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A number of magnesium-based alloys containing up to 20 at % Ni and 15 at % Nd were cast
directly into a wedge shaped mould and also rapidly solidified by chill-block melt-spinning
to produce ribbons between 30 and 100 pm in thickness. The formation of the amorphous
state in the wedge and ribbons was confirmed by X-ray diffraction and differential scanning
calorimetry. The measured tensile fracture strength and microhardness of these ribbons
were found to be in the range 330-630 MPa and 190-250 kg mm ~?, respectively, which are
significantly higher than for conventional magnesium alloys. Critical cooling rates for the
glass formation of these alloys were obtained from wedge section thickness, Bridgman
growth, thermal analysis data by differential thermal analysis and computational methods.

The significance of several parameters for the glass-forming ability of these alloys is

discussed.

1. Introduction

The recent discovery [1,2] of high tensile strength
amorphous aluminium and magnesium alloys has
prompted renewed: interest in such rapidly solidified
light alloys. It was found [3-6] that the fully amorph-
ous phase was formed in the Mg—Ni-X (X = La [3],
Ce [4] and Y [5]), Mg—Cu-Y [5] and other magne-
sium-based systems [ 6] with combined alloy additions
in the range 10-80 at %. The tensile fracture strength
of the as-spun ribbons was in the range 535-850 MPa
which is much higher than for conventional magne-
sium-based casting alloys [7].

More significantly, easy glass formation in dia-
meters as large as 4 mm has been found in some
metallic alloys, such as from the Mg-Cu-Y alloy
system, by low-pressure chill-casting [8]. Such large
dimensions for direct glass formation have not been
obtained for conventional nickel- and iron-based me-
tallic glass alloys, for which high cooling rates in the
range 10*-10% K s~ were generally needed, and so
the size of the sample in at least one dimension must
be very small (<100 pm).

This paper presents results on glass formation,
mechanical properties and thermal properties in
alloys of the Mg—Ni—Nd system produced by wedge
chill casting, Bridgman unidirectional solidification
and melt-spinning. The critical cooling rates for glass
formation were determined from the critical wedge
section thickness, the critical velocity in unidirectional
Bridgman growth, thermal analysis data by differen-
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tial thermal analysis (DTA) and via computational
methods. The glass-forming ability of these alloys is
also discussed.

2. Experimental procedure

Eight magnesium-based Mg—~Ni—Nd alloys (composi-
tions in Table I) were made by induction melting
99.99% pure magnesium with combinations of 99.9%
Nd, 99.9% Ni and Nd-33 wt % Ni master alloy in an
argon atmosphere. The alloys were cast directly into
a wedge-shaped copper mould having a wedge angle
of 9°. Parts of these alloy wedges were then remelted
for melt-spinning. Melt-spinning was done under ar-
gon, the chamber having been evacuated to less than
1073 torr (1 torr = 133.322 Pa) before back-filling
with argon. The quartz melt expulsion nozzle bore size
was 0.7 mm and the copper wheel speed was 18 ms ™.
The ribbons produced were typically 1 mm wide and
30—-100 um thick. The amorphous state of the ribbons
was confirmed by X-ray diffraction (XRD).

The glass transition temperature, T, crystallization
temperature, T,, and onset melting point, T,,, offset
melting point, Ty, and onset solidification of these
alloys, were obtained using either a Du Pont 2100
differential scanning calorimeter (DSC) or a Du
Pont 9100 differential thermal analyser (DTA). The
remelting and resolidification of these ribbons were
carried out at a constant heating rate of 0.67 Ks~1!
and at different cooling rates from 0.17-0.42 Ks™ %,
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TABLE I Compositions of alloys investigated

Alloy

1 2 3 4 5 6 & 9

Ni(at%) 104 146 101 155 199 182 199 354
Nd (at%) 102 96 150 152 51 53 148 52

respectively. Typically, a 60 mg sample was used in
standard aluminium or platinum pans and the tem-
perature scanned over a range from room temperature
to about 670 K at a uniform heating rate of 0.67 Ks ™!
for DSC.

