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Abstract: New experimental data are presented on the density and thermal expansion of solid and liquid magnesium and ultralight
magnesium-lithium alloys containing 23.03 and 30.02 at.% Li, respectively. The measurements were performed using the
dilatometer method and the gamma-ray attenuation technique in the temperature range from 145 to 1244 K for magnesium and from
293 to ~1000 K for the alloys. The density changes during the solid—liquid phase transition were directly measured for Mg and the
MgyoLizo alloy. The temperature dependences and reference tables of the investigated volumetric properties were developed. A
comparison of the obtained results with literature data was made. The study showed that the eutectic composition in the magnesium—
lithium system differs from 23 at.% Li. The concentration dependence of molar volume of the magnesium—lithium liquid system was
found to be almost linear in the interval of 0—30 at.% Li and deviated noticeably from the corresponding dependence for an ideal

mixture.
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1 Introduction

Magnesium-based alloys are among the most
lightweight structural materials. The addition of lithium
to these materials makes them ultralight and promising
for use in the aerospace industry [1,2]. Besides this, an
increase in lithium content improves the plasticity and
ductility of the alloys [2,3]. Reliable data on the
physicochemical characteristics of the Mg—Li system are
necessary for predicting the properties of new materials
containing magnesium and lithium. However, there is
little information in the literature regarding the volume
properties of the Mg—Li alloys at elevated temperatures
(above 400 K). Only one study was found [4] in which
measurements of the thermal expansion of a solid alloy
containing 12.7 at.% Li were made in the temperature
range from 300 to 650 K. In other studies, the data on the
volume properties were obtained only near room
temperature. Crystal lattice parameters of several alloys
were determined in Refs. [5—11], and the thermal
expansion coefficients were measured in Ref. [12]. The
density of molten magnesium—lithium alloys has not
been measured to date. The reason for the lack of
experimental data on the volumetric properties of the
Mg-Li system above 400 K is apparently due to the

chemical activity and high vapor pressure of lithium and
magnesium at elevated temperatures. Most of the
conventional techniques used to measure the density and
thermal expansion coefficients are poorly suitable for
such systems, especially in the liquid state.

The assessed Mg—Li phase diagram [13] has an
eutectic point at 23 at.% Li and at 861 K, and exhibits a
maximum on the liquidus curve at 30 at.% Li (865 K).
Solid alloys with compositions close to 30 and 23 at.%
Li are the most interesting from a practical point of
view [2]. The purpose of this work is to measure the
density and thermal expansion of magnesium and
magnesium—lithium alloys of the eutectic and congruent
compositions (Mg7Li,; and MgyoLiz) over a wide
temperature range including both solid and liquid states.
In addition, mutual diffusion in the liquid alloys is
investigated at about 980 K.

2 Experimental

The density (o) of solid samples at room
temperature (7,=293.15 K) was determined using the
Archimedean immersion method. Silicone oil was used
as the reference fluid. The relative error in the value of p,
did not exceed 0.05%.

Thermal expansion of solid samples was measured
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using a DIL—402C dilatometer [14]. The measurements
were made by a procedure analogous to that used
previously in the study of thermal expansion of solid
nickel [15]. The experimental data were recalculated into
the relative expansion of the sample &,

_ L()-L(T)

&(T) L)

where L(7T;) and L(7;) are the sample lengths at
temperatures 7; and T, respectively.

The linear thermal expansion coefficient (LTEC, )
was found by numerical differentiation of the data on
relative expansion:

a(]:):l 8i+1_€i _,’_8[_8[71
2Ty -1 T-T,
where &=&T;). The temperature interval (7;,,—7;) was

~1.5 K. To construct the smoothed o(7T) dependence, the
raw data were fitted with the following equation:

k ,
al)=3 4(T-T,) €
i=0

If the behaviour of the LTEC was found to vary
strongly with temperature, the investigated temperature
range was divided into several regions, and the data in
each region were approximated by separate polynomials
of the form of Eq. (1). The smoothed &7) dependence
was found by integrating the (7) curve. The
temperature dependence of the density p.(7) of solid
sample was calculated by using the &7) dependence and
the p, value.

