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ABSTRACT 

The Ternary amorphous Ni x  Co  y  Pz  system with composi- 

tional ranges of 15.3 < x < 55.5, 29.0 < Y < 70. 0 and 14. 7 < z < 15.5 

has been prepared following an electroless deposition 

technique. The technique consist in using an alkaline bath 

containing nickel and cobalt sulphate, sodium citrate, 

ammonium sulphate and sodium hypophosphite through a chemical 

reduction on a substrates suitably sensetized by SnC12  and 

PdC12. The compositional analysis was done using Inductively 

Coupled Plasma (ICP) with an accuracy of better than +1%. The 

samples studied are categorized into following compositiOn 

ranges: Ni 	Co 	P 	Ni 	Co 	P 55.5 29.0 15.5' 	39.0 46.0 15.0' 

Ni35.6Co49.1P15.3, Ni27.0Co58.0P15.0 and Ni15.3Co70.6P14.7 
 
• 

Differential Scanning Calorimeter (DSC) is used for a 

study of the kinetics of crystallization and thermal 

stability aspects of the system.  The structure of 

'as-deposited' and annealed samples have been investigated 

using selected area mode of Transmission Electron' Microscope 

(TEM) and X-Ray Diffraction (XRD) techniques in the 

temperature range of 300 K to 823 K. 	The Magnetization and 

Electrical Resistivity behaviour of 'as-deposited' and on 

annealing have been investigated using Vibrating Sample 

Magnetometer (VSM) and Four Probe Resistivity measurements 

upto temperature of 850K. 
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The DSC response shows a small peak followed by two 

strong .exothermic reaction peaks (TPI 	TPII) in the 

temperature range of 550-800 K. 	The first small peak at 

about 500-550 K is attributed to structural stress.  

relaxation. The enthalpy change for first major reaction is 

maximum for nearly equal Nickel-Cobalt ratio where 

fluctuating type of trend is observed for second reaction. 

The limiting temperature (zero heating rate) for first 

reaction shows higher value of 595 K for sample containing 

49.1 at% Cobalt. 

Non-isothermal Kissinger's method is applied for 

calculation of activation energies of first and second 

reactions with an accuracy of better than 5.3% . The 

activation energy for reaction under the first peak (TpI) is 

found to maximize to 189.7 KJ/mol for Ni35.6Co49.1P15.3 where 

that of second peak (TPII)  tends to 177.0 KJ/mol for 

Ni39._uCo 46.0P15.0' 	The parameter 'n' is found to be 

0.6<n<0.8 for first reaction and 1.1<n<1.4 for second 

reaction. 

The values of 'n' indicate that the- reaction under 

first peak taking place on pre-existing nuclie where the 

second one is eutectic type of transformation. 

The 'as-deposited' state of thin deposits and. bulk 

samples show diffuse ring and a broad' peek under SAD mode of 

TEM and XRD with d-spacing matching to (0002) and (111) 
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planes of h.c.p. Cobalt (oc -Cobalt) and f.c.c. Nickel. The 

samples annealed to 628 K, the region of first strong DSC 

peak, show separation of h.c.p. Cobalt (0111, 0002, 0110) 

and f.c.c. Nickel (111) whereas the matrix remains still 

amorphous. When samples heated to 823 K, the second peak 

region of DSC, the matrix crystallization takes place through 

appearance of many metastable and stable phases. 

The structural annealing behaviour of amorphous 

Ni-Co-P system can be divided into two broad categories: 1) 

the alloys having the composition neat to that of binary 

system, that is sample Ni55.5Co29.0P15.5  and Ni15.3Co70.0P14.7  

show the final matrix crystallization consisting of 

equilibrium phases Ni3P and Co2P. 2) The alloy8 having the 

intermediate 	compositions, 	Ni39.0C°46.01315.01  

Ni35.6Co49.1P15.3 and Ni27.0 Co58.0 P15.0 transform to many 

non-equilibrium phases, Ni12P5'  Ni7P3,  Ni5P4, COP4 and CoP2 

beside the equilibrium phases Co2P and Ni3P. 

Magnetization of 'as-deposited' samples increases 

from 3.33 emu/g for Ni55.5 Co29.0 P15.5 to 49.2 emu/g for 

Ni15.3Co70.0P14.7 and with 'nt' number of electrons 

transferred from metalloid to be 4.5 resona-bly good agreement 

is found between theoretical and experimental values. The 

annealing behaviour of magnetic moment reveals that the 

initial increase in magnetization at about 560 K 
	

is due to 

separation of h.c.p. Cobalt and f.c.c. Nickel as indicated by 
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TEM and XRD studies. 	The matrix crystallization process 

causes a relatively lower rate of change in magnetization. 

The electrical resistivity of 'as-deposited' samples 

show the expected relation between resistivity i jp 	and 

Temperature Coefficient of Resistivity (TCR)_Jimul,confirms the 

mooij correlation for TM-M systems. The resistivity is found 

to be 114.5 pl. cm for Ni55.5Co29.0P1.5  sample and increases 

as Cobalt composition of the sample increases and tends to 

maximum value of 122.5 piL cm for Ni39.0Co 46.0P15.° with  

reduce in TCR from 13.06 x 10-5K-1 to 4.07 x 10-5K-1. 	On 

annealing, the minor drop in resistivity at temperature of 

about 473 K may be attributed to stress relaxation. The 

major drops of electrical resistivity are closely associated 

with the crystallization process. 	The ternary Ni-Co-P 

samples with 29.0, 58 and 70.0 at % Cobalt show the 

separation of primary phases of h.c.p. Cobalt and Nickel 

distinct from that of matrix crystallization. 	In case of 

samples having nearly equal ratios of Cobalt and Nickel the 

two stages of crystallization are not distinct. • 

To conclude, our study of the mode of crystallization 

in ternary amorphous Ni-Co-P shows that, crystallization 

takes place in two distinct _steps; the first step is, a 

primary crystallization, involving the separation 'of phases 

of M -Cobalt and Nickel from amorphous matrix. 	Second step, 

beleive to be an eutectic crystallization, shows that in case 

of Ni39.0 Co46.0 P15.0' Ni35.5 Co49.1 P15.3 and  Ni27.°
Co58.0P15.0  
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matrix crystallization results in appearance of a large 

number of metastable phases, while Ni
55.5Co29.0P15.5 

and 

Ni15.0Co70.0P15.0 which are much closer to a corresponding 

binary system Ni-P or Co-P show predominantly formation of 

equilibrium crystalline phases only. 	The addition of Cobalt 

in equal proportion of that of Nickel enhances the stability 

of the Ni-CO-P alloy and phosphorous diffusion is the slowest 

step at these compositions. 
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CHAPTER 1 

INTRODUCTION 

The amorphous metallic alloys, characterized by no long 

range atomic order and not being in the lowest energy state 

are known to possess unique magnetic, electrical and 

mechanical properties apart from excellent corrosion 

resistance, not encountered in their crystalline counterparts- 

Because of the lack of atomic ordering it was believed 

for many years that ferromagnetism could not exist in amorphous 

solids. However, on the basis of evidence that the electronic 

band structure of crystalline solids did not change in any 

fundamental way on transition to the amorphous state, Gubanov 

(1960) predicted that they would be ferromagnetic. 

A real technological interest developed after Pond and 

Maddin (1969) reported the preparation of continuous ribbons 

of amorphous alloys and at this point it was clear that 

amorphous metallic alloys could be prepared in large 

quantities at low cost. 

The first alloy with a substantial magnetization,.-. 

further confirming Gubanov's predictions, was. Fe75P15C  

system. This appeared to be a typical soft ferromagnetic 

alloy with the large saturation magnetization of 7 KG and the 

relatively low coercive force of 3 Oe. 
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Since the discovery of melt quenched amorphous metallic 

alloys by Duwez and Willens (1963) in the sixties, it was the 

selection of various methods of preparation and detailed 

investigations of the properties that made amorphous alloys 

mature as useful products, instead of just a laboratory 

curiosities. 

Their properties of soft magnetic materials with low 

magnetic losses, high tensile strength, zero thermal expansion 

and having electrical resistivity of three or four times 

higher than those of conventional iron or iron-nickel alloys,-

are currently the focus of intensive technological and 

fundamental research. 

The development of amorphous magnetic alloys may be 

divided into three stage; the ,first was concerned with 

preparing this new state of matter by variety of techniques 

and confirming the existence of ferromagnetism on these 

alloys. The second stage started to systematize the results 

into an experimental and theoretical frame work. The third and 

perhaps present stage of work is showing an increased 

subdivision of interest prompted by an increased awareness of 

potential applications. For example, the preparation of 

alloys to compete for particular applications, and to evaluate 

and understand the stability of these alloys. 

There are two important class of amorphous magnetic 

alloys of prime technological interests, namely, Transition 

Metal-Metalloid, TM-M (TM = Fe÷Co,Ni and M = Si,B,P,C) and 
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Rare Earth-Transition Metal, RE-TM (RE = Gd,Nb,Tb). 

The TM-M amorphous alloys, the class to which Ni-Co-P 

belongs, have been the subject of considerable investigations 

and consists of one or more Transition Metal Fe, Co, Ni 

alloyed with some Metalloid such as B, P, Si or Al. 

They can be prepared by various techniques such as 

vapour deposition, ion implantation, melt quenching and 

electroless deposition. Melt quenching of molten alloy, is 

used for preparation of large number of amorphous alloys 

(known as metallic glasses) however a few binary and ternary 

systems are obtainable using electroless and electrodeposited 

methods (Watanabe and Tanabe, 1985). ' The electroless 

deposition, similar to that of Simpson and Brambley(1971) are 

chosen to prepare TM-M ternary system where the process 

parameters are optamized to get amorphous deposits. 

Amorphous metallic alloys have been found to 

crystallize by a nucleation and growth mechanism where the 

driving force is the difference in free energy between the 

amorphous and the corresponding crystalline phase(s). 

Depending on the composition, crystallization have been 

observed to occur by one of the three commonly observed modes, 

Polymorphous, Primary or Eutectic. 

The most promising properties of amorphous alloys, e.g. 

corrosion resistance, the excellent soft magnetic behaviour or 

the high hardness and strength combined with ductility,'have 
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been found to deteriorate drastically during crystallization. 

Therefore, 	understanding 	the 	micro-mechanism 	of 

crystallization helps us to impede or control crystallization 

and to design a very special partially or fully crystallized 

microstructures unobtainable from liquid or crystalline 

solids. The most important kinetic parameters, like the 

activation energy, enthalpy, rate of reaction, for the 

amorphous-to-crystalline transformation can be deduced using 

Differential Scanning Calorimetry (DSC) and combining it with 

the observations under Transmission Electron Microscope (TEM), 

the study of crystallization kinetics gives an important clue 

to the local structure in addition to the thermal stability of 

amorphous alloys. 

The strong exothermic peak in the response of 

Differential Scanning Calorimeter (DSC) can be used as a guide 

to find crystallization temperatures, the most important 

parameter, and the activation energy of the transformation 

reaction. 

Since the change in structure governs the physical 

properties, the annealing behaviour of electrical resistivity, 

magnetization and identification of the phases formed during 

transformation using SAD mode of TEM supplemented by X-ray 

diffraction are suitable method to probe the fine scale 

structural variations during crystallization. 

While most of the basic studies on electroless and 

electrodeposited Transition Metal-Metalloid systems are on 
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binary systems like Ni-P, Co-P, Ni-B etc., to achieve certain 

desirable properties many practical systems known are, 

however, either ternary or quaternary type. 

In the present work an attempt is made to study the 

crystallization kinetics, the annealing behaviour of the'as-

deposited' structure, magnetization, electrical resistivity as 

the system undergoes a transition to crystalline phases 

through many intermediate steps of a ternary amorphous 

Transition Metal-Metalloid, in particular the Ni-Co-P system 

with the following objectives: 

To prepare the ternary amorphous Ni-Co-P in 

compositional range of Nickel from 1.5 at% to 60 at%, 

Cobalt 30 at% to 70 at% with phosphorous 15 at% using 

electroless deposition techniquL 

b) To study the crystallization kinetics and stability of 

amorphous Ni-Co -P ternary system. 

c) To study the transformations to crystalline state, 

identification of intermediate phases involved in the 

crystallization process of Ni-Co-P using X-ray 

diffraction and selected -area -electron diffraction 

techniques. 

d) To study the magnetic and electrical resistivity of the 

phases observed during the annealing of the amorphous 

films of Ni-Co-P as it undergoes transformation to 

crystalline phases. 
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e) 	To use above studies to develop an understanding of 

amorphous Transition Metal-Metalloid System in general 

and in particular of the eiectroless ternary Ni-Co-P 

from the point of view of stability and the 

crystallization behaviour. 

The subject matter of the thesis has been arranged in 

seven chapters. 

The first chapter, i.e. the present one, introduces the 

amorphous alloys and the scope and the objectives of the work. 

The second chapter presents the review of the current 

understanding of the amorphous Transition Metal-Metalloid in 

respect of the preparation techniques, stability, structural, 

the magnetic and electrical resistivity properties, their 

annealing behaviour and kinetics of phase transformations. 

Some important experimental results for binary Ni-P, Co-P and 

ternary Ni-Co-P systems have been critically reviewed in view 

of their direct relevance to the present work. 

The third chapter presents the electroless technique 

used for preparation of amorphous Ni-Co-P films and chemical 

analysis for their composition characterization, the 

measurement techniques used to study the calorimetric, 

structural, magnetic and resistivity properties of the system 

in the temperature ranging from 300K to 850K. 

In chapter four, non-isothermal Differential Scanning 

Calorimetry techniques have been used to study the influence 
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of the compositional variation on the kinetics of 

crystallization and thermal stability in amorphous electroless 

Ni-Co-P alloys. 

The calorimetric studies indicate that some phases are 

formed or transformed during the crystallization process. In 

order to have a qualitative idea of the related 

microstructural changes a detailed study of the annealing 

effect of the structure of 'as-depos-ited' amorphous Ni-Co-P is 

carried out using hot stage electron microscopy and X-ray 

diffraction techniques. The results of the study are presented 

and discussed in Chapter 5. 

In chapter six, the results of the magnetic and 

electrical resistivity of electroless deposited Ni-Co-P alloys 

over the composition range of Cobalt varying from 29-70 at%, 

and on annealing upto temperature of 823K are presented. 

It is in the concluding chapter seven that the results' 

of Differential Scanning Calorimetry, Selected Area Electron 

Diffraction, X-Ray Diffraction and Magnetization and 

Electrical Resistivity on electroless amorphous Ni-Co-P have

•been put in perspective for understanding the overall 

crystallization behaviour of amorphous metal metalloid system. 

In particular, the ternary system Ni-Co-P does show many 

features in the crystallization kinetics, structure, magnetic 

and electrical resistivity behaviour on annealing not observed 

in binary Ni-P and Co-P systems and points out that the 

crystallization behaviour of ternary system is more complex. 



CHAPTER2 

THE AMORPHOUS TRANSITION METAL-METALLOID SYSTEM: • 

LITERATURE REVIEW 

In this chapter we present a brief review of various 

methods of preparations and the work done by the earlier 

investigators on the calorimetric, annealing studies on the 

structure, magnetic and electrical resistivity of the 

amorphous Transition Metal-Metalloid systems. Although large 

number of review articles and books are available (Luborsky 

1983, Duwez 1978), most of them deal with the amorphous alloys 

prepared by rapid quenching from the melt. 	In this review, 

however, the emphasis is on electroless ternary Ni-Co-P and 

binary Ni-P and Co-P and other relevant systems. 

2.1 METHODS OF PREPARATION 

In present section we will briefly review the physical 

ideas on which the techniques used to prepare amorphous alloys 

are based. 

