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      Chapter 1 

General introduction

1.1 Non-equilibrium materials 

   With remarkable industrial progress, request for new 

materials has come to be varied and advanced one. However, it 

is not always easy to find the conventionally cast alloys with 

excellent properties enough to meet the request. As the result, 

new alloys such as non-equilibrium alloys or composite 

materials have come to be designed and synthesized. The non-

equilibrium or metastable alloys are not thermodynamically 

stable compared with equilibrium alloys. But, there are 

conditions on which non-equilibrium alloys are on a stable 

state. Thus, on such conditions, non-equilibrium alloys can be 

used like equilibrium alloys and amorphous or diamond, which 

are non-equilibrium alloys have been actually put to practical 

use. Non-equilibrium alloys can be readily synthesized by 

quenching from a high temperature equilibrium solid state. This 

was the basis of conventional metallurgical process to prepare 

super-saturated solid solutions and martensite materials. 

Turnbull established such non-equilibrium alloy forming 

process as "Energize and Quench" process and the 

development of non-equilibrium phases started. 

There have been extensive works on the formation of non-

equilibrium alloys by quenching from a high temperature liquid 

or vapor state. First, Duwez actually demonstrated that some 

metal alloys were rapidly quenched from liquid to be
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 amorphous[1]. 

   The process used to prepare non-equilibrium phases was the 

quenching process from energized state, liquid or vapor, but 

recently it has been found these non-equilibrium phases can be 

synthesized by solid state reaction. Yeh et al.[2] reported the 

formation of amorphous Zr3RhH5 .5 by the dissolution of hydrogen 

gas in crystalline Zr3Rh. Herd et al.[3] produced an amorphous 

by annealing amorphous Si and crystalline Rh bilayer. The 

preparation of amorphous alloy from crystalline alloy was 

reported by Schwarz et al[4]. They prepared the crystalline Au 

and La multilayer and obtained amorphous by annealing it below 

the crystallization temperature. 

    The above introduced process to produce non-equilibrium 

materials is complex, expensive and hard for mass production, 

so these newly developed materials without any specific 

functions have shown little practical use. In 1983, a new 

simple technique for the preparation of non-equilibrium 

materials at low temperature (around room temperature) was 

discovered by Koch et al[5]. This technique is a mechanical 

alloying (MA) of elemental crystalline powders. 

1.2 Mechanical Alloying 

   Mechanical alloying (MA), which was first introduced by 

Benjamin at INCO in 1970[6], is a high energy ball milling 

process to produce composite powders with controlled and 

extremely fine microstructures. The fundamental processes of MA 

are repeated welding, fracturing and rewelding of a mixture of 

powder particles by ball-powder-ball collisions. By using this
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MA process, Benjamin first succeeded to produce oxide 

dispersion strengthened(ODS) Ni-base superalloy[7]. Afterwards, 

alloy preparation in other systems, such as preparation of 

 iron-based[8] and aluminum-based[9] ODS superalloy were 

reported. Thus, those developed ODS alloys such as the INCONEL 

alloy MA 6000[10] have been made practicable as materials with 

high strength at high temperature like turbine blading 

materials. 

  The advantages of MA are not restricted to produce such 

complex ODS alloys. MA is a means to produce composite metal 

powders, too. Especially, it is effective to produce alloys 

which are difficult or impossible to produce by conventional 

melting or casting process. Finely dispersed homogeneous alloy 

powders were successfully obtained in liquid immiscible Cu-Pb 

system, in solid immiscible Cu-Fe, and in Nb-Sn with very 

different melting points[11] by using this MA, solid state 

processing. 

   Koch et al.[5] reported the formation of an amorphous phase 

for Ni-Nb alloy system by mechanical alloying of elemental Ni 

and Nb powders in 1983. This MA process is significantly 

different from the MA process to used produce ODS alloy. The 

former is a process to solve the materials while the latter is 

a process that only mix them. 

1.3 Trends of the recent studies on MA and the purpose of this 

thesis 

   Since the first report on solid state amorphization by Koch, 

MA has attracted researchers' attentions as a new method to
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prepare non-equilibrium alloys. Fig.1.1 shows the number of the 

papers on MA reported in the corresponding year. Besides, the 

papers on solid state reaction are darkened in the histogram. 

It is clearly recognized from this figure that researches on MA 

have remarkably increased since Koch's report. These solid 

state amorphization phenomena were intensely examined mainly in 

transition metal(TM)-TM system. Table 1.1 is the list of 

amorphous forming binary alloy system by MA. From these 

results, amorphous forming system was confirmed to be extended 

by MA. For example, Schultz et  al.  [  1  9  ] reported the formation 

of new amorphous in Al-Ti system that is difficult by rapid 

quenching. In addition to the extension of amorphous forming 

system, the forming composition range was also confirmed to be 

extended by MA. Weeber et al.[56] reported the extension of 

amorphous forming range in Ni-Zr, and Schultz et al.[57] 

reported the interesting results that amorphous was formed in a 

quite different composition range from that in case of rapid 

quenching. Simultaneously, many reports have introduced the 

mechanism of this solid state amorphization. Schwarz defined 

that solid state amorphization involve the fast diffusion of 

one component and the driving force is a large negative heat of 

mixing of alloy[47], which is evident from the heat of mixing 

value[12] shown in Table 1.1. Namely, as shown in Fig.1.2, the 

free energy of the liquid (amorphous, state 2) is lower than 

that of the mixture of pure crystalline components (state 1) 

and in this mean this solid state amorphization may be said to 

be a metastable melting. In case of formation of intermetallic 

compounds, too, the driving force for it is the deviation of 
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Table  1.1 List of glass 

A H is the heat 

calculated by

forming alloy systems by MA. 

of mixing and the value was 

Miedema model[12].

System A H (KJ/mo1) Ref. System AH(KJho1) Ref.

Ag-Cu 

Al-Cr 

Al-Fe 

Al-Hf 

Al-Nb 

Al-Ta 

Al-Ti 

Al-Zr 

Au-La 

Co-Gd 

Co-Mg 

Co-Nb 

Co-Sn 

Co-Ti 

Co-Y 

Co-Zr 

Cr-Nb 

Cr-Ta 

Cu-Hf 

Cu-Ta 

Cu-Ti 

Cu-V 

Cu-W 

Cu-Zr 

Fe-Hf 

Fe-Si 

Fe-Ta 

Fe-Ti

 10 

-43 

-11 

-165 

-74 

-78 

-118 

-189 

-226

 12 

-111 

 1 

-126 

-112 

-197 

-32 

-30 

-109 

 9 

-40 

 20 

 101 

-110 

-71 

-75 

-67 

-74

[131 

[14] 

[15] 

[16] 

[17] 

[18] 

[191 

[20] 

[211 

[22] 

[23] 

[24] 

[25] 

[26] 

[27] 

[28) 

[29] 

[30] 

[30] 

[31] 

[32] 

[33] 

[34] 

[28] 

[35] 

[36] 

[37] 

[38]

Fe-V 

Fe-W 

Fe-Zr 

Ge-Nb 

Ge-Si 

Hf-Ni 

Mg-Ti 

Mg-Zn 

Mn-Zr 

Mo-Ni 

Nb-Ni 

Nb-Sn 

Ni-Sn 

Ni-Ti 

Ni-V 

Ni-Zr 

Pd-Si 

Pd-Ti 

Pd-Zr 

Rh-Zr 

Ru-Zr 

Si-Sn 

Si-Ta 

Si-V 

Si-W 

Si-Zn 

V -Zr

-29 

 0 

-118 

-97 

 9 

-144 

 59 

-13 

-74 

-27 

-135 

-4 

-21 

-154 

-75 

-236 

-145 

-26 

-117 

-315 

-260 

 30 

-165 

-121 

-58 

-3 

-17

[39] 

[40] 

[28] 

[41] 

[42] 

[31] 

[43] 

[44] 

[28] 

[45] 

[4] 

[41] 

[46] 

[471 

[48] 

[28] 

[49] 

[50] 

[511 

[35] 

[351 

[521 

[53] 

[531 

[541 

[52] 

[551

6
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free energy between mixtures of pure components (state 1) and 

intermetallic compounds (state 3). On the contrary, Schwarz 

reported a new different technique which is a grinding of 

crystalline alloys such as intermetallic compounds[58]. From a 

thermodynamic point of view, this phenomenon means the 

elevation of free energy (from state 3 to state 2 in Fig.1.3) 

and so MA was found to include the energizing process, too. 

