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Thermoplastic Forming Properties and Microreplication Ability
of a Magnesium-Based Bulk Metallic Glass**

By Jason Shian-Ching Jang,* Chin-Tsung Tseng, Liang-Jan Chang, Jacob Chih-Ching Huang,

Ya-Ching Yeh and Jin-Long Jou

The thermoplastic forming properties in the supercooled
liquid region of MgssCuz1NdsYe bulk metallic glass (BMG)
rods were systematically characterized by thermal mechani-
cal analysis (TMA) and compressive tests at different temper-
ature with various strain rates. The process window of ther-
moplastic forming for the MgssCus;NdsYs BMG was
developed according to the results of TMA and the compres-
sive tests. All evidence reveals that the MgssCu531NdsY,
BMG possesses excellent superplastic formability with the m
value being nearly 1.0 in the supercooled liquid region of
430-503 K under a strain rate around 2.5 x 10°-1.0 x 1072 s™".
In parallel, a relatively low flow stress (less than 10 MPa)
within the supercooled liquid region can be obtained with a
strain rate of 2.5 x 107 s™'. Additionally, the replication of a
hologram pattern with 100 nm depth also demonstrates
extremely good microforming ability of this Mg-based BMG
in the supercooled liquid region.

Magnesium alloys have attracted great attention in the ca-
tegory of engineering materials in recent years because of
their high specific strength/density ratio and high damping
Capacity.[1'3] However, the inherent of low stiffness and poor
workability of conventional magnesium alloys has resulted in
its limited application up to now. Therefore, the development
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of high specific strength Mg-based bulk metallic glasses
(BMGs) for application as structural materials is an important
research topic. Recently, Inoue et al.*®! first found that
Mg-Cu-Y ternary alloys exhibited high glass-forming ability
(GFA) and can be produced as a BMG rod with a diameter of
7 mm by using copper mold-casting and high-pressure die-
casting methods. Moreover, further improvement of the GFA
has been reported by partially replacing Cu with a TM (TM:
transition metal such as Ag, Pd, or Zn) in the Mg-Cu-Y alloy
system, for example, Mg65Cu15Ag10Y10,[6’7] Mg65Cuzoer15Y10,[8I
and MgesCuysAgsPds Y. Additionally, the significant im-
provement of their GFA has been reported by adding a rare-
earth element (Gd, Nd, Tb, Pr, or Dy) and lowering the
amount of Mg in the Mg-based amorphous materials, such as
Mg-Cu-Y-Gd,""? Mg-Cu-Ni-Gd,"®! Mg-Cu-RE (RE =rare-
earth element),™  Mgs,Cuss5Ag55Gdi1, " Mg-Cu-Gd-
Nd, "7 and Mg-Cu-Y-Nd ™! alloy systems. All of these
Mg-based BMGs exhibit high compressive fracture strength
over 800 MPa,"*?!! which is twice the highest strength of
conventional Mg-based crystalline alloys. In addition, these
Mg-based BMGs usually present significant plasticity in
supercooled liquid region (SCL) with behavior similar to a
Newtonian viscosity of conventional glass materials, that is,
the strain rate sensitivity exponent (m) is near 1. Hence,
because of the superplastic deformation ability in the SCL re-
gion, Mg-based BMGs are capable of being manufactured
into near-net-shape components, particularly for complex-
shaped microcomponents for micro-electromechanical sys-
tems (MEMS).”>®! The purpose of the present study is to
establish the process window for microforming the
MgssCuzNds Yo BMG (which possesses a high GFA) by
means of a thermal mechanical analyzer (TMA) and a hot
compression test at various temperature and strain rates. In
parallel, a replication of microscaled hologram pattern by
hot-pressing this Mg-based BMG in the SCL region is demon-
strated herein.

Experimental

The composition of MgssCuz;YsNds by atomic percentage
was selected as the raw alloy for preparing the BMG speci-
men. High-purity Cu, Y, and Nd (> 99.9 %) were pre-alloyed
into a Cu-Y-Gd master alloy by arc melting in a Ti-gettered
argon atmosphere. Then, the Cu-Y-Gd alloy was melted to-
gether with high-purity Mg pieces to obtain an alloy ingot
with the target composition by induction melting under an
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argon atmosphere. The alloy ingots were remelted by induc-
tion melting in a quartz tube and injected into a water-cooled
Cu mold by argon pressure to obtain BMG rods 4 mm in
diameter and 50 mm long.