One of the important way of making amorphous alloys is 

to quench the melt fast enough (about 106K/s) to avoid 

crystallization. The first process is the gun technique of 

Duwez where small droplets of liquid are accelerated and 

projected onto a cold surface. The next is the splat cooling 

process where a drop of molten liquid is smashed between two 

rapidly moving copper discs. Numerous compositions of 
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amorphous alloys were prepared using this technique. 

The vacuum evapOration, some times called vapour 

quenChing technique, gives thin films of a few tenth of 

microns which are studied by X-ray diffraction, resistivity or 

electron microscopy. These materials are produced under high 

vacuum with the substrate cooled by liquid nitrogen. 	The 

examples of amorphous alloys obtained by this technique are, 

Fe-Sn, Fe-Au, Co-Ag, and only pure Cobalt was obtained in 

amorphous state using this technique. 

In the sputtering method, a gaS at a pressure of 10
-1 

to 10-9 torr is ionized under a potential difference of 1 to 5 

KV applied between two electrodes and high quenching rates of 

108 K/s can be achieved by this method. This technique has 

been extensively used for the preparation of rare earth-

transition metal films like Co-Zr, Co-Gd and Fe-Gd-, which is 

an important class of amorphous alloys. 

The ion implantation technique consists in amorphizing 

a metal foil by ion implanting solute atom in it. This method 

has been used to prepare some otherwise impossible amorphous 

alloys such as Cu-W or Pt-Au. 	This technique can be used to 

generate an intimate atomic mixture of controlled composition, 

without limitations of the conventional alloying-  given by 

equilibrium thermodynamics and provides the highest quenching 

rates of 103-1015 K/s and surface amorphization with amorphous 

layer thickness from 100 to 1500 A°. 
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The number of amorphous alloys obtained by electrolysis 

appears to be limited. It has been observed that the precise 

composition of the product depends strongly on the deposition 

conditions. 	The examples of amorphous alloys prepared by 

this method are, Co-P, 	Fe-P, Co-W etc. 

The electroless deposition method was first extensively 

investigated by Brenner and Riddell (1946) and their process 

are modified by several authors such as Simpson and Brambley 

(1971) to prepare electroless Nickel and Cobalt deposits. 

Only few binary and Ternary amorphous systems can be 

prepared by this method (Watanabe and Tanabe, 1985) and all 

the amorphous Ni-Co-P samples investigated in our study are 

prepared employing this technique. 

Electroless plating is the controlled electrochemical 

reduction of aqueous metal ions into a suitable catalytic 

surface and the reaction is called autocatalytic. Typically, 

the electroless Nickel and Cobalt plating solution consist of 

a) source of metal ions b) suitable complexiKig agents, c) 

stablizer and d) a reducing agent. 

The reduction of the metal from its salts by 

hypophosphite is a complex process and its rate depends to a 

temperature and pH of the plating solution. 

The composition of the solution will change during the 

plating and most important change is a decrease in the metal 

salts and hypophosphite concentration, so the continuous 
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replacement of the bath is necessary otherwise the rate of the 

deposition will go on decreasing and there will be change in 

composition of the deposit. 

It is known that the reduction of Nickel and Cobalt 

salts by hypophosphite starts only on the surfaces of certain 

metals such as Nickel, Palladium and Aluminium where other 

metals can also be plated if we bring their surfaces in 

contact with the Nickel or metals which have more 

electronegativity like Palladium or Aluminium. 

The main reaction for reduction of Nickel and Cobalt 

metals can be written as: 

NiSO4  + CoSO4  + 2NaH2P02  + 2H20-->-Ni + Co + 2NaH2P03  + 2H2SO4  

Ammonia may be added regularly to the bath to neutralize the 

acid formed in the reduction process. Although increase in 

the hypophosphite concentration improve the rate of deposition 

of the sample, large amounts of reducing agents cause the 

process to take place in the bulk of the solution. 

From above general discussion one can conclude that for 

electroless plating the constituents of the bath required are 

as follows: 

I) 	Source of metal ions: for Ni-Co-P plating, Nickel and 

Cobalt sulfate or Nickel and Cobalt Chloride._ 



12 

II) Complexing agent: a) Sodium cirtrate or b) Ammonium 

sulphate for sulphate bath and c) Ammonium chloride 

for chloride bath. 

III) Reducing agent : Sodium hypophosphite. 

Both alkaline and acidic baths have been developed and 

tried for deposition of Ni-P, Co-P and Ni-Co-P and have their 

own merits and demerits. The selection of the constituents of 

the bath depends on its quality, efficiency and nature of the 

deposits required. The results of chloride bath are arbitrary 

(Cziraky et al, 1980) where the sulphate bath results are 

reported to be systematic. The reduction of Nickel salts in 

acidic solutions shows non-uniform composition and is mixture 

of various phosphides. The nature of deposit depends on 

substrate used. 

The rate of deposition of Ni-P and Co-P are higher in 

alkaline bath as compared to acid bath and it is easy to 

replace the solution in addition to good quality of the 

deposits. The presence of complex forming agents (citrate and 

ammonia salts) in the alkaline solution facilitate replacement 

and prolonged operating time. 

2.2 CRYSTALLIZATION REACTION IN AMORPHOUS ALLOYS 

Amorphous metallic alloys crystallize by nucleation and 

growth process (Jackie 1986). 	The driving force is the 

difference in free energy between the amorphous and 

crystalline phase(s). 
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Depending on the composition of amorphous phase, the 

crystallization can occur by following modes: 

Polymorphous Crystallization 

It is the crystallization of one phase with the same-

composition as the amorphous phase. This reaction can occur 

only in the concentration ranges near the same elements or 

compounds and proceeds by single jump of atoms across the 

crystallization front. As shown in Fig.2.l, polymorphous 

crystallization of aC -Fe is possible in Iron-rich range and 

near the composition of Fe3B. However, most of the amorphous 

alloys do not crystallize without any concentration changes 

into just one crystalline phase. 

Primary Crystallization 

This is defined as crystallization of one phase with a 

composition different from the amorphous matrix. During this 

reaction a concentration gradient is built up ahead of the 

crystallization front. For example, the crystallization of 

0: -Fe in amorphous Fe86B14  (Fig.2.1). Here amorphous phase 

will, be enriched in boron until crystallization is stopped 

after reaching equilibrium and subsequently the boron enriched 

matrix transforms by one of the other mechanisms. 	Three 

types of growth; diffusion interface and mixed control are 

observed in primary crystallization. This reaction occurs in 

many amorphous systems in the initial stage of crystallization 
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(Koster and Herold, 1981). The dispersed primary crystallized 

phase may act as the preferred nucleation site for the 

oncoming crystallization of the amorphous matrix. 

Eutectic Crystallization 

Here two crystalline phases grow cooperatively by a 

discontinuous reaction. There is no difference in the overall 

concentration across the reaction front, diffusion takes place 

_ parallel to the reaction-front and the two components have to 

separate into the two phases, thus reducing the growth rate of 

the reaction. For example, amorphous- Fe80B20  crystallize 

simultaneously to CC-Fe + Fe3B.orCC-Fe + Fe2B. 	This reaction 

has the large driving force and usually should.take more time 

compared to the other reactions. 

These three types of crystallization reactions are 

shown schematically in Fig. 2.1 for amorphous Fe-B system. 

However, these reactions are not limited to specific amorphous 

alloy and one or the other has been observed to occur in all 

amorphous alloys investigated so far. 

2.3 KINETICS OF CRYSTALLIZATION AND STABILITY 

The stability of amorphous alloys are important topics 

both theOretically and technologically. 	The teheoretical 

analysis of the factor controlling the stability of the 

resultant amorphous alloys from the thermodynamic view point 

have been reviewed and discussed in many articles. 
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The use of non-isothermal thermal analysis for 

calculation of kinetics of reaction parameters have been 

strong theoretical and experimental interests in last decade. 

The rapidity of performing the non-isothermal experiment, the 

extent of temperature beyond that accessible in isothermal 

case and knowing that the industrial process often depend on 

the kinetic behaviour of the system undergoing phase 

transformation under non-isothermal conditions are advantages 

of this method which can even detect many phase 

transformations occuring too rapidly to be detected under 

isothermal experiments. 

The application of DSC to the characterization of phase 

transformation has been examined by several workers (Henderson 

1979 , Miyazaki et al 1986, Calka and radlinski 1987, Greer 

1982, Russew 1985). 	Here the experimentally. imposed 

conditions are the change of temperature of transformation 'T' 

at constant heating rate ' p ' with respect totimei.e.p=dT/dt. 

If the sample size is relatively small and good thermal 

contact is maintained between the sample and rest of the 

system, the thermal behaviour of the system can be used to 

accurately determine the transformation kinetics of the sample 

and is a convenient method for obtaining information on 

reaction kinetics in amorphous alloys. Kissinger (1957) 

developed a thermal analysis method to determine the most 

important kinetic parameters, activation energy 'of reaction 'E' 

and order reaction 	using formula given below: 
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d( 	/Tp2), 	
E/R 
	

( 2.1) 
d( 1/Tp) 

2 
Where the slope of graph of np /Tp Vs 1/Tp gives value of 

E. Here T is peak temperature, R = gas constant. The value 

of 'n' can be calculated from 'shape index' as shown by Criado 

and Ortega (1987) using formula, n = 1.26 S1/2 (2.2) 

where S = a/b 

Since the type of reaction for which Kissinger 

demonstrated his method is homogeneous, there was confusion 

about validity of this non-isothermal method for heterogeneous 

reactions which generally occur in solid state transformations 

(Wandlant, 1974 and Sharp, 1972). Meisel and Cote (1983) 

followed by Criado and Ortega (1987) have provided the 

theoretical basis justifying the use of Kissinger's method for 

determining the kinetics of reaction in amorphous alloys. 

Criado and Ortega started with the reaction rate 

formula for solid state transformation obeying Johnson-Mehl-

Avrami (JMA) kinetics. 

E/RT) (2.3) _cc) jn-l/n exp ( - lEC  = A n (1 -cc) [ -In (1 
dt 

where, M = the fraction reacted 

t = time 

A = the pre-exponential factor 

n = a parameter depending on exact mechanism of 
nucleation and growth 

E = the activation energy 
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R = the gas constant = 8.3143 JK-1  mol-1  

T = the absolute temperature 

For a reaction taking place under constant heating rate 

p, one can apply Kissinger's method. The maximum rate of 

reaction is observed when d(dm/dt)/dt is zero; 

Differentiating (2.3) one gets, 

d2 cc 	Ep 	nfn (1-cC)+n- 1 	cicC 

L  A exp (-E/RT) ] — at 	(2.4) 
crt."2- 	—7  RT 	[ in (1 _ct)31/n 

At T = Tm, when maximum reaction rate is reached, 

d2cc 
= 0, then, 

dt2  

E p 	 n f n(1- m ) +n - 1 

RT2 	_orira)]1/n 
[ -In (1 

A exp ( -E/RTm) 	(2.5) 

where M m  is the reacted fraction at maximum reaction rate. 

Taking logarithm of both sides of equation (2.5) and 

rearranging one gets, 

AR 	nin(1-0:m )+n-1 
+ In 	+ In[ 

[-in (1-0c ) )1/n] 	
(2.6) 

T2 	RTm 

If we assume that the influence of heating rates used in non-

isothermal analysis ' p', on Tm 
does not lead to any dramatic 

change in E/RTm  obtained from constant heating rates, then 

formula (2.6) can be written as: 



n ien (1 -am) +n-1 
= C 

[ - in ( 1 -cpcin)]1/n 	
1 R T

m 

+ fn C2 	(2.7) ,en 	[ 
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where, C
1 
and C

2 
are constant. 

If this relationship is fulfilled one obtains from equation 

(2.6) and (2.7); 

(1-C1)E 	 C 2 AR 

fn P  = - 	 + In 	 (2.8) 
T2 	RT

m 	
E 

m 

comparision of equation (2.8) with (2.6) allows us to conclude 

that the plot of 	np /Tin2   Vs 1/Tm  gives straight line whose 

slope yields an apparent activation energy Ea  = E (1-C1) 

and percentage error in activation energy determined from 

Kissinger Method would be 

E - E aE  
100 = -100 C1  ( 2. 9 ) 

The percentage of error (e) in activation energy and values of 

C
1 

and C
2 

calculated by the least square fit according to 

equation (2.7) for differnet 'n' are shown in Table 2.1 . 

The above results show that the errors involved in 

activation energy using Kissinger's method depends on the 

value of both 'n' and 'E/RTI'll  and in general, the method gives 

accurate values for kinetic parameters of a solid state 

transformation. 

The parameter 'n' depends on a number of factors and in 
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general, can be expressed by the relationship, 

n= a + bp 

Where a is 0 for zero nucleation and 1 for constant 

nucleation, b is the dimensionality of the transformation 

1, 2 or 3 and p = 1/2 for diffusional growth and 1 for 

interfacial growth. 

Kissinger's non-isothermal method has been used by 

several researchers to calculate the activation energies of 

the transfor.mation especially crystallization in amorphous 

alloys. Luborsky and Walter (1977) showed that the 

activation energies for crystallization correlate well with 

the value of crystallization temperature (Tx) for stability 

of amorphous alloys and indicates that the more complex the 

alloy, the greater is activation energy. Similar 

correlations between thermal stability and crystallization 

parameters were discussed by Chen (1973,1976a,1976b). 

More quantitative approach for binary transition 

metal and rare earth transition metal is proposed by Buschow 

(1979, 1980). 

The activation energies for binary Ni-P and Co-P are 

dependent on metalloid percentage and their values are 

presented and discussed in Chapter 4. 

There is no such a study for ternary Ni-Co--P so far, 

however, attempt is made by researchers to study the 
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compositional dependence of kinetics parameters for many 

ternary and quaternary amorphous systems. 	It is shown by 

Chen (1977) that the ternary addition of B to Fe-P 

(Fe83P14.7B2.3) and Ni to Fe-B 
(Ni40 Fe40 B20 ) increases the 

crystallization temperature by about 50 K higher than those of 

the corresponding binary alloys. 

A study of the effect of composition on the change in 

activation energy (Orehotsky and Rowlands, 1982) reveals that 

in case of Fe80B20 system when Fe is partially replaced by 

Nickel to Fe60
Ni

20B20 
or metalloid B is replaced by P, to 

Fe80B15P5 there is remarkable increase in activation energy of 

the system. Recently Panek et al (1985) pointed out that even 

slight variation in composition for ( Fe100 -xCox)100-y By 

affects the crystallization temperature and activation energy. 

They reported that for y = 17, two crystallization peaks are 

observed whereas for 33 > y > 20 only one reaction taking 

place. Low Boron content alloys show a decrease in activation 

energy with increasing Cobalt content from 70 to 90. 

However, for alloys with y = 25 and 33 the activation energy 

for crystallization tends to increase at the composition above 

x = 75. 

Crystallization temperature, activation energy, heat and 

volume change of crystallization of amorphous Fe-Ni-B system 

is determined by Warlimont and Gordelik (1985). The results 

are concluded as: 1) The first phases to crystallize are 

likely to be structurally related to the amorphous matrix 
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phase. 	2) The magnitude of volume change by crystallization 

and heat of crystallization are small if the amorphous and 

crystalline structures are closely related; 3) The rate of 

atomic motion during relaxation and nucleation are high for 

disordered amorphous structures and low for intermetallic 

compound structues, activation energies result accordingly; 4) 

The magnitude of heat of relaxation affected by the degree of 

relaxation having occured during production. 

