameter. This can be obtained from samples with known solute
levels. To achieve this, solution-treated samples with Zn concentrations
of ~ 0.7 at.%, ~ 1.1 at.%, and ~ 1.7 at.% were prepared and examined
by EDX analysis. Relevant results are presented in Fig. 4. As can be seen,
samples with ~ 0.7 at.% Zn and ~ 1.1 at.% Zn display a spatially ho-
mogeneous distribution of Zn, close to its nominal composition, while
the sample with ~ 1.7 at.% Zn presents some local variations of Zn with
concentrations between ~ 1.5 to 2 at.%. This is the result of micro-
segregation during the casting of the alloys [65].

In addition, as revealed by the APT measurements conducted on the
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Fig. 3. Reconstructed elemental maps containing Mg and Zn of samples aged at (a) 150 °C for 84 h and (b) 200 °C for 12 h. Elements are colored in grey and iso-
concentration surfaces are colored in blue to highlight the precipitates with the exception of one precipitate in (a) which shows different orientation with the other
precipitates and is colored in pink. The corresponding proximity histograms of Zn iso-surface in (a) and (b) are presented in (c) and (d), respectively.

~ 1.7 at.% Zn sample (Fig. 5), Zn clusters are observed. The concen-
tration of Zn solute content was found to be ~ 1.3 at.% in the analyzed
volume. The small clusters are believed to be due to natural aging ef-
fects. Similar results were also reported in [9], where clusters are formed
following the heat treatment of Mg-Zn alloys with higher Zn concen-
tration. According to the EDX and APT results, distribution ranges of the
element in the solution can be obtained for the three conditions.

As the bulk composition is known, 1/ASss can be plotted against 1/
[Zn]at.oe in Fig. 6 after measuring the relative TEP of Mg-1.7at.%Zn, Mg-
1.1at.%Zn, Mg-0.7at.%Zn alloys and pure Mg. The uncertainties in the
composition measurements are obtained from EDX measurements, a
95% confidence band is presented to estimate the regression line be-
tween variables. The plots show a linear relationship, which validates
the Gorter-Nordheim law in the current material. The constants A and B
of Eq. (5) were calculated and the central relationship can be written in
the following manner:

1 0.4465(K xat.%/uV)
ASgs (Zn]

+0.3416(K / uV) (6)

The lattice parameters measured from XRD in Mg-Zn with different
additions of Zn in magnesium alloys are shown in Fig. 7. The trend is
linear, which agrees with [66], and the central relationship for the three
parameters are:

A .
For parameter a: [a] = —0.0032 (W) [Zn],,,, +3.2088(A) @
at.’7 .
A .
For parameter b: [b] = —0.0052 (W) [Zn],,, +5.2101(A) (©)]
. /0

A? ;
For cell volume : [cell volume] = —0.1396 (ﬁ) (Zn),,.5 + 46.4562(A%)
/0

)]

This allowed us to determine the lattice parameters and, subse-
quently, the solute content in aged alloys.

3.2.2. Comparison between results from different techniques

Using the relationship in Fig. 6, the evolution of Zn solute as a
function of aging time can be obtained from TEP and is compared to the
solute obtained from other techniques in Fig. 8.

The lattice parameters of aged samples can be measured through
XRD and their corresponding Zn concentrations can be derived using the
linear relationships shown in Fig. 7, for each condition the result is the
average of three parameters. The measured lattice parameters using
XRD for aged alloys and the corresponding Zn concentrations are shown
in Table 3.

The solute content from TEM is back-calculated from the measured
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Fig. 4. EDX scans and relevant line scans along TD of samples solution treated for 6 h with Zn concentration of (a) ~ 0.7 at.%, (b) ~ 1.1 at.% and (c) ~ 1.7 at.%.
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Fig. 5. Reconstructed elemental maps of Zn in an Mg-1.7at.%Zn sample solu-
tion treated for 6 h.

volume fractions of ﬂ'1 and /)"2 precipitates using the equation below:

X — aXufs
1 —af,
Where f, is the volume fraction of precipitates at each time step, a is

the ratio of atomic volumes between Mg matrix and precipitates, X3, is

the initial atomic fraction of Zn in solid solution, here X3, = 0.0172, X,

is the atomic fraction of Zn in solid solution at each time step, X}, is the

Xz, = (10)

atomic fraction of Zn in the precipitates. Here we assume the 4, pre-
cipitate composition is Mg4Zny, corresponding X5, = 7/11, and ﬂ; pre-
cipitate composition is MgZny, corresponding X5, = 2/3. To address the
atomic ratio @, the atomic volume of Mg, MgZn, and Mg4Zn; are

1.1
1.0
09+
>
=5
2og|
2
)
<
=07}
® Mg-1.7Zn
® Mg-1.1Zn
06 A Mg-0.7Zn
—— Linear fit
05 95% confidence band
1 1 1 1 1 1 1 1 1 1

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
1/[Zn]ac%, 1/at.%

Fig. 6. Relationship between 1/[Zn],.0, and 1/ASss derived from alloys with
three different Zn concentrations.

calculated. For Mg, the atomic volume can be obtained through aver-
aging volume by atom number in a lattice unit. The structure of MgZny
and Mg4Zny can be analyzed using the VESTA software [67], the atomic
volumes of MgZn, and Mg4Zny are calculated as 1.62 x 10°2° and 1.72
x 1072° m>. The atomic ratios a for MgZny and Mg4Zn; are then
determined as 1.43 and 1.35.

Fig. 8 shows an overall agreement between the different techniques
used to obtain solute content, particularly at long aging times. Larger
discrepancies can be observed at intermediate aging times, which can be
attributed to the uncertainties arising from the different techniques; this
will be discussed in a later section.

It is also interesting to find that the solute limit from all techniques in
the current study (~ 0.5 - 0.6 at.% at 150 °C and ~ 0.7 — 0.9 at.% at 200
°C) is lower than the equilibrium limit in Mg-Zn phase diagram from
many popular databases such as KNOVEL (ASM Handbook, Volume 03 -
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Fig. 8. Zn solute content at the different aging times obtained from different characterization techniques at (a) 150 °C and (b) 200 °C.

Alloy Phase Diagrams) [68] (~ 1.0 at.% at 150 °C and ~ 1.3 at.% at 200 different from database to database depending on their sources. The
°C), THERMOCALC (TT Mg-alloys database v4.2) [69] (~ 0.7 at.% at current study indicates that more work needs to be done to improve the
150 °C and ~ 1.2 at.% at 200 °C) and PANDAT [70] (~ 0.7 at.% at 150 phase diagram calculation.

°Cand ~ 1.1 at.% at 200 °C). The values in the mainstream database are

calculated based on thermodynamic equations with specific parameters

fitted from experiments in literature; thus, results are always slightly
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Table 3
Measured lattice parameters and derived Zn concentration for alloys with different aging conditions using the relationships from Fig. 7.
Aging Measured a, A (corresponding Zn Measured ¢, A (corresponding Zn Measured cell volume, A3 (corresponding Zn Derived Zn
conditions concentration, at.%) concentration, at.%) concentration, at.%) concentration, at.%
150 °C-84h 3.2057 5.2046 46.3191 0.99+0.11
(peak (0.95+0.11) (1.03+0.11) (0.98+0.11)
aging)
150 °C-155h 3.2068 5.2066 46.3707 0.61+0.17
(over aging) (0.59+0.17) (0.65+0.16) (0.61+0.16)
200 °C-12h 3.2051 5.2041 46.2977 1.13+0.1
(peak (1.13+0.1) (1.13+0.1) (1.13+£0.1)
aging)
200 °C-180h 3.2059 5.2055 46.3346 0.86+0.13
(over aging) (0.87+0.13) (0.86+0.12) (0.87£0.12)

4. Precipitation modeling

Precipitation modeling was employed to analyze the formation ki-
netics of /}'1 and /fz precipitates. To distinguish the two precipitate spe-

cies, all /}'1 rods are assumed to have a composition of Mg4Zny;, and [)"2
plates are assumed to have a composition of MgZn,. This work is built on
the PreciSo software [44,45]; it uses classical nucleation, growth, and
coarsening theories which provides a prediction of precipitation kinetics
during various heating process and is fully described in [43]. The pre-
cipitation state was characterized by a precipitation model tailored for
rod and plate-shaped precipitates in the Mg-Zn system and the strategy
is based on the precipitation model proposed by Perez et al. [44,45], and
modified by Bardel et al. [53] and Balan et al. [71], which is briefly
revisited below.

