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Abstract The formation of the new Zr-Ti-Cu-Ni-Be-Fe bulk amorphous alloy with high strength is re-
ported. The effects of the iron atom on the glass forming ability, hardness, susceptibility and thermal
stability of the amorphous alloy are investigated. The role of the iron in the formation of the bulk amor-
phous alloy is discussed.
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Recently, a series of multicomponent bulk amorphous alloys (e.g. Zr-Ti-Cu-Ni-Be amor-
phous alloy) consisting of common metals or nonmetals have been successfully developed. The
critical cooling rates for the glass formation are less than 10 K/s, which are much lower than
those of the traditional amorphous alloys, and their glass forming ability (GFA) is close to that of
the oxide glasses. These amorphous’alloys can be made into rods with the largest cross-section of
50 mm, with simple technique and low cost and excellent properties (e.g. high strength, good
corrosion resistance and ductibility) . These amorphous alloys exhibit a high thermal stability and
a large supercooled liquid region (between 30 and 100 K). In the supercooled liquid state, the
liquid structure of the alloy keeps almost unchanged, while the viscosity of the alloy is close to
that of the solid state, so these alloys provide us ideal materials to study the physical properties
and structures of the supercooled liquids. The novel amorphous alloys are believed to have con-
siderable importance in science and technology, and have aroused great interest1*2! . Zry Tipy-
Cuyy sNijgBey, s is of the best GFA known so far, whose minimum critical cooling rate for glass
formation is about 1 K/s™!. The amorphous alloy is of excellent mechanical and physical proper-
ties. In this work, the formation of new Zr-Ti-Cu-Ni-Be-Fe amorphous alloy with high thermal
stability and strength by means of replacing nickel atom with iron is reported. Anomalous changes
of susceptibility of the alloys nearby the crystallization temperature have been observed. The ef-
fects of the iron atom on the glass forming ability and the formation mechanism of the amorphous
alloy are discussed .

1 Experiment

99.99% and 99.999% pure Zr, Ti, Cu, Ni, Be and Fe were melted together by arc fur-
nace under a Ti-gettered Ar atmosphere to form homogeneous alloy ingots of desired compositions.
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The ingots were remelted together in a silica tube with 1073 Pa vacuum and subsequently
quenched in water to form cylindrical rods with diameter 8—16 mm and length 100—200 mm.
The nominal components are Zry; Tijg Cugp sNijo - , Bex sFe, (atomic percent, x =0, 2, 5 10).
The sample was weighed at various stages in the alloying process to check the loss of the product.
The weight loss of the samples after melting was less than 0.1% ; thus the composition of the al-
loys did not change significantly after melting. The sample rods were cut transversely, and the
cross-sectional slices were investigated by X-ray diffraction (XRD), differential scanning
calorimetry (DSC), microhardness and susceptibility test. XRD was performed on a Siemens
D5000 diffractometer with CuKa radiation. DSC was carried out with a calibrated high-tempera-
ture calorimeter of the Perkin Elmer DTA-7 type under pure flowing Argon gas. Hy of the alloy
was obtained by a metallographical microscope of the Neophot-21 type attached microhardness
meter, and experimental results were Vickers hardness. Susceptibility was performed on a model
MB-2 magnetic balance, with magnetic field intensity of 1.2 T and magnetic gradient of 1.3 x

107 Oe*/cm.
2 Results and discussion

Fig. 1 shows the XRD patterns for the water quenched Zr4; Tij4Cuyp sNijg - ,Beyy sFe, alloy
(atomic percent, x =0, 2, 5, 10) . The diffraction

7 Zr, Ti,,Cuy; Nigg,BensFe, | curves of the three Zry TijqCuyp sNijg_ ,Beg sFe, al-
x =0 .
loys (=0, 2, 5) show a broad maximum (nearby

M 20 = 40°) followed by another broad peak of less in-
x=2 tensity which is characteristic of the amorphous