The tensile strength of the ribbon specimens was
measured by means of a uniaxial tensile testing ma-
chine operated at a strain rate of 8.3 x 10~ *s™ ! with
a gauge length of 20 mm. Scanning electron micros-
copy (SEM) was used to characterize the fracture
surface and to measure fracture surface area. Micro-
hardness measurements were performed using an
Olympus Vickers Microhardness Tester and'a 100 g
load was used. All the reported microhardness values
are the average of at least ten individual measurements.

3. Results and discussion

3.1. Glass formation

Eight Mg-Ni—Nd alloy wedges showed a sharp
transition in surface appearance, and the X-ray dif-
fraction (Fig. 1) and DSC results (Fig. 2a) confirmed
the amerphous state at the thin end with a thickness
as large as 3.5 mm for alloy 8 [9]. Fig. 2b shows the
DSC traces recorded from melt-spun ribbons of these
eight alloys and their amorphous state was confirmed.
The characteristic glass transition temperature, T,
and crystallization temperature, T, from these traces,
together with critical thickness for glass formation, are
given in Table II.

The results in Table II indicated that, with one
exception, the critical thickness, z.,;, for glass forma-
tion by chill casting increases with increasing neodym-
ium or nickel content for a fixed content of either alloy
addition, over the composition studied. Fig. 3 shows
a good correlation between T, — T, and z,, for the
present series of alloys, ie. the larger the value of
T, — T,, the larger was z.;. A similar correlation is
implied by the results of Inoue er al. [8] for
Mgoo—xCuyY; with 10 < X < 35, though our alloy
8 required a T, — T, of only 3640 K to give a z,, of
3.5 mm in a flat chill-cast wedge, whereas their easiest
glass-forming composition, MgesCu,sY;, (at %) re-
quired a value of 60 K to give a critical diameter of
between 4 and 5 mm for glass formation in a chill-cast
rod.

3.2. Mechanical properties of the ribbons

Measurements of tensile fracture strength, g, Young’s
modulus, E, tensile fracture strain s, and microhard-
ness of the as-spun ribbons, are summarized in
Table III. As seen in Table III, ¢ is in the range
330-625 MPa, while Young’s modulus, E, and frac-
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Figure 2 DSC traces for (a) glassy tips of chill-cast wedges, and
(b) glassy melt-spun ribbons of the eight alloys studied. Heating
rate 40 Kmin™%.

ture strain, & lie in the range 30-51 GPa and
0.009—-0.014, respectively. The tensile strengths are
higher than the values of 200—-300 MPa [7], typical of
conventional magnesium-based casting alloys. Al-
though the compositions and microhardness of the
present alloys are similar to those reported by Inoue
et al. [4, 5], the tensile fracture strength and Young’s
modulus of the present alloys are generally lower than
those in the range 535-850 MPa reported [4, 5] for
Mg—-Ni—Ce, Mg—-Cu-Y and Mg-Ni-Y ribbons as
spun. The fracture strains, ¢, are in the same range as



TABLE II Results of DSC analysis of glassy samples from chill-cast wedges and melt-spun ribbons, together with critical thickness, ., for
glass formation in wedges

Alloy Chill-cast Melt-spun ribbon
Sample T, T, T, — T, Critical Sample T, Ty T,— T,
thickness (K) (K) X) thickness thickness X) (K) K)
(mm) {(mm) {Hm)
1 044 453 467 16 0.6 40-50 458 470 12
2 1.00 450 472 22 2.8 50-60 455 473 18
3 0.38 - 472 - 0.7 50-60 - 480 -
4 042 473 486 13 1.0 30-40 472 484 12
b) 0.50 - 453 - 0.4 30-40 450 456 6
6 - - - - <0.1 60-80 456 460 4
8 0.69 467 507 40 35 30 467 503 36
9 - - - - <01 70-100 - 462 -
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Figure 3 Critical thickness, z .y, for glass formation by chill-casting
as a function of difference T, — T, between crystallization and glass
transition temperatures for Mg—Ni—-Nd (wedge chill-cast, present
work, (O) T, — T, measured for wedge cast material, (W) T, — T,
measured on melt-spun ribbon of same composition) and
Mg-Cu-~Y (chill-cast rods, Inoue et al. [§], <).

