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Two Mg-Sn alloys were microalloyed by addition of Hafnium and their age-hardening response was
studied at 200 °C. Time to reach peak hardness was significantly reduced and improved by Hf addition.
TEM study showed Hf clusters in the close vicinity and at the surface of Mg,Sn precipitates, which
confirms that Hf clusters act as additional nucleation centers for Mg,Sn precipitate formation. Our results
support the validity of thermokinetic criterion proposed by Mendis for selection of microalloying ele-
ments in order to refine precipitate size, accelerate aging kinetics and enhance peak hardness.
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1. Introduction

Magnesium (Mg) is a low-density structural material and the
eighth most abundant element on earth. It can be machined faster
and with less power than aluminum [1], as well as recycled at 5%
of initial energy requirements for its extraction [2]. These prop-
erties have led to an increased attention to development of Mg
alloys for applications where potential weight savings can be
beneficial such as automotive [3,4], aerospace [5-7], and biome-
dical sectors [8-11].

The major hurdle in further utilization of Mg is the lack of an
affordable magnesium alloy that exhibits proper creep and corro-
sion resistance at elevated temperatures (> 125°C). Current
benchmark Mg alloys are mainly of Mg-Al alloy family, i.e. AZ91D,
AM50A, and AM60B [12]. However, the discontinuous [}-Mg;Al;,
precipitate formed near grain boundaries in these alloys is not
thermally stable above 125 °C [13]. The main current alternative for
elevated temperature applications is AE42, which can be used at
service temperatures up to 170 °C [14]. Above this temperature,
decomposition of the interdendritic lamellar phase Al{;RE3 leads to
an abrupt degradation of creep resistance [14,15]. Rare earths have
also been added to Mg-Zn alloys to improve their mechanical
properties at elevated temperatures [ 16-19]. These efforts have led
to development of MEZ alloy which has better creep resistance than
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AE42 in 150-175 °C temperature range [20]. At temperatures up to
300 °C, Yttrium containing Mg alloys exhibit very good creep re-
sistance and a corrosion performance on par with high purity alu-
minum alloys [21,22]. Despite their superior properties, application
of commercially available Mg-Y-RE alloys, i.e. WE43 and WE54, has
been limited to aerospace, F1 racing cars, and motor sports where
added benefits can compensate for the economic disadvantage
[20,23]. Relatively high cost of rare earths is the main drawback
that limits applications of all of the above-mentioned alloy families.
Mg-Sn alloys can potentially fill the gap in the market for an af-
fordable Mg alloy that exhibits comparable performance.

Mg-Sn alloy system can be an excellent candidate for elevated
temperature applications. It forms Mg,Sn precipitate with a
melting point of 770 °C, even higher than the melting point of the
intermetallics formed in binary Mg-Gd, Mg-Y, and Mg-RE coun-
terparts [24]. However, the precipitation process by artificial aging
below 300 °C does not develop any metastable phases and the
precipitates in Mg-Sn binary alloy are very coarse compared to
other precipitate forming Mg alloys [25]. Previous research has
shown that micro-alloying by other elements can remedy this is-
sue [26-31].

Sasaki et al. [26] chose Zn as micro-alloying element and
showed that addition of 0.1 and 0.5 at% Zn to Mg-2.2Sn reduces
time to reach maximum hardness and increases peak hardness
through refining precipitate size and dispersion during aging at
180 °C. Also in Mg-2.2Sn-0.5Zn, number density of newly formed
rod-like precipitates on non-basal planes and plate shaped pre-
cipitates on the basal plane was increased.
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Mendis et al. [27] suggested a qualitative “thermo-kinetic”
criterion for selection of micro-alloying elements and tested their
hypothesis on the model Mg-Sn system. Based on this criterion, an
element can refine precipitate size distribution if it satisfies the
following three conditions: 1. Micro-alloying element (called X
hereafter) has a tendency to phase separate from Mg matrix so
that it can form heterogeneities that act as nucleation centers for
precipitate formation. 2. Micro-alloyed element and Sn must not
have repulsive tendencies, and 3. Heterogeneity formation of this
micro-alloyed element should happen at lesser spatial distance
and faster time scale than parent binary alloy without the micro-
alloying element. Due to the lack of experimentally determined or
calculated thermodynamic data for the three-component systems
studied, binary phase diagrams were used for element selection.
The presence of a large miscibility gap in Mg-X binary phase
diagram, absence of miscibility gaps in Sn—-X binary phase dia-
gram, and estimated diffusivity values of X in Mg were used re-
spectively as approximate measures for the three proposed con-
ditions. Na was finally selected as the best micro-alloying element
for Mg-Sn. It was concluded that Na addition increases number
density of precipitates by two orders of magnitude and reduces
the time to reach peak hardness from about 1000 to 58 h. Mg-
1.3Sn-0.15 Na also had a 2.7-fold increase in hardness increment
over Mg-1.3Sn binary alloy. Basal lath precipitates' mean length,
width and thickness were reduced from 1500 nm to 230 nm, from
500 nm to 90, and from 54 nm to 25 nm respectively.

