
Synthesis and stability of amorphous Cu60Ti40-xZrx alloys by mechanical alloying

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1993 J. Phys.: Condens. Matter 5 477

(http://iopscience.iop.org/0953-8984/5/4/015)

Download details:

IP Address: 171.66.16.159

The article was downloaded on 12/05/2010 at 12:54

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/5/4
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. P h p :  Condens. Matter 5 (1993) 477-484. Printed in the UK 

Synthesis and stability of amorphous Cu,Ti.,,,,Zr, alloys by 
mechanical alloying 

Zhang Hentt, Liu Shaojuns, Su YuchangfS, Wang Unglingf, Wu Iijunf, 
I n  Zhaoshengt: and Zhang Bangweit$ 
t CCAST (World Laboratory), PO Box 8730, Beijing looOS0, People's Republic of China 
t Depanmenl of Physics, Material 'Est and Research Centre, H w n  UniverSily, 
Changsha 410012, People's Republic of China 
8 Depanmenl of Mechanical Engineering, CentralSoulh University of 'khnology, 
Changsha 410013, People's Republic of China 

Received 30 June 1992, in boa1 form 23 September 1992 

AbstracL The amorphous Cu@Ti4+.2r, (I = 0, 10, 20 and 30) alloys were sucaessfully 
synthesized ky mechanical alloying of pure elemental pavders of Cu, 'li and Zr using 
a planetary high.energy ball mill. The u m t u r e  and thermal behaviour of there alloys 
were analysed by x-ray diffraction and differential scanning calorimetry. The resulls 
indicate that the replacement of li by Zr increases the chemiml driving force of the 
amorphization leaction and the intemclion of dissimilar atoms of the I3-li-B ternary 
system. Thus, the glassforming tendency, the amorphization rate and the Yabilily are 
all improved. In addition. the stability of Cu-Ti-= amorphous @em is related lo 
the nyslalliation sequence and the first nyslalliiation phase. 

1. Introduction 

Amorphization by mechanical alloying (MA) has received much attention since 1983 
when the first report of the Ni-Nb system [l] appeared. A large number of alloy 
systems has been investigated starting from elemental crystalline powders, showing 
that successful amorphization is generally possible in the central composition range 
of the binary phase diagram [2,3]. 

Solid state amorphization is thought to require the following criteria [>SI: 
(1) fast diffusivity of solute atoms, which gives a characteristic reaction time for 

the nucleation and growth of the amorphous phase which is shorter than that of the 
crystalline phase; 

(2) a large negative heat of mixing in the amorphous alloy, providing the necessary 
driviing force for the reaction. 

Cu-Ti and Cu-Zr are both important and interesting binary systems; furthermore, 
they have a large negative heat of mixing 13,151, and the small Cu atom is a 
fast diffuser. Therefore, entirely amorphous Cu-Ti and Cu-Zr alloys have been 
successfully produced [1,7,8]. 

In contrast with binary alloys, investigation of the MA of ternary systems has not 
been so extensive, especially the reaction mechanism and the role of the third element 
during amorphization. For extensive investigation of the formation of the amorphous 
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phase in the Cu-Ti and Cu-Zr systems, the Cu-Ti-Zr ternary system is perhaps a 
suitable choice. Recently, we first synthesized an amorphous Cu,'limZr, alloy by 
MA and the preliminary investigation indicated that the replacement of Ti by Zr can 
enhance the amorphmtion rate [9], but the effect of different degrees of replacement 
on glass formation and stability has not been investigated systematically yet. In the 
present work, we report the synthesis of the amorphous phase of Cu,Ti,-,Zr, by 
MA using a planetary mill and analyse the factors influencing the amorphization rate, 
glass-forming trend and thermal stability of the system. 

2. Ekperimental details 

Pure elemental powders (-200 mesh) of copper, titanium and zirconium were mixed 
to give the desired average compositions of C%Ti,-,Zr, (I = 0, 10, 20 and 30) 
and placed in a cylindrical steel vial of diameter 40 mm and 60 mm long. The MA 
was carried out in a planetary high-energy ball mill with a ball-to-powder weight ratio 
of 10 to 1. Hardened steel balls of 15 mm diameter were used in the MA. 

