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The effect of scandium addition on phase composition, precipitation hardening and mechanical prop-
erties were studied in newly designed Mg9Li3Sc and Mg9Li6Sc (wt.%) magnesium alloys. Microstructures
analyzed directly after hot rolling indicated existence of a(hcp) and b(bcc) solid solutions, while after
supersaturation from 470 �C and 520 �C they revealed only b(bcc) grains with MgSc particles. Following
ageing at 160 and 200 �C caused hardness increase for alloys of lower and higher Sc content up to 83 HV
and 93 HV, respectively. The a(hcp) Mg solid solution and MgSc particles were identified as phases
responsible for their hardening. EDS analysis indicated increased scandium content within precipitates
which contributed to high level of stress at a(hcp)/b(bcc) interface manifested by high dislocation
density, particularly within a phase. Thermodynamic descriptions of different phases of constituent
binary alloys were extrapolated to ternary Mg-Li-Sc system using CALPHAD method. First approximation
of ternary phase diagram was calculated and confronted with experimental data in Mg-rich corner of
Mg-Li-Sc system. It was found that predicted phase diagram reasonably agreed with experimental
evidence.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Magnesium alloys has attracted wide attention due to their low
density and a high strength suitable for structural applications
[1e3]. The most popular Mg-Al-Zn alloys have been widely
commercializedmainly due to their good castability [4,5]. The addi-
tion of rare earth elements (RE) to Mg alloys is very effective in
enhancing their strength and high yield stress (YS) by precipitation
hardening, which allows obtaining YS about 200 MPa [5]. Recently,
high-strength Mg alloys, particularly Mg-Y-Zn based on YSz 270
MPa with a long-period stacking ordered (LPSO) phase have been
developed [6] and some with Sn addition attain UTS above 400
MPa [7]. However, the Mg alloys with the hexagonal close-packed
(hcp) structure tend to show low ductility at room temperature.
To improve formability of a(hcp) Mg alloys, intense research over
the last years has been carried out [5e8]. The improvement of plas-
ticity was reported in Refs. [5,9] by the introduction of a body-
centered cubic structure b(bcc) to the magnesium alloys by the
lithium addition. Two-phase a(hcp) þ b(bcc) alloys are particularly
interesting, showing good mechanical properties like strength and
ductility after extrusion and subsequent Equal Channel Angular
Pressing (ECAP). They reveal excellent superplastic properties
with the maximum elongation of about 970% at 200 �C [9]. Third
additions to Mg-Li alloys often improve mechanical properties as
in the two-phase Mg8Li2Zn (in wt.%) alloy manifesting good super-
plastic properties at elevated temperatures in the extruded and
rolled state [10,11]. The superplastic deformationwas also observed
in the ultrafine-grain Mg9Li1Zn alloy [12] in the temperature range
between 200 and 300 �C in which the diffusion controlled grain
boundary sliding was visible. The addition of aluminum to the
Mg15Li alloy improved its strength, which was attributed to the
precipitation of Al-Li intermetallic compounds in the b-phase and
grain size refinement [13]. Ternary Mg-Li-Al alloys show also
good superplastic properties. The best results were obtained for
the Mg9Li1Al alloy at 300 �C [14], as in Ref. [12], where the
improvement of superplastic properties was observed after equal
channel angular extrusion.

There are a few papers published recently, on the ternary Mg-Li-
Sc alloys from the a(hcp), a(hcp)þb(bcc) and b(bcc) ranges [15e19].
The rolled and annealed Mg3Li and Mg3Li1Sc (wt.%) alloys were
investigated in Ref. [15]. The results showed that the Sc addition
refined the microstructure of the Mg3Li alloy through the increase
of the recrystallization temperature by more than 100�C. Both, the
strength and ductility improved significantly with the addition of
Sc due to the precipitation of MgSc cubic particles and grain refine-
ment [15]. Studies of mechanical properties of Mg-Sc alloys con-
taining up to 0.7 wt.% Sc indicated that the solid solution
strengthening effect of hexagonal Mg-Sc was low compared with
other Mg-RE alloys due to the limited ability of Sc to act as an
obstacle for dislocations and twin boundaries [16]. The results sug-
gested that the small atomic misfit and the reduction of SFE (stack-
ing fault energy) due to the Sc additions were decisive factors in the
determination of the mechanical behavior of the alloys. The Mg-Sc
alloy with the b single-phase showed the tensile strength of 254
MPa and elongation of 25.4%. The tensile strength of the Mg-Sc
alloy increased with growing volume fraction of the a phase and
the alloy showed high ultimate tensile strength (UTS) of 310 MPa
and elongation of 28.8%, the properties which were better balanced
than those of conventional Mg alloys. Moreover, the b-type
Mg16.8Sc (at.%) alloy showed age hardening at 200 �C due to the
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formation of fine hcp a(hcp) needles and/or plates in the b(bcc) ma-
trix. It also exhibited high hardness near 100 HV in the
(a(hcp)þ b(bcc)) Mg-Sc alloys [18], howevermuch higher hardness
approaching 230 HV was observed in the earlier work of these au-
thors on aged b(bcc) alloys [19], in which the precipitation of the
hexagonal a(hcp) phase was responsible for such a hardness in-
crease. This result seems to be too high and was not confirmed in
other investigations. Recently, Ogawa et al. [3] claimed that the
Mg alloy with additions of 13e30 at.% Sc revealed superplastic ef-
fect in the association with stress-induced transformation
involving the bcc phase and shape memory effect (due to a revers-
ible martensitic transformation between the a(hcp) parent phase
and the orthorhombic martensite phase).

