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a b s t r a c t

The influences of potassium fluozirconate (K2ZrF6) salts mixture (KSM) on the grain refinement,
microstructure, mechanical properties and corrosion resistance of Mg–10Gd–3Y (GW103, wt.%) magne-
sium alloy were investigated. The results show that an addition of 8 wt.% KSM-2 (50 wt.% K2ZrF6–25 wt.%
NaCl–25 wt.% KCl) provides the best combination of fine grain size and the lowest fraction of inclusions
for GW103 alloy. The mechanical properties and corrosion resistance of GW103 alloy are improved by
eywords:
g–Gd–Y magnesium alloy

irconium
otassium fluozirconate (K2ZrF6) salts

KSM-2 addition. The formation of Zr from the in situ reaction between Mg melt and K2ZrF6 is responsible
for the refining mechanism of KSM. Compared with the Mg–30 wt.% Zr master alloy, the KSM refiner
shows much longer fading time during smelting.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, as weight reduction demands for automobile
nd aircraft body are becoming the world focus, magnesium alloys
re becoming one of the key engineering materials due to their low
ensity and high specific strength and stiffness [1–3]. It has been
eported that the currently developed Mg–Gd–Y (GW)-based alloys
re becoming the most promising heat-treating strengthen mag-
esium alloys [4], because they exhibit excellent specific strength
oth at room and elevated temperatures, which is higher than
hat of conventional Al and Mg alloys. Creep resistance of the

g–Gd–Y-based alloys is markedly better than that of WE54
Mg–5Y–2Nd–2HRE, wt.%), which is up to date the most creep resis-
ant commercially available magnesium alloy [1,5–7].

Zirconium (Zr) is a powerful grain refiner for Mg–RE alloys. Addi-
ion of Zr leads to a fine and equiaxed microstructure, which is
eeded for structural uniformity and consistency in performance
f Mg-products [8]. Zr addition and also leads to the improvement
f mechanical properties and corrosion resistance [9–11]. The grain
efining effect of zirconium was discovered by Sauerwald in Ger-

any in the late 1940s [12], and later Emley proposed that the effect

e based on the peritectic mechanism [13]. In the last 5 years, a lot
f scientific papers have been published to describe the effect of Zr
ddition on the grain refinement of magnesium alloys [10,13–16].

∗ Corresponding author. Tel.: +86 21 54742630; fax: +86 21 34202794.
E-mail addresses: ghwu@sjtu.edu.cn, ghwu@sina.com (G. Wu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.01.069
As a grain refiner, the main introduction method is using com-
mercial binary Mg–Zr master alloy, which contains Zr particles
ranging from sub-micrometer to about 50 �m in size [17]. However,
application of the Mg–Zr master alloy during industrial processing
has some drawbacks. Firstly, Mg–Zr master alloys are most usually
fabricated by a chemical reduction reaction between pure mag-
nesium and salts mixture based on zirconium fluorides (ZrF4) or
zirconium chlorides (ZrCl4) [18]. Since the process is technologi-
cally complicated and needs high energy inputs, modification of
magnesium alloys by Zr addition significantly increases the price
of alloys [19]. Secondly, ZrCl4, as the main raw material for produc-
ing Mg–Zr, is easily volatile, deliquescent, and readily hydrolyzed,
therefore unpleasant to use and difficult to store [20]. Thirdly, the
utilization rate of Mg–Zr master alloy during alloying process is
not satisfactory because that the undissolved Zr particles sponta-
neously settle due to the much higher density of Zr (6.52 g/cm3)
than liquid Mg [21], and that large zirconium particles (>5 �m) are
inactive as nucleation centers [17]. On the contrary, substitution of
ZrCl4 by K2ZrF6 lowers the price, since the amount of zirconium in
K2ZrF6 is lower than in ZrCl4; moreover, the fluozirconate is non-
volatile, stable in air and therefore can be easily stored and handled
[20]. In other words, the above mentioned positive aspects are our
main motivation to introduce Zr-rich salts mixture as a grain refiner

in Mg alloys.

