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SUMMARY

The presence of a distinct compound in the Pt-Fe-Cu system
at Pt,FeCu composition was hypothesised by Nemilov in 1944,
but t%e compound (Tulameenite) was first identified by Cabri
et al in natural alloys from the platinum placer deposiss

of the Tulameen river in British Columbia.

The present research was initiated to determine the Pt-Fe-Cu
phase diagram in the Pt,FeCu region and thus to determine
the composition range of Tulameenite and its compositional
and structural changes during different thermal treasments
using synthetic material.

Primary investigations have revealed that the compound is
single phase disordered f.c.c. solid-solution above 1178%,
n quenching, it transforms, probably by a marsensitic
rensformation, to an ordered tetragonal structure. Multiple
twinning on {101} habit planes avoids any macroscopic shape
iimnge due to the ordering. The twinned structure is unstable,
woo tnermal treatments produce stress-relief recrystallization
nwoiompanied by deformation twins and grain-boundary fractures
aoo further stress-relief mechanisms.

4 O W

ireenite forms an extensive single phase regicon of solid-
+>ilon continuous with the binary region based on the
npound FePt. At lower temperatures the stoichiomesric

nd Pt,FeCu enters a two-phase field comprising a non-
chiometric compound together with an ordered cubic phase.

: transformation to this two-phase structure occurs by
different precipitation mechanisms which are accompanied by
reerystallization of the matrix 1n some cases.
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1. LITERATURE SURVEY

1.7 Introduction

In most substitutional solid-solutions,the constituent
atoms are arranged more or less at random on the atomic
sites of the lattice. In solutions of this kind +he only
majpr'effect of a change in temperature is to increase or
decrease the amplitude of thermal vibration. But there

are some solutions which have this random structure only

at elevated temperatures. When these solutions are cooled
below a certain critical temperature TC, each kind of
constituent atoms arrange themselves in an orderly,periodic
manner on one particular kind of lattice site and as a
result, a new unit cell may be then defined in terms of
atoms that are all of one kind. This kind of transformation
which is often observed in the vicinity of certain well-
defined atomic ratio , e.g., AB,ABB, AZBC and A6BC is

commonly termed as superlattice or superstructures.

The concept of order-disorder transformation was anticipated
by Kurnakov et al (1) . They interpreted some physical
property changes after long annealing with compositions
around AuCu and AuBCu to the formation of superlattice.

Tn 1319, Tammann(Z) explained the behaviour of Au-Cu

alloys in Nitric Acid by suggesting that the Copper and

Gold atoms occupy certain lattice sites. The first

(3)

direct evidence of ordering was obtained by Bain in

- -

1923. He interpreted the extra lines in x-ray diffraction

patterns of annealed AuCu3 as due to the formation of a

17



superlattice. Before proceeding into the nature of the
order-disorder transformation, some of the more common

ordered alloys will be outlined.

1.2 Common types of ordered alloys

What follows are the typical and well-known ordered vinary
and ternary alloys in metallic systems. Although the
trukturberitch system for classifying metallic structures
(5)

is now no longer completely adequate , 1ts symbols are

still widely used to designate superlattice structures.

Accordingly these symbols will be used where appropriate.

1.2.7 Binary ordered alloys

(i) Type L1,

The ideal chemical composition of this structure 1s AB3
and is based on the face-centred cubic lattice with A
atoms at the corners and B atoms in the centres of the

faces of the unit cell, as shown in Figure 1(a).

Alternatively, if f.c.c. lattice 1s regarded as being
comprised of four simple cubic sub-lattices, then the
superlattice can be described as having A atoms on one
sub-lattice and B atoms on the other three. The structure
has a simple cubic space lattice. Typical examples of tn
LIS superlattice are AuCuB, FePtB, FeBNi éﬁd NiBPt.