Volume properties of the melts and density changes
during the solid—liquid transition were determined by
measuring the attenuation of a narrow beam of gamma
rays through the samples. The gamma-ray attenuation
technique and the experimental setups (gamma-
densitometers) are described in detail elsewhere [16—18].
The relative density change during phase transition p¢
and the density p,, of the melt are calculated using the
following formulae:

_ P = pu(Ty) _ In(Jils)
Pe(Ty) In(Jo (T3 s)

In[Jo (T)J(T)] 1+ (Tt)(T; = T)
In[Jo(Tp) ] 1+0,(TXT -T)

()

f

3)

pm(T)=pm(T;°)

where J and J, are the intensities of the radiation after
passing through the measuring cell with and without the
sample, respectively, Tt is the melting temperature, &,
is the mean linear thermal expansion coefficient of the
crucible material, and subscripts “S” and “L” indicate
solid and liquid states at the melting temperature.

If the density of the solid phase and (or) the density

change during the solid—liquid transition are not
measured for some reason, the density of the liquid can
be calculated using another formula:

In[Jo (T (T)]
ud, 1+ (TYT =T;)]

Pu(T) = “

where d; is the gamma-ray attenuation length at room
temperature (the inner diameter of the crucible corrected
for the gamma-ray beam diameter), and g is the
gamma-ray mass attenuation coefficient of the
investigated material (and for alloys, this is calculated
from the mass attenuation coefficients of the metals
using the additivity rule).

The gamma-ray method also allows one to
determine the density of solid materials. The p. value is
calculated using a formula:

In[Jo (1) (T)] }3/2 “

pe(T)=pr {m[Jo(Tr)/J(Tr)]

However, the gamma-ray attenuation technique has
a lower sensitivity and accuracy in comparison with the
dilatometer method. Therefore, the results obtained by
the gamma-ray method were not used to construct the
p(T) dependence. On the other hand, the advantage of
gamma-densitometers is that they make it possible to
scan the sample at different heights. This allows one to
control the homogeneity of solid and liquid alloys and to
detect possible defects (for example, shrinkage cavities
and porosity) in the solid samples. Notice that
Egs. (2)—(5) are valid for isotropic and homogeneous
materials.

At the first stage of this study, the density of
magnesium and magnesium-lithium alloys was
measured using the gamma-ray attenuation technique.
For gamma ray sources, ampules with the cesium-137
isotope were used (a photon energy of 662 keV).
Measuring cells were made from molybdenum. This
metal does not interact with magnesium at temperatures
up to 2600 K and is practically insoluble in liquid lithium
up to 1000 K [19]. The cell contained a cylindrical
crucible with a 37 mm in internal diameter and a height
of 72 mm, and a cap with a thin-walled thermowell for
the chromel—alumel thermocouple (type K). The
magnesium and lithium were of 99.95% mass purity. The
magnesium was supplied by JSC “Solikamsk
Magnesium Works”. The natural lithium was supplied by
JSC “Novosibirsk Chemical Concentrates Plant”. The
samples were prepared in a glove box filled with
high-purity argon (99.992 vol.%). The box was equipped
with an electronic analytical balance and an arc-welding
machine. The masses of the magnesium and lithium
pieces were measured with an accuracy of 2—3 mg. The
pieces of the metals were placed in the measuring cell
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and the cap was hermetically welded to the crucible. The
actual lithium content in the studied alloys was
(23.03+0.02) and (30.02+0.02) at.%. The gamma-ray
mass attenuation coefficients of the magnesium and
lithium were experimentally determined by the method
described in Ref. [18].