The crystallization kinetics of quaternary Fe
40Ni 40P14B6 

.system is investigated by Russew et al (1985) using both 

isothermal and non-isothermal conditions in order to gain 

quantitative information about nucleation mechanism and growth 

phenomena. The activation energy of growth of crystalline-

particles under isothermal conditions was calculated to be 300 

KJ/mol where the same was determined according to Kissinger, 

yielding the value of 280 KJ/mol. It is found that these two 

values are in good agreement with the activation energy of 

growth of crystallites and self diffusion of Boron in similar 

systems. 

There are three' kinds of stability -of -significance for 

amorphous magnetic alloys: their resistance to the initiation 

of crystallization, structural relaxation effects and the 

reorientation of directional order. 

Numerous investigations have therefore been devoted to 

finding a description of the stability of amorphous alloys. 

The temperature of first crystallization is a measure for the 
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relative stability of amorphous state of different composition, 

provided the heating rate is kept constant (Khan et al, 1981). 

Cohen and Turnbull, (1961) and recently Buschow (1985) noted 

that the composition most favourable for amorphous formation 

is near the eutectic where they show higher crystallization 

temperature and activation energy of crystallization and at 

these points the glassy alloys are stable against 

crystallization. 

There have been different approaches to relate the 

stability of amorphous alloy to its microstructure. The first 

is based on Bernal's model of randomly packed hard sphere and 

in the second approach Chen (1974) discusses the effect of 

atomic sizes and interatomic intgeraction by investigation on 

systems like Pd-M-P (M=Fe, Co,Ni). The third approach was 

suggested by Nagel and Tauc (1975) and it is based on the role 

of the electron gas. 

Luborsky and Walter (1977) has clearly shown that the 

end of life as far as magnetic application are concerned 

corresponds to the onset of crystallization and activation 

energies obtained correlate well with the stability of 

amorphous system. The activation energy values appear to 

correlate well with the number of atomic species; the more 

complex the alloy, the greater is _the activation energy. 

The effect of compositional variation on the 

crystallization temperature has been studied by Naka et al 
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(1976) in the series of amorphous Fe
80_xMxP13C7  and by 

Luborsky and Walter (1977) in Fe
80-x

Ni
x
P
146 and Fe 	Ni B 

80-x x 20 

alloys. They concluded that the atomic size of the alloying 

elements and electronegativity had little or no effect 

on crystallization temperature. 

2.4 ELECTRON MICROSCOPY AND X-RAY DIFFRACTION STUDIES 

In situ observations of annealing behaviour in heating 

stage of Transmission Electron Microscope reveal some valuable 

informations on the micromechanisms of the reactions. 

However, it is necessary to examine the bulk state using 

X-ray diffraction, because there may be local changes due 

to inhomogeneity which will be detected by TEM but will 

not be representation of the film. However, X-ray diffraction 

cannot detect a phase change if the amount is small. 

Thus, the use of both TEM and ,XRD is very useful to detect 

new phases forming during crystallization and identify 

their structures. 

There are some systematic study reported on binary 

Ni-P and Co-P amorphous alloys prepared by different methods. 

Bakonyi et al (1986) and Makhsoos et al (1978) studied 

the crystallization of electrodeposited -amorphous Ni-.P 

alloys. 	In 'as-deposited' Ni-22 at%P alloy, Bakonyi observed 

that the amorphous state had two kinds of regions having 

similar diffraction patterns but different contrasts, 

where Makhsoos observed two to three diffuse rings and 
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they concluded that the diffuse rings could be attributed 

either to amorphous state or microcrystalline state with 

a very fine grain size. 

Graham et al (1965) analyzed the electron and X-

ray diffraction patterns of 'as-deposited' electroless 

Ni-P and concluded that the structure of alloys upto 12 

at%P is supersaturated solid solution of P dissolved 

in f.c.c. Nickel but Albert et al (1967) on the basis of 

X-ray studies showed that the 'as-deposited' films with 

P content from 0.5 to 14'at% had a strained single phase 

f.c.c. structure. 

While most of X-ray studies show the 'as-deposited' 

high P, Ni-P films are amorphous, Bagley and Turnbull (1970) 

followed the mode of transformation by electron microscopy 

to the stable state and concluded that only a sample with 

25 at%P was initially amorphous. The other samples 

containing 21.2 and 24.9 at%P contents on isothermal 

annealing, showed crystallite coarsening, suggesting an 

original microcrystalline structure.  

Tyagi (1986) prepared the Ni-P films using electroless 

alkaline bath and reported that these films can be divided 

into four regions: 	polycrystalline for alloys containing 

less than 11 at%P, microcrystalline for 11-14 at%P, mixed 

microcrystalline and amorphous having 14-18 at%P and amorphous 

for more than 18 at%. 
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In a study of the electroless Ni-P films by Agarwala 

and Ray (1989) they found that the alloys with 17.8 to 

19.8 at%P showing mixed state with amorphous phase and 

some metastable phases like Ni12P5  as a common phase and 

alloys with more than 22.4 at% phosphorous are primarily 

amorphous. 

There is not as much work reported on Co-P. Simpson 

and Brambley (1971) were the first to report that the Co-P 

alloys prepared by electroless alkaline method are amorphous 

for films containing more than 9.0 at%P and alloy with less 

than 8.8 at%P show single-phase supersaturated solid solution 

of cobalt having h.c.p. structure. On annealing the 

amorphous• materials transforms to Cobalt-rich h.c.p. and Co2P 

at high temperatures. 

The electrodeposited Co-P deposit prepared by Bestgen 

(1985) shows that the samples with 5 at%P consists of 

supersaturated solid solution of phosphorous in h.c.p. Cobalt 

and small fraction of Co2P but samples with 10 at%P is micro-

crystalline with randomly oriented crystallites. According to 

X-ray and electron diffraction patterns the sample Co 86P14 is  

amorphous. 

Thus even for binary system of Ni-P. and Co-P the clear 

composition separating the amorphous and crystalline regions 

and specific modes of crystallization process have not yet 

been established. As far as ternary Ni-Co-P is concerned 
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there is no systematic structural study on this system. The 

X-ray analysis of ternay Ni-Co-P of composition ranging 

between 13 and 94 at% Cobalt and phosphorous from 6 at% to 22 

at% have been studied by Clements and Cantor (1976) and are 

reported to be completely amorphous. 	However, no attempt was 

made to identify the phases formed on crystallization during 

annealing. 

The 	phases 	obtained 	during 	crystallization 

transformation for multi-component TM-M amorphous alloys are 

studied by various workers, namely, Fe-B-Si and Ni-B-Si 

(Quivy et al. 1985), Fe-B-Si-C (Fouquet et al. 1985) and 

Ni-Cr-Co-Ta-B (Geoffroy 1983). 

In order to carry out the study of different phases in 

Ni-Co-P ternary system it is important to have a knowledge 

about the possible crystalline phases. 	The structure of 

different possible phases in Ni-Co-P system are given in Table 

2.2 . 

2.5 MAGNETIZATION AND ANNEALING BEHAVIOUR 

Bagley and Turnbull (1965) reported that amorphous Ni-P 

alloys in contrast to Co-P, are non-ferromagnetic at room 

temperature with a phosphorous concentration of 25 at% and 

above. The study of the composition and temperature' 

dependence of magnetic behaviour are followed by many 

researchers for binary Ni-P (Bagley and Turnbull 1965, Tyagi 
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et al 1989, Huller and Dietz 1985, Huller et al 1985) and Co-P 

(Huller and Dietz 1985, Huller et al 1985, Pan and Turnbull 

1974) alloys. 

The magnetic moments of most amorphous alloys are lower 

than those of the pure crystalline transition metals and it is 

because of the change in the local chemical environmental 

provided by the presence of metalloid. 	These alloys are 

known to fall in the category of weak itinerant ferromagnets. 

Different simplified models have been developed to 

describe the phenomena of lowering the magnetic moment on 

alloying. Malozemoff et al. (1984) have argued that 

Friedel's modification of the rigid band model should also 

apply to Transition Metal-Metalloid alloys. 

In this model the average number nav  of Bohr magnetons 

per atom should linearly decrease according to 

n
av = n

o - x [10 - (ZTM - x) 
	

(2.10) 

'Where, no is the magnetization in Bohr magneton/atom, of 

the pure metal, . X is the concentration of the metalloid, Zx  

and ZTM 
are respectively the valence of the metalloid and the 

metal. Number of experiments on Fe-P, Co-P and Ni-P show that 

the effect of P on magnetic moment per atom is weaker than 

that predicted by this model. 	The proposed_ relation based on 

rigid band model by Yamauchi and Mizoguchi (1975) for 

calculation of magnetic moment with alloy compositions are 

presented and discussed in Chapter 6. 
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A variety of ternary alloy with a single transition 

metal elements were prepared and the observed magnetization 

agree reasonably well with rigid band Model if it is assumed 

that the number of electrons transferred from metalloids as; 1 

for B, 2 for C, 2 for Si and 3 for P. 

Becker et al (1977) studied the magnetic moment and 

Curie temperatures of amorphous alloys of (Fe-Ni )80 (P-B)20 

and their data are in good agreement with the rigid band 

model. For the Fe rich alloys in the Fe-Ni (Fe-Ni-P-B) series 

of amorphous alloy, the reduction of moment is greater for 

-P14B6' less for -P13138 
 and least for -B20  alloys. 

Albert et al (1967) studied Ni-P films prepared by 

different methods, and observed that spontaneous magnetization 

decreased with increasing phosphorous and films become 

non-magnetic at 15 at% P. 	Pan and Turnbull (1974) studied 

electrodeposited Ni-P for 12 < P < 23 at% and Co-P for 

18 < P < 25 where their magnetic properties were examined with 

vibrating sample magnetometer under the applied field of upto 

8K Oe. 	They showed that in case of Ni-P the low temperature 

magnetization decreases with phosphorous concentration and 

ferromagnetism almost disappears at about 17 at% P. 

For amorphous Co-P system, the coercive force, and ratio 

of remanence to saturation of these alloys are several hundred 

times lower 	as compared to the 'as-crystallized' states and 

a more rapid decrease of magnetization with composition is 
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observed than that expected from rigid band model for P>23 at%. 

The electroless amorphous Ni-Co-P with 22.3 at% P is 

prepared by Simpson and Clements (1975) and the 

magnetostriction and temperature dependance of the saturation 

magnetization were measured. The magnetization values depend 

on the composition with the trend similar to that of 

crystalline alloys, where the magnetostriction were found to 

be roughly twice the magnitude of those for crystalline 

sample. 

0' Handley et al (1977) reported the magnetic properties 

of Co80-x Ni x P20 with 20 < x < 60 prepared by rapidly quenching  _ 

technique. The values of magnetization 'or' at 295 K are 3.7, 

24 and 46 emu/g for X = 20, 40 and 60 respectively for the 

applied field of 8 K Oe. The comparision of results reported 

with that prepared by our group is presented in 

2.6 ELECTRICAL RESISTIVITY AND ANNEALING BEHAVIOUR 

The electronic transport properties of amorphous alloys 

have been characterised in terms of electrical resistivity, 

its magnitude, their temperature and composition dependence. 

The alloys in amorphous state have small Temperature 

Coefficient of Resistivity (TCR) which could be positive, zero 

or negative depending on the concentrations and for some 

amorphous alloys TCR can be changed continuously by varying 

the alloy composition. The overall change in resistivity 
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from the lowest temperature to the crystallization temperature 

is usually less than 10 per cent. 

Mooij (1973) stablished a correlation between the 

magnitude of electrical resistivity 	jo 	and 

TCR ' oC = 3o/ a T . jo-1', by analyzing available data in 

amorphous transition metal alloys. 

This remarkable correlation can be summerized as: 

(a) Positive TCR for JD less or about 100)1A cm 

(b) Negative TCR for p greater than 150)111 cm 

(c) About zero TCR for Jo around 150 )pil cm. 

Most of the works on the transition metal alloys deal with 

those having Ni, Fe, Pt or Pd and Metalloids P, B, or Si. 

In the binary systems, amorphous Ni-P alloys are typical 

and the temperature and composition dependence of their 

electrical resistivity measured by Cote (1976) shows that, 

TCR ( oC ) changes from positive to negative at P z 24 at% and 

resistivity minima are seen near 15K. 

The electroless Ni-P alloys containing upto 16 at% 

phosphorous studied by Pai and Marton (1972) shows a drastic 

change in resistivity accompanied by structural transformation 

of the film from a single phase f.c.c. structure to a two 

phase microstructure containing f.c.c. Nickel and tetragonal 

Ni
3
P. 
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The electroless Ni-P alloys containing both micro-

crystalline and amorphous regions, with 5 < P < 23.5 at% 

prepared by Tyagi (1986) show the following temperature 

dependences: 1) the resistivity is found to increase from an 

initial value of 71 ,pit cm to 187 pl. cm at 21.5 at% P. 

2) TCR decreases to a value of 12 x 10-5K-1  with increasing 

phosphorous to 22%, 	3) As pointed out by Mooij, higher 

resistivity samples are found to have linear TCR. At lower 

phosphorous 	the 	transport 	is 	primerily 	through 

microcrystalline regions. 

The electrical resistivity measurements of Co-P for 

different compositions are reported for samples prepared by 

electrodeposition (Riveiro et al 1986; Kuhnast et al 1984, 

Sonnberger and Dietz 1985) and vacuum evaporation (Rivory and 

Bouchet 1979) methods. 	The resistivity of 'as-prepared' 

samples increases with increasing phosphorous. 	The initial 

sharp drop in electrical resistivity observed at temperatures 

of 523-593 K are associated with phase separation of h.c.p. 

Cobalt from amorphous alloy and then its transformation to 

h.c.p. Cobalt and Co2P. 

Majority of the investigations on electrical resistivity 

of amorphous alloys reported so far on TM-M ternary or 

quaternary systems are prepared by melt quenching techniques. 

Composition and temperature dependence of electrical transport 

properties of Fe-Ni based amorphous alloys have been 
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extensively studied because of their technological importance 

(Malmhall et al 1979). Studies of resistivity with 

temperature have been carried out to correlate the resistivity 

changes with the exothermic DSC peaks in order to identify the 

crystallization process and phases formed during this reaction 

(Heimendahl and Maussner, 1978). Also, the kinetic 

parameters like activation energy has been found out by 

resistivity technique. 

The results of electrical resistivity for 'as-deposited' 

samples and TCR values and annealing behaviour from room 

temperature upto 850 K is presented in Chapter 6 for the 

amorphous electroless Ni-Co-P. 



TABLE 2.1 VALUES OF Ci , C2 AND PERCENTAGE OF ERROR 
IN THE ACTIVATION ENERGY (E) CALCULATED 
BY THE LEAST SQUARE METHOD ACCORDING TO 
EQUATION (2.7) 

KINETICS 
n 

E/RT 

2 5 10 30 60 

C1  - 0.307 -0.239 -0.053 -0.007 -0.002 

0.5 	C2 

{ 

28.160 10.311 2.976 1.472 1.313 

e 30.7 23.9 5.3 0.7 0.2 

Ci 0.132 0.028 0.008 0.001 0.0003 

1.5 	C2 { 0.542 0.723 0.838 0.935 0.966 

E 13.2 2.8 0.8 0.1. 0.03 



TABLE 2.2 THE STRUCTURE OF DIFFERENT POSSIBLE PHASES 
INVOLVING NICKEL ; COBALT AND PHOSPHOROUS. 

DESIGNATION CRYSTAL
SYSTEM 

LATTICE PARAMETERS REFERENCES 

a- co (e) HEXAG- 
-ONAL 

a 	=2.507 , 	C= 4.07 
. 