The specimens milled for different times during the milling process were analysed 
by x-ray diffraction (XRD) using a Siemens D-5000 difiactometer with Cu Ka 
radiation. Accurate measurement at a scanning rate of 0 . 1 2 5 O  min-' was used to 
determine the position and the width of the half-height of the broad peaks (WHHP). 
The position of the peaks was determined using the chord method. The thermal 
behaviour was measured using a Dupont 1090 differential scanning calorimeter at a 
heating rate of 20 K min-' in flowing argon. In order to study the ctystallmtion 
process and products, the amorphous powders were isothermally annealed at distinct 
temperatures corresponding to the exothermic peaks in the differential scanning 
calorimetry (DSC) curves; then the structures of the annealed powders were analysed 
by MU). 

3. Results and discussion 

3.1. l7ze formation of the amorphous phase 

Figure 1 shows a series of x m  patterns taken at 4 h intervals during the milling of 
Cu,Ti,,-,Zr, starting from the elemental powder mixture. For all system, after 
milling for 4 h all crystalline peaks markedly broaden and decrease in intensity. 
After milling for 8 h, a broad scattering maximum appears near 20 4243O. The 
crystalline peaks have completely vanished after milling for 12 h. Apparently, the 
powders milled for 16 h have transformed to a completely amorphous phase. The 
analysis of the position of the amorphous diffraction peak by accurate XRD scanning 
indicates that typical amorphous MU) patterns with a broad scattering maximum 
appear near 20 = 43.OOo, 42.80D, 42.60° and 42.28O for Cu,Ti,,, Cu,Ti3,Zrl,, 
Cu,,Ti,Zr, and Cu,Ti,,Zr3,, respectively, and the wavenumbers of the broad 
amorphous maximum are 299 A-', 298 A-', 296 A-' and 294 A-I, respectively. 
Obviously, the wavenumber decreases with increasing zirconium content. The shift 
in the primary maximum can be attributed to a progressive increase in the near- 
neighbour distance with the partial replacement of Ti by Zr, because the metallic 
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Pigum R. XRD pattems Cor (U)  Cu60li40, (b) Cu@Ti$?r~o, (c) %lim& and (d) 
C u m l i l o & ~  after differenl milling times. 

radii of Cu, Ti and Zr are T~ = 1.28 ?$ rx = 1.47 8. and r, = 1.60 8. [lo], and 
the radius of Zr is larger than that of Ti. 

The XRD result indicates that the amorphization process takes place mainly during 
the milling period between 4 and 12 h and that, after 16 h, the four systems consist 
entirely of the amorphous phase. However, if we carefully analyse the x m  patterns 
after milling for 8 h, we may iind that there are some differences between the 
WHHPS and shapes for the broad maximum. The WHHPS are 1.97O, 207O, 224O, 
and 217O for Cu,Ti,, Cu,Ti,Zr,,, ClkOTiwZr, and Cu,TiluZr,,, respectively. 
Furthermore, the shape of the broad peak of the Cu-Ti-Zr systems is smoother than 
that of CubUTi4,Zr,. These parameters can be wed as an estimate of the degree of 
amorphization. Hence, this means that the degree and rate of amorphization are not 
the Same for different zirconium contents. 'lb analyse this difference, it is necessary 
to consider the chemical driving force which governs the diffusion reaction. 

