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High pressure thermal-mechanical treatment (4 GPa) is introduced to improve hardness of a

Mg-7 wt. % Li alloy. The improvement in hardness is strongly temperature dependent and the

highest hardness occurs in a narrow temperature range around 700 �C. The main reasons for

improved hardness are mainly related to the increased phase relative abundance of hcp phase and

the formation of superfine f10�11g compression twins in hcp-Li0.92Mg4.08 phase which effectively

inhibits dislocation movement during deformation process. This phase transformation is consistent

with the first principles calculations. It demonstrates that high pressure treatment is an effective

approach to achieve higher strength Mg-Li based materials VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4861631]

I. INTRODUCTION

More recently, high pressure (HP) has attracted exten-

sive attentions because it is one of effective techniques to

prepare new compounds or to obtain unique properties. The

hardness and toughness of nanotwinned cubic BN synthe-

sized under super HP (25 GPa) are better than those of natu-

ral diamond.1 A new hydride of MgY2Hy with fcc structure

has been prepared at 850 �C under 3 GPa in Mg-Y-H sys-

tem.2 In addition, a Al-32 wt. % Mg alloy solidified under

3 GPa has remarkably improved ultimate tensile strength.3 It

is demonstrated that exterior pressure plays an essential role

in phase formation and its transformation, especially reach-

ing the scale of GPa. Therefore, it is expected that HP could

improve mechanical properties of Mg alloys by tuning phase

morphology and its composition.

Mg-Li based alloys, because of their super stiffness to

weight ratio and excellent cold formability, exhibit more

attractive applications of aerospace and aircraft in compared

with other ones. According to Mg-Li binary phase diagram,4

it can be divided into three different ranges depending on Li

concentration, i.e., hcp-a, hcp-aþbcc-b, and bcc-b. Wherein

duplex phase Mg-Li alloys (hcp-aþbcc-b) containing

5.7–11 wt. % of Li are highly desirable which can provide a

optimum combination of mechanical properties. However,

low absolute strength is still a critical issue to confine their

applications.5 Generally, two methods are performed to

improve strength of Mg-Li based material. One is alloying

that a third element, such as Al, Zn, Si, Ag, Cd, or rare earth

elements, serves to improve mechanical properties by form-

ing some intermetallic particles.6 Another is related to grain

refinement which induced by various types of deformation

treatments.7,8 Herein, a novel high pressure treatment has

been first introduced to improve hardness of Mg-Li alloys.

Differing from previous precipitation strengthening and

grain refining, this high pressure treatment induces phase

transformation, together with the modification of microstruc-

ture, resulting in the increment of hardness.

II. EXPERIMENTS

A Mg-7 Li ingot (wt. %, all compositions given there-

after in wt. %) prepared by vacuum induction melting

method was machined into samples with 10 mm in diameter

and 8 mm in length for HP. The samples were wrapped with

Ta foil and then inserted into a BN crucible in a cubic-anvil

large-volume press with six rams.9 The pressure (4 GPa) was

added before increasing the temperature. The temperatures

varied from 450 to 1150 �C. The time was 120 min. After

HP, the samples were quenched to room temperature.

Finally, the HP samples were heated (5 �C/min) to 200 �C
and reserved for 5 min to release residual stress.

Microhardness was tested with a Vickers hardness tester

(HV). The load and the dwelling time were 100 g and 15 s,

respectively. A load of 10 kgf and 1 mm ball were performed

for Rockwell hardness (RH). Microstructural investigations

were performed using scanning electron microscopy (SEM)

and transmission electron microscope (TEM). In the case of

microstructural observation, the standard procedures includ-

ing grinding, polishing and etching were applied. The sam-

ples were etched in a picral solution to reveal grain

boundaries. TEM thin foils were prepared by Ar ion milling

in a Fischione system operating at 5 keV at an incidence

angle ranging between 7� and 15�. X-ray diffraction (XRD)

was carried out on Xpert-Pro diffractometer with Cu Ka
radiation in the range from 20� to 80� with 0.2� min�1.