Taking this fact into consideration, although the driving force 

for solid state amorphization was considered to be the negative 

heat of mixing, non-equilibrium phase may be formed even in the 

alloy system with positive heat of mixing where the mixture of 

pure components is thermodynamically stable and there is no 

chemical driving force. Positive heat of mixing means the 

existence of strong repulsive interaction with each other and 

in such alloy systems there is s large miscibility gap in their 

phase diagrams and alloying is impossible by conventional 

casting. So it is interesting to examine whether  non-

equilibrium phases were obtained in such alloy systems by MA. 

However, although many works on the solid state reaction 

induced by MA have been limited in the alloy systems with 

negative heat of mixing, works on solid state reaction in the 

alloy systems with positive heat of mixing have scarcely 

examined as shown in Table 1.2. Moreover, non-equilibrium or 

metastable crystalline formation has been scarcely studied 

compared with the systematic studies on amorphization. This 

situation is in contrast with that of the early stages of rapid 

quenching of liquid when Duwez first aimed at the creation of
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Table  1.2 Alloy phases

systems with

formed by MA in

positive heat of

several

mixing

alloy

by MA.

System  aE(KJ/mol) Solid Solubility Synthesized Phase (examined composition) Ref.

Ag-Cu 8 14.lat%Cu in Ag Amor. (50at%Cu) [13]
4.9at%Ag in Cu

Ag-Fe 102 Negligible bcc(SS) (8at%Ag) [59]
fcc(SS) (12at%Fe)

Al-Sb 11 Negligible Compound A1Sb (50at%Sb) [60]

Bi-Mn 9 Negligible Mn in Bi Compound MnBi (50at%Mn) [61]
0.47at%Bi in Mn

Co-Mg 12 Negligible Amor. (20-50atXMg) [23]

Co-Sn 1 2.5at%Sn in Co Amor. (60at%Sn) [25]
Negligible Co in Sn

Cr-Cu 49 0.89at%Cr in Cu bcc(SS) (30,50at%Cu) [62]
0.20at%Cu in Cr

Cu-Ta 9 Negligible Ta in Cu Amor. + fcc + bcc (44-61atZTa) [31]
Amor. (70at%Ta)

Cu-V 21 0.lat%V in Cu Amor. + bcc(SS) (50at%V) [33]
7.5at%Cu in V bcc(SS) (70-90at%V)

cu-W 101 Negligible fcc(SS) + bcc(SS) (5-30at%W) [34]
Amor. + fcc(SS) + bcc(SS) (30-100at%W)

Fe-Sn 56 9.3at%Sn in Fe bcc(SS) (25at%Sn) [63]
Negligible Fe in Sn

Ge-Si 9 entire composition Amor. + diamond (0-100at%Si) [42]
diamond (0-100at%Si)

Mg-Ti 59 >0.075at%Ti in Mg hcp(SS) (0-6at%Mg) [43]
2.9at%Mg in Ti Amor. (10at%Mg) [64]

Si-Sn 30 Negligible Amor.+diam.(SS)+tetrag.(SS) (0-20at%Sn) [52]
diam.(SS)+tetrag.(SS)+new tetrag. (20-30at%Sn)
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non-equilibrium super-saturated solid solution in the Ag-Cu 

 system[65']. In this work, the effectiveness of MA regarding the 

formation of non-equilibrium phase is examined in the alloy 

system with positive heat of mixing. 

   In chapter 2, the results of the studies on the formation of 

super-saturated solid solution in the Ag-Cu system by MA are 

given. By examining changes in the structure or X-ray 

diffraction pattern occurred during MA, the process of MA and 

the progress of solid state reaction are traced. Some 

properties, such as thermal stability of synthesized non-

equilibrium phases, are also discussed[66]. 

   In chapter 3, studies on mechanical alloying in the Fe-Cu 

system with different crystal structure and larger positive 

heat of mixing than Ag-Cu system are reported. In addition to 

some properties presented in chapter 2, results of the study on 

Mossbauer and magnetic property are given[67]. 

   In chapter 4, formation of non-equilibrium phases by 

mechanical alloying in ternary Fe-Ag-Cu alloy is reported. 

Properties of the synthesized alloy are compared with the 

binary alloy[68]. 

   In chapter 5, formation of non-equilibrium phases by 

repeated rolling method is examined. The repeated rolling 

method is compared with a conventional ball milling[69]. 

In chapter 6, a thermodynamical discussion on the formation 

of non-equilibrium phase and the elevation of free energy in 

the alloy system with positive heat of mixing is presented.
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                             Chapter 2 

Formation of super-saturated solid solution in the Ag-Cu system 

2.1 Introduction 

   The heat of mixing of Ag and Cu is about  10kJ/mol in 

positive. The positive heat of mixing means that interaction 

between Ag and Cu atoms is repulsive. Figure 2.1 shows the 

phase diagram[1] for this system. The solubility of Ag in Cu is 

0.05at% and that of Cu in Ag is 0.3at% at room temperature [ 2 ]. 

When Ag and Cu are conventionally melt and cast from liquid, 

they will not solve each other and separate. Duwez[3] first 

aimed at the creation of non-equilibrium solid solution by 

rapid quenching from liquid in this system. By undercooling 

below To curve[4] induced by rapid quenching, the nucleation of 

pure elements which needs long distance diffusion was 

kinetically suppressed and so the super-saturated solid 

solution was successfully prepared. Afterwards, this alloy 

system has been frequently used to test or optimize newly 

designed rapid quenching equipment; ie. plasma jet spraying[5]. 

Amorphous has been obtained by vapor quenching to 77K and 

subsequent annealing at 253K[6]. As in the study on MA in the 

same system, Richards etal.[7] had already reported the 

formation of amorphous. However, the amorphization was 

confirmed only from the broadness of the diffraction peak in 

X-ray diffraction pattern and the effect of 0 and N was not 

negligible. 

   In this chapter, MA containing a energizing process was 

investigated to know how effective it is to form non-
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equilibrium phases in the Ag-Cu system. The  super-saturated 

solid solution formed by MA was compared with that by rapid 

quenching. 

2.2 Experimental 

2.2.1 Mechanical alloying 

   In this study, Mechanical alloying was performed by 

conventional ball milling. To avoid the rise of temperature 

induced by too hard mechanical milling and to realize the solid 

state reaction at low temperatures, ball milling with lowest 

temperature rise was adopted although the fracturing ability 

was not very strong. 99.9% Ag and Cu powders with average 

particle size of about 30mm were used as starting materials. 

These powders were blended to desired compositions and sealed 

in a cylindrical stainless vial with the stainless balls in an 

argon atmosphere. The stainless vial, balls and apparatus are 

shown in Fig.2.2. The stainless vial was 100mm in inner 

diameter and 140mm in height and 1700cm3 in volume. The 

stainless balls were about 9mm in diameter and one thousand 

balls were loaded in the vial. The total powder weight was 50g 

and so the ball to powder ratio was 80:1. The vial with balls 

and sample powders was rotated at a rate of 90rpm on the 

rotating frame. To investigate the changes of the powder during 

MA, small amount of powders was removed in an Ar atmosphere by 

nominal length of MA time. 

2.2.2 Chemical analysis 

   Mechanically alloyed powders were afraid to contain many 
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Fig.  2.2 The ball mi lling apparatus.

19



contaminations such as Fe from stainless apparatus. Moreover, 

MA powders were rich in the surface activity, so the effect of 

surrounding gas, such as 02 and N2 were not negligible. In 

fact, Richards reported that 02  affected  strongly on the 

amorphization in this system[7]. In the present study, the 

composition and impurities were checked by chemical analysis. 

Metal elements, Ag, Cu, Fe, Cr and Ni were analyzed by ICP, and 

02 and N2 gases were analyzed by gas analyzer (HORIBA EMGA 

2200). 