In the literature there is no information concerning the phase
relations in the Li-Mg-Sc alloys since this ternary system has not
been experimentally studied yet. The only thermodynamically
assessed phase diagrams refer to the binary Li-Mg [20], Li-Sc [21],
Mg-Sc [22,23] ones. The Li-Mg [20] system consists of three phases:
liquid, a(hcp) Mg and b(bcc) Li solid solutions. Lithium dissolves in
the Mg a(hcp) phase up to 6wt.%, whereas the solubility of Mg in
the Li b(bcc) phase is close to 90wt.%. The b(bcc) phase containing
the highest Mg content melts at 590 �C. In contrast to Mg-Li, in the
Li-Sc system the solubility of Sc in the Li-based (b)bcc phase, as well
as the solubility of Li in the (a)hcp and (b)bcc Sc are practically
nonexistent [21]. It should be noted that Bu et al. [21] based their
work on the phase diagram constructed by Okamoto [24] with
very limited data [25], and it needs experimental confirmation.
The Mg-Sc phase diagram reassessed by Kang et al. [23] was very
similar to the earlier assessment of Pisch et al. [22]. One distinct dif-
ference concerned the MgSc phase which was modeled as nonstoi-
chiometric (bcc_B2 solid solution) in Ref. [23], whereas Pisch et al.
modeled it as a linear compound [22] due to insufficient experi-
mental data. The solubility of Sc in the (a)hcp Mg phase reaches
33wt.% at 480 �C. The Sc-based (b)bcc solid solution contains up
to 68wt.% of Mg at 710 �C. Because of missing experimental evi-
dence the Sc-rich part of Mg-Sc phase diagram has been considered
tentative [22,23].

A new alloy was developed in the study assuming the existence
of similar phase composition in the Mg-Li [4] andMg-Sc [14] alloys,
namely a(hcp) and b(bcc) showing good plasticity and strength,
particularly at room temperature (RT) [7e14]. Due to lack of infor-
mation on the ternary Mg-Li-Sc phase diagram it was approxi-
mated using the extrapolation of CALPHAD descriptions of binary
systems into the ternary one. The effect of scandium addition on
the phase composition, deformation ability andmechanical proper-
ties due to precipitation hardening was studied in new alloys based
on Mg9Li with additions of 3e6 wt% of Sc revealing also
a(hcp) þ b(bcc) structures.

2. Experimental procedure

2.1. Sample preparation

The ternary Mg-Li-Sc alloys: (91-x)Mg(9)Li(x)Sc where
x¼ 3wt.% (designated as Mg9Li3Sc) and 6wt.% (designated as
Mg9Li6Sc) were prepared from pure components: Mg
(99.99wt.%), Li (99.9 wt.%), Sc (99.97wt.%). Because the alloy com-
ponents greatly differed with respect to melting temperature (Li
180.5 �C, Sc 1541 �C), the preparation of alloys was divided into
steps. First, Mg10Sc (wt.%) base alloy was prepared by induction
melting, next, it was added to Li and Mg in such proportions that
gave the desired Sc content in the final ternary alloy. Because liquid
Li readily reacts with graphite and many ceramics, the ternary al-
loys were prepared in a molybdenum crucible. The resistance
furnace was closed in a glovebox filled with high purity argon gas
(99.9997%) circulating in a closed circuit and additionally purified
with Ti-shavings at 850 �C. At this temperature Ti reacted with
traces of oxygen, moisture and nitrogen, removing them from the
glovebox. The crucible with alloy components was put into the
furnace already heated to 800 �C. Once its content was liquid, it
was stirred carefully and cast into steel mold of rectangular cross-
section. The mass loss of such prepared alloys was below 0.5%.
The castings were removed from molds, let to cool freely and
then put into another furnace already preheated to 400 �C for 5 h
to promote homogenization. Both alloys were hot rolled at 350 �C
up to the thickness reduction of 70% using the quarto-duo DW4-L
rolling mill. The deformation temperature was chosen as low as
possible to allow deformation of the cast sample and to avoid the
dynamic grain growth assuming that scandium increases the
recrystallization temperature as was observed in the Mg-Sc and
Mg-Li-Sc alloys [4,14e16]. The hot rolled samples were solutionized
at 470 �C and 520 �C for 1.5 h, next aged at 160 �C and 200 �C for
0.15e120 h. To avoid oxidation effect the samples were closed in
a quartz tube in which the vacuum was applied.
2.2. Microstructure and mechanical properties