The first-principles calculations were performed using

a plane wave pseudopotential approach as implemented

in the Vienna Ab-initio Simulation Package (VASP)

code.10 Exchange correlation was described by the

Perdew–Burke–Ernzerhof generalized gradient approxima-

tion.11 The projector augmented wave12 method was used

to describe Mg and Li. The approximate hcp-Li5Mg31 with

a 3� 3� 2 supercell and hcp-Li3Mg13 with a 2� 2� 2

supercell had been used to study the effects of pressure

on enthalpy of hcp-Li3Mg17 and Li0.92Mg4.08, respectively.
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III. RESULTS AND DISCUSSION

Fig. 1 shows the effect of HP on microhardness and

Rockwell hardness of Mg-7 wt. % Li alloy at different tem-

peratures. Both of them reveal the same convex trend in the

temperature range between 450 and 1150 �C. Namely, the

values increase at initial stage of increasing temperature, and

then they decrease after overcoming peak values at 700 �C.

For the microhardness, the peak value at 700 �C is 98 HV,

which is two times higher than that of as-cast sample.

Fig. 2 shows typical SEM micrographs of different state

Mg-7Li alloys. The pristine sample is a typical duplex petal-

configuration structure (Fig. 2(a)). The block-shaped phase

corresponds to hcp phase. The wide and black grain bounda-

ries are converted into bcc phase with high Li concentration.

In contrast, the phase distribution becomes homogeneous af-

ter 4 GPa-700 (Fig. 2(b)). The size of hcp phase is reduced.

With further increasing the temperature to 1150 �C (Fig.

2(c)), a typical eutectic morphology is observed, indicating a

resolidification process occurred under 4 GPa.

Fig. 3 shows XRD patterns of different samples. The pris-

tine Mg-7Li alloy is mostly composed of a and b phases. The

b phase corresponds to bcc-Li3Mg7 (PDF#65-6742) interme-

tallic compound. However, a phase contains two stoichiomet-

ric compounds, which are hcp-Li0.92Mg4.08 (PDF#65-4080)

and hcp-Li3Mg17 (PDF#65-5512). Depending on XRD results,

the phase relative abundance (PRA) is analysed by Maud soft-

ware (Fig. 4(a)). The PRA of bcc-Li3Mg7 phase in pristine

sample is �0.27, and it reduces to �0.06 in 4 GPa-700 sam-

ple. With further increasing the temperature, the PRA will

gradually increase, which corresponds to re-solidification

process.

Regarding to hcp phases, the volume fraction of hcp-

Li0.92Mg4.08 and hcp-Li3Mg17 compounds fluctuates signifi-

cantly when the temperature is increased from 450 to

1150 �C. For comparison, the volume ratio (k) is introduced:13

k ¼ dLi0:92Mg4:08

dLi3Mg17

; (1)

where d is volume fraction. The k also exhibits the convex

trend (Fig. 4(b)), which is consistent with the HV and RH

results. The value of pristine sample is 0.21, whilst the maxi-

mum value of 1.85 is observed in 4 GPa-700 sample.

Fig. 5(a) shows TEM micrograph of as-cast sample. The

selected area electron diffraction (SAED) patterns taken

from A1 and B1 areas are shown in Figs. 5(d) and 5(e),

respectively. Both A1 and B1 are hcp structure, which corre-

spond to [10-10] zone axis, respectively. The lattice parame-

ters of A1 phase are a¼ 3.182 Å and c¼ 5.090 Å, whilst

those of B1 phase are a¼ 3.132 Å and c¼ 5.071 Å. The C

phase is confirmed as bcc-Li3Mg7 compound. For 4 GPa-700

sample, it consists of two lamellar phases (A2 and B2). The

width of B2 phase is measured to be 720 6 20 nm, which is

�3 times thicker than that of A2 phase. The SAED patterns

of the lamellar phases are shown in Figs. 5(f) and 5(g),

respectively. Both of them are taken from the [01-11] direc-

tion. The a and c lattices of A2 phase are 3.074 Å and

4.932 Å, whilst the values are 3.041 Å and 4.902 Å for B2

FIG. 2. Typical SEM micrographs of

Mg-7Li alloys, (a) as-cast sample; (b)

4 GPa-700; (c) 4 GPa-1150.

FIG. 1. (a) Effect of high pressure on microhardness and Rockwell

hardness.

FIG. 3. XRD patterns of different state Mg-7Li alloys.
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phase. According to the XRD results and previous

results,14,15 it can be confirmed that A1 and A2 phases corre-

spond to hcp-Li3Mg17 phase. The B1 and B2 phases are

hcp-Li0.92Mg4.08 phase. In addition, as shown in Figs. 5(b)

and 5(c), some twins are observed in B2 phase. The f10�11g
compression twins with hundreds of nanometers in the B2

phase are identified along 56� h�1012i (Fig. 5(g)).