2.2.3 Structure observation 

   Scanning electron microscope (SEM) and transmission electron 

microscope (TEM) observation were performed to investigate the 

structural changes caused by MA and subsequent heat treatment. 

For SEM observation, the powders were embedded in the epoxy 

resin and polished. FeC13 diluted by ethanol and HC1 was used 

as a etching solution of Cu. For TEM observation, the sample 

embedded in epoxy resin (TAAB 812 set) was thin sliced using 

glass and diamond blade. The ultra-thin sectioning instrument 

(LKB 2188 ultratome NOVA) was used to slice. 

2.2.4 X-ray diffraction (XRD) analysis 

   Phases formed by MA and heat treatment was identified by XRD 

analysis. The used X-ray was Cu Ka radiation. 

   The lattice parameter of fcc phase was measured form (211) 

peak by using the following equation. 

a = % / 2 (h2 + k2 + 12)1/2sine 

where Al is wave length of X-ray 0.154nm, 9 is diffraction

20



angle, and  h,k,l is the crystal plane index of diffraction 

peak. 

The correction of the diffraction angle was performed by using 

standard diffraction peaks of Si. 

   Effective crystallite size was evaluated by using Scherrer 

formula[8]. The Scherrer formula is 

D = 0.9A/ B cost? 

where D is crystallite size and B is the half value width of 

the diffraction peak. 

2.2.5 Thermal analysis 

   The thermal stability was examined by measuring differential 

scanning calorimetry (DSC). DSC was performed at the heating 

rate of 0.33K/sec under Ar flow atmosphere by using Perkin-

Elmer DSC 7. The sample powder was canned in pure Al pan and 

the difference in heat input to keep the temperature difference 

between the sample and the standard reference (Al pan without 

sample) to be zero was measured. 

2.2.6 Electrical Resistivity 

   The change in the electrical resistivity upon heating was 

measured at the same heating rate as DSC, 0.33K/sec, in an Ar 

atmosphere. The resistivity was measured by four-point-prove 

technique. Mechanically alloyed powders were consolidated to a 

thin plate by cold rolling. Al leading wires were resistance 

welded on the each corner of the sample. Constant current of 

100mA was sent and the voltage was measured.
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2.3 Results and discussion 

2.3.1 Chemical composition of mechanically alloyed powders 

   Table 2.1 shows the results on chemical analysis of Ag-Cu 

alloy powders mechanically alloyed for 400h. From these 

results, the atomic ratio of Ag to Cu was hardly changed 

compared with that before MA. In case of MA, weldabilty of the 

powders to the balls and vial is different by the element, so 

the compositional change is likely induced. It was interpreted, 

however, not to be the matter in this case from these results. 

   MA is known to be the  subjectable process of impurity due to 

the intense friction between balls and vials. In this work, 

some means were performed to avoid the impurities. The ball 

milling technique with relatively weak friction was adopted. MA 

was preparatory performed for 50h on the corresponding 

composition and the alloy powders were thin coated to the balls 

and vials. By using this coated balls and vial, stainless to 

stainless friction was diminished and the contamination was 

reduced. However, Fe, Cr and Ni from stainless balls and vial 

were still recognized as the impurities. The total 

contamination was about 4at% although the value was smaller 

than that in the case by the other apparatus such as attritor 

with more intense friction. 

   The contamination of 02 and N2 was 0.273wt% and 0 .004wt% 

respectively. In Richards' report[7], chemical analyses were 

not performed and the simple comparison with the present work 

was difficult, but when MA powders were heated over 550K Cu2O 

was detected in Richards' sample while any oxides were not 
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 Table2.1 Chemically analyzed composition of 

powder mechanically alloyed for 400h.

Ag-Cu

 Chemically analyzed composition (at%)

Ag Cu Fe Ni Cr

Ag-lOat%Cu 88.71 9.94 0.88 0.23 0.24

Ag-20at%Cu 76.65 19.37 2.85 0.41 0.71

Ag-30at%Cu 68.39 29.85 1.26 0.22 0.27

Ag-4Oat%Cu 53.15 41.67 3.97 0.50 0.71

Ag-50at%Cu 49.33 46.60 3.00 0.43 0.64

Ag-60at%Cu 37.30 55.68 5.05 0.74 1.22

Ag-70at%Cu 29.06 67.69 2.41 0.35 0.48

Ag-80at%Cu 18.90 75.93 3.83 0.49 0.85

Ag-90at%Cu 9.35 87.47 2.39 0.28 0.51
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detected in this work. So the effect of 02 was considered to be 

less than in the case of Richards' work. 

2.3.2 Structural evolution by MA 

   Figure 2.3 shows the morphologies and of  Ag-70at%Cu powders 

mechanically alloyed for various time. On the early stage of 

MA, such as 25h MA, the constituent powders were deformed and 

the welded to each other and as the result, the particle size 

1?ecame about 10 times larger than starting powders. By 

prolonged MA as shown in the SEM images of the MA powders for 

50 hours, the coarse composite particles became equiaxed and 

fine. But even by further MA such as 100 and 400h MA, the 

morphology and particle size hardly changed. MA is a fracturing 

and welding process. So, the particle size is determined by the 

balance between the two process. On the early stage of MA, the 

welding took place dominantly because constituent metal powders 

had some ductility and were easy to be deformed, so the 

particle were coarsened. But by further MA, the powders were 

excessively deformed and hardened[9]. The deformability 

decreased and powders became fracturable. So the fracturing 

frequency became larger and the particle became fine and 

equiaxial. 

   Figure 2.4 shows the microstructure of the MA powders. On 

the early stage of MA, such as 2 hour, the particles took on 

layered composite structure of starting constituents. The 

original starting constituents were identifiable within the 

composites. In this figure, the dark contrasted area was 

consisted of Ag and bright in Cu. By further MA such as 10h and 
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25h, these composites were further refined and convoluted as 

the kneading (rolling and folding) was repetitively performed. 

And on the final stage of MA, such as 400h MA, no structure 

were observed within the resolution ability of SEM. 

2.3.3 Formation of super-saturated solid solution 

   When the mixture of pure Ag and Cu powders were mechanically 

alloyed, both of the XRD peaks of  fcc Ag and Cu became broader 

and smaller with increasing the MA time as shown in Fig.2.5. 

However, the peak position of Ag and Cu hardly changed with MA 

time. For Ag-70atoCu powder, after MA 25h, a new diffraction 

peak appeared between pure Ag and Cu (111) peaks. The new peak 

became larger with increasing the MA time, and after MA for 

100h, peaks of pure Ag and Cu finally disappeared and only the 

new fcc peaks were left. By further MA, the diffraction pattern 

hardly changed. These results indicate that a non-equilibrium 

fcc super-saturated solid solution was formed by MA. The powder 

mechanically alloyed for 400h was found, by TEM observation to 

have a homogeneous and fine structure with average grain size 

of about lOnm as shown in Fig.2.6. 

   The changes of XRD pattern of MA powders as a function of 

composition are shown in Fig.2.7. The diffraction peak became 

broader as the composition became equiatomic. Fig.2.8 shows the 

changes of grain size estimated from XRD patterns as a function 

of composition. The minimum value exhibited about 10nm. 

   The peak position was confirmed from Fig.2.7 to shift to the 

higher angle with increasing the Cu content. In Fig.2.9, the 

lattice parameter of synthesized fcc phase is shown against 

                             27



 L 

CD 

 U .y 

C) 

U

30 40

 Ag-70at%Cu 

CuAg

2 e

60

(Cu Ka)

25h

50h

100h

400h

80 90

Fig.2.5 Changes 

powder as

of 

a

 XRD patterns of 

function of MA time.

Ag-70at%Cu MA

28



 Ag- 70at%Cu MA 400h

Fig.2.6 TEM  images 

alloyed for

 of 

400h.

Ag-70at%Cu powder mechanically

29



ccs 

 C  a) 

C

30

Fig.2.7

40

 x=0.1

x=0.9

2e

60

XRD patterns of Ag-Cu 

various compositions.