The samples for the structural characterization were taken both
from the longitudinal direction of the ingot and after the deforma-
tion. The microstructural observations were performed using a
Leica optical microscope in Nomarski interference contrast with
the QUIN image analysis system. The bright-field (BF) microstruc-
ture and selected area electron diffraction pattern (SADP) studies
were carried out using Tecnai G2 F20 and Philips CM20 transmis-
sion electron microscopes (TEM) with the integrated Energy-
Dispersive X-ray Spectroscopy system (EDS). Thin samples of hot
pressed alloys were cut with electro spark, then dimpled and elec-
tropolished in the electrolyte consisting of 750 ml AR grade meth-
anol, 150 ml butoxyethanol, 16.74 g magnesium perchlorate and
7.95 g lithium chloride and finally dimpled using Gatan dimpler
and ion beam thinned using Leica EM RES101 ion beam thinner.
The hardness of samples was tested with a Zwick ZHU 250 instru-
ment using the Vickers method under 50 N of load (HV5) and the
tensile tests were performed at Instron 6025 testing machine at
room temperature.

3. Results and discussion

3.1. Prediction of Mg-Li-Sc phase diagram with binary
approximation method

A common approach in calculating ternary phase diagrams is to
start from the extrapolation of CALPHAD descriptions of binary sys-
tems into the ternary one [26]. This gives reasonably good results
when a proper extrapolation scheme is used for terminal solution
phases i.e. extending from pure components. All of the liquid and
solid solution phases in the Mg-Li, Li-Sc and Mg-Sc systems were
described with regular or sub-regular solution model (with excep-
tion of liquid in Ref. [23]). The Modified Quasichemical Model
(MQM) used for the liquid phase of Mg-Sc in Ref. [23] is much
different from the models used for the liquid phase of Mg-Li and
Li-Sc [20,21], therefore in the first approximation of Li-Mg-Sc phase
diagram an earlier assessment of Mg-Sc system [22] was adopted.
The ternary Li-Mg-Sc phase diagram was extrapolated from the bi-
nary systems provided that the phases with the same crystallo-
graphic structure have the same models, therefore their behavior
in the ternary one can be predicted.

The liquid, ((b)Li and (b)Sc) (b)bcc, ((a)Mg and (a)Sc) (a)hcp
were modeled as disordered solutions. The Gibbs energies G∅ for
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the ternary solution phases ø are obtained by extrapolating the bi-
nary energies using formula (1):

G∅ ¼ x1
0G

∅
1 þ x2

0G
∅
2 þ x3

0G
∅
3 þ RT½x1lnðx1Þ þ x2lnðx2Þ
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X

i
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Where: x1; x2; x3 are mole fractions of components 1,2,3; 0G
∅
1 ;

0G
∅
2 ;

0G
∅
3 are Gibbs energies of reference states of elements 1, 2, 3 as

taken from SGTE pure elements database; Li12; L
i
13; L

i
23 are co-

efficients of excess Gibbs energy terms, which have the same value
as for binary systems listed in Table 1, R is universal gas constant, T
is absolute temperature.

Gibbs energy of stoichiometric MgSc phase [22], referenced to
Mg and (a)Sc, is expressed by equation (2), where Df G is Gibbs en-
ergy of formation of MgSc phase.