ASTM DATE CARD 
TECHNICAL MANUAL 

Co P2 MONOC- a 	= 5,61, b = 5.591, ASTM DATA CARD 
-LINIC c = 643 

CO P3 CUBIC a =7.707 t) 
CO P4 CUBIC a 	= 7.711  Is 
Co2P(e) ORTHOR- a =6.638 , b = 5.670, 

-HOMIC c = 3.52 I) 
Ni (e) F.C.C. a = 3.5238 If 
Ni3 P(e) TETRA-  

-GONAL 
a= 8.93 	c= 4.39 
• 

MAKHSOOS et al 
(1978) 

Nis P4 HEXAG-  a =6.789 	c=10.986 ASTM DATA CARD 
-ONAL 

Nil P3 CUBIC ar. 8.647 2l 

Ni12P5 TETRA-  a: 8.646 	c = 5.020 /I 

-GONAL 

Ni 	P2 CUBIC a= 5.4706 . 	11 

Ni 	P ORTHOR-  a = 6.05, b =4.881 
-HOMIC c = 6.890 If 

(e) DENOTES EQUILIBRIUM PHASE 
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CHAPTER3 

EXPERIMENTAL TECHNIQUES 

In this chapter we present the details of our sample 

preparation method, the electroless deposition, its elemental 

analysis and measurement techniques used for crystallization 

kinetics, phase transformations, electrical resistivity and 

magnetization study of Ni-Co-P system. 

3.1 THE Ni-Co-P ELECTROLESS DEPOSITION METHODS 

Keeping all the consideration in view, as discussed in 

chapter 2, an alkaline sulphate bath has been used in our work 

to prepare Ni-Co-P amorphous films. 

The compositions and condition of the bath selected for 

sample preparation is shown in Table 3.1. All the chemical 

used were of ANALAR grade. pH value is maintained throughout 

the deposition time by suitable addition of ammonia solution 

to the bath. Both Aluminium foils and glass slides were used 

as substrate for the deposition of amorphous Ni-Co-P films. 

Constituents of the bath used in our study is adjusted to get 

an optimum rate of deposition and strain free amorphous 

alloys. In our bath as Nickel salt increases the rate of 

deposition also increases. 

The phosphorous content of all the samples was about 

15 at% since samples of less than 14 at% P are mixture of 
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amorphous and crystalline phases whereas deposits of more than 

15.5 at% P were not stress free. 

To have uniform deposit, the proper cleaning of 

substrate is essential. The procedure of cleaning of glass 

slides are as follows: 

I) They were rubbed with cotton dipped in liquid detergent 

and are washed with water. 

II) Putting in hot chromic acid for 15 hours and then 

washed throughly in hot deionized water. 

III) Passing the slides through hot solution of 10% NaOH and 

again washed throughly in hot deionized water. 

IV) The glass substrates are dried with hot air. 

Before immersing the glass slides in the bath they have 

to be first sensitized in a 1% SnC1
2 solution for 1 minute and 

then activated by immersing in a 0.1% PdC12  solution for about 

30 seconds, followed each time by a rinse in deionized water. 

Aluminium foils (99.955 pure) of 0.3mm thick and 3 cm 

wide strips have been used and cleaning of aluminium 

substrates is done by following steps: 

a. degreasing with organic solvent and rubbing with Vim 

Powder 

b. washing with running water followed by deionized water 

c. etching in 1:1 nitric acid 
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d. 	final washing with deionized water and drying with hot 

air. 

For Aluminium substrates the sensitization is not 

necessary, however, immersing in PdC12  solution for about 30 

seconds is desirable. 

a) 	Sample preparation for Electron Microscopy Studies: 

For transmission electron microscopy cleaned glass 

slides are dipped on Formvar solution (4.0g polyvinyl formal 

in 1 liter ethylene dichloride). This transparent layer of 

Formvar will form on the glass slides and about 15-20 minutes 

of deposition on Formvar coated glass slides were found to be 

suitable for TEM study. After deposition the Formvar layer 

was dissolved in suitable organic solvent and microscope grid 

is used to support the sample for insertion into the 

microscope. 

The typical appearance of 'as-deposited' Ni-Co-P alloys 

is shown in transmission electron micrographs of Fig.3.1 (a) 

to (c). The growth starts at isolated nuclei on the substrate 

Fig. 3.1(a), and covers it progressively by growth of colony 

as is evident from deposits of longer times shown in 

Fig.3.1(b) and (c). This shows that the discontinuty in the 

deposit decreases with time and at longer deposition times the 

deposit become continuous as revealed in Fig.3.1(c). 
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b) 	Sample Preparations for XRD, DSC, VSM and Electrical 

Resistivity Studies. 

In case of deposits on Aluminium foils, the foil was 

dissolved in hot NaOH solution, whereas for the case of 

deposits on glass slides samples are physically removed. 

Using both the glass slides and Aluminium foils the 

thick films of 25 mm x 70 mm x (3 - 8)4m) are obtained for 

purpose of compositional analysis. X-ray diffractometry, 

differential 	scanning 	calorimatry, 	resistivity 	and 

magnetization studies. The foil samples and thin deposits for 

electron microscopy have been assumed to have same composition 

as they have been deposited in same bath for each sample. 

3.2 THE CHEMICAL COMPOSITION 

The Inductively Coupled Plasma (ICP) Model 8410 is used 

for elemental analysis of all the samples. 	It is a 

sequential Inductively Coupled Plasma Atomic Emission 

Spectrometer which can perform rapid estimation of most 

elements in the periodic table. 

Here power from a radio frequency generator is coupled 

to a flow of ionized Argon gas inside a quartz tube encircled 

by an induction coil. To initiate the plasma, Argon is 

ionized by a momentary high voltage discharge. The ionized 

gas passing through the high frequency magnetic field, absorbs 

energy and this causes further local heating and ionization to 

form a ball of.electrically conducting gas, or plasma. Liquid 



37 

samples are injected into a high temperature environment of 

the plasma. Here the analyte forms free atoms and ions emit 

characteristic spectra and is viewed by the optical system 

which covers the wavelength range of 170-820 nm, with 

resolution of 0.01 nm, and selectability of 0.005 nm per step 

can be achieved. 

A multi-processor computer system controls the 

monochromator and autosampler. It has sample volume 10-15 pl, 

Injection rate of 240 sample/hour and relative standard 

deviations of less than 1.5 %. Detection limits of 0.1 mg/1 

with 10p1 injections. 

Here metal salts are used as a standard and all 

electroless deposited samples are dissolved in suitable 

solvent. The chemical composition of amorphous electroless 

films prepared are listed in Table 1.2. As can be seen 

samples composition in atomic percent are, Ni55.5Co29.0P15.5' 
0 

Ni39.0
Co46.0

P15.0' N135.6
Co49.1P15.3' Ni27.0C°58.0P15.0 and 

Ni15.3
Co70.0

P14.7 ' 	
Total number of 	20 samples are 

prepared where care was taken to use central portions for all 

the investigations. 

3.3 DIFFERENTIAL SCANNING CALORIMETRY 

Because of large enthalpy of crystallization which is 

highly exothermic, Differential Scanning Calorimetry (DSC) is 

a standard method to monitor the crystallization process and 

kinetics. 
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The calorimeter used was a Stanton Redcraft DSC-1500 

model with working range from room temperature to 1500 °C and 

facility of controlling atmosphere. 

The DSC signal is derived from a temperature difference 

between the sample and an inert reference (Alumina) and 

designed to give an output in milliwatts. The microprocessor 

,based DSC lineariser is included as a standard part of the 

instrument unless connected to a computer system. 

Specimens of mass 4.0 mg were annealed in a Platinum 

crucible under a static air atmosphere. The temperature and 

power axis of the calorimeter were caliberated from melting 

endotherms of pure Pb, Sn, Zn and thermal lag is linear with 

heating rate. All amorphous Ni-Co-P samples were heated at 

different heating rates ranging from 5 to 40 Kmin-1. The area 

enclosed by the peak and base line is proportional to the 

enthalpy change of the reaction and planometer is used to 

measure the area and calculate the enthalpy with respect to 

pure Lead and Tin. 

In order to study the origin of the heat effects 

observed during DSC measurement we repeated the DSC runs 

several times with new pieces of amorphous Ni-Co-P films and 

stopped at various stages of the heating process. After 

cooling to room temperature these pieces were subjected to 

investigation by means of X-ray diffraction. 
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3.4 ELECTRON MICROSCOPY AND X-RAY DIFFRACTOMETRY 

The structural study of the electroless Ni-Co-P films 

has been carried out using Transmission Electron Microscopy 

and X-Ray Diffraction. The Transmission Electron Microscope 

used was Philips EM 400 T/ST model with a heating holder 

attachment PW6592 operated at 100 KV. The electron 

micrographs have been taken at magnifications from 16000 to 

27000 and for selected area diffraction patterns the camera 

lengths used are 290 mm and 410 mm. 	A temperature control 

and measuring unit is attached with the heating holder which 

contains the current supply for the heater and also the 

circuitory to measure the voltage generated by the 

thermocouples and we have the advantage of precise information 

of the sample temperatue. 

Two types of patterns i.e. ring and spot patterns are 

obtained when examined by Selected Area Diffraction (SAD) 

mode in TEM. 

I) Indexing Ring  Patterns: 

The radius of each ring is characteristic of the 

spacing of the reflecting planes in the crystal and setting of 

microscope lenses and this was, caliberated by using gold 

specimen. The diameter of ring R1, R2  and R3  etc. are 

measured from negatives. The parameters R is characteristic 

of inter planar spacing dhkl 
 of reflecting plane and 

magnification due to the lens setting, i.e. Camera Constant 
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XL, where X is the wavelength of the electron beam and 

is the distance between the specimen and screen. 	These 

distances are converted into interplaner spacings using camera 

constant as d =.X L/R. From the ASTM index cards,starting 

with the most likely phases, the phases present in the 

deposits were identified. 

II) Indexing Spot Patterns: 

The distance R
1,  R2, R3 etc. are the distance of 

diffracted spots from transmitted beam (i.e. from the center 

spot (000)). The angles between lines drawn from the center 

to the diffracted spots are the angles between planes and beam 

direction B is approximately the zone axis of the reflecting 

planes. If the camera constant is known accurately by the 

calibration with gold specimen, d values can be calculated by 

measuring R
1  R

2, R
3 

etc. values from negatives and 

substituting in Rd = X L. 	Checking the d-values with the 

ASTM cards and angles between the reflecting planes must be 

correct to provide a cross check. 

X-Ray Diffractometer Model 1140/90 PHILIPS, equipped 

with a Scintillation Counter, Zr filter, and Cu-Ka  radiation 

have been used for x-ray study of our 'as-deposited' and 

annealed samples. 

3.5 MAGNETIC MEASUREMENTS 

Foner Type Vibrating Sample Magnetometer (VSM) Model 

155 Princeton Applied Research Corporation with RE 0091 X-Y 
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recorder are used for magnetization study. It has five 

caliberation ranges and minimum detection limit of 0.00001emu. 

When a sample is placed in a uniform magnetic field, a 

dipole moment proportional to the product of the sample 

susceptibility times the applied field is induced in the 

sample. If the sample is made to undergo sinusoidal motion as 

well, an electrical signal can be induced in suitably located 

stationary pickup coils. 	This signal, which is at the 

vibration frequency, is proportional to magnetic moment, 

vibration amplitude and frequency. By approximately 

processing, the effects of vibration amplitude and frequency 

shifts are cancelled and readings are obtained which vary only 

with the magnetic moment, the quantity of our interest. 

With this model, reproducibility is better than 1% 

where absolute accuracy is less than 2% . 	Temperature oven 

with chromel-alumal thermocouple under low vacuum is used for 

annealing study where heating rate is 2.0 + 0.5 K/min. 

Constant magnetic field of 5 K Oe which is sufficient 

to saturate the samples has been applied for the measurement 

of magnetic moment with temperature from ambient to 850K. 

The semi-micro METTLER balance model-H 54R, with a 

resolution of 0.00001 gm, has been used for weighing the 

samples. 
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3.6 THE ELECTRICAL RESISTIVITY MEASUREMENTS 

The change on annealing of the resistivity is studied 

using a standard four probe DC method. Typically, the samples 

were 25 mm long, 5 mm wide with thickness of about 3-8 )am and 

for each alloy measurements were made on several specimens cut 

from central portion of the deposited samples. 

The thickness of each specimen was measured at several 

points along its length using surface profile measurement 

system DEKTAK IIA. The DEKTAK IIA is a microprocessor-based 

instrument used for making accurate measurements on very small 

vertical features ranging in height from less than 100 A° to 

655000 A°. 

The set up used for electrical resistivity measurements 

in the temperature range 300 K through 850 K shown in Fig.3.2 

and Fig.3.3. 	The copper cold finger supported by heating 

coil is used to heat the sample where glass slides are used as 

a sample holder. The temperature of the heater and the sample 

was monitored using chromel-constanton (type E) thermocouples 

connected to the microprocessor based digital thermocouple 

meter (Model AD2050). 

A constant current source of about few miliampere is 

applied and voltage drop was measured using digital Keithley 

microvoltmeter (Model 197). 

The sample holder assembly of cryostat is evacuated by 
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rotary pump and the electrical and thermocouple connections 

are carried out through a vacuum seal. A four point probe 

with an interprobe spacing of 4.0 mm was constructed so that 

by using the long rectangular samples it was possible to 

calculate the resistivity using the simple relation. 

f = Vwt/Il 

where V is the voltage between the inner probes. 	I is the 

current along the length of the sample, 1 is the interprobe 

spacing, w is the width of the sample, and t is the 

thickness of the sample. 

Parasitic thermoelectric voltage were eliminated by 

either reversing the current or noting the zero-current 

voltage reading at each temperature. The heating rate was 

kept in 20 + 3 K/min for all the samples. Considering all the 

sources of error, our accuracy is about 7-8% in estimation of 

resistivity. However, in studying the temperature dependance 

of the sample resistance the precision is 1% or better and 

temperature values are good to about 2K. 



TABLE 3.1 GENERAL COMPOSITION OF THE BATH 
USED FOR DEPOSITING Ni —Co - 

NiSo4 . 7H20 (2.5-15) g/1 

Co So4 • 6H20 (10 -22.5) g/t 

NQ3 C6 H507. 2H20 90 g /l 

(NH4)2 504 47 g/l 

NQ H2P02 (28-32)g/l 

Ph VALUE 8.0 ± 0.1 

TEMPERATURE (358.0 t 2.0K ) 

SLOW STIRRING 



TABLE 3.2 ATOMIC COMPOSITION (t1°/0) OF THE 
AMORPHOUS ELECTROLESS Ni-Co-P. 

SAMPLE Ni(at°/0) Co(at°/0) P (at 0/0) 

A 55.5 29.0 15.5 

B 39.0 46.0 15.0 

C 35.6 49.1 15.3 

D 27.0 58.0 15.0 

E 15.3 70.0 14.7 

TRACES OF Fe AND Mn ( less than 1 at°/0) 



(a) 
	

(b) 

(c) 

FIG. 3.1 TRANSMISSION ELECTRON MICROGRAPHS OF TYPICAL 
N i — Co --P ALLOYS . 

(a) START OF DEPOSITION (X 16000) 
(b) DEPOSITED FOR 10 MINUTES (X 27000) 
(c) DEPOSITED FOR 30 MINUTES (X 27000) 
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FIG.3.2 DIAGRAM OF THE RESISTIVITY SET-UP FABRICATED 
IN THE LOBORATORY BY THE CANDIDATE. 



FIG. 3.3 A PHOTOGRAPH OF RESISTIVITY SET UP. 



CHAPTER 4 

CRYSTALLIZATION KINETICS OF AMORPHOUS ELECTROLESS Ni-Co-P 

The metastable nature of amorphous alloys is a major 

disadvantage and knowledge of their thermal stability prior to 

any application is of prime technological importance. 