In the present study, the grain refinement effect of K2ZrF6
salts mixture (KSM) was investigated. The resulting mechanical
properties and corrosion resistance of GW103K (where K means
modification by Zr) alloy were studied as well.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ghwu@sjtu.edu.cn
mailto:ghwu@sina.com
dx.doi.org/10.1016/j.jallcom.2010.01.069
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Table 1
The chemical compositions of KSM (wt.%).

Materials K2ZrF6 NaCl KCl

KSM-1 40 30 30
KSM-2 50 25 25
KSM-3 60 20 20
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Fig. 1. Solidification curves of KSM.

. Experimental procedure

.1. Compositions of K2ZrF6 salts mixture (KSM)

K2ZrF6 is Zr-rich salt powder with melting point 840 ◦C. To avoid severe oxida-
ion and burning of magnesium alloy (which smelting temperature is usually not
igher than 800 ◦C), salts mixture to lower the melting temperature of K2ZrF6 must
e used. The NaCl–KCl salt system is the base of the process that uses salt fluxes [22].
he fusion temperature of NaCl is 802 ◦C and that of KCl is 775 ◦C. However, the melt-
ng point of 50 wt.% NaCl–50 wt.% KCl system is only 658 ◦C [23]. Melting point of
his mixture fulfills one of the requirements for a salt flux, namely the melting point
s not too high to melt.

Three compositions of KSM used are shown in Table 1. The solidification curves
f them are shown in Fig. 1, from which it can be seen that all the three melting
oints are not higher than 610 ◦C. So the salts mixture can melt during smelting.

.2. Alloy smelting

Mg–10Gd–3Y (GW103) alloy was prepared from high purity Mg (99.95 wt.%)
nd master alloys of Mg–25 wt.% Gd and Mg–25 wt.% Y in an electric resistance
urnace under a mixed flowing protective gas of CO2 and SF6 with the volume

atio of 100:1. After melting Mg and Mg–Gd, KSM was added into the melt at
esigned temperature accompanied by stirring. After holding for 30 min, Mg–Y was
dded, and then the melt was stirred again to get uniform distribution of vari-
us elements; finally, after designed holding time, cast at 750 ◦C into the metallic
olds preheated to 150 ◦C. Usually, during smelting of GW103K alloy refined by
g–Zr master alloy, Mg–Zr is added after melting of Mg–Y. In this work, the reason

Fig. 2. Photo of the castings and gage dime
mpounds 494 (2010) 426–433 427

for KSM being added before Mg–Y is that Y can react with the K2ZrF6 and cause
loss of Y.

2.3. Analysis methods

Zr contents in the alloys were determined by an inductively coupled plasma
atomic emission spectroscopy (ICP-AES) analyzer. Specimens for microstructure
observation were etched in a 4 vol.% nital. Microstructures were examined by an
OLYMPUS BX51M optical microscope (OM), a JXA-8800R electron probe micro-
analyzer (EPMA) and a JEOL JSM-6460 scanning electron microscope (SEM). The
compositions of inclusions were analyzed by energy dispersive spectroscope (EDS)
attached to the SEM. Average grain size (AGS) was measured by linear intercept
method in an OM. Phases were identified by Rigaku Dmax-rc X-ray diffractometer
(XRD). Statistical volume fraction of inclusions (VFi) in the alloy was measured with
image software.

In order to obtain specimens without casting defects, all the tensile speci-
mens were cut from the bottom of the ingots. The ambient temperature tensile
tests were conducted on a Zwick/Roell Z020 universal material testing machine
at a crosshead speed of 0.5 mm min−1. The gage dimension of the specimens is
54.5 mm × 15 mm × 2.0 mm as shown in Fig. 2. Under the same conditions, various
specimens were tested; presented values are average of at least three measure-
ments.