4.1. Precipitation model of rod and plate-shaped precipitates

The current model uses “a mean field multi-class approach”
(Lagrange-like approach), which is based on the following assumptions:

e The nucleation is homogeneous and elastic energy is assumed to be
negligible.

The interfacial energy and chemical composition of precipitates are
considered constant and do not vary with precipitate size, time or
temperature.

e The rod-shaped precipitates are assumed to be equivalent to a cyl-
inder of length [ — 2r, and radius r;, and the plate-shaped precipitates
are assumed as plates of thickness h and radius r, (see Fig. 9).

The shape factors for rods b, = l/r-and plates b, = 2r,/h are
considered constant as determined by the average value from TEM.

The classical nucleation theory represents the competition between
volume energy and surface energy, and the total Gibbs energy change
AG with the presence of rod and plate-shaped precipitates can be written
as:

For rod [53]:

2 3 2
AG = (b, - §> ariAg + b,2ar’y an

For plate [71]:

(a)

D -

) l

n
»

2, 2
AG:b—pnrpAg+ (1+Z>2m§y 12)
Where Ag is the chemical driving force (has a negative contribution)
and y is the surface energy.
The critical radius r; can then be modified as:
For rod [53]:
2y 2b,

A 1
"= TAg3b, —2 13

For plate [71]:

)
rp = 7?2 : 3 (14)
So the energy barrier for nucleation becomes:
For rod [53]:
16y 2b3
AG =—n1——"L— (15)
37 A8 (3b, - 2)°
For plate [71]:
16 7 (b+2)°
ag =10, 7 (bt (16)

~37ag 180,

The classical nucleation rate for rod and plate-shaped precipitates is
given by [44,45]:

% = NOZﬂ*exp{ — i;,GT*} {1 - exp(—i)] a7)

Where t is the aging time, 7 is the incubation time, T is the temper-
ature (in kelvin), k; is the Boltzmann constant, N, is the nucleation site
density, the current study considers homogeneous nucleation where
every atom of the matrix is a possible nucleation site, then N, = V%’}’
where v, is the atomic volume of the matrix. §" is the condensation rate
and Z is the Zeldovich factor. For rod precipitates, Z and " are given by
[53]:

Ve

_ 2b,y
T ar2(3b, —2) \| kT

(b)

18

lr

hi

Fig. 9. Schematic illustration of (a) rod precipitate and (b) plate precipitate in the precipitation model.
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dnr? (XY,
. _ AT, n 1
b a* (DZMXZII) a9
For plate precipitates, they are [71]:
(20)
dnr? 1 xP
),* _ )4 Zn 21
/ a4 (DZnXZn> ( )

Where V5, is the atomic volume of precipitate, a is the lattice
parameter, Dy, is the Zn diffusion coefficient. D, can be expressed as
[44,45]:

(22)

Oz
Dy, = D%,exp [ ~RT

DY, is the pre-exponential factor, Qz, is the activation energy of Zn, R is
the gas constant.

The growth equation is using Zener-Hillert expression adapted for
rod and plate-shaped precipitates:

For rod [53]:

dl DZn XZn - XIZ

—=1. — 23

dr 2r, aX, — X, (23)
For plate [71]:

di Dy Xz — XE

— = 0.5b,— 2 “h T 29

dt r, aXy, — Xz,

Where X}, is Zn atomic fraction at the interface.

The multiplicative term 1 —r"/r in the original Zener-Hillert
expression, which accounts for capillarity effects, is removed here
because the Gibbs-Thomson effect is more efficiently accounted for in
the current model [53,72].

The solubility product of precipitates is expressed in a classical form:

A
log,oKs = T +B (25)

Where A and B are parameters that need to be evaluated from
experimental solubility limit.