In the experiments with the alloys, the mutual
diffusion in the melts was studied before the density
measurement. The experimental technique is based on
direct registration of the concentration and density
profiles in an inhomogeneous liquid sample and their
respective evolutions in time. The cell was installed in
the furnace of the gamma-densitometer, and the latter
was evacuated and filled with pure argon up to 0.1 MPa.
The sample was then melted and heated to about 980 K,
at which the diffusion test was performed. During
isothermal holding, the concentration and density
differences in the liquid alloy gradually decreased with
time due to diffusion. The concentration and density
profiles were determined by measuring the gamma-ray
attenuation in the melt at different heights. The
coefficient of mutual diffusion was derived from these
data. A detailed description of the measurement
technique and processing of experimental data of the
diffusion experiments is given elsewhere [20,21]. The
duration of one experiment was 5—6 h. The test lasted
until the concentration difference over the sample height
decreased to 45 at.%.

After completion of the diffusion test, the melt was
thoroughly mixed by shaking the cell directly in the
furnace of the gamma-densitometer. The density of the
sample in liquid state and the density change during the
phase transition were then measured in the courses of
heating and cooling. After cooling down to room
temperature, the resulting ingot was thoroughly scanned.
The samples for the measurements of the density and
thermal expansion of the solid material by the
Archimedean, dilatometer and gamma-ray methods were
cut from a defect-free part of the ingot.

3 Results

According to the measurements, the mutual
diffusion coefficient for the liquid Mgy,Liy; alloy is equal
to (9.8ﬂ:1.6)><1075 cm?/s at 982.1 K. For the MgoLiz0
melt, it is (11.4+1.0)x10 > cm*/s at 983.5 K.

Solidification of the melts occurred in a narrow
temperature interval (less than 2 K). The measured
liquidus temperatures 71 were equal to (921.5+1.0) K for
Mg, (865.2+1.5) K for Mg;Liy;, and (867.9+1.5) K for
Mg;oLizp. Scanning of the solid sample of the Mgy,Lizo
alloy showed its rather high macroscopic homogeneity.
Density differences over the sample height did not
exceed 0.4% at distances of 4—20 mm from the crucible
bottom, which practically lies within the limits of the
measurement error. However, the scanning of the sample
containing 23 at.% Li revealed that the differences in
density reached 6%. In this connection, it was not
possible to measure the density of the solid Mgs;Liy
alloy reliably. Segregation of the components of this
alloy during crystallization is probably due to the fact
that the coordinates of the eutectic point in the assessed
Mg-Li phase diagram [13] are not exactly accurate.
Notice that, according to different sources [8,22—27], the
eutectic composition varies from 21.8 to 27 at.% Li, and
the eutectic temperature lies in the range of 860—865 K.

The measured p, values for the Mg and MgyLizo
alloy were (1737.320.9) and (1456.3+0.4) kg/m’,
respectively. According to literature data on the crystal
lattice parameters [11,28,29], the density of solid
magnesium varies from 1736.6 to 1737.5 kg/m® at room
temperature. The density of the MgyLiz alloy at 293 K
lies in the range of 1455.3—1464.0 kg/m’ [5-8].

3.1 Results of dilatometric measurements

The dilatometric measurements of the thermal
expansion coefficient of solid Mg and the MgyLij, alloy
were made in the temperature intervals of 145773 and
293—773 K, respectively. The &7) dependence for each
specimen was investigated in several cycles of heating
and cooling. The coefficients of the polynomials (Eq. (1))
for the smoothed «(7) dependencies are presented in
Table 1. To construct the smoothed A7), &T) and p(T)
dependencies up to the melting point, Eq. (1) was
extrapolated in the second region.