The specimens for corrosion testing with dimension of ∅35 mm × 4 mm were
polished up to 800 grit, cleaned in ethanol and acetone and dried. Before immer-
sion, the surface area (SA in cm2) of the specimen was calculated and the weight
(W0 in mg) was measured. Corrosion resistance tests were carried out in a 5 wt.%
NaCl aqueous solution (pH 8.3) at room temperature (25 ± 0.5 ◦C) for 3 days. After
immersion time (t) of 3 days, the specimens were taken out and the corrosion prod-
ucts on the surface were removed in a chromic acid solution (200 g/L CrO3 + 10 g/L
AgNO3 in water) at boiling condition for about 5 min. Following that the specimens
were rinsed by distilled water and dried. The corrosion rate (CR) given as a weight
loss per surface area and time (mg cm−2 day−1) was calculated by the following
equation: CR = (W0 − WC)/(SA × t). For every composition, various specimens were
tested; presented values are average of at least three measurements.

3. Results

3.1. Effects of addition conditions on Zr content and Zr recovery

Fig. 3 shows the dependency of Zr content in GW103K alloy
on the temperature of KSM addition; amount of 8% of KSM (wt.%)
and holding time of 30 min were kept as constants. It can be seen
that the Zr content increases with increasing temperature of KSM
addition. The lower Zr content at 750 ◦C is related to the insufficient
reaction between the magnesium and the K2ZrF6.

Fig. 4(a) shows the dependence of the Zr content in GW103K on
the amount of added KSM (wt.%); temperature (780 ◦C) and holding
time (30 min) are constant. It is obvious that resulting Zr content
increases rapidly with the increasing KSM addition. At the same
level of KSM addition, the obtained Zr content of KSM-1 processing

is lower than that of KSM-2 and KSM-3 processing. Fig. 4(b) shows
the relationship between the level of KSM addition and Zr recovery,
where Zr recovery is defined as a Zr content in Fig. 4(a) divided by
the initial Zr content in the corresponding KSM. It can be seen that
with the increasing addition of KSM from 4 to 12% the Zr recov-

nsion of rectangle tensile specimen.
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Fig. 5. XRD patterns of GW103K alloys.

Table 2
The volume fraction of inclusions in GW103K alloy with different KSM addition.

Refiner 4% 8% 12%
ig. 3. Effect of addition temperature of 8% KSM on Zr content in GW103K alloy.
ddition of 8% KSM and holding time of 30 min were kept as constants.

ry decreases. Observed Zr recovery decreases due to the fact, that
r in the KSM cannot be totally reduced by the chemical reaction.
ven that the KSM addition in increasing, the increase rate of ini-
ial Zr amount in KSM is much faster than that of final Zr content in
lloy.

.2. Microstructure and grain refinement efficiency

XRD patterns of GW103K alloy as shown in Fig. 5 indicate that
he alloy is composed from two phases, namely �-Mg and �-

g24(Gd,Y)5. KSM addition does not lead to the formation of any
ew phase detectable by XRD.

Figs. 6–8 show the influence of KSM-1, KSM-2 and KSM-3
ddition level on microstructure of GW103 alloy, respectively.
he microstructures consist of the primary �-Mg matrix and �-
g24(Gd,Y)5 phase, which distributes along the grain boundaries.

t is clear that all three KSM have grain refinement ability, and with
ncreasing addition level from 4 to 12% (wt.%), the AGS of GW103K
lloy decreases gradually. However, as can be seen in above fig-
res, with increasing KSM addition, the amount of inclusions in the
icrostructure increases.