The study of amorphous-to-crystalline transformation by 

calorimetric method (DSC) gives rise to a strong exothermic 

peak T at the crystallization temperature. The kinetic 

parameter, the activation energy of crystallization which is 

the energy that must be crossed by the atoms to transfer them 

from amorphous to crystalline state, is a good measure of the 

stability of amorphous state. 

The aim of present chapter is to understand how 

compositional variation influences the kinetics of 

crystallization and thermal stability of amorphous electroless 

Ni-Co-P ternary alloy. 

4.1 RESULTS: DIFFERENTIAL SCANNING CALORIMETRY 

Typical plots of DSC in the temperature range of 

300-850 K for Ni-Co-P samples heated at a rate of 20 K/min are 

shown in Fig.4.1. The curves show two strong exothermic 

transformation peaks (T
PI and TPII)  in the temperature range 

starting from 550 K up to 800 K. 	A small peak in the 

temperature range of 500-550 K can also be observed. However 
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this small peak beleived to be due to atomic relaxation 

(Fouquet et al. 1985, Tyagi et al. 1989), was not further 

investigated. 

The first and second peaks are taken to correspond to 

crystallization reactions and kinetics of the transformations 

associated with these peaks are focus of our present 

investigation. The values of peak temperatures for first and 

second peak (TpI, Tp1I)•for compositionally different Ni-Co-P 

samples are shown in Table 4.1. 

Enthalpies of the reactions under first and second 

peaks have been obtained following the procedure given in the 

chapter 3 and the values are presented in Table 4.1. It is 

observed that the reaction taking place under the first peak 

involves a smaller enthalpy change compared to that occurring 

under the second peak. Further, the peak temperature of the 

first reaction increases with the increase in cobalt content 

of the film till about 49.1 at cobalt content (sample C) and 

then reduces a little but no such trend has been observed in 

the peak temperature for the second reaction. 	The enthalpy 

change per unit weight of the sample for the first reaction 

shows a maximum when Nickel and Cobalt at roughly in equal 

atomic proportion i.e. sample B, but the enthalpy change for 

the second shows a similar fluctuating type of trend as it is 

observed for its peak temperature. Fig.4.2 shows the 

described variation of enthalpies with change in composition. 

Fig. 4.3 shows a plot of first peak temperature (TpI) 
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with heating rate for the films containing different amounts 

of Cobalt. When the plots extrapolated to almost zero heating 

rate one obtains a limiting temperature which is also a 

measure of thermal stability. Fig.4.4 shows the variation of 

limiting temperature with composition. This limiting 

temperature is higher in values for the samples containing 

49.1 at% Cobalt. 

Since the reactions occuring under the peaks are 

thermally active,. the Kissinger's method (Kissinger, 1957) is 

applied and slope of fn p /Tp  Vs 1/Tp  is used for calculation 

of activation energies involved in the first and second 

reaction. 	The typical Kissinger's plot for Ni35.6Co49.1P15.3  

sample are shown in Fig. 4.5. The values of activation energy 

as obtained by least square fit and that of parameter 'n' are 

listed in Table 4.2. 	To have an idea of accuracy in 

calculation of activation energies, as described in Chapter 2, 

the values of E/RT for different heating rates are calculated 

and minimum values are listed in Table 4.2. The overall 

accuracy is better than 5.3% as estimated from Table 2.1. The 

variation of activation energy with composition is shown in 

Fig. 4.6. Where the activation energy of the reaction for 

both the peaks maximizes at almost equal composition of Nickel 

and Cobalt (46, 49.1 at% Cobalt). 

For the sake of comparision in Table 4.3, we have 

listed the value of activation energy for binary Ni-P and Co-P 

as determined by us along with that of other worker. Our 
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values of activation energy in case, of ternary Ni-Co-P are 

lesser than that reported by others for binary Ni-P and Co-P 

but show higher values for the Ni-P (Am. + Cryst.) and 

amorphous Co-P prepared by our group. 

4.2 DISCUSSION 

For binary Ni-P, I3akonyi et al (1986) reported the 

samples prepared by electrodeposition show three different 

types of DSC responses corresponding to phosphorous content of 

P < 20 at%, P = 20 at% and P > 20 at%. For the compositions 

below 20 at% P, the DSC shows a broad maximum which represents 

some 	process 	preceding 	the 	amorphous-crystalline 

transformation which occurs at a much lower temperature than 

crystallization temperature (Tx). For P = 20 at% the one 

step crystallization is observed where for•P contents beyond 

20 at%, the crystallization is completed in two steps 

corresponding to crystallization and grain growth process. 

Simpson and Brambley(1972) reported that 
Ni85P15  prepared by 

electroless technique, under DTA shows two peaks at 573 K and 

661K . 

In Ni-P system Clements and Cantor (1976) has observed 

one broad peak at 480-600. K depending on heating rate and two 

major peaks at around 600 K or above in DSC for films with 

P < 15 at% prepared by electroless technique. However, for 

films containing phosphorous in excess of 15 at%, the broad 

peak disappears and the other two peaks eventually merge to a 

single peak. 
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Study on binary Co91P9 
by Simpson and Brambley (1971) 

also show two peaks at 533 and 683 K. In general, 

Metal-Metalloid amorphous systems with relatively lower 

Metalloid content crystallizes by two stage processes as it 

has been observed in Fe-B, Ni-P, Ni-B and Fe-Ni-B systems. The 

initial primary phase which probably is equivalent to 

separation of pre-eutectic phase when transformation takes 

place from metastable liquid. The remaining amorphous phase 

does not appear to transform polymorphously to phosphide - say 

Ni3
P in Ni-P system as evident from magnetic change 

accompanying the second reaction in crystallization. it 

appears that this second reaction may be an eutectic type of 

reaction giving rise to a mixture of phases Ni3
P and Nickel in 

Ni-P system. 	This two stage process is characteristic of 

crystallization of ternary Ni-Co-P flims as investigated by us . 

(Azhdary et al., 1990). 	The appearance of a broad peak in 

the initial stage of annealing electroless Ni-P , films with 

lower phosphorous as observed by both Bakonyi and Clements may 

be due to mixed state of Ni-P films with less than 15 at% P. 

As observed by Tyagi et al (1985), Agarwala and Ray (1989) 

phosphorous may be coming out of the supersaturated 

crystalline regions with the separation of complex phosphides 

as it has been observed by a number of investigators (Agarwala 

and Ray 1989, and Masui et al 1985). 

Since Co-P system becomes amorphous at a lower 

phosphorus content than Nickel, the ternary system in the 
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composition range investigated has always resulted in 

completely amorphous film. It is possible that if the 

investigation would have covered low Cobalt and high Nickel 

end of the ternary system one could obtain a mixed 

crystalline and amorphous film whose crystallization could 

show a broad peak in addition to those two peaks observed by 

us. It will be interesting to investigate into this 

conjecture. 

A few binary Ni-P and Co-P alloys have been prepared 

with similar phosphorouscontent as those of Ni-Co-P for the 

sake of comparison of data. The Ni
84.2P15.8 films show a 

mixture of amorphous and crystalline regions where as Co-P 

samples are completely amorphous even with a phosphorous 

content of 14.2 at%. 

In the ternary electroless Ni-Co-P films prepared by 

Clements and Cantor (1976) DSC response is reported to show 

one peak at 640K for Co < 26 at%, (P = 20 & 22 at%) and three 

distinct peaks at 570, 640 and 680K for Co > 26 a-t%, (P = 20, 

21, 12, 6 at%). 	It is possible that at the compositions 

investigated by Clements and Cantor primary Nickel and Cobalt 

separates out over different temperature ranges. 

As can be seen from table 4.2 and 4.3 addition of 

Nickel to Co-P and Cobalt to Ni-P increases the value of 

activation energy to 189.7 KJ/mole for ternary Ni35.6Co49.1P15.3  

from 132.7 KJ/mole and 102.33 KJ/mole respectively. In case 

of other ternary systems, for example, addition of Nickel to 
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Fe-B amorphous alloys (Orehotsky and Rowlands, 1982) the value 

of activation energy increases to 355.8 KJ/mole for ternary 

Fe60Ni20B20 from 188.4 KJ/mole and comparatively similar trend 

is found by Warlimont and Gordelik (1985). 

Addition of phosphorous to Cobalt apparently produces 

larger strain in lattice resulting in amorphous phase at lower 

phosphorous content. In addition, the alloying of Nickel with 

Cobalt and vice-versa is going to produce additional lattice 

strain. Both these elements, Nickel and Cobalt has similar 

eutectic phase diagrams when alloyed with metalloid phosphorous 

and even, the eutectic temperatures are almost the same. 

Thus, keeping the phosphorous content the same, the variation 

of composition from Nickel to Cobalt end in the ternary 

system will highlight the effect of'alloying the binary Ni-P 

and Co-P systems with Cobalt and Nickel respectively. 

The variation of activation energy with the Cobalt 

content in the film as shown in Table 4.2 and Fig.4.6 

indicates that Cobalt enhances the stability of the film both 

with respect to separation of primary phase and also, the 

first reaction occurring under the second peak of the DSC 

curve. But from the Cobalt end the addition of Nickel does 

not produce such large impact on stability. Any further 

alloying of the amorphous system with new elements enhances 

the stability of the amorphous phase in general, because 

diffusion of the new alloying element will be required to 

cause the amount partition accompanying phase separation. So, 

n A 
'1' CO 7 

's 
1 Or 
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the element having a higher activation energy for diffusion in 

the alloy should give larger stability to the amorphous phase. 

However, the activation energy for crystallization in each of 

its two stages reflects that of its slowest step. The 

magnitude of activation energy is similar to those of 

- activation energy for diffusion of phosphorus in Ni, Co and 

Ni-Co alloys (Masui et al, 1985) and thus, Phosphorous 

diffusion may be the slowest step in the reactions involved. 

The values of 'n' for the reaction under first peak due 

to primary phase separation is lower than 1 so, it appears that 

this transformation is taking place on pre-existing nuclei. 

The index 'n' for the reaction occuring under the second peak 

is less than 1.5 . 	It is also possible that the eutectic 

type of transformation may have been nucleated by the already 

formed primary phases. 

4.3 SUMMARY 

The kinetics of crystallization for the amorphous 

Ni-Co-P have been investigated with the help of Differential 

Scanning Calorimeter. The small peak observed are attributed 

to stress relaxation followed by exothermic crystallization 

reactions (TPI' TPII ). 	
The enthalpy change of the samples 

for first reaction shows maximum for Nickel - Cobalt where 

fluctuating type of trend is observed for second reaction. 

The limiting temperature (zero heating rate) shows higher 

value of 595K for sample containing 49.1 at% Cobalt. 
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Applying Kissinger's non-isothermal method the 

activation energy of first and second reaction are calculated 

with an accuracy of better than. 5.3 % . Where the activation 

energy for the reaction under the first peak (TpI) is found to 

maximize at 49.1 at% Cobalt, that of second peak attains 

. maximum at a nearly equal Cobalt and Nickel composition. 

These results show that addition of Cobalt in equal proportion 

of that of Nickel enhances the stability of the films and 

phosphorous diffusion will be the slowest step in these 

reactions. 

The values of 'n' indicates that the reaction under 

first peak (TPI)  taking place on pre-existing nuclei where the 

second one is eutectic type of transformation.. 



TABLE 4.1 THE CHARACTERISTIC PARAMETERS OF 

TRANSFORMATION PROCESS FOR AMO- 

-RPHOU S Ni - Co - P F fL MS . 

SAMPLE 
COMPOSITION 

Tip /  
K 

A. Hi 
h/g 

I'D!! 
K 

A Hu 
31g 

Ni55.5 CO29 P15.5 ( A) 578 103.84 713 788.72 

Ni39.0 	C046.0P15.0 (B) 586 182.69 673 763.94 

Ni35.6 	Coal P75.3(C) 613 173.62 733 785.32 

Ni 27.0 Co 58.0P15.0 (D) 598 128.09 678 728.81 

Ni 15.3 	CO 70.0P14.7 ( E) 598 128.31 713 823.1 

THE VALUES Tp AND AH ARE FOR 20 K mir71  

HEATING RATE . 



TABLE 4.2 THE VALUES OF KINETIC PARAMETERS n,E 
AND E/RT FOR DIFFERENT Ni—Co—P ALLOYS. 

SAMPLE 
COMPOSITION 

0.6<n<0.8 1.1<n <1.4 

EI • 
KT moll  

Ev 
/RT 

E11 
KT mol

l 
En/ 

/RT 

Ni55.5  CO 29.0P15.5  (A) 112.50 20 112.2 17 

N139.0 C046.0 P15.0 (B) 171.0 34 177.0 30 

Ni35.6 C049.1 P15.3 (C) 189.7 36 154 24 

Nino  CO 58.0P15.0 (0) 147.0 29 142.0 25 

Ni15.3  C-070.0P14.7 (E) 135.0 21 130.37 20 



TABLE —4.3 VALUES OF ACTIVATION ENERGY FOR BINARY 
Ni —P AND Co—P 

BINARY 
COMPOSIT— 

—ION 

METHOD 
OF PRE— 
PARATION 

ACTIVATION 
ENERGY 
K T mol-1  

REFERENCE 

Ni85— P15 ELECTR— 220,227 MEISEL AND COTE(1983) 
—OLESS 

Nie4P16 183.3 CLEMENTS AND CANTOR 
(1976) 

Ni83P17 17 192.9 » 

Ni82P16 154.4 1) 

Ni84.2P1s.s 

C088 P12 

), 

ELECT- 

102.33 OUR GROUP 

-RODEP- 
-OSITED 231.56 SONNBERGER AND 

DIETZ (1985) 

C076 P24 77 192.97 17 

CO 85.8 P14.2 • ELECT—  
—ROLESS' 132.74 OUR GROUP 
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CHAPTERS 

ELECTRON MICROSCOPY AND X-RAY DIFFRACTION STUDIES 

ON AMORPHOUS Ni-Co-P DURING ANNEALING 

The calorimetric studies have indicated that some phases 

have formed or transformed during crystallization of ternary 

TM-M systems. In order to have a qualitative idea of the 

related microstructural changes a detailed study of the 

ternary Ni-Co-P system using electron microscopy and X-ray 

diffraction techniques was carried out. 

In this chapter the results of phase identification, 

using SAD mode in TEM and X-ray diffraction of the bulk 

'as-deposited' and annealed amorphous electroless Ni-Co-P 

films are presented in order to get an integrated information 

on the micromechanisms of crystallization process in these 

alloys. 

In the present work the sample temperature was monitored 

throughout the study on the heating stage of the microscope 

where annealed thick deposits were subjected to X-ray 

diffraction and phases obtained were indexed. 	The details of 

the techniques used have already been diScussed in Chapter 3. 

5.1 RESULTS: TEM AND XRD STUDIES ON 'AS-DEPOSITED' ALLOYS 

The electroless Ni-Co-P films with. different TM content 

have been deposited with the bath conditions described in 3.1. 
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The thin deposits and bulk samples are examined under electron 

microscope and X-ray diffractometer without any pre-treatment. 

The 'as-deposited' films were investigated under SAD 

mode of TEM at ambient temperature and show a diffuse ring 

throughout the sample region scanned which is characteristic 

of amorphous nature. A typical SAD pattern for sample B with 

Cobalt content of 46 at% is shown in Fig. 5.1(a). 

Thick samples obtained from same bath for each 

composition were subjected to X-ray diffraction analysis and a 

broad peak with scattering vector Q = (431 sine)/ X = 3.1 A0-1  

is observed. 