(Cu Ka) 

MA 400h

80

powder

400h

90

having

30



 2 
 c ,-

a) 
N 

c 

CU 

a

80

60

40

20

0 20 40 60 80 100

Cu at% Ag Ag

Fig.2.8 Grain size of Ag-Cu MA 400h powder 

by Scherrer formula.
evaluated

31



0.410

 = 0.400

L 

s 75 

E CI 

cEI 
O. 

CD 
U 

c~

0.390

0.380

0.370

0 

Cu

0 

 ei

 0 

•/

20 40 

  at%

• 

 0 

• // 
  / 

 / 
/

• MA

°/

o RQ 
 Linde (1966)

60 

Ag

80 100 
Ag

Fig.2.9 Lattice 

400h MA

 parameter of 

and by rapid

 Ag-Cu alloy 

quenching[10].

produced by

32



the corresponding composition. The measured lattice parameters 

were slightly higher than those estimated from Vegard's law. 

The slight positive deviation from Vegard's law was consistent 

with the small positive value of the heat of mixing of Ag and 

Cu. The matching with the reported data by rapid quenching 

method[10] was quite good. 

2.3.4 Thermal stability of super-saturated solid solution 

   In  Fig.2.10, the changes of DSC curves of Ag-70at%Cu are 

shown as a function of MA time. The broad exothermal peaks 

became larger with increasing the MA time up to 100h, but 

hardly changed by prolonged MA. In Fig. 2.11, DSC curves of 

mechanically alloyed Ag-Cu powders having various compositions 

are shown. In the DSC curves of MA powders, for example Ag-

70at%Cu powder, two broad exothermal peaks from about 430K to 

590K and from 430K to 830K were confirmed. The X-ray 

diffraction patterns of Ag-70at%Cu powders continuously heated 

up to various temperatures are shown in Fig.2.12. The position 

and width of diffraction peaks showed no changes by heating up 

to 430K before the first exothermal peak. However, by heating 

up to 590K, which was a higher temperature than the first 

exothermal peak, the broad peaks corresponding to pure Ag and 

Cu appeared. These peaks from Ag and Cu were broader than those 

of as mechanically alloyed solid solution phase. Such 

broadening in the diffraction peaks were caused by the 

precipitated extremely fine structure of Ag and Cu 

precipitates. By heating up to 870K, a higher temperature than 

the second exothermal peak, the peaks of Ag and Cu became 
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sharper showing the occurrence of the grain growth. These 

results indicated that the solid solution was stable and any 

grain growth did not occur below the first exothermal peak. 

The solid solution decomposed to fine Ag and Cu at the 

temperature corresponding to the first exothermal peak. The 

second exothermal peak correspond to the grain growth of the 

precipitated fine Ag and Cu. These results were also confirmed 

by TEM observation in Fig.2.13 of the same samples. The 

estimated grain size from XRD pattern was  16nm, 16nm, 15nm and 

75nm respectively, which matched well with the observed grain 

size by TEM.As to the thermal stability of super-saturated 

solid solution,the decomposition temperature matched well with 

those produced by the other techniques[6][11]. About the 

stability of the nanocrystalline structure,the similar results 

were reported in Cu-Ti alloy by Abe et al. [ 1 2 ]. According to 

the report, the segregation of Cu atoms in grain boundaries 

suppressed the the grain growth and no grain growth took place 

until the intermetallic CuTi2 nucleated. In this work, such 

segregation was not confirmed. The decomposition behaviors of 

the solid solution were examined by many researchers[6][11] 

[ 1 3 ] , but there were no report on the 1 Onm order precipitates 

formation. In the samples produced by the other techniques, the 

grain size of the precipitates was about several hundred nm 

which value was ten times larger than that by MA. The samples 

stored stress in excessively high density, which generated the 

many nucleation site in the decomposition and suppressed the 

grain growth.
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   The total heat output of the exothermal peaks was compared 

with the thermodynamically  ca1cu1ated[14] value of heat of 

mixing as shown in Fig.2.14. The measured exothermal heat was 

about 5 kJ/mol larger than the heat of mixing to form super-

saturated fcc phase. The reason for this large heat output may 

be due to the heat of grain growth or recovery. 

   The changes of the electrical resistivity with the 

temperature was shown in Fig.2.15. The resistivity of as 

mechanically alloyed Ag-60at%Cu and Ag-80atoCu powders was 

about 60 and 25pS2cm respectively. It linearly increased with 

increasingthe temperature.But when the decomposition of solid 

solution to Ag and Cu took place at 450 or 550K, the 

resistivity gradually decreased. The decomposition was 

confirmed to finish completely about 600K from DSC analyses, 

but the resistivity still went on decreasing. The resistivity 

of solid solution produced by the other techniques exhibited 

sharper decrease in decomposition. In the case of MA, the 

precipitated Ag and Cu were fine on the early stage of 

decomposition, which made the resistivity large and the grain 

growth made the resistivity decreased. When the sample heated 

to about 770K was cooled to room temperature, the resistivity 

was about one fifth of the initial state for the Ag-60atoCu 

sample.
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2.4 Conclusion 

   Mechanial alloying by ball milling was performed in the Ag-

Cu system. Non-equilibrium super saturated fcc solid solution 

was formed in entire composition range. The mechanical alloying 

which is a greatly different processing technique in comparison 

with the rapid quenching (RQ) was proved, in this work, to be 

just as effective as RQ in producing the complete solid 

solution in the Ag-Cu system. The nanocrystal structure with 

grain size of  10nm of super-saturated solid solution was 

thermally stable until the decomposition took place. The 

decomposition of super-saturated solid solution took place by 

heating the mechanically alloyed sample over 430K. The 

decomposition was accompanied by a gradual decrease in 

electrical resistivity. At the initial stage of decomposition, 

the grain size of decomposed phases remained in ten nano-meter 

size. Only by heating over about 600K, the grain growth took 

place.
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               Chapter 3 

Mechanical alloying in the Fe-Cu system

3.1 Introduction 

   In the previous chapter 2, results on super-saturated solid 

solubility in Ag-Cu system were reported. In this chapter, MA 

was performed in Fe-Cu system with different crystal structure 

and larger positive heat of mixing, about  50kJ/mol, than that 

of Ag-Cu system. Phase diagram of Fe-Cu system[ 1 ] is shown in 

Fig.3.1. The crystal structure of Fe is bcc and of Cu is fcc. 

Fe and Cu are almost immscible around room temperature. 

Preparation of alloy phases, super-saturated solid solution in 

this system has been tried by liquid quenching and vapor 

quenching. The results on the synthesized phases were reviewed 

in Fig.3.2. By solid quenching, about 1 at% solubilty was 

obtained[2][3] and Klement reported preparation of 20at% super-

saturated solid solubility in both sides by liquid 

quenching[4]. Moreover, Kneller[5] and Sumiyama[6] reported the 

larger solubility by thermal evaporation and by sputtering 

respectively. The attempt of MA for this system was first 

reported by Benjamin[7] before the discovery of amorphization 

by MA. In his paper, only fine homogeneous structure formation 

was briefly mentioned. 

3.2 Experimental 

   The starting powders were 99.9% Cu and 99% Fe powders with 

the average particle size of about 30 pm and 50 pm 

respectively. These powders were blended to desired
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compositions and sealed in a cylindrical stainless vial with 

the stainless balls in an argon atmosphere. The weight ratio of 

the ball to the powder was 80:1. To avoid the adhesion of the 

powders to the vial and balls, methyl alcohol as a process 

control agent (PCA) was put in the vial in the amount of about 

0.2mass% of the capacity of the vial. The MA powders were 

characterized by XRD analysis, SEM observation and TEM 

observation. The thermal stability was examined by DSC. 

   57Fe  Mossbauer transmission measurements were performed at 

room temperature to examine the changes of the environments 

around the Fe atom during MA. 

   The magnetic moments were examined by measuring the 

magnetization at 77K with a balance magnetometer. 

3.3 Results and Discussion 

   Table 3.1 shows the chemical composition of Fe-Cu alloy 

powders mechanically alloyed for 400h. Cr and Ni were detected 

as the contaminants from the stainless vial and balls. However, 

volume fraction of Fe was nearly the same as the starting one. 