The connection between the AGS and KSM addition is shown

n Fig. 9, indicating that the grains become finer with the increase
f KSM addition. The AGS with 12% KSM-2 addition is the finest
21 �m). Table 2 shows the volume fraction of inclusions (VFi) in
W103K alloy with different KSM addition. At the same addition

Fig. 4. Effect of addition level of KSM at 780 ◦C on (a) Zr content in GW103K alloy, and
KSM-1 0.348% 0.617% 1.057%
KSM-2 0.488% 0.826% 1.103%
KSM-3 1.547% 2.287% 4.622%

level, the VFi increases with increasing the K2ZrF6 percentage in
KSM. For every KSM, the VFi increases with enhancing the addi-
tion level. Therefore, based on an overall consideration of the AGS
and VFi, the 8% KSM-2 provides the best combination of fine grain
size and the lowest fraction of inclusions. Future research will
be focused on the further decrease of inclusions amount in the
microstructure of the 8% KSM-2.

Fig. 10 is an area scan by EPMA. It can be seen that Zr distribution
is uniform, which is beneficial to the grain refinement effect. The
presence of O results from the easy oxidization of Mg. Fig. 11 shows
a characteristic SEM morphology and EDS analysis of the inclusion.
EDS of the inclusion shows that its compositions are mainly O, F,
Cl, Na, K, Mg, Gd, Y and Zr elements, indicating that it is composed
of fluorides, chlorides and oxides; Gd and Y elements in the EDS

analysis are obtained from the matrix. Reason for the presence of
inclusions is possibly that the reaction products of KF and MgF2
combine with the residual KSM to form clusters. This can be inter-
preted thanks to the relatively lower recovery efficiency of Zr (less
than 50%) as shown in Fig. 4(b).

(b) Zr recovery. Temperature (780 ◦C) and holding time (30 min) are constant.
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Fig. 6. Microstructure of GW103 alloy treated by KSM-1

.3. Mechanical properties and corrosion resistance
The influence of KSM-2 addition on the mechanical properties
s shown in Fig. 12. It is obvious that the ultimate tensile strength
UTS), the tensile yield strength (TYS) and the elongation (EL) all
ncrease with increasing KSM-2 from 0 to 8%, and then decrease

Fig. 7. Microstructure of GW103 alloy treated by KSM-2 with
different addition level: (a) 0, (b) 4%, (c) 8% and (d) 12%.

with KSM-2 addition from 8 to 12%. For 8% KSM-2 processed alloy,
the tensile properties reach to the highest as UTS 162.4 MPa, TYS

140.9 MPa and EL 1.37%. The improvement of tensile properties is
related to the Zr grain refinement.

Fig. 13 shows the corrosion rate in 5 wt.% NaCl solution. The
corrosion rate decreases linearly with KSM-2 addition from 0 to

different addition level: (a) 0, (b) 4%, (c) 8% and (d) 12%.
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Fig. 8. Microstructure of GW103 alloy treated by KSM-3

%, which is related to that Zr addition can improve corrosion
esistance of the magnesium alloys [10]. On the other hand, the
orrosion rate increases with KSM-2 addition from 8 to 12%. This
s because the higher inclusion volume fraction deteriorates the
orrosion resistance. It is well known that inclusions are creating
iscontinuities in the matrix with subsequent localization of high
tress concentrations, which may act as a crack or void nucleation
ites and thus may seriously damage the mechanical properties and
orrosion resistance [24].

Fig. 14 shows the surface features of the corroded specimens

fter the immersion tests in 5% NaCl solution and removal of the
orrosion products. It can be seen that the three specimens with
SM-2 addition all have less corrosion area than the base alloy.
owever, there are deep corrosion pits on the specimen with 12%

Fig. 9. Relationship between KSM addition level and AGS of GW103K alloy.
different addition level: (a) 0, (b) 4%, (c) 8% and (d) 12%.

KSM-2 processing. This is in good agreement with the change of
corrosion rate shown in Fig. 13.

