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Abstract

The dependence of microstructure and thermal stability on Fe content of byhdNgNi;oCuo_,Fe. (0 < x < 20) metallic glasses
is investigated by means of differential scanning calorimetry (DSC), X-ray diffraction (XRD) and high-resolution transmission electron
micrograph (HRTEM). All samples exhibit typical amorphous feature under the detect limit of XRD, however, HRTEM results show that the
microstructure of NghAl 10Ni1oClyg_ Fe, alloys changes from a homogeneous amorphous phase to a composite structure consisting of clusters
dispersed in amorphous matrix by increasing Fe content. Dynamic mechanical properties of these alloys with controllable microstructure are
studied, expressed via storage modulus, the loss modulus and the mechanical damping. The results reveal that the storage modulus of th
alloy without Fe added shows a distinct decrease due to theanaiaxation. This decrease weakens and begins at a higher temperature with
increasing Fe content. The mechanism of the effect of Fe addition on the microstructure and thermal stability in this system is discussed in
terms of thermodynamics viewpoints.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Nds7FexoCosAl 10Bs, etc.[4,5] do not exhibit a distinct glass
transition prior to crystallization starting &{ according to
Recently, bulk Nd-based amorphous alloys have received constant-rate heating DSC measurements, but exhibit an ex-
considerable interest due to their high coercivity for potential tremely high value of the ratio between theandT; around
permanent magnef$-5]. Moreover, NdFeAl amorphous al-  0.9. The reason for the difference between different Nd-
loys are rather unique in the different families of bulk metallic based systems is still unclear. In this work, the effect of Fe
glasses (BMGSs), because they do not exhibit any glass tran-content on the glass forming ability and thermal stability
sition temperaturdy prior to crystallization temperatui®,. of NdgoAl 10Ni10CUg bulk metallic glass was systemically
Depending on the thermal stability, such alloys can be subdi- studied. Mechanical spectroscopy is a very suitable technique
vided into two categories by Fe content: one class of alloys is for study the thermal stability and relaxation process by de-
iron-free or iron-poor systems, for example gy@ozpAl 10, termined the dynamic modulus of glassy materials. A lot of
NdgoNi1oCu10C0osAl 15 and NggoFe;Co10Cuy oAl 15, ete.[1], work has been reported on this subject on polymers or ox-
showing a normal thermal stability witlyy near 0.6 and  ide glasse$6-9], but significantly less on BMGELO-15]
AT, around 40 K. The other type of alloys is iron-rich sys- Mechanical spectroscopy studies on Zr-, Pd-, and La-based
tems, for example, Ng@Fe3pAl 10, NdgoFe0C0o10Al 10, and BMGs have given valuable information on the kinetics of
structural changes, as well as viscoelasticity and viscosity
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< x < 20) bulk metallic glasses with different microstructure

4 X Nd Al Ni Cu,
are also investigated. :
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2. Experimental

Ingots with a nominal composition of MgAl1oNi1o-
Cuo_.Fe, (x=0, 3,5, 7, 10, 15 and 20) were prepared by

-—— Exothermic (a.u.)

arc-melting of elements Nd, Al, Ni, Cu and Fe with a purity ER NV
of 99.9% in titanium-gettered argon atmosphere. Cylindrical b x0 J\,\_\
specimens of 3mm in diameter and 70 mm in length were e
prepared by suction casting into a copper mould. The struc- 400 500 600 700 800
ture of samples was characterized by X-ray diffraction (XRD) Temperature (K)

in a Philips PW 1050 diffractometer using CuKadiation. _ _
Thermal analysis was performed with a Perkin-Elmer DSC- "'9:2: DSC curves of NgAl 1oNi1oCuio-.Fe: (x=0,5, 7, 10, 15, 20) alloys
. . . . at a heating rate of 0.17 K/s. The inset shows the enlarge part of the glass

7 differential scanning calorimeter under argon atmosphere. ., sition in NdoAl 10Ni10Cupo alloy.

A constant heating rate of 0.17 K/s was employed. The dy-

namic mechanical properties were measured at a heating rate

of 0.17 K/s by using a dynamic mechanical thermal analyzer the short-range ordered structure in thegtd10Ni1oClpg

(Rheometric Scientific DMTA 1V) in three-point bending metallic glass.

mode. The samples for these measurements were cut from The thermal stability of NgbAl 10Ni10Clzo- Fe, amor-

the middle part of the cylinders and had a size of 1.2mm  phous alloys was evaluated by DSC measuremeétigs. 2

3.0mmx 30mm. The applied static load was 1N and the shows DSC traces of the Wghl10Ni10Clpo- (Fe, alloys at

frequency for the dynamic load was 1 Hz. The microstruc- a scanning rate of 0.17 K/s. The inset shows the details of

tural observation of the samples was performed on a JEOL the glass transition temperature ofd4él 1o0Ni10Cuzo amor-