According to the work of Vijg [ll], upon the addition of a third element to a 
binary alloy, an atomic-electronic interaction can result in a local rearrangement of 
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ngnm 2 The enrhalm ARmaw of dissolution in Liquid for cyOn&=Zr. alloys yems 
h e  zirconium concentration. 

the atoms and the net effect can be expressed in terms of the enthalpy of solution of 
the element added to a liquid alloy [12]. The degree of interaction of dissimilar atoms 
by adding the thud element of a ternary system can be evaluated from the enthalpy 
AT,,,av of the thud element in liquid binary alloys [13]. The enthalpy AZm,, can 
be expressed as 

A T m ~ ,  = x x  AH:, in ~i 4- XZZ AH:, in zr (1) 

where Xi is the atomic fraction of element i (i e Ti, 2); AH:" in is the partial 
molar heat of solution in copper in liquid i (i I Ti, Zr) at infinite dilution, which 
was calculated from the model of Miedema [12]. The relation between the enthalpy 
of dissolution and zirconium concentration for the Cu,Ti,,-,Zr, alloys is presented 
in figure 2 This shows that the enthalpy of dissolution for the alloys becomes more 
negative on adding zirconium. 

I ' I  

Figure 3. mc Uaces for Chm?ia-rZr ,  alloys milled for I6 h wilb z = 0 (curve A), 
r = 10 ( a w e  B), r = 20 ( c u m  C) and z = 30 (curve D). The onset aystallizalion 
lemperalures are indialed by arrows 
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The intensity of the Bragg reflection for the Cu-Ti and Cu-Ti-Zr systems 
decreases with increasing milling. W s  amorphization reaction type is indicated as 
the so-called type II by Weeber and Bakker [3]. Ihe situation for reaction type II 
is that amorphization occurs by interdiffusion during the process. In this case the 
amorphization process is similar to amorphization of multilayered structures during 
heating [4]. The amorphization parts grow by cold welding of the amorphous layers 
formed by interdiffusion. Eventual homogenization takes place by adding Zr to the 
Cu-Ti system which would affect the above amorphization process. The p d e r  sizes 
and properties (such as particle hardness), deformation and cold welding for the 
p d e r s  during the milling are not changed basically because the same alloy system 
and the same milling equipment are used. The main effect due to adding Zr to 
the system therefore is to affect the thermodynamic characteristics and interdiffusion 
of the system. Obviously there is basically no diffusion due to the concentration 
gradient, and the driving force for interdiffusion is caused by the chemical potential. 
The change in the Gibbs free energy caused by the change in entropy can be ignored, 
because of the lower milling temperature; so the change in the free energy, i.e. the 
change in the chemical potential, can be presented as the change in enthalpy. Egure 2 
shows that AH increases on adding zirconium, which means that the chemical 
potential increases on adding zirconium; therefore the interdiffusion increases on 
adding zirconium. The fact that the degree and rate of amorphization increase on 
adding zirconium to the Cu-Ti system can now be understood qualitatively at least. 

It is interesting to note that the increasing trends for both A H  and the WHHP 
after milling for 8 h are similar on increase in the zirconium content. On the 
other hand, from a thermodynamic viewpoint, adding Zr increases the interaction of 
ditferent kinds of atom, which leads to a more stable alloy configuration; obviously 
it is favourable for the formation of amorphous alloys. In other words, adding Zr 
increases the glass-forming tendency. 

3.2 The thermal stabiliry of amorphous powders 

The crystallization and thermal stability of the amorphous alloys were measured by 
DSC vpical DSC curves for Cu,Ti,u-zZr, alloys milled for 16 h at a heating rate 
of 20 K min-' are presented in figure 3. The DSC trace of Cu,,Ti, shows a very 
weak broad peak at 710 K and a sharp exothermic peak at 757 K, which is similar 
to the result for liquid quenching [14, U], but the exothermic peaks shift to a higher 
temperature and become broader. For Cu,Ti,Zrl,, only one exothermic peak can 
be observed at 822.1 K lWo exothermic peaks appear at 734.5 and 837.7 K for 
Cu,,Ti,,Zr, and at 734.5 and 828.2 K for Cu,Til,Zr3,; the first exothermic peak is 
also broad and weak, and the other is stronger. 

In the present work, we take the onset crystallization temperature T,, which is 
shown in table 1, as the criterion for estimating the stability of amorphous alloys. The 
data show that the stability of the amorphous alloys tends to increase as the zirconium 
concentration increases except for Cu,,Ti,,Zrl,, which has Txo2 but no T,, present 
in the DSC trace. 