Mendis et al. [28] alloyed Mg-1.3Sn with Zn and Na additions
and aged the resultant alloys at 200 °C. Adding 1.2 at% Zn showed
some influence on time to reach peak hardness and number
density of the precipitates, and most importantly changed particle
morphology and thereby increased hardening increment sig-
nificantly by approximately 300%. Mg-1.3Sn-1.2Zn-0.13 Na
reached its peak hardness 30 times faster than parent Mg-1.3Sn
alloy and number density of precipitates were increased by almost
two orders of magnitude. The authors concluded that while Na
and Zn both improve the hardening response of Mg-Sn binary
alloy, the underlying mechanisms for these improvements are
different. While Na acts by increasing the number density of
precipitates, Zn additions change the particle morphology with
respect to basal planes. The source of observed synergistic en-
hancement on precipitate refinement and aging kinetics remains
unidentified, but it was suggested that reduction of interfacial
energy, due to segregation at the interface, decreases the driving
force for coarsening of the precipitates.

The present study is focused on modifying Mg-Sn alloys with
Hf addition. Hafnium satisfies the three conditions proposed by
Mendis' criterion based on available binary phase diagrams of the
Mg-Hf and Hf-Sn systems [32,33]. Previous studies of mechanical
properties and creep resistance of Mg-Sn alloys containing 1-
10 wt% Sn (~0.2-2.3 at%) reported that 5wt% Sn alloy (T5)
showed the best tensile strength, while 10 wt% added Sn (T10) had
the highest hardness and better creep resistance than AE42 at
150 °C [34]. Therefore, these two compositions were chosen and
the effect of Hf additions to them was studied.

2. Materials and methods

A total of six alloys were made from high purity Mg chips
(99.98 pct, Sigma-Aldrich), Tin powder (99.85 pct, Alfa-Aesar), and
Hafnium powder (99.6 pct, Alfa-Aesar). Nominal compositions of
the samples in both at% and wt% are listed in Table 1. Hereafter, all
samples are described in wt%. All alloys were measured, mixed
and cast under high purity Argon atmosphere in a glove box.
Oxygen levels were monitored to be less than 10 ppm to prevent
oxidation. Alloys were fabricated by melting in a resistance-

Table 1
Nominal compositions of the Mg-Sn-Hf alloys; balance is Mg.

Alloy designation Atomic percent Weight percent

Sn Hf Sn Hf
T5 11 - 5.15 -
T5-0.8Hf 11 0.11 512 0.77
T5-1.5Hf 1.1 0.22 5.08 1.53
T10 22 - 9.9 -
T10-0.7Hf 22 0.11 9.84 0.74
T10-1.5Hf 22 0.22 9.77 147

heating furnace at 750 °C. Molten mixture was stirred with a
graphite rod after 30 min to ensure proper mixing, and was cast
after another 15 min in a graphite mold. Alloys were cut into small
pieces and put in quartz tubes. Tubes were vacuumed and then
partially pressurized with Ar and sealed for homogenization
treatment. For homogenization, alloys were heated to 345 °C at a
heating rate of 80 °C/h and kept at that temperature for 2 h, then
heated to 500 °C at 80 °C/h rate and kept for 6 h at 500 °C. Samples
were then quenched in cold water. After homogenization, age
hardening behavior of the samples was studied by artificial ageing
in Silicone oil bath at 200 °C. Vickers hardness of the samples was
measured at certain time intervals by a Wilson Tukon 200 hard-
ness tester under 1000 g of load applied for 15s. At least six
measurements were done and the average and standard deviation
was reported at each point. A sample of T5 alloy was taken out
from aging bath at the same time that T5-0.8Hf and T5-1.5Hf
samples reached their peak hardness for better comparison.

For microstructural studies, samples were mechanically ground
with 600 and 1200 SiC papers, and then polished with alumina
particles down to 0.03 pm. After polishing, samples were etched in
Nital solution.

A FEI™ TEM200 Focused Ion Beam (FIB) with Gallium ion
source was employed to obtain TEM thin foils. TEM was done by a
Phillips CM-200 operating at 200 kV. Three different areas of the
samples were used to calculate the number density of the pre-
cipitates in unit volume. STEM characterization was carried out
using a FEI/Tecnai™ F30 300 kV TEM equipped with a Fischione™
high angle annular dark field (HAADF) detector and an X-ray En-
ergy Dispersive Spectroscopy (XEDS) detector.