    The XRD patterns of Fe-30at%Cu and Fe-70at%Cu MA powders 

for various MA time are shown in Fig.3.3 and Fig.3.4. For the 

Fe rich alloy, it was found that peaks of fcc Cu became broad 

with increasing the MA time and finally disappeared and only 

broad bcc peaks were left in Fig.3.3. For the Cu rich alloy, 

bcc Fe peaks gradually disappeared and only fcc peaks were 

finally left as shown in Fig.3.4. In Fig.3.5, the XRD patterns 

of the mechanically alloyed powder for 400h having various 

compositions are shown. Alloys up to 30at%Cu were bcc and 
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Table 3.1 Chemically analyzed 

    powders mechanically

 composition 

alloyed  f or

 of Fe-Cu 

400h.

Chemically analyzed composition (at%)

Fe i Cu Ni Cr

 Fe-lOat%Cu 89.38 10.32 0.11 0.19

Fe-20atZCu 78.91 20.99 0.05 0.05

Fe-30at%Cu 70.34 29.39 0.10 0.17

Fe-40at%Cu 60.62 38.66 0.24 0.48

Fe-50at%Cu 51.83 46.68 0.50 0.99

Fe-60at%Cu 39.85 60.23 0.01 0.01

Fe-70at%Cu 30.45 69.21 0.13 0.21

Fe-80at%Cu 19.31 79.98 0.23 0.48

Fe-90at%Cu 9.10 90.77 0.05 0.08
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alloys from 40 to  100at%Cu were fcc. As introduced in 2.1, by 

the other techniques, there was wide composition range where 

two phases coexisted and the complete solubility could not be 

obtained. In this work, however, in the any composition two 

phase coexistence was not found by the XRD analysis. In 

Fig.3.6, the lattice parameters of the solid solution 

calculated from (110) of bcc and (220) of fcc phase are shown 

against the corresponding composition. The lattice parameter of 

bcc increased with increasing the Cu content. This is similar 

to the case of rapid quenching and vapor quenching. The lattice 

parameter of fcc also increased with increasing the Fe content. 

In the composition from 40 to 70at%Cu, the lattice parameter of 

fcc produced by MA nearly corresponds to the value extrapolated 

from the lattice parameter of single fcc phase obtained by 

rapid quenching. The recent study on MA in this system by 

Ivanov[8] reported the similar data. From these results, it may 

be concluded that the non-equilibrium phase forming range was 

extended by MA. 

  In Fig.3.7 and 3.8, TEM images of the Fe-30at%Cu and Fe-

70at%Cu powders mechanically alloyed for 400h are shown . The 

structure was fine and homogeneous with the average grain size 

of about a few nm for Fe-30at%Cu and ten nm for Fe-70at%Cu . 

This difference of the grain size agreed well with the 

calculated grain size from the width of the XRD peaks shown in 

Fig.3.9. 

   Figure 3.10 shows the DSC curves of the Fe-Cu powders 

mechanically alloyed for 400h. DSC curves of bcc solid solution 

from 10 to 30at%Cu showed two exothermal peaks around 580K and 
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around 650K, whose tendency was similar to the case of Ag-Cu 

system. In the case of the sample which was rich in Cu, the 

first exothermic peak was very small and the second one lies 

around 630K. After these peaks, solid solution decomposed to 

pure Fe and Cu. Figure 3.11 shows the  Mossbauer spectra at 

room temperature of the Fe-30at%Cu powder mechanically alloyed 

for various time. In the spectra of Fe-30atoCu, intensity of 

the sextet of pure ferromagnetic Fe spectrum became broader 

with increasing the MA time, which indicates that the Fe and Cu 

were mixed in the atomic level and the environment around the 

Fe atom changed. In Fe-90at oCu as shown in Fig.3.12, the sextet 

of ferromagnetic Fe became smaller with increasing the MA time 

and new paramagnetic doublet appeared. When Fe was solid solved 

and was isolated in Cu, the magnetic splitting of Fe to six 

energy level did not occur due to the magnetic transformation 

of Fe from ferromagentic to paramagnetic. And the transmission 

peak exhibits the quadropole splitting due to the existence of 

the gradient of magnetic field caused by non-cubic symmetric 

surrounding around Fe. The spectra shows the doublet by the 

disappearance of magnetic splitting and the quadropole 

splitting. In the sample mechanically alloyed for 400h, the 

sextet transmission peaks completely disappeared and only the 

doublet was left, which showed the alloying in the atomic level 

was completed by MA. This doublet spectrum was matched well 

with that of fcc super-saturated solid solution produced by 

sputtering[9). Figure 3.13 shows the changes of Mossbauer 

spectra of Fe-Cu alloy mechanically alloyed for 400h as a
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function of the composition. Up to  70at%Cu, the spectra were 

consisted of sextet and above 70at%Cu, the spectra were 

consisted of doublet. In the ferromagnetic sample with sextet 

spectra, as the volume fraction of Cu increased the peaks 

became broad. The distance from the first to sixth peak, which 

corresponds to the internal magnetization hardly changed in bcc 

alloys up to 30at% Cu while it was sensitively decreased with 

the decrease of Fe in fcc alloys from 40 to 90atoCu. In the two 

phases, bcc and fcc, coexisting alloy such as Fe-50at%Cu alloy 

prepared by sputtering, the spectrum exhibited the mixture of 

ferromagnetic and paramagnetic as shown in Fig.3.14. In all of 

the samples prepared by MA, however, the spectra were consisted 

of one component showing that there were no two phase co-exist 

region. 

   The magnetic moments per Fe atom, TFe, of mechanically 

alloyed powders of various composition at 77K and sputter 

deposited films at 4.2K[9] are shown against the composition in 

Fig.3.15 by assuming that Cu atoms have no magnetic moment. In 

bcc phases from 0 to 30atoCu, the magnetic moment showed little 

changes with the concentration, while that of fcc phase from 40 

to 100atoCu is sensitive to the composition. It is confirmed 

experimentally and from band theoretical calculation that 

magnetic moment, MFe, becomes larger as increasing the atomic 

volume and the tendency is more prominent in fcc structure than 

in bcc structure [ 1 0 ] [ 1 1 ]. These data matched well with the 

Mossbauer analyses. Above results fairly agreed with the 

results from the sputtered film.
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3.4 Conclusion 

   It was confirmed by X-ray diffraction analysis, TEM 

observation and  Mossbauer study that non-equilibrium super-

saturated solid solution was formed in entire composition in 

the Fe-Cu system by MA(Fig.3.16), which has been impossible by 

the other techniques. Above 700K at a heating rate of 20K/min, 

the synthesized solid solution decomposed to equilibrium bcc Fe 

and fcc Cu. The magnetization of mechanically alloyed powder 

exhibited similar value to that prepared by the sputtering.

(a) bcc fcc

(b) bcc fcc

(c)

(d)

(e)

(f)

bcc bcc  + fcc fcc

 bcc
bcc

fcc f cc

 bcc

bcc

f cc

f cc

bcc  I fcc

0 

Fe

20 40 60 

At% Cu

80 100 

Cu

Fig.3.1 6 Phase obtained in Fe-Cu alloy by various 

treatments, (a)equilibrium[1], (b)solid quenched 

[2][3], (c)liquid quenched[4], (d)thermally 

evaporated[5], (e)sputter deposited alloys[6] and 

(f)MA. 
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                            Chapter 4 

  Non-equilibrium Phases Formation in the Fe-Ag-Cu system by 

                       Mechanical Alloying 

4.1 Introduction 

   In chapter 3 and 4, the formation of super-saturated solid 

solution in Ag-Cu and Fe-Cu systems with positive heat of 

mixing was reported. In the ternary Fe-Ag-Cu system, too, the 

solid solubilities are very little in the equilibrium state as 

well as in constituent binary systems. The study on  non-

equilibrium phase was performed by Sumiyama et al.[1]. 