Fig. 6(a) shows the dependence of pressure on formation

enthalpy (H). Our results indicate that though both of them

are negative, the formation of Li5Mg31 phase is favorable

under low pressure. With increasing the pressure, it becomes

predominant to form Li3Mg13 phase. The difference in en-

thalpy (DH ¼ HLi5Mg31
� HLi3Mg13

) between two phases (Fig.

6(b)) is decreased as pressure is enhanced, suggesting that

the increased pressure is of benefit for phase transformation

from Li3Mg17 to Li0.92Mg4.08. It is worth noting that the cal-

culation pressure is around 10 GPa, which is greatly

decreased with increasing interior temperature.

The improved hardness by HP treatment is mainly

associated with the decrease of bcc-Li3Mg7 phase. Phase

transformation induced the improved mechanical properties

has been commonly observed in age hardenable Mg alloys.

However, unlike the previous aging process, HP treatment

in this work was performed under high pressure and rela-

tively high temperature. Under high pressure, the disloca-

tions tend to pile up at strong barriers owing to the

difference in yield stress between two phases, giving rise to

very high local stresses.16 In turn, it can enhance phase

transformation. The promotion of phase transformation

under HP is also confirmed in preparation of carbon,17

CaB4,18 etc. In this work, the dislocations pile up at the

FIG. 4. (a) Effect of temperature on phase relative abundance of bcc-Li3Mg7

calculated by Moud software; (b) Effect of temperature on volume ratio

(Li0.92Mg4.08/Li3Mg17).

FIG. 5. (a) A typical TEM micrograph

of pristine sample; (b) a typical bright-

field TEM micrograph of 4 GPa-700

sample;(c) the dark-field micrograph

of (b); (d) SAED of A1 phase along

[2-1-10] in (a); (e) SAED of B1 phase

along [2-1-10] in (a); (f) SAED of A2

phase along [-1101] in (b); (g) SAED

of B2 phase along [-1101] in (b).

FIG. 6. TEM micrographs of 4 GPa-700 alloy with a true strain of 1%. (a)

Some strain areas are observed; (b) local high magnification of (a), where

dislocation aggregation is observed in both TBs and twin interiors.
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interface of soft/hard phase such as bcc-Li3Mg7/

hcp-Li3Mg17 or bcc-Li3Mg7/hcp-Li0.92Mg4.08. With

increasing the temperature, the dislocations will easily cut

through a softer bcc phase, leading to its partial dissolution

ultimately. As a result, the volume ratio of b phase is

reduced, whilst the volume ratio of a phase is increased.

In addition, the presence of f10�11g compression twins

during HP process is also responsible for the improved hard-

ness. According to the model of Estrin and Mecking19 that

the spacing between impenetrable obstacles or grain bounda-

ries decides the mean free path of dislocations, in which the

mean free path is determined by both dislocation-dislocation

interaction and barriers in grain or twin boundaries (TBs).

Since the formation of twins subdivide grain to more twin

boundaries, which offers additional barriers to dislocation

movement. As shown in Fig. 7(a), a large number of

deformed areas are observed in grain/TBs. Under higher

magnification (Fig. 7(b)), the tangled dislocations are

observed both grain boundaries and twin interiors, demon-

strating that the presence of compression twins plays an

effective role in prohibiting dislocation movement. On the

other hand, the formation of twins in Mg alloys generally

results in the variation of grain size.20 Namely, the interior

of twins provides an effective nucleation for forming fine

grains during the deformation. Thus, the mechanical proper-

ties can be improved correspondingly in terms of Hall-Petch

hardening.20

IV. CONCLUSION

The high pressure thermal-mechanical treatment is an

effective approach to improve hardness of a duplex Mg-

7 wt. % Li alloy. Both the reduced volume fraction of bcc-

Li3Mg7 phase and the presence of f10�11g compression twins

in hcp-Li0.92Mg4.08 phase are essential reasons for the

improved hardness. The calculation indicates that phase

transformation occurs under 10 GPa spontaneously.

However, the experimental results reveal that the critical

pressure of phase transformation sharply decreases with

increasing temperature.
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