The thermal properties of the BMG sample was character-
ized by DSC (differential scanning calorimeter, TA Instru-
ments DSC 2920) and TMA (thermal mechanical analyzer, Per-
kin-Elmer Diamond TMA) under flowing purified argon with
a heating rate of 20 K/min. Several temperatures between
glass transition temperature (T;) and crystallization tempera-
ture (Ty) (namely 443, 448, 453, and 458 K) were selected for
high-temperature compression tests by a MTS-810 mechanical
test system with strain rates of 1 x 10°-1 x 1072 s™" to study
the deformation behavior within the SCL region. The com-
pression samples with the height-to-diameter ratio of 2:1
(h=8 mm and d=4 mm) were cut to be parallel from the as-
cast MgsgCus1Y¢Nds BMG rod and carefully polished to
ensure the flatness. Micro-forming ability was tested by hot
pressing the BMG rod on a mold with laser-engraved holo-
gram (with 10 mm depth of groove) at the SCL temperature
region. Finally, the hot-compressed samples were examined
by X-ray diffraction (Scintag X-400 X-ray diffractormeter) with
monochromatic Cu-K radiation. The micro-formed sample
was examined by scanning electron microscopy (SEM).

Results and Discussion

The DSC and TMA curves of the MgssCus;Y¢Nds BMG
with a heating rate of 0.33 Ks™ and 100 mN stress (7.96 kPa s)
are illustrated as Figure 1. When the temperature is lower
than Tg, the linear coefficient of thermal expansion (CTE) for
an amorphous solid (dg1ass) is 1.78 x 10 KL. As the tempera-
ture exceeds T, the CTE for crystalline solid (drystay changes
to 5.85 x 10° K!, which is similar to that of common Mg
alloys. In addition, the relative displacement as a function of
temperature obtained from the TMA for the MgsgCus1Y¢Nds
BMG rod with different compressive stress (7.96, 15.92, 23.88,
39.8, and 79.6 kPa) at the heating rate of 0.67 Ks™ is shown in
Figure 2. The relative displacement with increasing tempera-
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Fig. 1. DSC and TMA curves for the MgssCu31Y ¢sNds BMG rod.
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Fig. 2. TMA curves for the MgssCuz;YsNd BMG rods with different compressive
stress (namely, 7.96, 15.92, 23.88, 39.8, and 79.6 kPa) at a heating rate of 0.67 K s

ture is enhanced appreciably as the magnitude of loading

increases, especially approaching the value of Tonset. The

results in Figure 2 were converted into a plot of viscosity ver-

sus temperature by the equation
_ fiow

&

(1a)

in which o, is flow stress and ¢ is strain rate, as shown in
Figure 3. There is a clear viscosity transition at Tg; the glassy
solid is rigid at temperatures below T, and becomes viscous
in the supercooled liquid region. A relatively low viscosity
between 10° and 107 Pa-s occurs at the temperature interval of
supercooled liquid region. As the temperature approaches T
(about 490 K), the viscosity of the BMG sample increases
rapidly back to 10" Pas owing to the crystallization and
becomes rigid matter again.

On the basis of the results from TMA, the viscous flow be-
havior of MgsgCus;Y¢Nds BMG rods were investigated by
compression tests at various temperatures near Tonset With dif-
ferent strain rates (2.5 x 10°-1 x 102 s™) in the SCL region.
The true stress—strain curves of the BMG samples deformed at
438, 448, 453, and 458 K with different strain rates between
25x 10%and 1 x 107 s~ are summarized in Figure 4. Most of
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Fig. 3. Viscosity with increasing temperature at different compression stress for the
MgssCuis;Ys Nds BMG rod.
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Fig. 4. True stress—strain curve of compression test for MgsgCuszYes Nds amorphous
alloy at different temperatures.