TABLE III Mechanical properties of Mg—Ni—Nd alloys as-spun

Alloy o E € Microhardness
(MPa) (GPa) (¢/E) (kgmm™?)

1 431 33 0.013 21246

2 483 41 0.012 234 +13

3 386 32 0.012 233 +5

4 625 51 0.012 23147

5 353 38 0.009 241 + 14

6 434 47 0.009 247 +7

8 330 30 0.011 244 4+ 10

9 375 39 0.011 197 + 4

for Mg-Ni—Ce, but lower than those (0.014-0.018)
reported for Mg—Cu-Y and Mg—Ni-Y ribbons. The
alloy content of 30 at % at which the highest values of
¢ and E were obtained for Mg,,Ni;sNds, is slightly
higher than the 20-25 at % for the alloys reported by
Inoue et al. [4,5]. Values of microhardness H in
Table 111 are typically within a few per cent of values
expected from the relationship H =150 4+ 3.5X
(where X is the total alloying content in at %) given by
the results of Inoue et al. [8] for Mg-Ni-Y and
Mg-Cu-Y glasses over the range 15 < X <45, All
the samples were characteristically ductile in bending
when they were made sufficiently thin.

3.3. Critical cooling rates for glass formation
The critical cooling rates for glass formation of these
alloys were determined using several methods.

3.3.1. Wedge casting and Bridgman
unidirectional solidification

The critical section thickness for glass formation by
wedge casting for alloys 1, 4, 2 and 8 (MggoNi;¢Nd;,,
Mg7oNiysNdy s, Mg;sNiysNd; o and MgesNiyoNdys)
were 0.6, 1.5, 2.8 and 3.5 mm, respectively. Estimation
of cooling rate as a function of section thickness of the
wedge indicates that the corresponding cooling rates
were about 200, 80 and 60 K s~ ! for alloys 2, 4 and 8,
respectively, under their casting conditions.

Alloy 8 was also subjected to Bridgman unidirec-
tional growth [10]. This involved remelting prior to
steady withdrawal at constant pre-determined velo-
city in the range of 0.5-2.4 mms~! through a temper-
ature gradient of about 15 K mm ™! into a water bath.
Alloy 8, Mgg;sNi,oINd;s has an applicable critical
cooling rate of 30 Ks™! for glass formation during
Bridgman growth, corresponding to the production of
the critical front velocity of 2 mms ™! for glass forma-
tion at the applicable temperature gradient of
15Kmm 1

3.3.2. DTA
The critical cooling rate, R, for the formation of an
amorphous phase can be evaluated from the relation
[11-15]

b

InR = _—
(T — Txc)?

In RC et (1)
where R is the cooling rate and b is a materials
constant. T} and Txc are the offset temperature of
fusion and the onset temperature of solidification,
respectively. By measuring Ty, upon melting at a con-
stant heating rate and Txc upon cooling at different
cooling rates, R, using differential thermal analysis
(DTA), the critical cooling rate for glass formation can
be determined from the plot of In(R) versus
1/(Ty. — Txc)*.

Table IV lists the measured T and Txc at cooling
rates, R, ranging from 0.17-0.38 K s ™! for alloys 1, 2,
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TABLE IV Offset temperature of fusion, (T), and onset temperature of solidification, Tk, as a function of cooling rate, and critical cooling

rate, R, for glass formation in Mg—Ni-Nd alloys

MggoNigoNdyg Mg;oNi;sNd; 5 Mg,5NijsNdyo MggsNiyoNd s

T, =780.8 + 04K T, =79394+06K T, =7797 + 04K T, =7940+ 02K
R(Ks™ Txc (K) R(Ks™ Txc (K) R(Ks™ Txe (K) R(Ks™ Txc (K)
0.172 + 0.002 7222 +0.1 0.173 £+ 0.002 7220+ 0.7 0.172 £ 0.002 720.8 +0.1 0.173 721 £0.3
0.256 +£0.002 7209 + 0.6 0.257 £+ 0.002 721.2 £ 01 0.252 4+ 0.002 719.5 + 0.3 0.260 + 0.002 720.7 £ 0.1
0.36 + 0.01 7199 + 0.6 0.375 £+ 0.003 7189 + 0.2 0.383 + 0.007 7175+ 04 038 +0.1 716.5 4+ 0.3

R =3500 + 1200 Ks™*
b =34000 + 1200 K?