3. Results and discussion

Fig. 1 shows the optical micrographs of microstructure of T5 at
77 h, T5-0.8Hf, and T5-1.5Hf at peak hardness. The average grain
size was measured according to Heyn Lineal Intercept method
(ASTM E112-96) and was 231 4+ 91 pm for T5, 211 + 75 pm for T5-
0.8Hf, and 367 + 139 pm for T5-1.5Hf.

Fig. 2 shows the age hardening behavior of the alloys at 200 °C.
The most significant feature of both graphs is the reduction of time
to reach peak hardness. The sluggish precipitate formation process
in T5 was expedited by an order of magnitude, reducing from
about 900 h to 77 h in T5-0.8Hf and T5-1.5Hf. In T10 binary alloy,
peak hardness occurs after 220 h of aging, which is reduced to 49
and 96 h in T10-0.7Hf and T10-1.5Hf respectively. Also, the max-
imum hardness was improved by Hf additions. As can be seen, the
initial hardness of Hf containing samples are either close or lower
than binary alloys. However, the addition of 0.1 at% Hf improves
the percent increase in hardness from a mere 19% to 28.6% in T5-
0.8Hf. In T5-1.5Hf, a 37.3% increase was observed, almost a two-
fold increase over the binary T5 alloy. The percent increase in
hardness in Hf modified T10 alloys are also improved from 35.4%
to 41.8% and 44.9% in T10-0.7Hf and T10-1.5Hf respectively. The
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Fig. 2. Age hardening behavior of the alloys after artificial aging in Silicone oil at 200 °C; lines are added for clarity and are not true trendlines.

Table 2
Summary of ageing response of alloys at 200 °C.

Alloy composition (at%) Time to peak hardness Initial hardness (VHN)

Max. hardness (VHN) Max. Increment in hardness

Percent increase in

(h) (VHN) hardness
Mg-1.1Sn (T5) 900 374+3.7 445+ 0.6 71 19.0
Mg-1.1Sn-0.11Hf (T5-0.8Hf) 77 371438 477+ 1.0 10.6 28.6
Mg-1.1Sn-0.22Hf (T5-1.5Hf) 77 32.7+19 449+ 1.5 12.2 373
Mg-2.25n (T10) 220 39.8+4.2 539422 141 354
Mg-2.2Sn-0.11Hf (T10-0.7Hf) 49 40.2 +2.5 57.0+24 16.8 41.8
Mg-2.2Sn-0.22Hf (T10-1.5Hf) 96 40.1+23 5814+ 15 18.0 44.9

observed improvement in precipitate formation kinetics is in good
agreement with previous studies [27,30], where micro-alloying
with Na decreased time to reach peak hardness. Results are
summarized in Table 2 for easier comparison. To explore the me-
chanism of the observed improvements, T5-0.8Hf and T5-1.5Hf
were chosen for further analysis.

Bright-field TEM pictures of samples are shown in Fig. 3
(Table 3). Previous studies have reported lath shaped, plate like
and polygon Mg,Sn precipitates in Mg-Sn alloys [26-29,35,36]. In
T5-0.8Hf and T5-1.5Hf, lath shaped precipitates can clearly be
seen. The length of these lath-like precipitates reaches to several
hundred nanometers (Fig. 3.c, e). In T5 binary alloy, only polygon
shaped precipitates of very small size (less than 20 nm) were
formed at the same timescales. The aspect ratio of the precipitates
is increased to 3.63 and 3.95 in T5-0.8Hf and T5-1.5Hf respectively
as compared to an aspect ratio of 1.42 in T5 alloy. Number volume
density of precipitates was also increased to 41.2 x 10'® in T5-
0.8Hf and 50.4 x 10" in T5-1.5Hf per m~3. Previous studies on
Mg-1.3Sn reported a number volume density of 0.60 x 10'® per
m~3 at its peak hardness which is two orders of magnitude lesser
than the values found for Hf modified alloys in this study [27,28].