At each time step, K; for the precipitate with composition MgyZny is
evaluated as:

Ks = X33, X, (26)

Finally, the mass balance is calculated to update the solute content as
precipitation proceeds; it can be expressed as in Eq. (10). And f, can be
easily calculated by knowing the radius and number density of all
modeling classes i.

4.2. Calibration of precipitation model

The precipitate solubility (A and B in Eq. (25)) can be acquired
through a linear fitting of log1oK; with 1/T, by taking the Kg at 150 °C
and 200 °C when the solute reaches equilibrium for certain precipitates.
Here we estimate the solutes at peak aging conditions are the equilib-
rium for ﬂ/l since ﬂll rod is the dominant phase at this stage (Fig. 2), and
we took the longest aging time (~ 2 months) for the equilibrium of ﬁ'2 as

this is the condition where the largest amount of /fz has formed. The Zn
concentrations for calibration were obtained from APT and TEP and are
corrected by the Gibbs-Thomson equation to eliminate the surface effect
[72]:

2zl =

o] )

10
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For ﬂ'l rod-shaped precipitates with composition Mg4Zny:

| _Abyv x (447)

= 2
"0 T, T(3h, — 2) (28)
For ﬂ'2 plate-shaped precipitates with composition MgZny:
2(b, +2)pvh, 142
P = (bp +2)rve x (1+2) (29)

3k, T

Since in Eq. (19) and (21), only one lattice parameter is permitted
while Mg alloy has two lattice parameters, the equivalent cubic structure
with the same volume is considered, and an equivalent lattice parameter
a is used. The diffusion coefficient for Zn has been taken from ref. [73].
The chemical composition of respectively rod-shaped ﬂl and
plate-shaped ﬂ'2 is assumed to be MgsZn; and MgZn,. Their atomic
volume was calculated with VESTA [67]. The surface energy of pre-
cipitates was set as a fitting parameter.

Parameters for the precipitation model are listed in Table 4.

4.3. Simulation results

The simulated precipitate radius and number density in comparison
with TEM results at 150 °C and 200 °C are presented in Fig. 10. The
model is in reasonable agreement with the TEM results apart from the
radius for ﬂ/l rods (Fig. 10 (a)) for which the predictions are smaller than
the radius directly measured from TEM, this discrepancy could come
from the fixed aspect ratio and low surface energy used in the model.
The radius of the /}Vz plates is always higher than that of /3'1 rods (Fig. 10

(a) and (b)); the /3'1 rods start dissolving after peak aging where /i'2 plates
start coarsening, which is in good agreement with the TEM results. The

number density of ﬁ'Z plates, on the other hand, has slower kinetics and is

always lower than /3/1 rods until ﬂ/l rods dissolve (Fig. 10 (c) and (d)).
Overall the current model and parameters give reasonable prediction of
the precipitation kinetics of the studied alloy.

5. Discussion
5.1. Limitations of characterization techniques

The solute content at different aging conditions and the precipitation
kinetics are compared in Fig. 8 using various techniques. Though the
overall results show good agreement with each other, some differences
are still observed at intermediate aging times.

The analysis of TEP and XRD has the advantage of measuring bulk
volumes. However, both rely on the assumption that the initial solute
composition is known. The solute contents obtained from TEP and XRD
measurements also assume no contribution from the precipitates.

Table 4
Model parameters.
Parameters /J'I(Mg4Zn7) /3'2 (MgZn,) Reference
X2, (at%) 1.72 1.72 This work
xb 7/11 2/3
Aspect ratio 25 (b)) 2.5 (by) TEM
A 3759 1095 Derive from APT and
B -6.89 -2.06 TEP
0 2 -5 -5
DY, (m%/s) 29 x 10 29 x 10 73]
Qzn (kJ/mol) 118.6 x 118.6 x (73]
10° 10° :
y J/m? 0.041 0.0753 fitted
VB, (m®) 1.72x 1072 1.62 x
10-2° [67]
a 1.35 1.43 [67]
Equivalent lattice 2.85x1071° 285 x This work
parameter a 1071
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Fig. 10. Simulation results of (a)(b) mean radius and (c)(d) number density evolution of rod (Mg4Zn;) and plate-shaped (MgZn,) precipitates in Mg-1.7at.%Zn alloy
during aging at (a)(c) 150 °C and (b)(d) 200 °C, in comparison with experimental data from TEM.