Re = 1400 + 700 Ks™*
b = 46000 + 13000 K*

Rc=400+310Ks™ !
b = 27000 - 2000 K2

Rc=50+20Ks™!
b = 30000 + 15000 K2

0.17 Ks™
_/‘/\\Es K 5-1

&
TXc
1 1 |
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Figure 4 Differential thermal analysis (DTA) curves for alloy 2,
Mg;5Ni sNd;o [26].

4 and 8. Typical DTA curves (from alloy 2,
Mg;sNijsNd, o) exhibiting an endothermic peak
upon melting and exothermic peaks upon solidifi-
cation, are shown in Fig. 4. The offset melting temper-
ature, T, , for this alloy is 779.7 + 0.4 K and the onset
solidification temperature, Txc, decreases from
720.8 + 0.1 K to 717.5 + 0.4 K with increase of cool-
ing rate from 0.17 Ks™* to 0.38 Ks™*. The corres-
ponding plot of In(R) versus 1/(Ty, — Txc)* is shown
in Fig. 5 and the resulting critical cooling rates ob-
tained from Fig. 5 range from 3500 + 1200 Ks~* for
alloy 1 to 50 + 20 Ks™! for alloy 8 (Table IV). The
error mainly results from the limited accuracy of the
temperature measurements Ty and Txc.

3.3.3. Computational method

Based on accepted theories of nucleation, crystal
growth and transformation kinetics, Uhlmann [16]
has found that the time, t (s), for a given volume
fraction, x, to crystallize is

~9.32n
kT

agxexp(1.024/T2AT2) 1/4(2)
N°f3[1 —exp(—AHAT,/RT)7J?

where 1 is the viscosity, k is Boltzmann’s constant,
T is the absolute temperature, a, is the average atomic
diameter, N? is the number of atoms per unit volume,
AH is the molar heat of fusion, fis the fraction of sites
on the interface where atoms are preferentially added
orremoved, and T, = T/ T and AT, =(Tp, — T)/ T
where T,, is the melting temperature. By plotting
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Figure 6 Computed time—temperature—transformation curves (a)
and (b) using viscosities obtained from different estimations for
MggsNiygNdy5 [17].

T versus t, one can obtain the time-temperature—
transformation (TTT) curve. The critical cooling rate,
Rc (Ks™1), is defined as

RC ~ (Tm - Tn)/tn (3)

where T, and t, are the temperature and time at the
nose of the TTT curve, respectively.

The time—temperature—transformation curves were
computed using Equation 2 and the relevant
parameters [17]. Fig. 6 shows the computed TTT
curves for alloy 8 (MggssNiyoNd;s) giving critical
cooling rates for glass formation for this alloy
of 0.01540.016 and 9.5+ 34Ks™ !, respectively



(depending on the assumed temperature dependence
of viscosity between alloy melting point, T,,, and glass
transition temperature, T,) [17].

The critical cooling rate for glass formation of
50 K's™* for alloy 8 (MgesNi,oNd, 5) obtained using
DTA is in good agreement with the estimated cooling
rate of 60 Ks™! obtained from the limiting wedge
section thickness, but twice the value of 30 Ks™!
obtained by using the Bridgman technique. The pre-
dicted critical cooling rates of 0.051 4+ 0.016 and
9.5+ 34Ks™? are significantly lower than either
50 Ks™ ! evaluated from the DTA data or 60 and
30Ks™! estimated from the wedge thickness and
Bridgman growth measurements for the same alloy.
The difference could be that the actual predicted
values were calculated on the assumption that com-
petitive crystallization from the melt is homogeneous,
while the processes under the experimental conditions
are almost certainly heterogeneous. This indicates that
if the heterogeneous solidification were suppressed,
the critical section thickness for glass formation of
these Mg—Ni—Nd alloys could be increased dramati-
cally.