According to the report, amorphous as well as super-saturated 

solid solution were prepared by sputtering on the equiatomic 

composition range while amorphous was not prepared in the 

binary system. In this chapter, in addition to these binary 

systems, the possibility of amorphous formation by MA was 

examined in this ternary system. MA in the binary Fe-Ag was 

first examined by Shingu et al. [ 2 ] [ 3 ]. Although Fe and Ag are 

immiscible even in the liquid state, about lOat% solubility was 

obtained by MA according to the report. The enhancement of the 

solubility of Fe and Ag was examined, too, by adding Cu which 

is completely miscible with Fe and Ag by MA. When Fe and Ag 

became miscible, it is predicted that the lattice parameter of 

bcc Fe becomes larger and some change in the property such as 

the increase of magnetization. In this chapter, the ternary 

alloy produced by MA is compared with the binary Fe-Cu alloy 

and the effect of Ag addition is discussed as well.
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4.2 Experimental 

   MA was performed by the same procedure as mentioned in 

chapter 2 and 3. The mechanically alloyed powders were 

characterized by XRD analysis and TEM observation. The thermal 

stabilities were examined by DSC. Mossbauer transmission 

spectra measurements at room temperature were performed to 

examine the environments around the Fe atom. Magnetic moments 

of the MA powders were examined by measuring the magnetization 

at 77K with a balance magnetometer. 

4.3 Results and discussion 

   The XRD patterns of MA powders were divided into four types, 

bcc, fcc, fcc+bcc and halo. The representative XRD patterns are 

shown in  Fig.4.1 and changes of the XRD pattern as a function 

of the composition are shown in Fig.4.2. Within the broken 

circle, halo patterns as well as crystalline peaks were 

observed. The tendency of non-equilibrium phase formation was 

similar to the case by RF sputtering[1] shown in Fig.4.3. 

   In the Fe rich composition range, such as Fe-10at%Ag-lOat%Cu 

alloy, bcc X-ray diffraction lines were revealed and in the Cu 

rich composition range such as Fe-10at%Ag-70at%Cu alloy, fcc 

lines were revealed. In the binary Fe-Cu system, super-

saturated bcc solid solutions up to 30at%Cu and fcc solid 

solutions above 40at%Cu were obtained. In the case of an Fe- 

10at%Ag-Cu alloy, too, super-saturated bcc solid solutions up 

to 30at%Cu and fcc solid solutions above 40at%Cu were obtained. 

In Fig.4.4, the lattice parameters of Fe-Cu and Fe-10at%Ag-Cu 

alloys were shown against the composition, at% of Fe. The 
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lattice parameter of bcc increased with increasing the Cu 

content and that of fcc increased  with  increasing the Fe 

content. The lattice parameters of Fe-Ag-Cu alloy were larger 

than those of Fe-Cu alloy. When Fe, Ag and Cu were completely 

miscible, the lattice parameter became larger by replacing 

smaller Fe and Cu atoms with larger Ag atoms. While the 

extended solubilities of Fe and Ag by MA were only about 10at% 

in the binary Ag-Fe system, Fe and Ag were confirmed to be 

miscible in the Cu rich composition range. However, in the Cu 

poor composition range such as Fe-50at%Ag-10at%Cu, the XRD 

pattern revealed the two phases, bcc and fcc, lines. As the 

peak position of bcc (110) and fcc (200) was nearly the same, 

although the detected peak position corresponded to fcc line, 

the relative intensity of the peak from (200) was larger. 

Mossbauer spectra of mechanically alloyed Fe-Ag-Cu alloys 

are shown in Fig.4.5. The sextet of ferromagnetic Fe became 

broader in an Fe-10at%Ag-30at%Cu alloy than that of pure Fe, 

and in an Fe-10at%Ag-70at%Cu alloy the sextet of ferromagnetic 

Fe completely disappeared and new doublet of paramagnetic Fe 

appeared, which shows the complete solid solution formation. 

However, in an Fe-30at%Ag-10at%Cu and Fe-70atoAg-10at%Cu alloy 

which were rich in Ag compared with the Cu content, the changes 

of the M3ssbauer spectra were slight in comparison with the 

case of the Cu rich alloy. Especially in an Fe-70at%Ag-10at%Cu 

alloy, the sextet of ferromagnetic Fe were left although 

sputter deposited single-fcc Fe-71at%Ag alloy was reported to 

show paramagnetic doublet[4]. These results indicate that Fe 

and Ag were not completely miscible in the Cu poor composition 
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range. 

   In the equi-atomic composition range such as  Fe-30at%Ag- 

30at%Cu, the XRD pattern in Fig.4.1 revealed halo pattern, 

whose tendency was similar to the case of the formation of 

amorphous phase by RF sputtering[1], so this halo diffraction 

pattern may suggest the formation of amorphous phase. In 

Fig.4.6,the calculated grain size ofFe-Ag-30at%Cu MA powder 

are shown. The grain size of bcc was smaller than that of fcc 

alloy which tendency was the same as Fe-Cu alloy and around the 

equi-atomic composition range, the grain size discontinuously 

decreased. However, as shown in Fig.4.7, DSC curves did not 

show the sharp exothermal peak in crystallization while the 

sharp exothermal peak due to the crystallization was observed 

in the sputter deposited amorphous Fe-30at%Ag-30at%Cu alloy. 

   In Fig.4.8, many crystallites and no amorphous region were 

observed by TEM observation although the grains of crystallite 

were a few nm fine in size while the electron diffraction 

pattern revealed halo pattern as well as the XRD pattern. The 

peak broadening is considered mainly due to the fine grain 

size. However, as seen in the XRD pattern, small shoulder peak 

was observed around 40 in 29 and the halo was asymmetric . 

Moreover, as shown in Fig.4.9, the Mossbauer spectra of the MA 

powder considerably differed from sputtered deposited amorphous 

alloy. So the synthesized phase were considered not to be 

single phase but two phases, bcc and fcc with similar 

composition as Fe-30at%Ag-30at%Cu and the peak broadening was 

due to the two phases coexistence as well as due to the fine
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grain size. In  Fig.4.10, the magnetic moment, MFe, at 77K 

assuming Ag and Cu have no magnetic moments was shown for Fe- 

10at%Ag-Cu and Fe-Cu alloys. The magnetic moment of Fe-Ag-Cu 

alloys was larger than that of Fe-Cu alloys especially in the 

case of 20at%Fe, Fe-10at%Ag-70at%Cu and Fe-80at%Cu. Generally, 

it is known that the lattice expansion of Fe induces the 

increase of the magnetic moment especially in fcc alloy[5] and 

this result corresponded to the results on the expansion of 

lattice parameter shown in Fig.4.4. The magnetic moments 

exhibited the maximum value, 2.4MB, which was larger than that 

of pure Fe in an Fe-10at%Ag-30at%Cu alloy. In the sputter 

deposited alloy, the magnetic moments exhibited the maximum 

value was about 2.7MB on the composition of Fe-60at%Ag, in 

which composition the single phase super-saturated solid 

solution was not obtained by MA.
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4.4 conclusion 

   In the ternary Fe-Ag-Cu alloy system, the super-saturated 

solid solution was obtained in wide composition range. The 

synthesized phases by mechanical alloying of elemental powders 

are shown in Fig. 4.9. Except in the Cu poor composition range, 

complete bcc or fcc super-saturated solubility was confirmed. 

In the intermediate composition range, the XRD pattern 

revealed halo pattern, but by TEM observation the alloy was 

found to be not an amorphous and to be consisted of fine 

crystallite with the average grain size of a few nm. 

   By adding Ag in Fe-Cu alloy, the magnetic moment increased 

due to the lattice expansion and in an  Fe-10at%Ag-30at%Cu 

alloy, it became larger than that of pure Fe due to the 

expansion.
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Formation

             Chapter 5 

of non-equilibrium phases by repeated rolling

5.1 Introduction 

   In the previous chapters, formation of non-equilibrium 

phases was reported in the alloy systems with positive heat of 

mixing by conventional ball milling. It was recognized that the 

powders subjected to ball milling became fine and homogeneous 

by repeated fracturing and welding. However, the ball milling 

process is not clear because of its complex fracturing 

mechanism. In the present chapter, mechanical alloying by 

repeated rolling was performed. MA by repeated rolling was 

previously studied by  Atzmon[1] and Huang[2]. According to 

their reports, amorphous was successfully prepared by repeated 

rolling. However, the examined alloy system was restricted to 

the alloy system with negative heat of mixing. In this 

chapter, repeated rolling was performed to prepare non-

equilibrium phase in the Ag-Cu and Fe-Cu systems with 

positive heat of mixing and the synthesized alloy was compared 

with that synthesized by ball milling. 