The d-value corresponding to the diffuse ring in TEM and 

broad peak in XRD maches with the interplanar spacing of 

(0002) and (111) plane of h.c.p. Cobalt (0C-Cobalt) and f.c.c. 

Nickel. Fig. 5.1(b) shows the XRD for the 'as-deposited' 

sample containing 46 at% Cobalt. 	The values of width at half 

maximum 11(29) are found to be about 5.5-6.5° for the Ni-Co-P 

samples where no other maxima is obsered. 

5.2 RESULTS: PHASE IDENTIFICATION IN ANNEALED SAMPLES 

In order to investigate the nature of changes taking 

place corresponding to each peak in DSC, samples were heated 

to the relevant temperature ranges where considerable reaction 

takes place and the phases so formed were indexed using SAD 

under TEM and XRD. 



5.2.1 TEM Studies 

When 'as-deposited' samples are heated to a temperature 

of 553 K, the temperature region in which a small peak was 

observed in DSC prior to the first major exothermic peak, in 

the heating holder of TEM with 20 + 3 K/min heating rate and 

viewed from SAD mode, all the films show no apparent changes 

in microstructures. The nature of the diffuse ring and 

corresponding plane spacing is same as that in 'as-deposited' 

samples and no indication of phase transformation has been 

observed. 

To probe further the samples, are heated to 628 K, the 

region of the start of the first major exothermic peak in DSC, 

and kept for 30 minutes. SAD mode shows separation of some 

crystalline phases beginning at about 573 K. A typical 

appearance of this starting stage and transmission electron 

micrographs are shown in Fig. 5.2 (a) & (b) for the sample 

containing 46 at% Cobalt. 	The presence of the diffuse ring 

indicates that although some crystalline precipitate has 

separated but the matrix is still amorphous. 	The separated 

phases are indexed and it is mainly h.c.p. Cobalt (a-Cobalt) 

and f.c.c.Nickel for the samples of different composition. In 

case of samples with 49.1, 58 and 70 at% Cobalt (i.e. sample 

C, D and E), cc-Cobalt is common phase. 

55 

The typical appearance of oc-Cobalt which is common phase 

for Ni27.0 Co58.0 P15.0 sample is shown in Fig. 5.3(a). 	
It is 
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observed that the first spots are coinciding over the diffuse 

ring in most of the regions when these initial phase separates 

out of amorphous matrix. 

The sample B with 46 at% Cobalt showing the metastable 

phases of tetragonal Ni12P5  in 0G-Cobalt microcrystalline 

matrix, Fig. 5.3(b), where the few region of only 

microcrystalline CC-Cobalt is found in case of sample E 

containing 70 at% Cobalt (Fig. 5.3(c)). 

The samples of different composition is heated further 

to 823 K i.e. beyond the last peak in DSC and kept for 30 

minutes and different regions of each thin samples are 

scanned throughly under TEM with SAD mode. 

Sample A having a composition of 55.5 at% Nickel shows 

that complete crystallization takes place and beside the 

phases observed earlier the new crystalline phases are 

forming. The twinned orthorhombic Co2P phase and metastable 

Ni12P5 are observed as it is revealed from Fig. 5.4(a& b) and 

the most of the regions showing the equilibrium Ni3P, 

Fig. 5.4(c). The phases like Ni12P5  and Ni3P are observed for 

binary electroless Ni-P system too (Agarwala and Ray, 1989). 

In case of Ni
39.0

Co
46.0

P
15.0 sample, amorphous matrix 

crystallize through large number of phases as shown in Fig.5.5. 

The common phases are found to be non-equilibrium strained 

cubic Ni7P3  and equilibrium tetragonal Ni3P, Fig.5.5 (a) & (b). 

Other phases as it is shown in Fig. 5.5 (c),(d) & (e) are 
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non-equilibrium cubic CoP4, Ni12P5 and stable Co2P phases. 

The sample having the composition near to B, that is 

sample C with 49.1 at% Cobalt also crystallizes through the 

formation of same phases as shown in Fig. 5.6 . 

The non-equilibrium Cobalt phosphides are twinned CoP
2 

and CoP4  (Fig. 5.6 (a) & (b)) where strained hexagonal Ni5P4  

and cubic Ni7P3 in f.c.c. Nickel matrix are observed from 

different regions of the sample (Fig. 5.6 (c) & (d)). 	The 

expected equilibrium phases of Ni3P and Co2P are also observed 

which are common phase in that sample, the SAD pattern of such 

a regions are shown in Fig. 5.6 (e) & (f) . 

When samples of 58 at% Cobalt, i.e. sample D, is heated 

to 823 K for 30 minutes there are regions found to contain 

CoP4 (Fig. 5.7 (a)). 	The Ni3P and Co2P + CC-Cobalt is found 

from other regions and shown in Fig. 5.7 (b) & (c). 	To 

investigate the effect of transition metal percentage on 

matrix crystallization, the annealing process is repeated for 

the sample E with the highest of Cobalt percentage (70 at%). 

Some new polycrystalline CC-Cobalt precipitates appeared 

(Fig.5.8 (a)), where most of the samples annealed are showing 

Co2P + CC-Cobalt and cC-Cobalt SAD patterns as are shown in 

Fig.5.8(b)& (c). 

5.2.2 XRD Studies 

The thick films of amorphous electroless Ni-Co-P were 
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annealed in DSC with 20 K/min upto a temperature where the a 

reaction takes place as shown by the exothermic peaks and then 

examined by X-ray diffraction analysis. 	No sharp peak 

characteristic of crystalline phase has been observed when 

samples are heated upto 553K. 

The bulk samples are then heated to 628K, cooled to room 

temperature and subjected to X-ray diffractometer. 	Three  

small crystalline peaks superimposed over a broad maxima have 

been observed for all the samples but the intensity of each 

peak is different for different samples. 	These peaks are 

indexed and found that they are corresponding to the Nickel 

(111) and CC-Cobalt (0111, 0002, 0110). The intensity is 

measured in arbitrary units from the base line for each peak 

and are shown in Fig. 5.9 (I) and (II). As can be seen that 

intensity of Nickel (111) peak is more compared to the rest of 

the peaks for sample A containing 55.5 at% Nickel, where as in 

rest of the samples c-Cobalt (0111) and (0110) planes are 

showing relatively higher intensities. 

For the samples heated to 823 K and cooled to room 

temperature many peaks can be observed. Because of the 

complexity of the pattern it was not possible to identify the 

phases present unambigously, although an attempt was made to 

identify them with calculation of interplaner d-spacing for 

each peak and comparing with the data (Table 2.2) for the most 

likely phases of Nickel and Cobalt phosphides. 
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In case of Ni55.5Co29.0P15.5 sample the new phases 

present are Ni
3
P and Co

2
P where some lower intensity peaks of 

OC-Cobalt and Nickel are appearing for the first time which 

indicates the growth of these crystallites. The peaks 

correspond to Ni12P5  is not found as it is observed in TEM. 

For sample B, i.e. 46 at% Cobalt, new crystalline phases 

identified as Ni7P3, Ni
3
P and Co

2
P. 	The metastable 

Ni7P3 
was 

observed by TEM but the CoP4  and Ni12P5  phases were not 

present in XRD for the said sample. 	There was a slide 

increase in peak length for a-Cobalt (0111) plane as 

comparing to that of phase separation case. 

The amorphous sample Ni„ Co49.1 15.3 which is showing 

large number of stable and metastable phases in TEM are 

investigated under XRD. 	The only phases observed during the 
• 

complete crystallization, beside the previous 	a-Cobalt and 

Nickel, were the Co2P, Ni3P and CoP4 and no other phases could 

be identified (Fig. 5.10(1)). 	When the annealed D samples are 

examined by XRD, the Co2P and Ni3P new phases are dominant and 

the peak corresponding to CoP4  which are identified in thin 

samples under TEM, are not observed here in Fig.. 5.10(II). For 

high Cobalt ternary system, Ni15.3Co70.01)14.7' many new peaks 

of CC-Cobalt and Co
2
P are observed where there is no 

indication of any Ni3P peaks. 	Further, Nickel present in 

as-deposited' sample is precipitated out on annealing and the 

remaining amorphous matrix is poor in Nickel. 
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5.3 DISCUSSION 

When thin films as well as bulk samples of different 

transition metal contents were annealed at various 

temperatures, the 'as-deposited' sa►mrples underwent definite 

structural changes and various phases present after annealing 

treatments are systematically listed in Table 5.1. The mark 

(*) on different phases tabulated indicate that these phases 

are seen in many regions of the same specimen under SAD mode 

of TEM and therefore called a common phase. Number of phases 

are found to be present in thin samples which are not present 

in their bulk state. This may be because of closed surfaces 

and effect of surface crystallization in thin samples and an 

indication that surfaces in thin samples 'have a strong 

influence on path of crystallization. 	For example, in 

amorphous Fe40Ni4020  the increase in Nickel concentration 

near the surfaces increases the crystallization temperature of 

the sample (Koster and Herold, 1981). 	The crystallization 

behaviour changes drastically in thin foils because of rise of 

the free energy due to the surface energy term. 	For example, 

on thinned 
Fe80B20 foil, in situ annealing in a hot stage of 

electron microscope the primary crystallization of M-Fe 

followed by eutectic or polymorphous is observed where in 

ribbons annealed in the bulk state one observes only eutectic 

cc-Fe+ Fe
3B transformation. 

The compositional inhomogenities which is result of 

electroless preparation favour the formation of number of 
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phases in our samples locally depending on the composition of 

the regions under study in TEM. 

As it is observed in careful TEM study and reveals from 

our results, the h.c.p. Cobalt and f.c.c. Nickel separates out 

from Cobalt and Nickel rich regions which are softer to 

crystallize. In matrix crystallization reaction, the new 

crystals nucleate randomly in locally different composition 

parts of the amorphous phase and grow until impinge and 

consume all the matrix. 

No indication of which crystalline phase appears 

preferentially near the boundary between the 'amorphous-phase 

separation' and 'phase separation-matrix Crystallization' 

could be obtained by electron microscopy observations. 

The crystallization behaviour of electroless Ni-Co-P 

films can be tentatively divided into two broad categories: I) 

the amorphous alloys having the composition near to that of 

binary systems of Ni-P and Co-P like Ni55.5Co29.0P15.5  (sample 

A) and Ni
15.3

Co
70.0

P
14.7 (sample E), show the final matrix 

crystallization transformation as consisting of equilibrium 

phases, II) the amorphous alloys having the intermediate 

composition, i.e. approximately equal transition metal 

concentration going to the many non-equilibrium (Ni12
P5, 

Ni7P3, Ni5P4, CoP2, CoP4) and equilibrium (Co2P, Ni3P) phases 

at about 823 K. The compositional dependence of 

crystallization behaviour for binary Ni-P and Co-P are 

reviewed in details in Chapter 2. 
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The crystallization behaviour of other multicomponent 

systems are studied by various workers, in case of, Fe-B-Si-C 

using XRD it is observed.  that crystallization transformation 

goes through two steps; a) primary crystallization of a-Fe 

and b)formation of stable, metastable phases like Fe2(B,C,Si)- 

Fe3(B,C,Si) or (Fe,Si)2 (B,C) - (Fe,Si)3 (B,C) (Fouquet et 

al, 1985). 

	

	In case of ternary Ni7014Si13  (Pilz and Ryder, 

B x 
 (Fogarassy et al, 1985) it is shown 1985) and Ni81.5P18.5-x  

that the crystallization path depends to the metalloid 

content. 

For multi-transition metal system like Ni-Cr-Co-Ta-B 

(Geoffroy et al, 1983) the crystallization process is complex 

and the final crystalline product depends to the both 

transition metal and metalloid composition. 

The studies reported so far as it is briefly noted above 

for some systems are supporting our results and the fact that, 

more the elements in amorphous system, more complex is the 

crystallization behaviour. 

In chapter 4, while discussing the stability of 

amorphous Ni-Co-P we have seen that kinetic of crystallization 

parameter like activation energy are higher in value for 

intermediate compositions. 	Further that, there are two 

exothermic reaction peaks identified with the process of 

crystallization. 	The phase identification by TEM and XRD in 

this chapter clearly confirms that the first reaction 
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constitutes of separation of primary phases like Nickel and 

ct -Cobalt. 	The room temperature stable form of Cobalt has 

hexagonal structure which is also the structure of room 

temperature primary phase of Cobalt in Co-P system. 	At 

elevated temperature f.c.c. primary phase exists in the phase 

diagram and this transforms to h.c.p. Cobalt when it is cooled 

(Masui et al, 1985). 	The primary phases of f.c.c. Nickel 

and h.c.p. Cobalt are separating out from ternary Ni-Co-P as 

it would happen in a mechanical mixture of Ni-P and Co-P 

binary amorphous films. The second reaction in 

crystallization corresponds to compound formation (probably as 

a part of eutectic type of reaction) as it has been observed 

in binary amorphous metal-metalloid alloys. 	The interesting 

effect of ternary addition is appearance of metastable 

compounds like Ni7P3 or CoP4 in Nickel or Cobalt rich 

compositions respectively around Nickel - Cobalt ratio of 

50:50. Near binary ends of the composition these metastable 

phosphides are not observed. 

From our structural analysis it appears that the 

starting compositions that results in formation of many non-

equilibrium phases in case of amorphous electroless Ni-Co-P 

are more stable and resistant to crystallization. 	A summary 

of the composition ranges over which different phases are 

forming is given in Fig. 5.11. 

5.4 SUMMARY 

The structural study of the electroless amorphous 
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Ni-Co-P of different transition metal composition with 

phosphorous of about 15 at% has been carried out using an 

transmission electron microscope and X-ray diffraction in the 

'as-deposited' state and after annealing at 628K and 823K. 

The 'as-deposited' state of thin deposits and bulk 

samples are examined under SAD mode of TEM and XRD show a 

diffuse ring and a broad peak with interplaner spacing 

matching with the (0002) and (111) planes of h.c.p. Cobalt and 

f.c.c. Nickel. 	The samples heated to 628 K, the region of 

first peak (TpI) in DSC, shows separation of h.c.p. Cobalt 

(0111, 0002, 0110) and f.c.c.' Nickel (111). 	For the samples 

heated to 823 K, the second peak (TpII) region of DSC, the 

crystallization of matrix takes place through appearance of 

many metastable and stable phases. 

The crystallization annealing behaviour can be 

tentatively divided into two broad categories: 1) The alloys 

having the composition near to that of binary systems show the 

final matrix crystallization transformation as consisting of 

equilibrium phases, II) The alloys having the intermediate 

composition transform to the many non-equilibrium and 

equilibrium phases. 

Our structural investigations indicate that, more the 

elements in amorphous alloys, makes the crystallization 

transformation more complex and the starting compositions that 

results in formation of many non-equilibrium phases are more 

stable and resistant to crystallization. 



TABLE 5.1 THE PHASES OBSERVED DURING ANNEALING 
OF AMORPHOUS Ni -Co -P. 

SAMPLE 
COMPOSITI- 
-ON (AT 0/s) 

ANNEALED TO 628K ANNEALED TO 823K 
. 