It was reported that the glass formation temperature for metallic glasses increases 
with increase in the cohesive energy of the glasses 1161. As a rough estimate, 
the cohesive energy can be represented by the heat of sublimation of elements. 
Accordingly the addition of an element with a higher heat of sublimation to the base 
metal would be expected to increase Tg and hence the crystallization temperature 
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T, 117. The sublimation enthalpies AH, of Ti and Zr are 469.3 kJ mol-' and 
6121 !d mol-' [18], respectively. Hence, with the replacement of Ti by Zr, we can 
infer that the sublimation enthalpy of the alloys will increase; thus, the stability of 
the glass will be improved. The results of the present work are similar to those on 
liquid-quenched Cu-Ti-Zr alloys, with the replacement of Ti by Zr; both the glass 
transition temperature Tb and the crystallization temperature T, increase [19]. 

It can be considered that the deviation from the trend of stability versus 22 
content for Cu,,Ti,Zr,, is due to a different clystallization process. As reported in 
[m], in some cases, structure changes in as-crystallized phases exert a strong effect on 
the temperature at the first crystallization peak T,. If some compound was formed 
as the first phase and precipitated, both the stability and the glass-forming ability 
will be changed [21]. According to our preliminary XRD analysis for amorphous 
powders isothermally annealed to 500 and 600°C for 2 h, we find that the first 
crystallization produm and sequences are different (figure 4). With reference to the 
XRD measurement result, the data from ASTh4 standard cards and information about 
the Cu-Ti-Zr ternary phase diagram [22], we can roughly describe the aystallition 
sequence of amorphous C U ~ ~ T ~ ~ - = Z ~ ~  alloys as follows: 

a-Cu,Ti, -+ &,Ti - Cu3Ti + %Ti, 
a-Cu,Ti,,Zr,, - Cu3Ti2 -+ Cu3TiZr + CqTi2 + C U , ~  
a-Cu,Ti,Zr, -+ Cu,TiZr - Cu,TiZr + %T$ + Cu,,,Zr, 
a-Cu,Til,Zr, -+ Cu2TiZr - Cu,TiZr + Cu,Zr, + CqJr, 

where z, y, w and z are values to be determined by further work. 
From the above information, we. can see that the first crystallization phase for 

Cu,l"i3Jr1, is different from those for the other two Cu-TI-Zr alloys. We can infer 
that the Cu,Ti, phase may form at a higher temperature than the ternary Cu,TiZr 
phase does. This behaviour is, perhaps, one of the factors influencing the stability of 
amorphous alloys, but detailed research into the crystallization phase corresponding 
to every exothermic process is needed by combining transmission electron microscopy 
analysis and other methods with XRD in order to understand the stability of the 
amorphous alloys. 

4. Conclusions 

It is possible to produce amorphous Cu,Ti,-,Zr, alloys by MA The replacement of 
Ti by Zr can enhance the amorphization rate of the Cu-Ti-Zr ternary system, promote 
the glass-forming tendency and improve the stability. These may be attributed to a 
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Flgum 4 XRD patterns Tor amorphous 
CuaTm-&7rz powders isothermally annealed at 
773 K (lawer CUN~S) and 873 K (upper curves) for 
2 h wilh (0) z = M, (b) z = 20, (c) L. = 10 and 
(d) z = a 0. Cu3li; A, C u ~ l i r ;  0, CuzliZr. 

25 36 47 58 69 80 
2.9 ( d e d  

more negative mixing enthalpy by adding zirconium to the &-Ti system, providing 
a larger chemical driving force of solid state reaction. On the other hand, adding 
zirconium to the &-Ti system strengthens the interaction of dissimilar kinds of atom 
in the ternary system, which leads to a more stable alloy configuration. Thus, the 
glass-forming ability and stability are simultaneously improved. However, the stability 
of amorphous powders is also related to the crystallization sequence, especially the 
behaviour of the fist crystallization phase. 
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