5.2 Experimental 

   The schematic process of the repeated rolling method was 

shown in Fig.5.1. The starting elemental powders were the same 

as in case of ball milling. The powders, previously blended to 

desired compositions, were packed in a stainless tube with 

20mmOD and 18mmID. The stainless tube with the sample powder 

was cold pressed to a thickness of 8mm by a hydraulic press for 
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 method.  Sample powders packed in stainless pipe 

were cold rolled. Rolled sample was taken by 

removing the stainless sheath. The sample was 

packed again in stainless tube and rolled. These 

procedure was continuously repeated.
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making it easy to insert the pipe between the rolls. Then the 

pipe was repeatedly cold rolled to a thickness of about 0.5mm. 

The thickness of the sample after removal of the stainless 

sheath was about 0.2mm. The rolled sample was packed again into 

the stainless tube with the same size, and pressed and rolled 

by the same procedure. This process was repeated up to 30 

times. Small amount of the sample after each cycle of rolling 

was saved for the XRD, DSC, SEM and TEM analyses. 

5.2 Results and Discussion 

5.2.1 Structural evolution 

   Figure 5.2 shows the changes of the structure of repeatedly 

rolled  Ag-70at%Cu alloy as a function of the repetition times 

of rolling. The powders revealed the same lamellae structure as 

in the case of ball milling. Subjected to the repeated 

kneading, the structure became fine and homogeneous like by the 

ball milling process. If the repeated rolling process in this 

work caused folding and rolling of the sample powders, the 

lamellae spacing of the sample, d, after n-th cycle of repeated 

rolling would roughly obey the following equation of kneading, 

d = d0(1/a)n 

where d0is the initial particle size and 1/a is the reduction 

ratio per one cycle of rolling. In this work, the spacing of 

the sample roughly obeyed the kneading equation on the early 

stages of rolling. However, the overall spacing showed a steady 

decrease because of the decrease of ductility of the metal 

powders from deformation induced hardening. From XRD analysis, 

the grain size of the samples, too, was confirmed to decrease 
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down to ten nm order evaluated from Scherrer equation. 

5.2.2 Non-equilibrium phase formation 

Aq-Cu system  

   Figure 5.3 shows the changes of the XRD patterns of the  Ag- 

70at%Cu sample by repeated rolling and ball milling. It is 

evident the super-saturated solid solution was formed by 

repeated rolling in the same process as by MA. In Fig.5.4 the 

lattice parameter of super-saturated solid solution produced by 

repeated rolling was plotted against the composition with the 

data by ball milling reported in Chapter 2. The lattice 

parameter of the solid solution produced by repeated rolling 

was smaller than that by MA. This is because Ag and Cu was not 

completely solved and residual Cu peaks were not completely 

disappeared even after 30 times of rolling. TEM images of the 

Ag-70at%Cu alloy synthesized by ball milling and repeated 

rolling is shown in Fig.5.5. In both cases, the fine and 

homogeneous structures with average grain size of lOnm were 

observed while some texture was observed in repeatedly rolled 

sample. The grain size of lOnm fairly agreed well with the 

evaluated value from XRD analysis. 

Fe-Cu system  

   Figure 5.6 shows the XRD pattern of Fe-70at%Cu as mixed, 

rolled 30 times and ball milled for 400h. By repeated rolling 

while residual Fe was observed, formation of fcc solid solution 

was confirmed. Figure 5.7 shows the changes of 57Fe Mossbauer 

spectra of Fe-70at%Cu sample as a function of rolling time and
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ball milling time. The sample repeatedly rolled 30 times 

exhibited the doublet spectra although residual sextet of 

ferromagnetic Fe was not completely disappeared. The process of 

solid solution formation was nearly the same. The repeated 

rolling 30times was judged to correspond to the ball milling 

for about 80h. Figure 5.8 shows the TEM images of  Fe-70at%Cu 

sample prepared by ball milling and repeated rolling. The fine 

and homogeneous structure with average grain size of lOnm was 

observed in both methods as well as in the Ag-Cu system. 

5.2.3 Conclusion 

   MA by the repeated rolling was performed in Ag-70at%Cu and 

Fe-70at%Cu alloy. In both alloy systems structural refinement 

in nm order due to the repeated kneading was achieved by 

repeated rolling as well as ball milling. The super-saturated 

solubilities were also achieved in both alloys although 

complete solubilities were not obtained by repeated rolling due 

to the imperfection of rolling time.
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        Chapter 6 

 Thermodynamical analysis

6.1 Introduction 

   In the previous chapters, non-equilibrium phase formation 

was reported in Ag-Cu and Fe-Cu alloy systems with positive 

heat of mixing. In such alloy systems, the mixture of pure 

metals before MA is in the most thermodynamically stable state 

and non-equilibrium phases formation means the elevation of 

free energy. The elevation of free energy by MA was reported in 

the case of amorphization by mechanical grinding (MG) of 

intermetallic compounds[1] and by mechanical alloying of the 

mixture of intermetallic compounds[2]. In the present chapter, 

the free energy of these systems was estimated from 

thermodynamical data and the non-equilibrium phases formation 

in these system was thermodynamically discussed by estimating 

the increase of interfacial energy. 

6.2 Results and Discussion 

   Figure 6.1 shows the evaluated free energy[ 3 ] [ 4 ] of Ag-Cu 

and Fe-Cu system respectively. The mixture of elemental powders 

corresponds to the broken line connected with both of free 

energies of pure materials. The free energy of super-saturated 

solid solution is higher than that of the mixture of elemental 

powders. Hence, the super-saturated solid solution formation by 

MA means the elevation of free energy. Such elevation, as 

mentioned in introduction, was also confirmed in MG of 

intermetallic compounds and has been interpreted due to the
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stored energy as excessively introduced defects or the 

compositional fluctuation of intermetallic compounds. But in 

case of MA in the alloy systems with positive heat of mixing, 

either interpretations is unable to be applied. As shown in 

Fig.2.12 in chapter 2, the stored energy by MA was maximum 

about  10kJ/mol. But the stored enthalpy into pure metal by 

heavy deformation was known to be about only several hundreds 

J/mol. The fluctuation of composition induces little rise of 

free energy as is evident from the free energy curves in 

Fig.6.1. 

   When the fundamental process of MA, ball milling or repeated 

rolling, is considered again, it is the kneading process to 

produce the homogeneous and fine structure. In such structure, 

the large interfacial energies might be stored. The increase of 

interfacial energy is considered due to the increase of surface 

area of both A-A, B-B and A-B interface. 

 In the alloy system A-B, the energy stored by interfacial 

energy, H, can be estimated as additivities of multiplied 

interfacial energy and the corresponding interfacial area about 

each interface A-A, B-B and A-B. 

OH Y AASAA + y BB SBB + YAB SAB ------------------------(1) 

Now y and S mean the interfacial energy per unit interfacial 

area and area of the corresponding interface, respectively. 

Miedema successfully estimated this solid-solid interfacial 

energy[5][6] with two additive contributions, lattice mismatch 

and chemical terms. 

y = ymismatch+ ychem --------------------------------(2) 

                                                                  One contribution,y mismatch, is related to the mismatch on the 
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interfaces between the two metals. For pure metals this term is 

comparable with large-angle grain boundary. This mismatch term 

can be written as a function of each surface energy of 

constituent pure metals,  70. 

 ' ABmismatch = 0.15 ( TA0 + ' B0 ) ----------------------(3) 

Another contribution, y chem, represents the interaction between 

two metals. This term can be written as a function of molar 

interfacial enthalpy, A Hinterface and molar volume, V. 

7, chem = 0interface /cV2/3 --------------------( 4) A in B0A 

co is a constant determined from the morphology of the grain 

and the average value, 4.5x108, was used in this analysis. 

Surface area per unit volume is inversely proportional to the 

grain size. As surface area of a molar atomic cell is written 

as co x V2/3, the surface area of the atomic cluster, S, can 

be described by using the ratio of atomic distance d to its 

grain size D. 