Although this might be true for the long aging time where the pre-
cipitates are largely incoherent, some influence of the precipitates might
arise at the early aging time where the precipitates are smaller with
added coherency. Such influences have been reported in some other
alloying systems. For example, in a TEP study of Al-Mg-Si alloy, the
prevalence of a semi-coherent phase causes an increase in TEP signal
[74], it is believed to be due to the evolution in the intrinsic effect of the
precipitates during the phase transformation [75-77]. The misfitting
precipitates are also shown to induce the change in matrix lattice pa-
rameters in the XRD studies on Cu, Al alloys and steel [78,79]. While a
slight change of lattice parameters could lead to a considerable variation
of solute content during the XRD analysis, according to Fig. 7. However,

11

the intrinsic influence from precipitates on TEP and XRD analysis differs
from material to material. Quantifying this influence in the current
system is challenging.

Regarding the APT and TEM, they provide direct and precise
microstructural and chemical information. However, these techniques
are only able to analyze relatively small volumes, and the extrapolation
of these results to the bulk can be hindered by the presence of local
inhomogeneity in the material, as was revealed earlier in SEM obser-
vations in Fig. 4. The TEM results are also affected by the significant
errors arising from the estimation of the foil thickness to obtain the
precipitates volume fractions. In the current study, an uncertainty of ~
10% was observed between the foil thicknesses measured from EELS and
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CBED. Also, when using TEM to access the solute content, other errors
could come from the assumptions of precipitate composition when
translating the volume fraction into solute concentration.

5.2. Evolution of precipitate volume fraction during aging

The solute content obtained in Fig. 8 can be translated to precipitate
volume fraction using a variation of Eq. (10), with the exception of TEM
where precipitate volume fraction was first obtained, assuming a certain
composition for all precipitates:

Xgn — X

a (X5~ X,) 30

f=
For the case of the ﬁ'2 plate, the stoichiometry of MgZn, is well-
established. There is, however, some uncertainty regarding the

composition of the ﬁ; precipitates. Up to now, the proposed composi-

tions for ﬂ/l rod found in the literature are meta-stable Mg4Zn; [23-26]
and MgZn; [21,22]. They have even been found to coexist as dual phases
in a single ﬂl rod [27]. The question is to what degree the variation from
one composition to another could affect the calculation of precipitate
volume fraction. To answer this, the translated volume fractions of
precipitates using Eq. (30) at 150 °C and 200 °C from different tech-
niques (except TEM, which is a direct measurement) are depicted in
Fig. 11 to have a direct comparison. Note that, in each translated result,
all precipitates can only be assumed to have one composition, in this
case, either Mg4Zn; or MgZny. Respectively solid points and hollow
points from TEP represent the translated volume fraction assuming all
precipitates have the composition of MgsZn; (FVygazay) and MgZny
(FVgzn2). The difference between FVygazay (solid points) and FVygzno
(hollow points) at the early aging stage appears negligible. For a longer
aging time, the difference becomes more significant with average
FVMgazn7 is ~ 10% higher than FVygz,2. Overall, the difference is small.
Recent simulation works based on first principle methods indicate that
hexagonal MgZn; is more thermally stable than monoclinic Mg4Zn7, but
they have similar formation energies [80,81]. It is likely that the
composition of the ﬂ; rods evolves from the metastable Mg4Zny at early
aging times to the more stable MgZn, for longer aging times. Hence the
“real” volume fraction will be closer to Vyg4zn7 during the early aging
and tend towards FVgzn2 at the later aging stage (from both ﬁ/l rods and
/)"2 plates, with the dominant composition of MgZny). This agrees with
the volume fraction measured in TEM on an over-aged sample, which is
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closer to FVygzno.

5.3. Modeling precipitate volume fraction

The precipitate volume fraction can be computed from calculated
radius and number densities. Historically MgZn, has been used as the
only phase in existing models for the ﬂrl rods [59,60], which has the
limitation of not accounting for the possible presence of /}'2 plates. Since
changing precipitate composition does not induce a significant variation
of estimated volume fraction, and for the convenience of distinguishing
two precipitate species, the simulation in this work uses Mg4Zn; to
represent /irl rods and MgZn; to represent /i/z plates.