XRD TEM XRD TEM 

Nis5.5 
Como 
P15.5 

Ni 
OZ-Co 

Ni (*) 
a-Co 

Ni,CC-Co 
Ni3P 
Co2P 

Ni,OC -Co 
Co 2 P 
Ni3 P (b') 
N112P5 

N i30 
Co46 
1315 

Ni 
CC-'CO 

Ni 
Ni12P5 In 
CC-Co matrix 

CC-Co 
Ni 
CO2 P 
Ni 7  P 3  

Ni,OC-Co 
Ni 7 P3 (*) 
CoP4 in Ni3P 

MATRIX 
Ni3P (+ ) Ni12 P5 
CO2 P 

Ni35.6 
Co4ci  
P15.3 

Ni 
II- CO 

Ni 
CC--Co(4) 

Ni)CC-Co 
Co2 P 
Ni3P  
CO P4 

Ni,CC-Co 
CO Pi. (*) 
Ni, P3 
Co2P 	(24 
Ni3P 	(,,) 
Nis P4 
CoP2 

N i 27 
C058  
Pis 

Ni 
CC- CO 

Ni 
0C- CO (4) 

Ni)a-Co 
CO2 P 
Ni3P 

Ni, 0C-- CO 
CoP 
Ni 	

I. 
3P 

Co2 P 	(4 ) 

Cin  .3  
0 70.0  

P14.7 

0C-- CO 
Ni 

- 

CC"' CO* 
Ni 

Ni j  0C-CO 
Co2 P 

Ni,0:-Co 
Co2P (*) 

(*) STANDS FOR COMMON PHASE IN THAT COMPOSITION . 
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FIG.5.1 (a) SAD PATTERN OF 'AS—DEPOSITED' Ni39.0 Co46.or15.o 
(SAMPLE B) 

(b) X—RAY DIFFRACTION PATTERN OF 'AS—DEPOSITED' 
NI39.0Co46.0P15,0( SAMPLE 8) 
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(a) 

(b) 

FIG. 5.2 INITIATION OF PHASE SEPARATION IN N;39.00046.0P15.0 
(SAMPLE B) AT 573 K 

(0) SAD PATTERN 
(b) TRANSMISSION ELECTRON MICROGRAPH (X 21000) 



(a) 
	

(b) 

(c) 

FIG.5.3 SAD PATTERNS OF THE SAMPLES ANNEALED AT 628 K 
SHOWING (a) OC— COBALT FOR NinoCose.oP1s.o,(b)Nii2Ps IN 
CC—COBALT MICROCRYSTALLINE MATRIX FOR NI.39.oCo46.oPis,o 
AND (c)MICROCRYSTALLINE CC—COBALT FOR Ni15.3C070.0P14.7. 
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Cc) 

FIG. 5.4 SAD PATTERNS OF THE Ni555CO29.01315.5  (SAMPLE A) 
ANNEALED AT 823 K, (a) TWINNED Cc:1Mb) NhzPs 
AND (c) Ni3 P 



( d) 

(¢) 

FIG.5.5 SAD PATTERNS OF THE Ni39,oCo46.o P15.0 (SAMPLE B)ANNE-
-ALED AT 823 K (Q) STRAINED NI7 P3 , (b) Ni3 P, (c)Co P4 IN 
Ni3 P MATRIX (d) Nei2Ps) (e) Co2P 
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(e) 	 (f ) 
FIG. 5.6 SAD PATTERNS OF THE Ni35.6Co 49,1P15.3(SAMPLE C) ANNEALED 

AT 823 K, (a) TWINNED Coe P, (b) Co P4, (c)5TRAINED Nis 134, (d) 
Ni? P3 IN NICKEL MATRIX )(e) CO2 P *CC —COBALT AND (f)Ni3P..  
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(a) (b) 

(c) 

FIG. 5.7 SAD PATTERNS OF THE Ni270C055.0P15.0(SAMPLE 0) 
ANNEALED AT 823 K, (a) Co P4, (b) Ni3P AND ( 
CO2 P +O;-COBALT. 
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(c) 

FIG. 5.8 SAD PATTERNS OF THE Ni15.3C07o.oP142(SAMPLE E ) 
ANNEALED AT 823 K, (a) POLYCRYSTALLINE CC--
COBALT, (b) Coe P +a—COBALT AND (c) CC— COBALT. 
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(c)  

1.5 2.5 3 
d( A ) 

FIG. 5.9 (I) X- RAY DIFFRACTION PATTERNS OF THE SAMPLES, 
(a) Ni55.5CO29.0P15.5 ,(b) Ni39 C046 P15 AND (c)Ni35.6Co49.0313 .0  
ANNEALED AT 628 K • 
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FIG. 5.9 (II) X RAY DIFFRACTION PATTER NS OF THE SAMPLES, 
(a) NinoCase.oPis.o  AND (b) N115,3 C070.0 P14.7 ANNEALED AT 
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CHAPTER6 

ANNEALING BEHAVIOUR OF THE MAGNETIZATION AND ELECTRICAL 

RESISTIVITY OF AMORPHOUS ELECTROLESS Ni -Co -P 

This chapter contains results of investigations on the 

magnetic and electrical resistivity behaviour of the 

electroless deposited amorphoug Ni-Co-P system over the 

composition range of Nickel 15-56 at%, Cobalt 29-70 at% with 

about 15 at% phosphorous. The magnetic moment, their 

compositional dependence for the amorphous 'as-deposited' 

phase, and their change on annealing for these alloys are 

investigated and discussed. 	The results of compositional and 

temperature dependence of electrical resistivity' are also 

. presented and compared with similar ternary systems. 

6.1 RESULTS: MAGNETIZATION STUDIES 

Increasing evidence indicates that amorphous structures 

vary considerably with composition and it is to be expected 

that structure sensitive magnetic properties, their magnitudes 

and rate of change should be susceptible to variations in 

composition and thermal treatment. 

In this section the results of the magnetic moment 

measurements on amorphous electroless deposited ternary 

Ni-Co-P films are presented. 	Magnetic moment measurements 

are carried out, as detailed in chapter 3, using Forner type 

Vibrating Sample Magnetometer (VSM) for the 'as-deposited' and 
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the annealed samples in the temperature range of 300 K to 

850 K. The review of the magnetic behaviour of amorphous 

Ni-Co-P and related systems are discussed in 2.5. 

6.1.1 Magnetization of the 'as-deposited' samples 

Table 6.1 presents the measured values of magnetic 

moment for Ni-Co-P samples and the same data of variation of 

magnetic moment with composition is Shown in Fig.6.1. The 

experimental values of Ni-Co-P system reported by O'Handley 

(1977) has been 	shown in the same figure for comparasion. 

Our magnetic moment result are lower than that of prepared by 

melt quenching and do not show that good a linearity. Similar 

attempt is made to study the change in magnetic moment of 

binary electroless deposited Ni-P (Tyagi 1986, Simpson and 

Brambley 1972) and Co-P (Simpson and Brambley 1971) alloys. 

However, large number of research works are reported for these 

binary Ni-P and Co-P systems prepared by other techniques (Pan 

and Turbull 1974, Huller et al 1985, Cargill and Cochrane 

1974) and the magnetic moment of 'as-deposited' samples 

decreases with increasing phosphorous content. The magnetic 

moments approach zero at phosphorous concentration of 20 at% 

in Ni-P alloys and 35 at% for Co-P alloys. 

Studies of variation of magnetic moment for ternary 

TM-td systems carried out by Simpson and Clements (1975) for 

Co-Ni-P and Fe-Co-Ni-P have shown that average magnetic moment 

per atom increases by decreasing the number of 3d and 4s 

electrons contributed by the transition metal atoms. 
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Based on rigid band model, Yamauchi and Mizoguchi 

(1975) proposed that the magnetic moment 'cr° of an amorphous 

binary alloy having the composition Mi_xGx  is given by, 

m(1-x) - ntx 
e -  

	

	(6.1) 
(1-x) 

Where M represents.3d transition metal and G the metalloid 

element, nt 
is the average number of electrons transferred 

from metalloid atom to fill the m holes of the transition 

metal. The m values which is original number of unpaired 

spins, are 0.6 and 1.6 for Nickel and Cobalt respectively. 

Taking into account the change in individual moment varying 

withcompositioni.e.,m=m
N1
(1- cc) 	mCo' where cc is the 

fraction Cobalt replacing Nickel. 

The magnetic moments have been calculated for 

'as-deposited' amorphous Ni-Co-P using above formulas. The 

experimentally observed, and calculated values for nt  = 4.5 

for our ternary system is shown in Fig. 6.1. 

Assuming a number of electrons transferred from 

metalloid to be 4.5 (nt 
= 4.5) a reasonably good agreement is 

found between the magnetic moments calculated for ternary 

Ni-Co-P amorphous alloys following equation 6.1 and the 

experimentally observed values. However, there appears to be 

a discontinuous change in the values of nt  when one moves in 

composition from Nickel majority to Cobalt majority side. 

Assuming that the rigid band model is valid, the values 
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of nt = 3 for amorphous Ni-P (Yamauchi and Mizoguchi, 1975) 

and nt = 5 for amorphous Co-P (Simpson and Brambley 1971, Pan 

and Turnbull 1974) are reported for binary TM-M systems and 

the average value of nt  = 4.5 in ternary Ni-Co-P appears quite 

reasonable. 

In case of multicomponent TM-M system these values for 

number of electron transferred from phosphorous are found to be 

2.4 for Fe-Ni-B-P and Fe-Co-B-P and 3.0 for (Fe, Co, Ni)-B-P. 

One should note that-there are large variations in the values 

of number of electrons transferred depending on various 

Metalloid (P,B,Si,C) and Transition Metal constituents 

participating. 

6.1.2 Magnetization of the alloys during annealing 

The Ni-Co-P electroless deposits were heated under 

vacuum from room temperature to 850 K. The variation of the 

magnetic moment of different amorphous alloys while sample is 

heated gradually (2.0+0.5 K/min) are described here. 

Fig. 6.2(a) and.(b) showing the variation of magnetic 

moment with annealing temperature for sample A with 29 at% 

Cobalt and the sample B having 46 at% Cobalt. Both the 

samples show an initial decrease in magnetic moment with 

increase in temperature upto about 560 K. 	But further 

heating of sample A results in an increase in magnetic 

moment which have a peak value of 20 emu/g at about 710K and 
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finally decreases with temperature as shown in Fig. 6.2(a). 

The magnetic moment increases in two stages at a rapid rate 

and then at a relatively slower rate. However, the sample B 

shows a larger increase in magnetic moment during its first 

stage and then the increase in magnetic moment is relatively 

slow with increase in temperature. 

The annealing behaviour of magnetic moment for the 

samples having 49.1 and 58 at% Cobalt i .e. Sample C and D are 

shown in Fig. 6.3(a) and (b), where in both the cases two 

maxima in magnetization are observed. Sample C (Ni35.6Co49.1P15.3) 

shows the increase of magnetic moment from 5 emu/g to 27 emu/g 

between 560-615 K temperature intervals with second maxima at 

about 830K. 	The sample having 8.9 at% Cobalt more than the 

sample C i.e. sample D (Ni Co P ) shows the 
27.0 58.0 15.0. 

occurrence of second peak at about 800K. 

The sample E with Cobalt content of 70 at% shows the 

initial decrease upto 560 K which is similar to other samples. 

Further heating causes an increase in magnetic moment by about 

19 emu/g from 560 to 605 K as shown in Fig.6.4. The second 

maxima occurs at about 760 K which is lower than of that 

observed for samploe C and D. 

For the comparision purpose in Fig. 6.5(a) and (b) we 

also shown the typical changes in magnetization in Ni
84.2P15.8 

and Co
85.8P14.2 electroless alloys. The temperature 

dependence of magnetization for binary microcrystalline and 
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amorphous Ni-P (Tyagi et al, 1989) and amorphous Co-P (Pan and 

Turnbul1,1974) have been extensively studied and show 

different trends for different phosphorous concentration. 

6.1.3 Discussion 

The magnetization in 'as-deposited' electroless Ni-Co-P 
system shows, the specimens with low cobalt concentration 

display rather weak ferromagnetism. The experimental results 

obtained in this study have consistently lower values as 

compared to that of O'Handley (1977) and the reason may be the 

difference in preparation and experimental conditions 

resulting in difference in structural state of the sample. 

In Ni-Co-P and in general for amorphous allbys, though 

they are poor conductors, yet their 3d electrons are itinerant 

as in a crystalline transition metal alloys. 	The best fit 

for the number of electrons transferred from metalloid to TM 

atoms in rigid band model 'n
t 
	

in case of amorphous 

electroless Ni-Co-P. is 4.5 which is intermediate between that 

of binary Ni-P (nt  = 3) and Co-P .(nt  = 5) amorphous systems. 

This shows that the Cobalt atoms having larger number of 

unpaired spins invites larger number of electrons from 

metalloid atom to its 3d band as compared to Nickel. The 

results also indicate that rigid band model describe the 

magnetic behaviour of this ternary system reasonably well. 

However, the detailed nonlinear change in magnetic behaviour 

particularly when composition shifts from Nickel rich to 
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Cobalt rich side may call for more accurate description of 

electrons in this system. 	This could be a reflection of 

extra stability as seen in DSC data for the composition having 

almost equal Nickel-Cobalt ratio (i.e. sample B & C). 

The samples heated with heating rate of 2.0 + 0.5 K/min 

show different behaviour which depends on their initial 

compositions. 	The temperature range over which these changes 

take place and the rate of change of magnetization depend upon 

the rate of heating. Thus, annealing behaviour of magnetic 

moment reveals certain crystallization characteristics. 

The initial increase in magnetization at about 560 K 

for all the amorphous electroless Ni-Co-P is due to separation 

of h.c.p. Cobalt and f.c. . Nickel magnetic phases as 

indicated by electron microscopy and X-ray diffraction 

studies. The temperature range over which first increase in 

magnetization is observed corresponds to the first exothermic 

peak of DSC as shown in Fig. 4.1 of Chapter 4. 

In the specimen containing 29 at% Cobalt, i.e. sample 

A, the rate of increase in magnetization reduces at around 625K 

indicating the onset of crystallization of the remaining 

amorphous phase. If this change would have been purely 

polymorphous to Ni3P or Co2P the magnetization should have 

reduced. The increase in magnetization clearly indicates 

transformation to some magnetic phase apart from Ni3P and 

Co2
P. The evidence of TEM indicates that this phase could 

only be primary phase of Nickel or cc-Cobalt. Thus, it 
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appears that the mode of transformation of the remaining 

amorphous phase is eutectic. 

Figures 6.2(b) and 6.3(c) indicate that after 

separation of primary phases, crystallization of the remaining 

amorphous phase causes a lower rate of change in magnetization 

upto 850K. 

The similar transformation in Co-P samples shown in 

Fig. 6.5(b) has a similar flat type of region in magnetization 

temperature curve. The increase in Cobalt content and 

corresponding lowering of Nickel can explain the difference in 

nature of variation in magnetization as shown in Fig. 6.2(a) 

and (b). However, there appears a third stage of increase in 

magnetization marked by a different rate in sample C,D,E 

having a cobalt content of 49.1 at% or higher. In this 

samples the crystallization of the matrix amorphous phase 

after separation of primary phases, do not result in 

equilibrium phases directly and thus, these compositions have 

a three stage crystallization process. 

The evidence that the temperatures corresponding to 

different stages of crystallization are much less for Ni-P and 

Co-P as compared to those for Ni-Co-P amorphous samples 

supports the general observation that addition of ternary 

elements in binary Ni-P or Co-P system enhances the stability 

of the amorphous state. 



6.2 RESULTS: ELECTRICAL RESISTIVITY STUDIES 

In 	this 	section 	electrical 	resistivity 	of 

'as-deposited' samples have been characterized and the 

progress in crystallization of amorphus Ni-Co-P samples has 

been followed by monitoring the resistivity changes which show 

descret discontinuities. 

The results of composition and temperature dependence 

of electrical resistivity are presented in sections 6.2.1 and 

6.2.2. 

6.2.1 Electrical resistivity of 'as-deposited' samples 

This section presents the results of electrical 

resistivity measurements using d.c. four probe method on 

electroless amorphous Ni-Co-P ternary system of different 

composition at room temperature. The measurements at 

temperature higher than 300 K which related to the amorphous-

to-crystalline phase transformations are described in section 

6.2.2. 	The details of measurement have already been covered 

in Chapter 3. 