GMgSc ¼ 0:50GMg þ 0:50GSc þ Df G (2)
Fig. 1. Predicted liquidus projection in the Mg-rich corner of Mg-Li-Sc system. Iso-
therms in �C; points (x) correspond to compositions of investigated alloys Mg9Li3Sc
and Mg9Li6Sc.
3.2. Analysis of predicted Mg-Li-Sc phase diagram

Fig.1 illustrates the calculated liquidus projection in theMg-rich
corner of Mg-Li-Sc system. The calculated liquidus temperature of
the experimentally investigated alloys, marked as points (x) in
Fig. 1, is in the range of 600e610 �C and the (b)bcc solid solution
is a primary solidification phase. As illustrated in Fig. 2, two alloys
investigated should have different phase composition at 400 �C.
The alloy with 6wt.% Sc should be composed of two phases in
the equilibrium: (b)bcc and intermetallic MgSc. The alloy contain-
ing 3wt.% Sc should be the single (b)bcc phase. Fig. 3 shows the
change of phase composition of the Mg9Li alloy with the scandium
addition. What is interesting, the solubility of scandium in the (b)
bcc phase increases with temperature and above 430 �C only bcc
solid solution in the alloy containing 6wt.% Sc should exist. Another
important feature is that the a(hcp) and MgSc phases should pre-
cipitate from the quenched alloy, therefore one should expect age
hardening of the Mg9Li (wt.%) alloy with scandium addition.
Table 1
Thermodynamic parameters of binary Mg-Li, Li-Sc and Mg-Sc systems [20e22].

Phase System Parameters

Liquid Li-Mg L0LiMg ¼ �1493
L1LiMg ¼ �1789
L2LiMg ¼ 6533e6

Li-Sc L0LiSc ¼ 15519
L1LiSc ¼ 7913
L2LiSc ¼�5283

Mg-Sc L0MgSc ¼ �1200
b(bcc) Li-Mg L0LiMg ¼ �1833

L1LiMg ¼ 3481
L2LiMg ¼ 2658e0

Li-Sc L0LiSc ¼ 47776
L1LiSc ¼�14574

Mg-Sc L0MgSc ¼ �2405
a(hcp) Li-Mg L0LiMg ¼�6856

L1LiMg ¼ 4000
L2LiMg ¼ 4000

Li-Sc L0LiSc ¼ 58238
Mg-Sc L0MgSc ¼ �1611

MgSc Mg-Sc GMgSc � 0:50GM
3.3. Effect of hot rolling

Table 2 shows the results of hardness measurements and tensile
test of hot rolled Mg9Li3Sc and Mg9Li6Sc alloys. It can be seen that
the hardness of the Mg9Li6Sc alloy is slightly higher than that of
Mg9Li3Sc. The hardness is higher than that of the deformed two
phase Mg9Li1$5Al alloy [27], which indicates a positive effect of
scandium on the mechanical properties of Mg-Li system in agree-
ment with the results of earlier studies [15e17]. The observed ten-
sile strength is also much higher than that of rolled Mg9Li alloy
where the maximum strength of 135 MPa was reported [28].
High compression strength near 250 MPa reported in Ref. [6] in
the Mg-Li-Al alloys with 3e5wt.% Al was accompanied by a low
ductility and could not be directly compared with tensile strength
of the investigated alloys. Fig. 4 shows optical images taken of the
Reference
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Fig. 2. Predicted isothermal section at 400 �C in the Mg-rich corner of Li-Mg-Sc sys-
tem. Points (x) correspond to compositions of investigated alloys Mg9Li3Sc and
Mg9Li6Sc.

Table 2
Hardness and tensile test results of investigated hot rolled alloys Mg9Li3Sc and
Mg9Li6Sc.

Rolled alloys Hardness HV5 UTS [MPa] s0.2 [MPa] Elongation %

Mg9Li3Sc 63± 1 173 62 45
Mg9Li6Sc 66± 2 184 77 30
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Mg9Li3Sc and Mg9Li6Sc hot rolled alloys at 350 �C. Micrograph 4a
taken of the Mg9Li3Sc alloy shows two-phases elongated in the
rolling direction, probably a(hcp) visible as bright and b(bcc) giving
gray contrast (matrix) in accordance with the phase diagram pre-
diction in Fig. 2. Within the darker b(bcc) phase some finer black
particles can be seenwhich can be MgSc precipitates. Fig. 4b shows
a different microstructure with finer grains of a(hcp) and b(bcc)
showing less pronounced directionality and fine dark precipitates,
most probably MgSc (z4 vol%), identified using EDS as Sc enriched,
Fig. 3. Predicted iso-pleth in the Li-Mg-Sc sys
which is consistent with the phase diagram in Fig. 2. These obser-
vations indicate that the extrapolation of phase diagram from the
binary systems (Fig. 2) reasonably predicts phases existing above
300 �C. XRD patterns for samples after rolling are shown in
Fig. 4c. These results confirm presence of a(hcp) þ b(bcc) with a
small amount of MgSc precipitations. Higher volume of a(hcp)
phase is observed in Mg9Li3Sc alloy, what indicates that Sc stabi-
lizes b(bcc) structure in Mg-Li-Sc system.