4. Discussion

GW103 magnesium alloy is grain-refined by K2ZrF6 salts mix-
ture. Here, the refining mechanism is due to the formation of Zr. In
the classical mechanism of grain refinement where Zr is added into
magnesium alloy (introduced by Emley [13]), the primary Zr par-
ticles are segregated in the matrix at temperatures a little above
the peritectic temperature. Due to the similarity of the lattices
and the atomic sizes of magnesium and Zr, Zr particles serve as
nucleation sites. However, evidence has recently been produced to
show that Zr particles, precipitating from the melt or exist in the
melt well above the peritectic temperature, can effectively nucle-
ate magnesium grains [25]. In addition, slightly large Zr particles
are fundamentally more effective as nucleants than small particles
providing their settling velocity is slow [26]. The K2ZrF6 approach
used in this work produces a large number of fresh Zr particles
at the reduction temperature (780 ◦C). These Zr particles helped
to deliver the excellent grain refinement observed in conjunction
with those Zr particles that precipitated from the melt above the
peritectic temperature during cooling. The dissolved Zr facilitates
the refinement from a growth restriction perspective.

As a matter of fact, K2ZrF6 undergoes a peritectic melting at a
temperature of 592 ◦C as Eq. (1) [27]:

K2ZrF6 → xL(KF, ZrF4) + yK3ZrF7 (1)

Thus, at the experimental temperature (780 ◦C) and due to the
easily melting of salts mixture, K2ZrF6 is totally decomposed into
a mixture of a liquid phase (L) and K3ZrF7, where L(KF, ZrF4) is the

liquid in equilibrium with K3ZrF7 at 700 ◦C in the KF–ZrF4 phase
diagram and x + y = 1 [27]. The decomposition could be balanced as
follow:

2K2ZrF6 = L(KF, ZrF4) + K3ZrF7 (2)
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Fig. 10. EPMA morphology and surface distribution of the element Mg, Gd, Y, Zr, O of the 8% KSM-2 processed sample.

Fig. 11. SEM photographs and EDS result of salts mixture inclusion in GW103K alloy.
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Fig. 12. Effect of KSM addition level on the tensile properties of GW103K alloy at
room temperature.

Fig. 13. Weight loss corrosion rate of GWK alloys after immersion for 3 days in
5 wt.% NaCl aqueous solution (pH 8.3, 25 ± 0.5 ◦C).

Fig. 14. The corroded surface photographs of GW103 alloys: (a) untreated; (b) 4%
KSM-2 treated; (c) 8% KSM-2 treated; (d) 12% KSM-2 treated.

Table 3
Thermodynamic data of reaction (5).
Substance Mg ZrF4 MgF2 Zr

H�
298 (J mol−1 K−1) 0 −1,911,251 −1,123,404 0

�1053 (J mol−1 K−1) 48.7063 168.6348 96.0235 54.0280

The L(KF, ZrF4) has a melting point of about 470 ◦C [28], and it can
react with Mg as Eq. (3). Simultaneously, Basile et al. [29] indicated
that the compound K3ZrF7 is stable from room temperature up to
900 ◦C, but in the KCl–NaCl molten salts, K3ZrF7 is susceptible to
decompose as Eq. (4), and the subsequent product ZrF4 can reacts
with Mg as Eq. (5):

L(KF, ZrF4) + 2Mg = Zr + 2MgF2 + KF (3)

K3ZrF7 = 3KF + ZrF4 (4)

ZrF4 + 2Mg = Zr + 2MgF2 (5)

Therefore, in KSM processed magnesium melt, reactions Eqs.
(1)–(5) may take place. The ultimate reaction is Eq. (6), i.e. the sum
of the former reactions (1)–(5). From Eqs. (1)–(5), it can be inferred
that the ZrF4 which formed from L(KF, ZrF4) and K3ZrF7 is the main
reaction substance that reacts with Mg.