S = c0V2/3 d / D -----------------------------------------(5) 

Each interfacial area can be determined from this surface area, 

the atomic concentration, c, and constituent element and the 

surface concentration, cS of constituent element. 

SAA = 1/2 x cA co VA2/3 d/D x CAS -------------------------(6) 

SBB = 1/2 x cB co VB2/3 d/D x CBS -------------------------(7) 

      d/D x cBS -------------------------------(8) SAB = cA c0 VA2/3 

Now cS can be described as follows. 

cAS = cAVA2/3 / ( cAVA2/3 + cBVB2/3 ) ---------------------(9) 

cBS = cBVB2/3 / ( cAVA2/3 + cBVB2/3 ) --------------------(10) 

From the equations estimated above, enthalpy stored as
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 interfacial energy can be described as follows. 

 AH=  0.15 x co[ cV/3cSy0+ cV2/3cSy0+cV2/3cBS        AA2AABBB BAAB 

( y AB0 +y0)]d/D + cAcBS AHA in Binterface d/D ----- (1 1 ) 

 First term corresponding to the interfacial energy due to 

 lattice mismatch can be simply rewritten as eqn.(14) by taking 

 into the eqns. (12) and (1 3) . 

 AHvap = 4.1x10-8 y 0 v2/3 -------------------------------(13) 

cAS+ cBS=1 --------------------------------------------(14) 

 AHmismatch = 1 /6 ( cA AHAvap + cB AHBvap ) d/D ----------(15) 

  AHvap means the heat of vaporization of each element. 

 Another term corresponding to the chemical interaction is just 

 as same as heat of mixing, AHmix. 

A Hchem = AH mixd/D --------------------------------------(15) 

 So the stored energy can be described as follows. 

AH = d/D [ 1/6 ( cA AHAvap + cB AHBvap ) + AHmix] -------(16) 

 Now, this stored enthaply can be compared with enthalpy of 

 liquid. Enthaply of liquid can be written by using latent heat, 

 L, and heat of mixing, Hmix• 

AH = cALA + cBLB + Hmix----------------------------------- (17) 

 From these eqn. (1 6) and (1 7) , it is recognized that Hchem 

 increases with decreasing the grain size and then reaches heat 

 of mixing of liquid when mixing was accomplished to an atomic 

 level (d/D=1). On the contrary, latent heat is generally about 

 a 18th of heat of vaporization. So Hmismatch also increases 

 with decreasing the grain size but it becomes larger than 

 latent heat when gain size becomes smaller than about one 

 nanometer (d/D is larger than 1/3).In Fig.6.2, stored 

 enthalpy was estimated for Ag-Cu system as a function of the 
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grain size by using reported thermodynamical data[4]. 

A HAgvap =217kJ/mo1,AHCuvap= 244kJ/mol, 

 VAg2/3= 4.72x10-4m2,VCu2/3 = 3.7x10-4m2 

AHm= [15.7-2.4(ccu-cAg)]ccucAg• 

As shown in Fig.6.2, the interfacial energy is inversely 

proportional to the grain size and almost reaches enthapy of 

liquid when grain size becomes 1nm. In case the mixing in an 

atomic level is accomplished, the stored interfacial energy 

becomes about 45kJ/mol. In Fig.6.3, the stored interfacial 

energy was estimated by using the grain size evaluated from XRD 

patterns in chapter 2 and was compared with total heat output 

measured by DSC. The calculated value was smaller than both of 

the measured one and the relative enthalpy of fcc phase. 

However, this interfacial energy is stored locally around grain 

boundary. There are many reports that solid state reaction 

during MA occurs around the grain boundary [7]. Around the 

grain boundary, many defects are locally stored by collision 

between powders and balls, which rises the diffusivity of atom, 

and interfacial energy is also locally stored, which gives the 

driving force for non-equilibrium phase formation. Up to now, 

there was no report that refining in sub-nanometer order level 

was achieved by MA. So it may well be mentioned that MA is the 

process to produce undercooled liquid (amorphous) state by 

refining the elemental powders. In Ag-Cu system, heat of mixing 

was much smaller than a 6th heat of vaporization, so the 

mismatch interfacial term was much larger than chemical 

interfacial term and chemical term was negligible small. But as
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in the alloy system with relatively large positive heat of 

mixing, the effect of chemical term is neglectable. Compared 

with enthalpy of liquid, as mentioned above, mismatch term can 

be about three times larger than latent heat, but maximum 

value of chemical term is heat of mixing. So interfacial energy 

is likely to be smaller than that of non-equilibrium state 

especially in the central composition range because chemical 

term is smaller than heat of mixing. For example, in Ag-Fe 

system with positive heat of mixing,  100kJ/mol, little 

solubilities can be obtained in the central composition 

range[8], while heat of vaporization is almost the same as that 

in Ag-Cu system. On the contrary, in Cu-Ta system with larger 

heat of vaporization (A HTavap=560kJ/mol) than that in Ag-Cu 

system, amorphous alloy was formed by MA [9], while heat of 

mixing is almost the same as that in Ag-Cu system. 

  How fine dispersion of the elemental powders can be 

accomplished by MA is also significant. In the ternary Fe-Ag-

Cu system, 5nm order refining was accomplished in the 

equiatomic composition range. In such composition range, the 

stored interfacial energy might larger than on the any other 

compositions and non-equilibrium on the considerably near 

amorphous state was formed. 

   Recently, how large energy can be stored by MA has come to 

be a problem. However,from the point of above mentioned 

concept, the absolute value does not exist in common for every 

alloy systems. The stored energy was related to heat of 

vaporization of each element, heat of mixing and the 

interfacial area. so the maximum value of stored energy differs 
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6.3 Conclusion 

   Formation of non-equilibrium phase in Ag-Cu and Fe-Cu system 

by MA was thermodynamically discussed. By calculating the free 

energy, the elevated free energy was maximum about  10kJ/mol 

which was confirmed to be due to the stored energy as 

interfacial energy. It was confirmed that MA is the process to 

produce nanocrystalline structure, which increases the free 

energy of the system up to amorphous state by the increase of 

interfacial energy.
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                            Chapter 7 

                              Summary 

   Mechanical alloying, which is a greatly different processing 

technique from rapid quenching, has been proved to be just as 

effective as rapid quenching. In this work, formation of non-

equilibrium phases by MA was examined in the alloy system with 

positive heat of mixing. The properties of the produced non-

equilibrium phases were examined and the possibility of non-

equilibrium phase formation was thermodynamically discussed. 

The main results confirmed are summarized as follows. 

 1.  Inthe Ag-Cu system, super-saturated solid solution was 

   prepared by MA in entire composition range. The prepared 

   solid solution had nanocrystalline structure with the 

   grain size of 10nm and the structure was confirmed to 

   be stable until decomposition took place. At the initial 

   stage of decomposition, the grain size of precipitated 

   phases remained at lOnm size. 

2. In the Fe-Cu system, up to 30at%Cu bcc and above 40at%Cu 

   fcc super-saturated solid solution was obtained by MA. 

   The composition range where complete solid solution was 

   formed by MA was wider than that by other rapid quenching 

   techniques. Produced solid solution exhibited similar 

   properties as those produced by rapid quenching. 

3. In the ternary Fe-Ag-Cu system, super-saturated solid 

  solution was obtained in the wide composition range 

  except the Cu poor composition range. Formation of 

   amorphous was not confirmed by TEM observation. 
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   Changes in the properties such as the increase of 

   magnetization due to Ag addition were recognized. 

4. Formation of super-saturated solid solution in Ag-Cu and 

   Fe-Cu was confirmed by repeated rolling method as well as 

  ball milling. MA was confirmed to be a process which 

   produces very fine structure through repeated kneading, 

   making it possible to induce the fast diffusion of atoms. 

5. From the results on super-saturated solid solution 

   formation, the free energy was confirmed to increase by MA. 

   The interfacial energy was stored in the system by 

   the refining of the structure by MA, which enabled the 

   non-equilibrium phase formation in the alloy system with 

   positive heat of mixing.
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