Fig. 5 shows a TEM micrograph from the Mg9Li3Sc sample after
hot rolling. The subgrain boundary between the bright and dark
grain of the b(bcc) phase can be seen together with dark precipi-
tates within the b(bcc) phase. The selected area diffraction pattern
(SADP) from the upper darker grain shows the [001] zone axis
orientation of the b(bcc), and additional weak reflections that can
be indexed as the a(hcp) at the [0001] zone axis orientation. The
a(hcp) precipitates are visible in Fig. 5b as bright in the DF micro-
graph taken using 1010 a(hcp) phase reflection. They were formed
most probably during the high temperature treatment before the
plastic deformation (annealing) and during hot rolling below
350 �C. Low dislocation density indicated to a partial recovery at
that deformation temperature.

Fig. 6 shows TEM micrographs of the Mg9Li6Sc after hot rolling
taken in the bright and dark field using 0110 a(hcp) reflection. One
can see that particles of the a(hcp) phase (marked with arrow) are
of lamellar form as observed also in Mg-Li-Al alloys [3e8,17] of the
a(hcp)þ b(bcc)structure. These areas are rather small and were not
observed after quenching due to the stabilization of the b(bcc)
phase with scandium addition. The a phase appeared most
tem at fixed Li concentration (Li: 9wt%).



Fig. 4. Optical microstructures of alloys after rolling up to 70% of deformation at 300 �C; a) Mg9Li3Sc, b) Mg9Li6Sc, c) XRD patterns for both alloys.

Fig. 5. Alloy Mg9Li3Sc after rolling up to 70% of reduction at 300 �C; a) BF micrograph and selected area diffraction pattern SADP as an insert, DF image taken using 1010 reflection
of the a(hcp) phase (b).
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probably after heating and deformation since the alloys of compo-
sition near equilibrium of both phases are unstable and the precip-
itates of a(hcp) phase were often observed within the b(bcc) one
[8]. The TEM micrograph on the left side of Fig. 7 contains a large
particle with a clear pattern of perpendicular lines. Such particles
are visible in the optical micrograph in Fig. 4b and also in the as-
quenched samples in Fig. 8. The SADP from this particle shown as
an insert in Fig. 7 can be indexed as [001] zone axis orientation of
the ordered MgSc phase and the parallel lines most probably indi-
cate ordered domain walls. The presence of MgSc phase at this
composition range was predicted in the calculated Mg-Li-Sc phase
diagram in Fig. 2; however it should disappear above 430 �C even in
the Mg9Li6Sc alloy as results from Fig. 3. Therefore considering the
experimental results, the line separating the regions of b(bcc) and
b(bcc) þ MgSc in Fig. 3 should be shifted most probably to higher
temperatures.

3.4. Age hardening of Mg-Li-Sc

Fig. 8 shows the optical microstructures of Mg9Li3Sc (a) and
Mg9Li6Sc (b) alloys quenched from 520 �C into water. Significant
changes in themorphology in relation to hot rolled state are visible.
The structure changes after quenching correspond to near single
b(bcc) phase and the increased average grain size up to 170 mm
and 75 mm for theMg9Li3Sc andMg9Li6Sc alloys, respectively. It re-
sults probably from the recrystallization followed by coarsening ef-
fect occurring during supersaturation at 520 �C. Additionally, bands
of dark particles in the amount of z3 and 5 vol.%, respectively for



Fig. 6. a) TEM bright field and, b) dark field micrographs of Mg9Li6Sc alloy rolled at 300 �C up to 70% reduction. SADP included as insert in DF image shows reflections from b phase
at [111] zone axis orientation and from a(hcp) phase at [1010] zone axis orientation. DF taken using 0110 a reflection marked in SADP. Arrows indicate a-phase particles visible as
bright in the DF micrograph within the b elliptical area highlighted in Fig. 6a and b.

Fig. 7. TEMmicrograph of Mg9Li6Sc alloy rolled at 300 �C up to 70% reduction. SADP in
the upper left part from left dark grain showing MgSc intermetallic phase at [001] zone
axis orientation.

Fig. 8. Optical microstructures of rolled and quenched from 520 �C a) Mg9Li3Sc, b)
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the Mg9Li3Sc and Mg9Li6Sc are visible in the rolling direction. The
particles are likely to be MgSc phase according to the predicted
phase diagram in Fig. 2 and X-ray diffraction studies shown in
Fig. 8c. No a(hcp) phase can be seen there, which is in agreement
with Fig. 3 where the predicted phase constitution based on ther-
modynamic calculations is shown. The X-ray analysis of Mg9Li3Sc
after quenching (Fig. 8c) confirmed the presence of b(bcc) solid so-
lution with small amount (below 3 vol.%) of MgSc particles.