A similar correlation between alloy content and
critical cooling rates obtained using DTA and esti-
mated from wedge section thickness was obtained.
Evaluation of critical cooling rates for some lan-
thanum- and zirconium-based easy glass-forming
alloys has been reported by Inoue et al. [14, 157 using
the DTA and chill-casting method. The critical
cooling rates determined for LassAlsNiy, [14],
ZrgsAl, sNijoCuy, 5 [15] were 87 and 1.5Ks™ 1, re-
spectively, using DTA methods. Fig. 7 shows a good
correlation between the critical cooling rates and criti-
cal cooling section thickness or diameter for glass
formation by chill casting in Mg-Ni-Nd [9],
ZrssAly sNigoCuyss [15] and LassAlsNiye [18]
alloys. The temperature difference, AT, between the
glass transition temperature, T,, and crystallization
temperature, Ty, is usually used to reflect the glass-
forming ability [9, 19]. The corresponding plot of the
critical  cooling rate determined by DTA for
LassAlysNiyg, ZrgsAl; sNijoCuyq.s and the present
alloys as a function of AT is shown in Fig. 7. The good
correlation between the critical cooling rate, Rc, for
glass formation evaluated by DTA and AT indicates
that both Rc and AT can be used to reflect the glass-
forming ability of these easy glass-forming alloys.

3.4. Glass-forming ability

Several parameters have been used to reflect the glass-
forming ability (GFA) in metallic alloys, particularly
for those alloys based on nickel, iron and palladium in
which rapid quenching from the melt at cooling rates
in the range 10*-10° K s ™! are needed to obtain glass
formation in these alloys, and the sample thickness in
one dimension must usually be very small ( <100 pm)
[20-23]. The low critical cooling rate of 60 Ks~ ! and
relatively large value of section thickness up to 3.5 mm
for glass formation in Mg—Ni—Nd alloys thus indi-
cates high GFA of these alloys. Thus it is of interest to
determine the extent to which these established para-
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Figure 7 Correlation between the critical thickness and critical
coling rates, and between (T, — T,) and critical cooling rates.
(a) Critical cooling rate for glass formation obtained by DTA as
a function of critical thickness for glass formation in Mg—Ni-Nd
(wedge chill-casting, present work, []), ZrgsAl; sNi; (Cuy 5 (Chill-
cast rod, Inoue et al. [15, 257, @), LassAl,5Ni,o (Inoue et al. [15,
257, B). (b) Ciritical cooling rates for glass formation obtained by
DTA as a function of the difference (T, — T,) between crystalliza-
tion and glass transition temperatures. The symbols are the same as
in (a) [26].

meters predict easy glass formation in the present
alloys.

One parameter used for GFA is the ratio between
the glass transition temperature, T,, and melting
point, T, which was referred to as the reduced glass
temperature, T,, [20, 21]. Nickel, with an estimated
T,, of about 025 [24] and Pd,3CusSize, with
T, = 0.66 [ 24], represent close to opposite ends of the
established range of T,, for known metallic glasses.
The characteristic glass transition temperature, T,
crystallization temperature, T,, and melting point,
Ty, for the present alloys are given in Table V, to-
gether with the values for ZrgsAly sNi; oCuys.s [25],
LassAl,5Niyg [4], and MggsCu,sY; o [8] alloys which
also showed high critical diameters for glass forma-
tion. As shown in Table V, the values of T, for these
alloys are between 0.62 and 0.69, i.e. close to the high
end of the T,, range. However, these values do not
reflect the differences in the glass-forming ability
among these alloys themselves which have different
critical thickness or diameters for glass formation,
which do not correlate well with T,,.

Donald and Davies [22] proposed that the GFA of
alloys could be related to a parameter

ars = To =T @

mix
Ty
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TABLE V Results of DSC analysis of Mg~Ni—Nd as-spun ribbons, together with parameters for GFA and critical section diameter for glass
formation of easy glass-forming compositions based on magnesium, lanthanum and zirconium