stress—strain curves show a sharp peak of stress at the begin-
ning of compression and the stress significantly reduces to a
stable and relatively low value with increasing plastic strain.
In addition, the flow stress also decreases clearly with lower
compressive strain rate and higher compression temperature.
The result of compression test reveals that the plastic strain
around 80-160 % can be obtained easily at the temperature
within SCL region with strain rate around 2.5 x 107 to
1 x 107 s™". A typical deformed sample at 458 K with a strain
rate of 1 x 102 s7! is shown in Figure 5. Moreover, the results
of X-ray diffraction reveal that the MgssCuz; Y¢Nds BMG rods
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Fig. 5. The Mgs3Ctiz;Y s Nds rod deformed at 458 K with a strain rate 1 x 107 s™'; a)
top view, b) side view.

compression test at 458 K
2.5x10° s
&
‘@
=
<
£ 5x10° s
>
St
=
£
2
z 1x10”° 5"
" 1 " 1 " 1 " 1 " 1 "
20 30 40 50 60 70 80

20

Fig. 6. X-ray diffraction patterns of MgssCus;Ys Nds BMG rods after compression test
at 458 K with strain rate of 2.5 x 10°-1 x 107 5™

remain in the amorphous state after compression at 458 K
with different strain rates (Fig. 6).

To discuss the flow behavior of the Mg-based BMG
further, the Backofen function is introduced (Eq. (1)),120!

Ofiow = K Em 1)
where ¢™Y is the flow stress, K is a constant, ¢ is strain rate
and m is the strain sensitivity exponent. Plots of the flow
stress (Ino) as a function of strain rate (In¢) at different tem-
peratures are shown in Figure 7. The strain rate sensitivity
exponent (m), which approached 1.0, can be obtained
from the slope of the curve for the MgssCus Y¢Nds BMG
deformed at 448, 453, and 458 K. Considering that the m val-
ue is usually below 0.6 for superplastic crystalline alloys,?”!
the MgssCusz1YsNds BMG possesses an ideal superplasticity
like that of a Newtonian fluid. To prove the excellent work-
ability in the SCL region of the MgssCus1Y¢Nds BMG, a BMG
rod with diameter of 6 mm was extruded into a long wire
with diameter of 1 mm for more than 160 mm in length at
458 K. Moreover, a microscaled hologram was fabricated by
hot pressing the MgssCusYsNds BMG from a pre-engraved
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Fig. 7. Strain rate sensitivity exponents (m) for MgssCui31Ys Nds BMG rods obtained
at different temperatures.
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Fig. 8. A MgssCus;Y s Nds metallic glass wire with diameter of 1 mm and length of
more than 160 mm fabricated by extruding the 6 mm diameter BMG rod at 458 K.

die (with microscaled groove) at 458 K in the supercooled
iquid region, as shown in Figure 9(a). The replication of a
hologram pattern with 100 nm depth also shows extremely
good microforming ability of this MgssCusz; YsNds BMG in
the SCL region under suitable working conditions, as shown
in Figure 9(b). The easy formation of the nanometer-scale im-
printed patterns of the bulk glassy alloys is important for the
future application in high-density recording and storage

materials./®!

Conclusion

According to the results of DSC, TMA, and hot compres-
sion tests, the deformation behavior of the MgssCusz;YsNds
BMG within the SCL region reveals a relatively low viscosity
between 10° and 107 Pa s within the SCL region. The plastic
strain around 80-160 % can be obtained easily by a compres-
sion test within the SCL region at different strain rates. In
addition, the results of X-ray diffraction show that the

ge
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00um  Surface profile o

imprinted pattern

Fig. 9. The Mg5sCus;YsNds BMG: Photographs of a) pre-engraved die and imprinted
hologram pattern at 458 K; b) SEM secondary electron image and surface profile of the
imprinted hologram pattern.

MgssCus YeNds BMG sample keeps its amorphous state after
compression at 458 K at different strain rates. In parallel, a
strain rate sensitivity exponent (m) approaching 1.0 can be
obtained for the MgssCus;YsNds BMG deformed at 448, 453,
and 458 K. This result proves that this MgssCuz;Y¢Nds BMG
behaves with an ideal superplasticity like that of a Newtonian
fluid body. The replication of a hologram pattern with
100 nm depth also shows the extremely good microforming
ability of this MgssCus;Y¢Nds BMG in the SCL region under
suitable working conditions.
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