The accuracy of ternary extrapolation from binary systems de-
pends on the quality of assessments of the binary systems as well
as probability and magnitude of ternary interactions [29]. The ther-
modynamic description of Li-Mg [20] and Mg-Sc [22,23] (in the
Mg-rich part) was verified experimentally, while, as pointed out
earlier, the assessed Li-Sc [21] phase diagram was based on a very
limited experimental work. This may explain the differences be-
tween the extrapolated phase diagram (Figs. 2 and 3) and the mi-
crostructures of investigated alloys (Figs. 4e8). Several ternary
Mg-alloys [30] contain ternary intermetallic compounds (stoichio-
metric) as well as ternary intermetallic solution phases extending
Mg9Li6Sc, and c) X-ray analysis results for both alloys quenched from 520 �C.



Fig. 10. Hardness versus ageing time of alloy Mg9Li6Sc saturated at 470 �C and 520 �C
for 90 min, quenched into water and aged at 160 �C and 200 �C for 0.15e120 h.
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from the binary ones. There are no intermetallic binary phases in
the Mg-Li and Li-Sc systems; moreover the latter shows liquid
miscibility gap. Therefore, despite there is intermetallic phase in
the Mg-Sc system, it could be assumed that the probability of
ternary stoichiometric phase appearance is low in the Li-Mg-Sc sys-
tem. Taking the above into account and considering that the Mg-
rich corner of Li-Mg-Sc ternary diagram is being focused on, in
the first approximation the extrapolation directly from the existing
binary descriptions seems fully justified. When the evidence of
ternary interactions becomes available, the thermodynamic
description of Li-Mg-Sc ternary system can be updated. The MgSc
phase possesses the B2 ordered structure [23]. The solubility of
MgSc is likely to change with temperature as results from iso-
pleth in Fig. 3, therefore quenching from 520 �C to 470 �C was per-
formed followed by ageing. Quenching from higher temperatures
than 530 �C caused partial melting of the alloys, therefore the high-
est quenching temperature of 520 �C was applied. Next, the sam-
ples were aged at 160 �C and 200 �C and the results of hardness
measurements are shown in Figs. 9 and 10, respectively for
Mg9Li3Sc and Mg9Li6Sc. It can be seen that the alloys quenched
from higher temperature attained higher hardness during ageing.
The maximum hardness of alloy MgLi9Sc3 aged at 160 �C was 77
HV compared with 90 HV for the alloy quenched from 470 �C.
The similar situation was observed for the alloys aged at 200 �C,
however the highest hardness achieved during ageing was lower.
The alloys containing 6wt.% Sc also gained higher hardness after
quenching from 520 �C and that accomplished during thermal
treatment at 160 �C was 92 HV compared with 89 HV reached after
quenching from 470 �C. The differences are not large, about 10%.
Additionally, the hardness of both alloys is different after quenching
and that of alloy containing 6 wt.% of Sc is higher by about 15 HV
than that of the alloy with 3wt.% of Sc. This difference is most prob-
ably caused by larger density of MgSc primary particles as well as
increased volume of Sc content in the Mg solid solution. The in-
crease of hardness after aging is connected with MgSc and a(hcp)
precipitations being similar for both alloys.

The differences in hardness in as-quench state are most prob-
ably caused by higher solubility of Sc in b(bcc). However, it does
not result from Fig. 3, but concerns a relatively short annealing
time (1,5 h). It can be assumed that the increased solubility of Sc
was attained at higher temperature, which brought about higher
density of precipitates and contributed to higher hardness.
Fig. 9. Hardness versus ageing time of Mg9Li3Sc alloy saturated at 470 �C and 520 �C
for 1.5 h, quenched into water and aged at 160 �C and 200 �C for 0.15e120 h.
The age hardening effect for the Mg9Li6Sc was rather large,
since hardness increased during ageing from 74 HV to 92 HV, how-
ever the gain resulting from the increase of scandium content was
not too large. The identification of the precipitating phase is there-
fore important. The question is, whether it is the a(hcp) phase as
shown in the binary MgSc alloys [18,31].

Fig. 11 shows the results of tensile test of the Mg9Li3Sc alloy af-
ter: (i) hot rolling, (ii) quenching from 520 �C/H2O and (iii) quench-
ing followed by ageing at 160 �C for 40 min. It can be seen that the
sample aged to the maximum hardness reached the highest
strength, while the lowest hardness was obtained in the as-
quenched state and the rolled sample acquired intermediate
strength. All samples showed very good ductility near 40%, what
is much higher than for popular magnesium based alloys [4].