Clusters of Hf as dark spots at the surface of the precipitates in

Hf modified alloys were seen in bright field TEM images. Elemental
maps in Fig. 4 suggest the presence of these clusters at the surface
and in the vicinity of precipitates by low magnification STEM and
X-ray Energy Dispersive Spectroscopy (XEDS). The positive enthalpy
of mixing between Mg and Hf (AH= +10 k] mole~') [37], as evi-
denced by virtually zero solubility in Hf~-Mg phase diagram, acts as
a driving force for Hf to segregate out even at such small con-
centrations. These Hf clusters have a negative enthalpy of mixing
with Sn atoms (AH=-35k] mole~') [37], and can form co-segre-
gates as shown in Fig. 4(g). Co-segregated clusters act as additional
nucleation centers for Mg,Sn formation, hence leading to im-
provement of aging kinetics and precipitate size refinement. The
significant difference in precipitate state in T5-0.8Hf and T5 can
clearly be seen by comparison HAADF images in Fig. 4(e) and (f).
Microalloying with 0.1 at% Zn is shown to increase the hardness
of T10 alloy by almost 43% (AHV~21.4) [26], which is very close to
41.8% improvement observed by similar Hf additions in Mg-2.2Sn-
0.11Hf (Table 2). Time to reach peak hardness was also reported to
decrease from about 390 h to 130 h which is comparable to the
reduction observed in Hf modified T10 alloys. Mendis et al. [27,28]
reported that Mg-1.3Sn-1.2Zn and Mg-1.35n-0.12 Na both
showed 75% increase in hardness (AHV ~30 and 26.8 respectively)
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Fig. 3. Bright-field TEM pictures showing precipitates in peak-aged alloys; a) and d) show T5 at 77 h; (b) and (e) T5-0.8Hf at 77 h; (c) and (f) T5-1.5Hf at 77 h of artificial

aging at 200 °C.

Table 3
Precipitate dimensions in peak-aged Hf modified alloys and T5 at 77 h.

Alloy N, x 10'® (m~3) Length (nm) Width (nm) LW
T5-0.8Hf 41.20 138 +34 38+ 18 3.63
T5-1.5Hf 50.40 170 + 56 43 +21 3.95
T5 at 77 h NA*® 17+7 12+4 142

2 Due to the small size of the precipitates in T5 alloy, we were unable to cal-
culate number volume density of precipitates in T5 sample in low magnification
pictures. Values calculated from high magnification images are not reported, be-
cause it won't be a true measure of precipitate state at bulk.

o
20 nm

in artificial ageing at 200 °C. Time to reach peak hardness was
reduced from ~1000 h in Mg-1.3Sn alloy to 211 and 58 h for Zn
and Na modified alloys respectively. Microalloying with Na and Hf,
at about one order of magnitude lower atomic percentage, is much
more effective than Zn in reduction of time to reach peak hard-
ness. This is partly due to higher solid solubility of Zn in Mg [38]. It
is believed that Na acts by increasing the number density of pre-
cipitates, while Zn additions change the particle morphology with
respect to basal planes. Figs. 4(g) and 2(f) clearly show co-segre-
gated nano-clusters of Hf at the surface of a precipitate in peak-

20 nm

Fig. 4. (a) Low magnification STEM image of T5-0.8Hf alloy peak aged at 200 °C, and EDX mapping of green box showing (b) Mg (red)+ Sn+ Hf superimposed map, (c) Sn
distribution (green), and (d) Hf distribution (yellow). (e) HAADF image of precipitates in peak-aged T5-0.8Hf, and (f) HAADF image of precipitates in T5 after 77 h at 200 °C,
(g) nano-clusters of Hf at the surface of a precipitate in peak-aged T5-0.8Hf. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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aged T5-0.8Hf and T5-1.5Hf respectively. Microalloyed Hf acts
similar to Na addition, forming nano-clusters that improve the
ageing response by providing additional heterogeneous nucleation
centers for Mg,Sn formation.

4. Conclusion

In summary, micro-alloying Mg-5Sn with Hafnium leads to
both higher increase in hardness and lesser time to reach peak
hardness. Hafnium addition follows the criterion proposed by
Mendis et al. [27]. Average size of the precipitates was 8-10 times
larger and their aspect ratio was increased by ~2.5 times more
than unmodified binary alloy aged for the same time at 200 °C. The
presence of Hf clusters at the surface of precipitates is an indica-
tion that Hafnium addition acts through same pathways as Na.
These microalloyed compositions exhibit better aging kinetics due
to precipitate refinement and show promise for development of
both die-cast and age-hardenable wrought Mg-Sn alloys.

Novelty statement

This study presents fabrication of novel Mg-Sn-Hf ternary al-
loys that exhibit significantly accelerated aging Kkinetics (from
1000 h to less than 100 h) and enhanced peak hardness. The pre-
sent study proposes novel compositions that has never been
synthesized and provides experimental evidence to validate the
formation of Hafnium nano-clusters, which leads to improvement
in aging kinetics. Results show excellent agreement between the
proposed mechanism and experimental observations using mul-
tiple analytical techniques, including high resolution TEM.
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