3.2 Results of measurements
attenuation technique

The measured values of the relative density changes

during the solid—liquid phase transition for the Mg and

Mg, Liz;y alloy were equal to (4.89+0.17)% and

(4.16+0.41)%, respectively. The density of the melts,

by gamma-ray

Table 1 Coefficients of Eq. (1) for temperature dependencies of LTECs of solid Mg and Mg-Lij; alloy

Sample Region Temperature interval/K Ay/10°0 K A/108 K2 A/1071 K3 Ay/107B K
M 1 145229 25.27 —0.549 —28.366 -2.259
g 2 229-773 25.68 1.822 0.199 -
) 1 293-491 38.36 0.980 - -
MgyoLizg
491-773 39.60 -1.169 7.673 -
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within random measurement error of the gamma-ray
method, linearly decreases with temperature in the
investigated temperature ranges. The experimental points
were approximated by the following equation:

_ WP (7
Pu(T) = P (T) 4= (T =T, (6)

The coefficients of Eq. (6) are given in Table 2.

Figures 1 and 2 present the experimental data on the
density of Mg and MgyLiy, alloy in the solid and
liquid states. Tables 3—5 tabulate the temperature
dependencies of the density (p), relative expansion (€),
LTEC (@), and volumetric thermal expansion coefficient

Table 2 Density data for liquid Mg and Mg—Li alloys

XY T/ Pu(TL)/ —(dpw/dT)/ Temperature
at% Li K (kg'm™) (kg'm K" interval/K
0 921.5 1557.5£3.0  0.232+0.006  921.5—1244
23.03 8652 1356.6%£54 0.232+£0.016  865.2—1007
30.02 8679 1294.3£5.6 0.220+0.015  867.9-1014
* X is atomic composition of the alloy
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Fig. 1 Temperature dependence of density of magnesium in
solid and liquid states
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Fig. 2 Temperature dependence of density of Mg;oLi; alloy in
solid and liquid states

(B=—(dp/dT)/p) for magnesium and magnesium-lithium

alloys in the solid and liquid states.

4 Discussion

Figure 3 shows a comparison of the measured data
with literature data on the LTEC of solid magnesium.
One can see that all A7) dependencies are in good
agreement with each other in the temperature range from
400 K to the melting point. At lower temperatures, the
scatter in the data is noticeably higher than the reported
errors. This discrepancy may be due to the fact that the
low temperature thermal expansion of solids often
depends on the purity and thermal history of the samples
under study [15].

Figure 4 presents the LTECs of solid magnesium,
lithium and some magnesium-lithium alloys. From this
figure, it is seen that the LTEC of the alloys varies very
little with concentration in the range of 0—13 at.% Li.
According to Mg—Li phase diagram [13], the alloys with
Li content up to 17 at.% are solid solutions of lithium in
magnesium with a hexagonal close-packed crystalline
structure. The alloys with a content of Li from 25 to
100 at.% are solid solutions of magnesium in lithium
(body-centered cubic lattice). The change in the crystal
structure leads to a sharp increase in the coefficient of
thermal expansion. In the composition range from 30 to
100 at.% Li, the room temperature LTEC again increases
slowly and smoothly with increasing lithium
content [12].

The data on the density change of Mg during the
solid-liquid phase transition are summarized in Table 6.
The resulting 8p; value practically coincides with the
value measured in Ref. [37] (where the measurement was
also made by the gamma-ray method) and is in
satisfactory agreement with that calculated using the
Clausius—Clapeyron relation [28]. The method of unfed
casting, as shown in Ref. [38], always underestimates
density changes during solidification. In Refs. [35,36],
the density of solid and liquid magnesium was measured
by different methods. As a result, the dp; value calculated
in these studies cannot be reliable, because its error
includes the errors of both measurements.