=
s
g =5 structure. No peaks indicating the presence of crys-
§ talline phases could be detected. These results were
a also confirmed by TEM observation. The XRD curve
J for the alloy in which nickel is replaced completely
. A . by iron atom (x = 10) shows a superimposition of
20 . 20/60 L 100 hroad maximum typical of an amorphous structure
Fig. 1. X-ray diffracti(fn) patterns for the water and a number of sharp peaks characteristic of a crys-
quenched Zry Tiyg Cuy 5 Nigg. , Beyy s Fe, (x = 0,2,5, talline phase, suggesting the presence of a mixture of
10). ' ) amorphous and crystalline phases in this alloy.

When other elements were replaced by iron atom, the GFA of the alloy is reduced greatly, and
bulk amorphous alloy cannot be obtained.

Fig. 2 shows a comparison of DSC traces for the amorphous Zr4; Ti14Cuyy sNijg_ Bey, sFe,
alloy (x =0, 2, 5, 10). Their heating rate is 10 K/min. Fig. 2(a) and 2(b) are DSC traces
of the crystallization peaks and melting peaks for amorphous Zry; TijsCuy sNigo - .Bex sFe, alloys
respectively . The first crystallization temperatures T,;, crystallization enthalpy AH,, melting en-
thalpy AH,,, glass transition temperatures T'; and melting temperatures T, are listed in table 1.
For the Zry TiysCuy, sNijoBey, s alloy, T,is 645 K, and T,,is 706 K. AT =T, - T, for the su-
percooled liquid region is 61 K. T,, T, and AT of the Zry Ti;4Cuys sNijo - ,Bey sFe, alloys are
shown in fig. 2(a) and table 1. T, is almost the same as that of the alloy without iron addition.
However, the added iron decreases T,; about 30 K, and decreases the supercooled liquid region.
As shown in the DSC curves, the shape and number of peaks of four DSC curves are also differ-
ent, meaning that the crystallization products are changed by iron addition. The crystallization
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enthalpy of alloys is increased for the alloy with x =2 at. %, and then reduced from 118.25 J/
g to 68.39 J/g with increasing iron content. Comparing with Zry; TijsCuy, sNijgBey, s alloy, the
crystallization enthalpy of alloys is reduced from 109.03 J/g to 68.39 J/g. As shown in table 1
and fig. 2(b), T, of alloys is increased about 34 K with increasing Fe content.

Zr,,Ti, ,Cu,, sNij, Bey, Fe, f\ x=0 Zry;Tiy, Cuyy sNiy, Be, sFe,
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Fig. 2. DSC traces of the bulk amorphous alloys Zry TiyyCuy s Nig. .Bey sFe,. (a) DSC trace of crystalline peaks;
(b) DSC trace of melt peaks.

Table 1 T,, Ty, Tn» AH, and AH, of the Zryy Tiys Cuy, sNijg . ,Bey, sFe, alloy

Samples T/K T,./K AT/K AH /T g”! T./K AH,/J g™}
x=0 645 706 61 ~109.03 941 125.33
x=2 644 680 36 -118.25 941 144,79
x=5 639 669 30 - 116.18 954 146 .48
% =10 638 690 52 - 68.39 975 159.12

Fig. 3 shows the effects of the Fe addition on g
the Vickers hardness ( Hy) of the alloys. The Hy of Zr,,Ti |, Cuy, ;Nij,Bey, sFe,
the alloy without Fe is 5.4 GPa. The Hy of the al- or
loys is increased from 5.4 GPa to 8.99 GPa and g
6.82 GPa by 2 at. % Fe and 5 at. % Fe addition.
But the Hy of the alloys is reduced with more Fe ad-
dition. The Hy of the alloy with 10 at. % Fe addition 6}
is reduced to 4.38 GPa. These results show that the

strength of the bulk amorphous alloy can be enhanced i
greatly by iron addition properly . 4l L ) L . ;
. SLGE 2 4 6 8 10
Fig. 4 shows the susceptibility dependence of Iron content (%)

temperature for the bulk amorphous Zry Tijs Cuyy 5-
NisBe,, sFes alloy. Since T, is related to the heating Fie- 3. The effect of the iron concentration on the