The values of resistivity and the TCR at about 300 K 

for different samples are shown in Table 6.2. The variation 

of these values with composition is illustrated in Fig. 6.6 

alongwith the corresponding electrical resistivity values for 

binary Ni-P and Co-P prepared for the sake of comparision. 

73 
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As can be seen from Fig. 6.6 the electrical resistivity 

increases with increase in Cobalt composition for sample A 

(Ni
55.5

Co
29.0

P
15.5

) 	to 	B(Ni
39.0

Co
46.0

P
15.0

). 	Further, 

addition of Cobalt does not change the resistivity of 

'as-deposited' films significantly for the samples with 49.1, 

58.0 and 70.0 at% Cobalt (i.e. sample C, D and E). The 

electrical resistivity of Ni-P prepared by electroless method 

is comparatively low because 'as-deposited' state is a mixture 

of amorphous and crystalline phases. But the Co-P films 

having 14.2 at% Phosphorous is amorphous and so, has a 

relatively higher resistivity. 

The temperature coefficient of resistivity 

-1' I   ) 

T T=300 4  
is observed to decrease from 

13.06 x 10-5K-1 for Ni55.5Co29.0P15.5 sample to 4.07x10
-5K-1 

for Ni
39.0

Co
46.0

P15.0 
sample and remains almost constnat for 

other compositions. The value of TCR for sample A is near to 

that reported for Ni-P alloys of having a high phosphorous 

content of 20 at% (Tyagi, 1986). However, different values of 

TCR are reported for Ni-P samples prepared by other methods 

(Cote, 1976). 

Although the present data does not extend upto negative 

values of the TCR, and there are no samples with resistivity 

greater than 150 pit cm, one can clearly observe that samples 

with higher resistivity values have lower temperature 

coefficients. 
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6.2.2 Electrical resistivity of the alloys during annealing 

The changes in resistivity of various amorphous 

electroless Ni-Co-P alloys are shown in Figs. 6.7-6.11. 

Beside the difference in value of 'as-deposited' electrical 

resistivity, the different annealing behaviour is also 

observed for different samples when they are heated upto about 

850 K with heating rate of 20 + 3 K/min. There is no major 

change in resistivity upto 553 K however a slight deviation 

from linear behaviour is observed from 450K onwards upto 550K 

(Fig.6.7). A reduction in electrical resistivity is observed 

to occur between 553 K to about 600 K beyond which there is 

large reduction in resistivity upto a temperature of about 

750K. 

In case of samples B and C there are similar drops in 

resistivity as observed in sample A but the different stages 

of drop in resistivity are less distinct as shown in Figs. 6.8 

and 6.9. The variation of electrical resistivity with 

temperature for the samples with high Cobalt percentage as 

shown in Figs. 6.10 and 6.11 for sample D and E, are 

qualitatively similar to that of Fig. 6.7 and the different 

stages of crystallization are quite distinct. 

As it is observed, electrical resistivity increases 

upto 450 K which is mainly because of thermal vibrations. The 

values of TCR related to this extend of increase is shown in 

Fig. 6.6. 	The lowering of electrical resistivity starts at 

473 K and continuous upto about 553 K. This decrease in 
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electrical resistivity values are more pronounced for sample 

A, D and E as comparing to the sample B and Cr. 	This little 

drop in electrical resistivity is observed to coincide with 

the region of small peaks in DSC experiments and can be 

attributed to atomic relaxation prior to crystallization 

process. 

In order to get better idea about this atomic 

relaxation process, the samples are heated upto 533 + 2 K, 

before the sharp decrease in electrical resistivity takes 

place and held at that temperature to study the annealing 

behaviour with respect to time. The typical values for sample 

C and A is shown in Fig. 6.12. The sample B, C, D and E show 

a similar behaviour. In case of sample C, joo = 121.2 p.it cm 

for t = 0, as this annealing time increases, the electrical 

resistivity decreases and saturates to 122.4 	cm at 

t = 200 min with 	iv = -1.2 )11L. cm. 	The similar curve is 

shown for sample A with 	jo = -2.24 pit cm and saturation 

time, t = 300 min. 

6.2.3 Discussion 

Broadly speaking, the results of electrical resistivity 

measurements on electroless amorphous Ni-Co-P alloys in 

'as-deposited' state can be discussed in the light of broad 

features shown by amorphous transition metal-metalloid system. 

The increase in electrical resistivity fromlow Cobalt-to-high 

Cobalt concentration follows the trend of experimental values 

of electrical resistivity of liquid transition metals 
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(Guntherodt and Kunzi, 1978). Due to increased disorder, the 

sample of equal atomic ratio of Nickel and Cobalt show peak in 

electrical resistivity. 

This system is observed to show the expected 

correlation between resistivity 1,13' and temperature 

coefficient of resistivity ' cc' as it was first reported by 

Mooij (1973). This is believed to be a result of electron 

mean free path approaching the inter-atomic distances as the 

disorder cannot reduce the mean free path any further. This 

correlation has been observed for relatively low resistivity 

alkali metals too. Therefore, the plot of f with TCR 

confirms the Mooij observation for electroless amorphous 

Ni-Co-P samples as well. 

Since amorphous alloys are thermodynamically unstable 

spontaneous transformation to stable phases occur at elevated 

temperatures. The drop in resistivity observed at relatively 

low temperatures of about 473 K may be attributed to stress 

relaxations as indicated also by DSC response. The structural 

investigations under TEM and XRD reveal that no phase 

transformation has taken place till about 553 K. However the 

atomic relaxation is not accompanied by any change in electron 

states or their occupation and so magnetization measurements 

do not detect it. 

The major drops in resistivity are closely associated 

with the crystallization process. Sample A, D and E shows 

separation of primary phases of Cobalt and Nickel distinctly 
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from the following stage where the remaining amorphous matrix 

crystallizes. These transformations have resulted into 

clearly distinct two steps in electrical resitivity. However, 

it seems that in case of samples having nearly equal ratios of 

Cobalt and Nickel these two steps corresponding to two stages 

• of crystallization are not distinct. This is may be because 

of formation of metastable crystalline phases as can be seen 

from the annealing studies using TEM and XRD (Chapter 5). 

6.3 ,SUMMARY 

The magnetization and electrical resistivity of 

'as-deposited' and annealed amorphous electroless Ni-Co-P 

samples of different TM compositions have been investigated 

with the help of Vibrating Samples Magnetometer and four probe 

dc setup. 

The rigid band model for the case of nt  = 4.5 describes 

resonably well the magnetic behaviour of ternary Ni-Co-P 

system. The annealing behaviour of magnetic moment reveals 

that the initial increase in magnetization at abOut 560 K is 

due to separation of h.c.p. Cobalt and f.c.c. Nickel as 

indicated by TEM and XRD studies. The crystallization of 

matrix causes a relatively lower rate of change in 

magnetization where the extend of this variation is different 

for compositionally different samples. 

The results of electrical resistivity of 'as-deposited' 

samples show the expected correlation between resistivity ',Jo' 



79 

and TCR ' m ' and confirms the Mooij observation for TM-M 

systems. The minor drop in resistivity at temperatures of 

about 473 K may be attributed to stress relaxations where the 

major drops are closely associated with the crystallization 

process. Samples with 29.0, 58.0 and 70.0 at% Cobalt show the 

separation of primary phases distinct from that of matrix 

crystallization. However, in case of samples having nearly 

equal ratios of Cobalt and Nickel, the two stages of 

crystallization are not distinct. 	This is may be because of 

formation of metastable phases observed during annealing 

studies using TEM and XRD. 



TABLE 6.1 VARIATION OF ROOM TEMFt.HAI _ 
MAGNETIC MOMENT WITH COMPOSITION 
OF AMORPHOUS Ni CO P ALLOYS 

SAMPLE MAGNETIC MOMENT(.1:2%)  
emulg 

N■55.5 COMO P13.5 (A)  3 . 3 3 

Ni3g 	CO 46 	P 15  (B)  10.14 

NI35 .6 	CO 46.1  P 15.3  (C)  13.7 

Ni 27 	C S8 	P18 (0) 37.9 

Ni15.3 Co70.0 P14.7 (E) 49.2 



TABLE - 6.2 ELECTRICAL RESISTIVITY (1) AND THE 
TEMPERATURE COEFFICIENT OF RES-
-ISTIVITY (CC) OF AMORPHOUS ELEC-
-TROLESS Ni -Co --P SYSTEM . 

SAMPLE 
An cm  

at 30 OK 

, 

K--I  
a T /T:300 

10.1  

Ni553 	029.0 P15.5 (A) 114.5 13.06 

Ni39.0 	CO 46.0 P 15 .0 (B) 122.5 4.07 

Ni35,6 049.1 P15.3 (C) 121.2 4.12 

Ni 27.0 	CO 58.0  P 15,0 (0) 120.0 4.16 

Ni 1 s.3  CO 70.0 P 14.7  (E) 120.4 4.15 
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CHAPTER7 

CONCLUSIONS 

This thesis has been an attempt to study an amorphous 

TM-M system. The aspect emphasized is the manner in which 

amorphous structure transforms to the crystalline one with the 

increasing input of thermal energy which open up the 

possibility to move to atomic configurations and equilibrium 

and non-equilibrium phases not accessible earlier. 	The 

experimental probes used for this purpose has been many. In 

particular, we chose a ternary system for the reason that 

enough is already known about binary Ni-P and Co-P system that 

meaningful comparision as well as conclusions will be possible 

about the effect of ternary addition. 

Thus, the present investigation on ternary amorphous 

Ni-Co-P system at a given pseudo-binary composition of Ni-Co-P 

is obviously intended to study the effect of addition of 

another transition element on the TM-M binary system. The 

compositions under investigation do not cover the dilute 

limits of ternary addition but extend over intermediate ranges 

from Ni55.5Co29.0P15.5 to Ni15.3Co 70.0P14.7. 	
There has been 

some variation in phosphorous content from 14.7 to 15.5 at% 

due to our inability to control the composition more closely. 

The films deposited by electroless method for this 

investigation have been fairly uniform due to effective pH 

control and are amorphous. Inspite of some contrary reports 

Ni84.21)15.8 deposited in our laboratory by electroless method 
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has always been in mixed state containing both crystalline and 

amorphous regions. But Co85.8P14.2 has always been 

completely amorphous. 	Thus, the same level of phosphorous 

addition in Cobalt creates more strain in its lattice compared 

to that in Nickel. 	Also, the addition of Cobalt in Nickel 

lattice and Nickel in Cobalt lattice alongwith phosphorous 

should produce additional strain resulting the increase in 

'amorphousness' of the system. 

A ternary addition to a binary. TM-M system will always 

create additional strain in the TM lattice and thus, 

transition metal lattice is expected to become amorphous at a 

lower level of metalloid content in presence of ternary 

addition. 	This may explain amorphous Ni55.5Co29.0P15.5  while 

Ni84.2P15.8 is not completely amorphous. It will be 

interesting to study in future the minimum Cobalt content 

necessary in Ni-Co-P to make it completely amorphous and also 

the variation of this minimum with a change in Phosphorous 

content. 

In order to characterise and understand 'amorphousness' 

an investigation of the thermal stability of the films were 

undertaken. 	The question of thermal stability is also 

important from practical point of view because it decides the 

limits of applicability under thermally active situations. 

The crystallization of an amorphous film requires 

diffusion of constituting atoms and their partitioning into 
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different crystalline phases forming. 	The activation energy 

for the process of crystallization reflects the slowest 

kinetic step involved. In binary Co-P alloys it has been 

conjectured that the activation energy for crystallization is 

similar to that of diffusion of phosphorous. 	To varify the 

validity of this conjecture it is necessary to make diffusion 

measurements in amorphous matrices. If this conjecture is 

true it appears that the same process of diffusion of 

phosphorous remains the solwest step in the crystallization of 

ternary Ni-Co-P amorphous alloys. 	The change in activation 

energy with Cobalt addition may be related with the difficulty 

of diffusion of phosphorous in a matrix alloyed additionally 

with a ternary element. 

Study of mode of crystallization indicate consistently 

that crystallization in the ternary Ni-Ca-P takes- place in two 

distinct steps. 	The first step involves separation of 

primary phases of Nickel and Cobalt containing some amounts of 

the other in solid solution. 	In the second step there is 

formation of phosphides. The changes in magnetization 

accompanying the second step leads us to believe that there is 

also a simultaneous separation of primary phases as: 

Co-P (amorphous) ---+ 	-Co + Co2P 

Ni-P (amorphous) ---4 Ni + Ni3P 

in other words the crystallization takes place by eutectic 

reactions. 
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It is interesting to note that if one cools Ni-P or Co-P 

alloys containing about 15 at% phosphorous there are two 

reactions in sequence; (a) separation of pre-eutectic primary 

phases, and (b) eutectic reaction to a mixture of primary 

phase and phosphide. 	Thus, there is a similarity in the ways 

a metastable liquid transforms and a supercooled glass of the 

same alloy crystallizes. 	There is not much of difference in 

the activation energies of these two distinct steps probably 

because phosphorous diffusion is the slowest kinetic step for 

both the processes. 

The Ni-Co-P alloys of intermediate composition (around 

Nickel: Cobalt atomic ratio of 50:50) there is formation of 

non-equilibrium phosphides along with equilibrium phosphides 

observed under TEM. 	The present study is inclusive about the 

exact mode of formation of non-equilibrium phosphides. 	Do 

these phosphides form through a metastable eutectic reactions 

and then transform to equilibrium phosphides ? 	The answer to 

this question will have to await further investigations. 

The activation energy for crystallization increases in 

Ni-Co-P amorphous alloys with increase in ternary addition 

both from Ni-P or Co-P binary ends. Thus, the stability of 

the film increases with ternary addition to binary films. 

However, the values of shape index 'n' for primary phase 

separation indicate that the first stage of crystallization 

has taken place almost without nucleation. 	Does it mean that 

the films were not completely amorphous and did contain trace 
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amounts of crystalline phases ? 	The present investigation 

can only claim that the films were completely amorphous as 

observed under TEM and XRD. Now, if the films were completely 

amorphous what were the heterogeneous nucleants 	The 

present investigation did not aim to answer this question 

also, However, in the stage of eutectic crystallization the 

separated primary phases could act as nucleant for primary 

phases formed during eutectic crystallization. 

The changes in magnetization with composition in the 

'as-deposited' ternary films show that within the framework of 

rigid band model the metalloid phosphorous atoms are 

transferring on an average 4.5 electrons and this value is 

just intermediate between the numbers of electrons transferred 

from phosphorous atoms to TM atoms in Ni-P and Co-P systems. 

In the present study phosphorous concentration was not changed 

and it is also expected to show ,'a variation in the average 

number of electrons transferred from Metalloid to Transition 

Metal atoms. 	FutUre studies should reveal these trends and 

look into these results in the context of chemical affinities 

of different participating atoms. 

The resistivities of the "as-deposited' Ni-Co-P alloy 

films show the expected trend of having a maximum when Nickel 

and Cobalt are in equal atomic ratios. 	However, the 

Temperature Coefficient of Resistivity (TCR) in these alloys 

have become low but did not attain negative values. 
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The present investigation apart from characterizing 

ternary amorphous Ni-Co-P system, has lead to a systematic 

understanding of crystallization behaviour along a pseudo-

binary line represented by Ni-Co-P. The changes in 

amorphous films as investigated by DSC, TEM, XRD, Magnetiza-

tion and Resistivity techniques have yielded consistent 

results and the understanding provided by these results are 

significant. 
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