JEM-2010 high-resolution transmission electron microscope phous alloy. The DSC trace for the alloy without Fe addition

(HRTEM) operated at 200 kV. exhibits an endothermic reaction beginning at 433K caused
by glass transition, followed by three exothermic reactions
caused by crystallization with the onset temperature of 468,

3. Results and discussion 513, and 593 K, respectively. From the DSC trace, the onset
of melting in this alloy is 726 K. Thus the supercooled liquid

Fig. 1 compares the XRD patterns of as-cast region AT, =T, — Tg) is 35K and the reduced glass tem-

NdgoAl 10Ni1oClpo_Fe, (0 < x < 20) samples with perature Trg = Tg/Tm) is about 0.60. The glass transition and

different Fe content. All as-cast alloys exhibit an XRD three crystallization processes are also observed in the alloys

spectrum typical for amorphous phase without obvious with Fe =3, e =5 and Fe =7 at.%. The distinct glass transi-

crystalline peak. However, for the Fe-rich alloys (Fel0) tion followed by sharp crystallization peaks in the DSC trace

show a more obvious broad peak at thevalue of about is similar to the other iron-free or iron-poor Nd-based BMGs.

56°. This suggests that the substitute of Cu by Fe changesHowever, in the Fe = 10 at.% alloy, the endothermic reaction
caused by glass transition is very weak, and the total enthalpy

of the three crystallization reactions also decreases. An addi-
tional exothermic peak near the melting point of the alloy is

observed. For the alloys with Fe = 15 and 20 at.%, the three
crystallization peaks and glass transition process disappear

Nd Al Ni Cu  Fe

60 10 10

x=20 in the DSC plots. Instead, a very broad and weak exother-
x=1 mic peak from 630 to 750K followed by a sharp exothermic
e peak closed to the melting point is observed. This DSC fea-

MM . ture is similar to that of the Nd (Pr)-based BMG with high
pami J'“'M Ww Fe content (e.g. NgdAl 1oFe30, and NgipAl 10FexoCo10, etc.),
WMM«M‘VMM which possesses a highly relaxed amorphous structure or a
o e composite structure, consisting of amorphous and clusters (or
i nanocrystals)16,17]
. . . . . With the aim of clarifying the relation of the mi-
crostructure with Fe content in the present case, the high-
resolution transmission electron micrograph (HRTEM) im-

Fig. 1. XRD patterns for the as-cast 8@l 10Ni1oClbo_Fe. (x =0, 5, 7, ages and nanobeam electron diffraction patterns of the
10, 15 and 20) alloys. NdgoAl 10Ni10CWo—Fe, (x = 0, 20) alloys are shown in

Intensity (a.u.)

20 (deg.)
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Fig. 3. HRTEM of NaoAl 10Ni1oClpo alloy (a) and NgoAl 10Ni1gFex alloy Temperature (K)

(b).
Fig. 4. DSC thermograms and temperature dependen&gsksf and tars,
for NdgpAl 10Ni10Clpo-  Fe, (x=0, 10 and 20) amorphous alloy at a heating

Fig. 3. The Fe-free NgbAl 10Ni10CUpg alloy exhibits a uni- rate of 0.17 K/s: (a) DSC thermograms; (b) temperature dependeri€e of
form amorphous microstructure as shaig. Xa). The elec- (c) temperature dependencef; (d) temperature dependence of §an
tron diffraction pattern is only comprised of a set of halo
rings. In contrast, although no typical crystalline phase is
recognized in the high Fe content alloy, there is a composite E/, is a measure of the elastic energy stored and the viscous
structure, i.e. nanocrystals or clusters with the size of about modulus, or loss modulug”, is a measure of the energy
5 nm randomly dispersed in the amorphous matrix (shown in lost. The loss angle, tai= E’/E’, corresponds to the internal
Fig. 3(b)). The selected area electron diffraction pattern in friction. The temperature dependence of the storage modulus
the inset ofFig. 3(b) demonstrates this feature. Furthermore, (E’), loss modulus&”’) and the loss angle (ta in all the
the volume fraction of clusters and nanocrystals can be es-NdgoAl10Ni10Clpo—Fe, alloys are studied. The results of
timated about 30—-40% by using image analysis technique.the alloys withx = 0, 10 and 20 are shown kig. 4 DSC re-
This microstructure feature agrees with the results of other sults are also shown for comparison. For the alloy without Fe
Nd-based BMGs with high Fe contefi8]. addition,E’ decreases slightly from 22.8 to 22.0 GPa while
HRTEM results reveal that the microstructure of E’ and tar$ increase gradually from room temperature to
NdsoAl10Ni10CWpo_Fe, can change gradually from a ho- 432K. Subsequentl’ decreases rapidly from 21.9 GPa at
mogeneous amorphous phase to a composite structure, cord35 K to 7.9 GPa at 487 K, which indicates the high tempera-
sisting of dispersed clusters or nanocrystals in the amorphougure relaxation. It exhibits a strong softening at about 470 K.
matrix by increasing Fe content. Itis interesting to study how The relaxation peaks df’ and tar$ are consistent to the
this structural change affects the dynamic mechanical prop-peak ofE’ in this temperature range. From DSC trace it can
erties of N@oAl10Ni1oClpo_ xFe, alloys during continuous  see that the glass transition and crystallization reaction take
heating. During dynamic testing, a sinusoidal stress is appliedplace in this temperature range. The temperature for the glass
to the material, and the resulting stress developed in the ma-transition and crystallization by DSC trace is in good agree-
terial is measured and complex modulus can be determined. ment with DMTA curves. On further increasing temperature,
The complex modulus is a measure of the materials resis-E’ enhances slightly in two temperature ranges, 486-535 and
tance to deformation. It encompasses both in-phase and out582—617 K, due to the crystallization processes. For the Fe-
of-phase responses of the sample, from which on calculatesiich alloys,E’ of the alloys are increased to 26.5 and 28.9 GPa
the storage modulug/, and the loss modulug’”, respec- for x = 10 and 20 alloy in room temperature, respectively.
tively, E¥ =E' +iE". The elastic modulus, or storage modulus, The softening of thet = 10 alloy takes place at 472K, but in
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a quite weak behavior. The correspondEgand tars ex- cooling. The major components in the BMG forming sys-