Figure 5 shows a comparison of data in the present
study with literature data on the density of liquid
magnesium. The p,(7) dependence from Ref. [37]
mentioned above agrees with Eq. (6) within the summary
measurement errors. However, the results of other
studies are in poor agreement with each other and with
the data presented here. It should be noted that
calculating the relative density change on melting—
crystallization using the data on the density p,(7¢) from
Refs. [36,39—41] gives the dp; values lying in the range
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Table 3 Smoothed values of volumetric properties of magnesium
Phase T/K /10K g10°° A10°K plkgm™) oo, B)% Ag10°  @Ap)/%
145 20.6 —3525 6.2 1755.8 7.4 64 0.05
160 21.5 -3210 6.5 1754.1 4.1 50 0.05
180 22.6 —2769 6.8 1751.8 1.9 42 0.05
200 23.5 -2307 7.1 1749.4 1.8 33 0.05
220 242 —1830 7.3 1746.8 1.7 25 0.05
240 24.7 —1339 7.4 1744.3 1.6 17 0.05
260 25.1 —841 7.5 1741.7 1.4 10 0.05
273.15 25.3 =510 7.6 1739.9 1.2 6 0.05
280 25.4 -336 7.6 1739.0 1.2 4 0.05
293.15 25.7 0 7.7 1737.3 1.1 0 0.05
300 25.8 176 7.7 1736.4 1.1 2 0.05
Solid 350 26.7 1490 8.0 1729.5 1.0 16 0.05
(HCP) 400 27.7 2849 83 1722.5 1.0 30 0.05
450 28.6 4255 8.5 1715.3 1.0 44 0.05
500 29.5 5708 8.8 1707.9 0.9 58 0.05
550 30.5 7209 9.1 1700.2 0.8 71 0.05
600 31.5 8758 9.4 1692.4 0.7 83 0.06
650 324 10356 9.6 1684.4 0.8 95 0.06
700 334 12002 9.9 1676.2 0.8 108 0.06
750 344 13699 10.2 1667.8 0.8 121 0.06
800 354 15445 10.5 1659.2 0.8 135 0.06
850 36.4 17242 10.7 1650.4 0.9 150 0.07
900 375 19090 11.0 1641.5 1.0 167 0.07
921.5 37.9 19902 11.2 1637.5 1.0 175 0.07
921.5 - - 14.9 1557.5 2.7 - 0.19
950 - - 15.0 1550,9 2.7 - 0.20
1000 - - 15.1 15393 2.7 - 0.22
1050 - - 15.2 1527.7 2.7 - 0.24
Melt
1100 - - 15.3 1516.0 2.7 - 0.26
1150 - - 15.4 1504.4 2.7 0.29
1200 - - 15.5 1492.8 2.7 0.31
1244 — — 15.7 1482.6 2.7 0.33
@(x) is the relative error in the value of x; A€ is the absolute error in the value of & the confidence level is 95%
Table 4 Smoothed values of volumetric properties of Mg;,Lisq alloy
Phase T/K /107K g10° A10°K! plkgm®) o BI% Ag10°° Ap)/%
293.15 384 0 11.5 1456.3 3.1 0 0.03
300 384 263 11.5 1455.2 2.9 8 0.03
350 389 2181 11.6 1446.8 1.0 64 0.04
400 39.4 4099 11.8 1438.5 1.0 84 0.04
450 39.9 6017 11.9 1430.3 1.0 103 0.04
500 40.5 7953 12.0 1422.1 0.9 123 0.05
Solid 550 41.7 10005 12.4 1413.5 1.1 142 0.05
(BCO) 600 432 12126 12.8 1404.6 1.3 165 0.06
650 45.2 14335 13.4 1395.4 1.5 193 0.06
700 47.5 16652 14.0 1385.9 1.7 227 0.07
750 50.3 19096 14.8 1376.0 1.9 268 0.08
800 53.4 21686 15.7 1365.5 2.1 316 0.10
850 56.9 24442 16.7 1354.5 2.3 372 0.11
867.9 58.2 25469 17.0 1350.5 24 396 0.12
867.9 - - 17.0 1294.3 7.0 - 0.43
900 - - 17.1 1287.3 7.0 - 0.47
Melt 950 - - 17.2 1276.3 7.0 - 0.53
1000 - - 17.4 1265.3 7.0 - 0.60
1014 - - 17.4 1262.2 7.0 - 0.62

@(x) is the relative error in the value of x; A€ is the absolute error in the value of & the confidence level is 95%
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Table 5 Smoothed values of volumetric properties of Mg;7Li,3