0 0 Vickers hard Hy).
rate, 10 K/min was adopted to accord with that of LIS

DSC test. As shown in fig. 4, the susceptibility X of the amorphous alloy with 5 at. % Fe addi-
tion shows a sudden change nearby T,. Fig. 5 shows temperature dependence of the susceptibili-
ty for alloys. The susceptibility of the alloys is positive, indicating that the alloys are still param-
agnetism after iron addition. The susceptibility of the Fe added amorphous alloys has significant
change near T, and T,. The abnormal phenomena are similar to the changes of susceptibility at
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melting temperature in some metals'* . The relatively slow change of susceptibility of amorphous

Zr4; Ti4Cuyy sNijgBey, 5 alloy has also been observed near T,. Farther research work is needed to

understand the abnormal phenomena.
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5 L s e Fig. 5. The susceptibility dependence of temperature

ture for the amorphous alloy Zr,, Tij, Cuy, 5 NisBey, s-

- for the amorphous alloys Zry; Tij4Cuy; sNiy,_ ,Bey, sFe, .
es.

Zr-Ti-Cu-Ni-Be is of the best GFA known so far. By substituting Ni with Fe properly, the
bulk amorphous alloys with good GFA can be also obtained with high thermal stability. The ecriti-
cal cooling rates of these alloys are less than 10 K/s. Their diameters are from 8 mm to 16 mm.
These results indicate that Zr-Ti-Cu-Ni-Be-Fe alloys have excellent GFA. The mechanism for the
excellent glass forming alloy can be discussed in structural, thermodynamic and kinetic aspects.
In structural aspect, Fe atomic radius is close to that of Ni, there are significant differences in
atomic size among the six constituent elements of the alloy. The studies on microstructures indi-
cate that the multicomponent amorphous alloy has random closer packing structure than that of the

(5] This kind of microstructure, resulting from the significant atomic size

binary amorphous alloys
differences among the constituent elements, suppresses nucleation and growth of the crystalline
phase in the supercooled liquid state by inhibiting the long distance diffusion and increasing the
melting viscosity. In thermodynamics, Fe proper addition results in relatively low eutectic melting
temperature of the alloy (T, <800°C), and the reduced glass transition temperature T, ( T, =
Ty/Ty) is larger than 0.65. The larger the T, the stronger the glass forming ability. The mul-
ticomponent bulk amorphous alloy has highly random close packing microstructure, and its com-
position and local microstructure are much different from those of the crystallization phasesm.
The local atomic configuration of short range order and composition in the conventional amorphous
alloys resemble the corresponding equilibrium compounds with compositions near those of the

Y1, The crystallization process occurs easily

amorphous alloys (for example, MgZn, Laves phase
because it does not need long range diffusion of the atoms, so high cooling rate is needed for sup-
pressing nucleation and growth of the crystalline phase. The microstructural characteristics of the
new bulk amorphous alloy make the component elements substantial redistribution. On the other
hand, the highly random close packing structure and large viscosity make the redistribution of
atoms on a large range scale extremely difficult. The more the components, the more difficult for
all constituents to simultaneously satisfy the local structural and compositional requirements of the

crystalline phases. This argument is called “confusion principle"m. Kinetically, the multicom-
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ponents and the microstructural characteristics lead to an excellent GFA and high thermal stability
of the Zr-Ti-Cu-Ni-Be-Fe alloy.

3 Conclusions

1) Bulk amorphous alloys with high thermal stability, excellent GFA and higher hardness

are developed.
2) The anomalous temperature-dependent change of susceptibility is observed nearby crystal-
lization temperature of bulk amorphous Zr-Ti-Cu-Ni-Be-Fe alloys.
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