Alloy T, (K) T, (K) T, (K) T, AT* AT K Critical section
thickness
or diameter (mm)
1 458 470 719 0.65 0.35 12 0.039 0.6
2 455 473 719 0.66 0.37 18 0.058 2.8
3 - 480 741 0.65 - 0 0 -
4 472 484 728 0.66 0.38 12 0.039 1.0
5 450 456 712 0.64 0.41 6 0.012 -
6 456 460 717 0.64 0.41 4 0.014 -
8 467 503 738 0.68 0.41 36 0.127 35
9 - 462 742 0.62 0.27 0 0 -
ZresAl, sNijoCuyqs [25] 622 749 1072 0.61 0.32 127 0.39 7.0
LassAl,sNisg [4] 487 545 707 0.69 0.27 58 0.36 30
MggsCiizsYio [8] 425 486 713 0.60 0.26 61 027 4.0
which represents the fractional departure of T, from
the simple rule of mixtures for melting temperature, 0.6
mix * .
Tx™, where o - o D
n o o
TR® = Y xTh 5) o2
and x; and T, are the mole fraction and melting point, 0.8 N o B
respectively, of the ith component of an n-component 206 ° s 4
alloy. It was found [22] that most of the glass-forming 0.4
alloys, such as iron- and nickel-based metallic glasses,
had values of AT* > 0.2. The AT * values listed in 0.5
Table V for the present alloys are larger than 0.2. The
values, however, are similar to each other so again this - .
criterion failed to pin-point which of these alloys has ¥ 0.3
the highest GFA. '
The temperature span, AT, between the glass
transition temperature, T,, and crystallization tem- 0.1 . :
perature, Ty, was also regarded as an empirical indi- ..
cator of glass-forming ability. Generally, the larger the 120 .
temperature interval, AT, the higher is the GFA. _
A good correlation exists between AT and critical f 80
thickness, z.,, for glass formation by chill-casting for < 10 N . ¢
the present alloys, as shown in Fig. 3. A similar cor- R
relation was implied by the results of Inoue et al. [14] oL . . . . . .
for Mggo—xCuyY;o with 10 < X < 35. These results o 1 2 3 4 5 6 7 8

indicate that the temperature interval AT is a good
indicator of GFA for these easy glass-forming alloys.

Hruby also suggested [23] that GFA can be corre-
lated with a parameter, K

T,— T,
To— T,

m X

K (6)

It can be seen from Table V that the larger the K, the
larger is the critical thickness or diameter, indicating
that the parameter K does correlate with glass-form-
ing ability for these easy glass-forming alloys. Fig. §
shows that the correlation between the critical thick-
ness or diameter with all the parameters of T, AT *,
AT and K. The above calculation shows that there is
no apparent correlation between critical section thick-
ness or diameter, d.;,, and parameters T,, and AT *,
indicating that these two parameters have failed to
represent relative GFA among these easy glass-form-
ing systems. There are, however, correlations between
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Figure 8 The parameters used to show GFA as a function of critical
section thickness or diameter for glass formation. Data from
Table V.

critical section thickness or diameters, d.;, and para-
meters AT and K, indicating that these two para-
meters can be used to identify easy glass formation in
these systems.

4. Conclusions

1. Easy glass formation has been found in a number
of magnesium-based alloys containing up to 20 at %
Ni and 15at% Nd under wedge chill-casting with
critical section thickness as large as 3.5 mm or melt-
spinning conditions.



2. Tensile strength, o, Young’s modulus, E, and
microhardness in the range 330-630 MPa, 30-51 GPa
and 190-250 kg mm ~ 2, respectively, were obtained for
glassy Mg—-Ni—Nd melt-spun ribbons for the com-
position range up to 20 at % Ni and 15 at % Nd.

3. The critical cooling rates for glass formation of
Mg-Ni—Nd were also evaluated by using DTA and
they correlate well with those from the critical section
thickness.

4. The predicted critical cooling rate for
MgssNi,oNd, 5 using the kinetic theory of crystalliza-
tion based on standard theories of homogeneous nu-
cleation and crystallization, were found to be lower
than the experimental values, indicating that if hetero-
geneous nucleation was suppressed, a much higher
critical thickness for glass formation could be ob-
tained for this alloy.

5. There is no apparent correlation between critical
section thickness or diameter, z.;, and parameters
T, and AT *, indicating that these do not rank GFA
effectively among these easy glass-forming systems.
There are, however, correlations between z.; and
parameters AT and K indicating that these two can be
used to represent relative GFA for easy glass-forming
systems.
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