Table 6 Relative density change of magnesium during

alloy solid—liquid phase transition
T/K B107°K™" plkgm™)  @((B% Ap)/% Source Method 3p:/%
865.2 17.1 1356.6 7.0 0.40 Ref. [34] ucC 3.8
900 17.2 1348.6 7.0 0.44 Ref. [35] M 3.97
950 17.4 1337.0 7.0 051 Ref. [36] M 2.87
1000 17.5 1325.4 7.0 0.57 Ref. [28] ce 445
Ref. [37] GM 4.98+0.15

1007 17.5 1323.7 7.0 0.58

Present work GM 4.89+0.17

@(x) is the relative error in the value of x; the confidence level is 95%
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Fig. 3 LTEC of solid polycrystalline magnesium as function of

temperature
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Fig. 4 Temperature dependencies of LTECs of solid

polycrystalline Mg and Mg;oLi;y alloy (Dashed parts of lines

show extrapolation of dependencies to melting point)

of 2%—3%. These values are much less than the
measured and calculated density changes given in Table
6. This indicates that there are large errors in the py(7)
dependencies from these studies. The likely reasons for
this have already been mentioned in the introduction.

The compositional dependence of molar volume
V(X) of the magnesium-lithium liquid system in the
interval of 0—30 at.% Li is shown in Fig. 6. As can
be seen, this dependency deviates noticeably from the

UC: Method of unfed casting; IM: Independent measurements of the density
of the solid and liquid phases; CC: Calculation by the Clausius—Clapeyron
equation; GM: Gamma-ray method

4
Y
y) 5 —
0 —
5
& 2t —— Ref. [36]
o —o Ref. [37]
— Ref. [39]
—4r — Ref. [40]
- Ref. [41]
6l Ref. [42]

950 1000 1050 1100 1150 1200
Temperature/K

Fig. 5 Relative deviations of published data on density of liquid
magnesium from Eq. (6)

1.58

1.56
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® Data from this work
—Best fit

1.48 L . . . . :

Molar volume/(107> m3+mol™")

70 75 80 85 90 95 100
Concentration of Mg/at.%
Fig. 6 Molar volume of liquid Mg—Li system at 950 K as
function of composition

corresponding dependence for an ideal mixture (the latter
has been constructed using data on the density of liquid
lithium from Ref. [43]). The relative excess molar
volume reaches —3.0% at 30 at.% Li (and for the solid
MgoLi; alloy at room temperature, the excess volume is
—4.3%). Note that the compositional dependencies of
thermodynamic activity and enthalpy of mixing for the
Mg-Li liquid system also demonstrate markedly
non-ideal behaviour [22,44,45].
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5 Conclusions

(1) New experimental data on the density and
thermal expansion of solid and liquid magnesium and
magnesium—lithium alloys containing 23.03 and 30.02
at.% Li were obtained. Values of the density and
volumetric thermal expansion coefficient of liquid
magnesium were refined. The temperature dependences
and reference tables of the investigated volumetric
properties were developed.

(2) The study showed that the eutectic composition
in the magnesium-lithium system differs from 23 at.%
Li.

(3) The concentration dependence of molar volume
of the magnesium-lithium liquid system was found to
deviate noticeably from the corresponding dependence
for an ideal mixture. The relative excess molar volume
reaches —3.0% at 30 at.% Li in the liquid state (and for
the solid MgyoLi;, alloy at room temperature, the excess
volume is —4.3%).

(4) The molar volume of the magnesium-lithium
liquid system was found to be almost linearly dependent
on the concentration in the interval of 0-30 at.% Li.
Therefore, in the range of 0-30 at.% Li, the volume
properties of liquid alloys of any composition can be
estimated by linear interpolation between the values of
the molar volumes for liquid Mg and the Mg,Li;, melt.
The accuracy of such an estimate should be sufficient for
practical purposes.
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