There was no work hardening observed contrary to the hexago-
nal Mg-Sc alloys in which some hardening reported in Ref. [16] was
Fig. 11. Tensile curves of Mg9Li3Sc samples in as-rolled state, as-quenched (520 �C/
1.5h) and quenched (520 �C/1.5h) and aged (160 �C for 40 min).
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due to the low atomic misfit leading to low strengthening of slip
and twinning. Similar phenomenon was observed in the a(hcp)
þb(bcc) and b(bcc) Mg-Sc alloys, i.e. no work hardening in the
b(bcc) alloys at 20% Sc and small hardening in the a(hcp) þb(bcc)
state [16e18] in accord with previous studies on Mg-Sc alloys
[16] in which it was shown that the Sc addition to Mg exerted a
weak influence on hardening of deformation modes that deter-
mined yield stress. In addition, the b(bcc) single-phase sample
showed hardly any work hardening [17e19]. It seems that the addi-
tion of scandium increased the phenomenon observed in Mg-Li-Zn
a(hcp)þ b(bcc) alloys such as low temperature activation of a(hcp)/
b(hcp) phase boundary sliding [11,12].

Table 3 shows the results of tensile tests of the samples cut from
Table 3
Hardness and tensile test results of investigated alloys Mg9Li3Sc and Mg9Li6Sc
quenched from 520 �C, aged to maximum hardness at 160 �C.

Composition of alloy Hardness HV5 UTS [MPa] s0.2 [MPa] Elongation %

Mg9Li3Sc 81± 2 196 66 44
Mg9Li6Sc 92± 1 227 121 20

Fig. 12. a) STEM micrograph and elemental mapping distribution b) Mg, c) Sc for Mg9Li6Sc
magnesium and scandium within large particle.

Fig. 13. TEM bright field and dark field micrographs of the alloy Mg9Li3Sc quenched from 5
taken using various reflections of a(hcp) phase marked in SADP.
the both investigated alloys aged to the maximum hardness at
160 �C after quenching from 520 �C. One can see that UTSmeasured
at room temperature (RT) was above 220 MPa, which was much
higher than that observed for the a þ b Mg-Li-Al-Zn alloys [32]
and close to that reported for the a(hcp) þ b(bcc) Mg-Sc alloys
[18]; however lower than observed in the aged b alloys [17], what
is astonishing in view of the results for the a(hcp) þ b (bcc) alloys
of higher scandium content. The ductility was also higher than
that reported for the Mg-Li base alloys.

Fig. 12 shows the STEM micrograph and elemental mapping of
the alloyMg9Li6Sc aged 10minutes at 200 �C. Large bright particles
in the b(bcc) matrix with a clear contrast from fine precipitates
responsible for the increase of hardness can be seen. Elemental
mapping of Sc and Mg (lithium cannot be detected using the EDS
detector) reveals that large precipitates are rich in scandium and
depleted in magnesium, which confirms the electron diffraction
identification of the MgSc phase, since the matrix contains close
to 90wt.% of Mg.

Fig. 13 contains a set of TEMmicrographs and SADP taken of the
Mg9Li3Sc alloy quenched from 470 �C and aged 40 minutes to the
maximum hardness. The SADP shows the basic orientation of
after quenching from 520 �C and aged for 10 minutes at 200 �C showing distribution of

20 �C/1.5h and aged for 40 minutes at 160 �C to maximum hardness. DF1 and DF2 were
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b(bcc) phase of [011] zone axis orientation and the additional re-
flections at positions near ½(110) corresponding to 0001 a(hcp).
No reflections were observed at position 100 b(bcc) what indicated
that precipitates were not theMgSc phase, but it suggested the pre-
cipitation of the a phase. Dark field images (DF1 and DF2) shown in
Fig. 13 were taken using 0001 and 0002 reflections of the a(hcp)
phase, respectively and contained bright precipitates of size below
100 nm. The precipitation of the a(hcp) phase was observed in bi-
nary Mg-Sc alloys [18, 31], in a needle form observed already using
the optical microscopy. Aging precipitation kinetics and hardening
of the binary Mg-Sc alloy with b(bcc)-a(hcp) two-phase were
attributed to the precipitation of very fine a(hcp) phase in the
b(bcc) phase [31]. Nevertheless, the hardening effect and the time
to attain maximum hardness were similar. Fine hexagonal precipi-
tates were also observed in the binary Mg14Li b�alloys [33,34],
however no hardening effect was reported. A similar microstruc-
ture can be seen in Fig. 14 (BF) taken of the Mg9Li6Sc alloy aged
at 200 �C to the maximum hardness. The high density of precipi-
tates can be seen within the b(bcc) phase visible as bright in the
Fig. 14. TEM bright field and dark field micrographs of Mg9Li6Sc quenched from 520 �C/1.5h
on the left and SADP2 of the dark elongated grain on the right. DF taken using 0111 reflec