K2ZrF6 + 2Mg = Zr + 2MgF2 + 2KF (6)

Generally, it is difficult to experimentally observe reactions that
occur in a chemically complicated alloy melt. Therefore, we tried
to analyze the reactions via thermodynamic calculations. Because
of the instability of K2ZrF6 and lack of its thermo-chemical prop-
erty data, we only calculate the change of Gibbs free energy of Eq.
(5). The standard Gibbs free energy at the temperature of 780 ◦C
(1053 K), �G�

1053, can be calculated by Eq. (7), based on Gibbs free
energy function (�T ) method [30]:

�G�
1053 = �H�

298 − T��1053 (7)

Using the standard �1053 and H�
298 data of the substance shown

in Table 3 [28,30], �G�
1053 of reaction (5) can be calculated as a value

of −314526.0628 J mol−1. The negative value of �G�
1053 indicates

that reaction (5) can occur spontaneously under experimental con-
ditions, and that thermodynamically the formation of Zr is favored.

The reaction is further confirmed by the XRD result of the melting
slag shown in Fig. 15, in which the products of KF, MgF2 are present.

Density of solid state 50 wt.% NaCl–50 wt.% KCl is 2.08 g/cm3,
while that of liquid state (≥658 ◦C) is 1.5 g/cm3 [23], which is a little
lower than that of liquid Mg (∼1.58 g/cm3 at 650 ◦C). The liquid state

Fig. 15. XRD pattern of melting slag.
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ig. 16. Comparison of the fading time of grain refinement between the addition of
wt.% KSM-2 and that of 5.4 wt.% Mg–30 wt.%Zr master alloy. Industrially the latter
an yield 0.4–0.6 wt.% Zr content in magnesium alloys.

ensities at 780 ◦C of three KSM are measured as follows: 1.393,
.462 and 1.539 g/cm3, respectively, indicating that during smelt-

ng the residual salts mixture may not sink. In this paper, we do not
dopt flux so as to better understand the formation of the inclu-
ion to guide the future purification work. Melting points of KF and
gF2 are 858 and 1266 ◦C [30], respectively, whilst density of KF

nd MgF2 are 2.48 and 3.15 g/cm3, respectively. At the experimen-
al temperature (750–810 ◦C), the in situ KF and MgF2 are of solid
tate, and both are much heavier than that of liquid Mg, so they are
xpected to sink down to the bottom of the crucible with increas-
ng holding time. Nevertheless, in practical experimental condition,
raction of the in situ KF, MgF2 may not be well separated from
he salts mixture, thus forming the inclusions whose compositions

ainly consist of fluorides and chlorides as shown in Fig. 11.
As shown in Fig. 16, with extending holding time to 120 min,

he Zr content in GW103K refined by 8% KSM-2 almost keeps sta-
le. However, the Zr content in GW103K refined by an addition of
.4 wt.% Mg–30 wt.% Zr master alloy fades with increasing hold-

ng time. Industrially the latter can yield 0.4–0.6 wt.% Zr content in
agnesium alloys.
Especially, it decreases much after 120 min, indicating that the

rain refinement effect of Mg–Zr master alloy only last for a short
ime after addition [12]. Therefore, K2ZrF6 salts mixture refiner pos-
esses much longer fading time comparing that of Mg–Zr master
lloy, and this is similar with previous study on refining effect of
alts containing Ti and B elements in purity aluminum compared
ith that of Al–Ti–B master alloy [31].

. Conclusions
Based on the experimental results obtained in this work, the
ollowing conclusions could be drawn:

1) K2ZrF6 salts mixture (KSM) is proved to be an effective grain
refiner for GW103 magnesium alloy. Considering the grain

[

mpounds 494 (2010) 426–433 433

size and volume fraction of inclusions, the 8% KSM-2 (50 wt.%
K2ZrF6–25 wt.% NaCl–25 wt.% KCl) is the optimal grain refiner.

(2) The alloy refined by 8% KSM-2 has the highest tensile properties
(UTS: 162.4 MPa; YS: 140.9 MPa; EL: 1.37%), and corrosion rate
declines to the minimal 5.338 mg cm−2 day−1.

(3) The reduction reaction between Mg and K2ZrF6 is responsible
for grain refinement. Grain refinement effect of KSM can last
for a long time, and its fading time can exceed 120 min.
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