hibit a broad and weak loss peak from 472 to 615K. This tems normally show a large negative mixing hgz8—25]

temperature range covers the glass transition and threeThe positive mixing heat of Nd and Fe in the present system

crystallization processes exhibited in the DSC curve. This may lead to a complicated amorphous phase separation. In

indicates that the glass transition and three crystallization other words, by increasing Fe content in the present system,

processes contribute to the energy lost in this temperatureamorphous phases with different chemical composition form

range. The dynamic mechanical behavioxaf 20 alloy is during cooling in the high Fe content alloys, in addition to the

quite similar to that ofx = 10 alloy. The softening of this  decrease of total amorphous fraction. The amorphous phase

alloy is also very weak, but starts at a higher temperature, separation was also indicated by others in the high Fe content

490 K. A broad loss peak from 490 to 615K is observed in Nd-based BMG through low temperature magnetic measure-

E” and tars curve. This suggests that there are also a seriesmentg26]. The glass transition and crystallization processes

of glass transition and crystallization process occurred in this take place gradually, but has little thermal effect, as each

temperature range in the high Fe content alloy. amorphous phase has a quite small volume fraction. However,
Normally, glass transition temperature has a weak depen-dynamic mechanical properties are sensitive to these weak

dence on composition in the same alloy syst{d®]. The processes in the high Fe content gyl 10Ni1oCupo_Fe,

present fully glassy NghAl 10Ni1oCuzg alloy exhibits a re- system.

markablea relaxation, characteristic of amorphous materi-

als. In higher Fe content alloys, although the size and volume

fraction of clusters and nanocrystals increase with increas-4. Conclusions

ing Fe content, there is still a large fraction of amorphous

phase existed in the alloy (e.g. >60% in the: 20 alloy, In conclusion, bulk amorphous alloys with good glass-

Fig. 3(b)). However, a quite weak softening causecilre- forming ability for NdAINiCuFe systems have been pre-

laxation is observed in the alloy with Fe content lager than pared by copper mould casting. X-ray diffraction patterns and

10% (Fig. 4). This may be caused by the increase of viscosity HRTEM images show a homogeneous amorphous phase in

due to the dispersed clusters and nanocrystals in the highethe Fe-free alloy, while, nanocrystals or clusters dispersed in

Fe content alloys. In the glassy state at the low frequency, in- the amorphous matrix in the high Fe content alloys. The room

ternal friction is given by the formula, tare G/2wfy, where temperature elastic modulus of the alloys increases gradually

G is the shear modulu$the measuring frequency, andhe with increasing Fe content. During constant heating, Fe-poor

viscosity[20]. Dispersed nanocrystals or clusters of rich-iron alloy exhibits a strong softening due to glass transition, and

alloys greatly enhance the viscosity of glassy state alloys, andthree loss energy peaks caused by crystallization processes in

thereby reduce the energy lost. The increase of viscosity indynamic mechanical measurements. While, only one broad

the undercooled state also causes the atom diffusion and rearand weak loss peak caused by glass transition and crystalliza-

range are more difficult during the process of glass transition tion is observed in the high Fe content alloys. The effect of Fe

and crystallization, and increa3g and T, revealed byE” content on the thermal stability of the present NdAINiCuFe

and tars broad peaks. system is thought due to the positive heat of mixing between
The substitute of Cu by Fe in the present alloy system re- Nd and Fe elements.

duced the volume fraction of amorphous phase, and on the

other hand, it also changes the crystallization processes of

NdesoAl 10Ni10Clpg alloy. The glass transition and first three  Acknowledgements
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