Fig. 15. a) STEM micrograph and elemental mapping distribution b) Mg, c) Sc, taken from a
distribution of magnesium and scandium within the large particle.
dark field image (DF1) taken using the 0111 reflection marked in
SADP1. The dark particle with parallel boundaries without precipi-
tates is also visible. The SADP2 taken of this phase was identified as
the a phase of [1231] zone axis. Two types of the a(hcp) phase exist:
(i) primary large particles present already after quenching and (ii)
fine precipitates formed during ageing at 200 �C. The precipitates
are responsible for strengthening of the alloy after ageing. Fig. 15a
shows the STEM micrograph and elemental mapping (Fig. 15a
and b) taken of the alloy 2 aged 10 minutes to the maximum hard-
ness at 200 �C. The elongated precipitates of length about 70 nm
can be seen and similarly like in Fig. 12 they reveal enrichment in
scandium, however the depletion in magnesium is not clear. Most
probably the precipitates rich in scandium cause additional lattice
stresses and as result, quite significant precipitation strengthening
is obtained. Fig. 16 derives the HRTEMmicrograph of alloy 2 aged to
the maximum hardness at 200 �C. The Fast Fourier Transform FFT
images (inserted in Fig. 16) from the areas marked by white squares
showing the symmetry analogical to [0110] a(hcp) phase and [001]
b(bcc) phase. These results confirm the electron diffraction
and aged at 200 �C for 10 minutes to maximum hardness. SADP1 taken of b(bcc) phase
tion marked in SADP as DF1.

lloy Mg9Li6Sc quenched from 520 �C/1.5h and aged for 10 minutes at 200 �C showing



Fig. 16. HRTEM from alloy Mg9Li6Sc aged to maximum hardness at 200 �C/10min after
quenching from 520 �C/1/5h showing a(hcp) precipitate within b(bcc) matrix as results
from FFT images taken of marked areas.
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interpretation in Figs. 13 and 14 indicating the precipitation of
a(hcp) phase at [0110] zone axis orientation within the b(bcc) ma-
trix of [001] zone axis orientation. One can see double space (0001)
a(hcp) planes parallel to the (110) b(bcc) ones. Frequent disloca-
tions (marked by arrows in densely packed planes can be seen
formed due to interface matching. In addition, a high density of
crystal defects particularly within the a(hcp) phase points to a
high level of stresses at the interface contributing to the increase
of hardness after ageing. The densely packed {110} b(bcc) planes
parallel to densely packed {0001} planes of the a(hcp) phase found
already in conventional SADP were confirmed by the HRTEM.

4. Conclusions

1. The ternary Li-Mg-Sc phase diagram has been extrapolated (up
to 20 wt.% of Li and Sc) from the binary systems under
assumption that the phases with the same crystallographic
structure have the same models. The results show that, the
b(bcc) solid solution crystallizes as a primary phase and the
scandium addition increases the range of primary crystallization
of the b(bcc) phase similarly to Mg9Li alloy. The phase diagram
calculation indicates that in the alloy containing 9% Li and only
3% Sc the b(bcc) phase crystallizes first. The computed
isothermal section at 400 �C suggests that the Mg9Li3Sc alloy
should consist only of the b(bcc) phase at 400 �C, while the alloy
with 9% Li and 6% Sc at 400 �C should comprise the
b(bcc) þ MgSc phases.

2. The Mg9Li base alloys containing 3 and 6 wt.% Sc after
quenching from temperatures above 400 �C are constituted of
grains of b(bcc) phase with the particles of MgSc phase as
identified using the electron diffraction technique. It indicates
that the b(bcc)/b(bcc) þ MgSc phase boundary in the calculated
phase diagram should be shifted toward lower scandium
contents.

3. The investigated alloys containing Sc revealed precipitation
hardening during ageing at 160 and 200 �C causing the hardness
increase from 74 to 93 HV after 40minutes at 160 �C for the alloy
with 6% Sc. The precipitates of size below 100 nm were identi-
fied as the aMg solid solution rich in scandium. EDS imaging
indicated increased scandium content within the precipitates
which contributed to a high stress level at the a(hcp)/b(bcc)
interface manifested by a high dislocation density particularly
within the a(hcp) phase.
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