Fig. 12 gives the simulated Zn solute concentration and precipitate
volume fraction in comparison with the experimental results. It shows
that the Zn concentration evolution measured experimentally is pretty
well captured by the model (Fig. 12 (a) and (b)). Note that there is a
small plateau in the simulated curve which indicates the transition from
one composition to the other. Fig. 12 (c) and (d) show the competition of
volume fraction kinetics between ﬂ/l rods and /fz plates. Before peak
aging, /)"1 rods dominate the precipitation, and are then gradually
replaced by /fz plates. This is a new finding that has not been previously

shown in the literature [59,60]. The simulated results for the ﬁ'Z plates
agree well with the TEM measurements and tend towards FVygzn2 in
Fig. 11. The simulated results for the ﬂll rods are below the FVygqzy7 in
Fig. 11 but above the XRD and TEM results. This is reasonable as the
experiments measure the overall precipitate volume fraction of Mg4Zn;
and MgZnj, while the simulated ﬁ,1 rods only consider the composition of
MgaZny.

Based on the above information, a TTT (time-temperature-trans-
formation) diagram can be calculated and proposed for the meta-stable
MgZn, and Mg4Zny phases in the Mg-1.7at.%Zn alloy (Fig. 13), where
the time and temperatures required to reach 20%, 50% and 80% of
maximum volume fraction of each phase are presented. Both phases
show typical C-shape curves, with the Mg4Zn; phase forming first and
the two phases starting to overlap at higher temperatures. This study is
the first report of such a TTT diagram for the Mg-Zn system.

Although the present work considers both /3/1 and /1'2 with certain
compositions (Mg4Zn; and more stable MgZny), these precipitates
would display a range of intermediate compositions which are not
accounted for in the current model. The assumptions on precipitate
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Fig. 11. Precipitate volume fraction evolution as a function of aging time obtained from different characterization techniques at (a) 150 °C and (b) 200 °C. Solid
points consider all precipitates are Mg4Zn; (except TEM), hollow points consider all precipitates are MgZn,.
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Solute Concentration versus time at 200°C
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Fig. 12. Simulation results of (a)(b) Zn solute concentration and (c)(d) volume fraction evolution of rod and plate-shaped precipitates in Mg-1.7at.%Zn alloy during
aging at (a)(c) 150 °C and (b)(d) 200 °C, in comparison with experimental data.

compositions can explain some of the discrepancies between the model
and experimental results. One of the key assumptions to obtain the
solubility product was that the microstructures are fully precipitated,
which is likely not the case leading to a slight underestimation of the
total volume of precipitates at equilibrium. However, our current study
only focuses on the meta-stable phases, and the final equilibrium state is
not considered. Overall, the proposed model, combined with the
experimental results, assists in better understanding the precipitation
sequence in Mg-Zn alloys.
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6. Conclusion

The current study used multiple characterization techniques and a
precipitation model to provide new perspectives in understanding
complex precipitation in Mg-Zn alloys. The main conclusions are sum-
marized below:

e A combination of different techniques is used to measure the size of
precipitates and solute concentration in Mg-Zn alloy; the precipita-
tion kinetics is well characterized. TEP was applied in Mg alloy to
follow the precipitation kinetics for the first time.
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Fig. 13. TTT diagram of the formation of Mg4Zn; and MgZn, phases in Mg-
1.7at.%Zn alloy. Experimental data estimated from TEP and TEM are
also shown.

e Solubility limit from this study at 150 °C and 200 °C was found to be
lower than that predicted by the current phase diagram in database
(THERMOCALC, PANDAT and KNOVEL).

e A precipitation model based on classical nucleation and coarsening
theories was adapted for Mg-Zn alloys, and it was likely to reproduce
microstructural evolutions of ﬁ/l and ﬁlz precipitates in Mg-Zn Alloy.
A TTT diagram is proposed for this system.

e Experimental and simulation results show that ﬂ; dominates the

precipitation at the early aging stage, while ﬂ,z starts to form after ~
84 hat 150 °C and ~ 12 h at 200 °C and prevails for the longer aging
time.
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