(ii) Type L1,

The ideal composition of this structure is AB and 1t is

18



also based on the f.c.c. lattice. It has either all A
or all B atoms occupying alternate (001) planes as
shown in Figure.1(b). The term face-centred tetragonal
is frequently applied to this structure to distinguish
it from other tetragonal structures. AuCul, FeP+, NiPt
and CoPt are the typical examples of LTO

(iii) Type B, (or L2O)

This is also known as the CsCl structure. The structure
is based on the body-centred cubic lattice with A atoms
at the cube corners and B atoms at the body-centred
position as shown in Figure.1(c). Some examples are
FeAl, CuZn (beta-Brass), and FeCo. |

(iv) The AuCu II Superlattice

Between about 380°C and 4710°C the stable AuCu superlastice
has an orthorhombic structure made up of ten L1O type
cells arranged as shown in Figure.1(d). At intervals

of five subcells in the bTO] direction, the type of atom
on a given (001) plane changes. Repetition of this unit
cell gives rise to a "one dimensional long period
superlattice" (l.p.s.), with the period 2M=10. A slight
expansion of the lattice occurs in the direction of the

pericdicity so that the b/é ratio is about 1.003 while

¢ o
)

ratio remains about 0.52 as in AuCul.

L
Ehe

1.2.7 Ternary ordered alloys

‘here are several possibilities regarding the atomic
distribution in an ordered lattice of a three component

alloy system. For example,if a third element like C

19



replaces element B in an AB superlattice, then one can
imagine that the arrangement of A on its sub - lattice
could remain undisturbed while C is distributed on the
sub-lattice of B . While C is distributed randomly, the
structure will be the same as the superlattice, bus if

C is distributed on the B sub-lattice in an ordered manner
a new superlattice is formed. In this sectiocn previous
work on"three ordering component™ordering will be reviewed
to provide a background for the investigation of ternary

superlattice in the Pt-Fe-Cu system.

Although ordering from b.c.c. solutions haS received more
attention than ordering from f.c.c solutions in ternary
ordered alloys, the latter will be discussed only as the

former is not relevent to the present investigation.

Although there has been a large "amount of research on the
ternary system of form Au-Cu-X and some other, principally
by Raub, Kester and Sehbert (5) . There have been few
studies of actual distribution of different atoms on the
crystal lattice. Ternary ordered systems have been.detected
at the ideal compositicns ABC2 and A6BC. The case A802

will bve discussed below.

Ganveis replaced the Cu in AuCu II with up to 12.5 %
Ni and from x-ray diffraction intensity measurements,
wradicted that the Ni atoms replaced Cu atoms in the

ternary system.

20



Bialas et al(7) and Koster (8) succeeded in detecting
an L12 superlattice by x-ray photographic methods for
alloys around the composition CuZNiZn. Koster proposed
that Zn atoms were at cube corners and Cu and Ni were
randonly distributed at the face-centres.

. . (39)
Hirabayashi et al

attempted to obtain more conclusive
evidence for the atomic arrangements 1in CuZNiZn by single-
crystal Neutron-diffraction. They considered the three
possible structures shown in figure .1(e). Model 4 is

fully ordered with a tetragonal structure, while models

B and ¢ are partially ordered and cubic.

Direct evidence for ternary ordering has been found by
Nagasawa <1O)using the composition AuCu2Pd and AuZCuPd.
He detected extra electron diffraction reflections at
(100) and (011) positions as well as (001) and {110) in

films of [TOO] orientation prepared by evaporation.

As it is obvious from the above description, ternary
ordering from f.c.c solutions is not so common. Two
examples based on the tetragonal L1O structure have

been cstablished in the Au-Cu-Pd system.

21
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1.3 Theoretical treatments of superlattice

In this present work no theoretical investigations were
made so the theoretical background of order-disorder

transition will be briefly explained.

Theoretical treatments of order-disorder transformation
are traceable on three different bases;

1) Interatomic forces among the constituent atoms

2) Atomic size differences of the pure components

3) Electronic effects.

Early investigators who had taken interatomic forces of
the constituent atoms as the main force, responsible for
the ordering transformation, had their models modified

by Bragg and Williams (B—W)(11)(12) where the concept of
the long-range-order (L.R.0O) was introduced. Their
approacn assumes that the ordering energy 1is proportional
to the long-distance order in the crystal and expresses

the latter by a (L.R.0) parameter, S

_ P-r (1.1)
S = 1-7

Where P is the probability that an A atom occupies its

correct sub-lattice site, and r is the fraction of total
sltes occupied by A atoms. The parameter S varies from
O to 1 for disordered and perfect ordered structures

respectively.

(1
Af%er the publication of their results (B-W) , Bethe' 3)

pointed out that the ordering energy acting on any
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particular atom depends on the interactions between very
close neighbours only, whereas Bragg and Williams assumed
that the energy acting on any particular atom depends on

the distribution of all the other atoms in the crystal.

Bethe(13) , offered an alternative theory for the ordering
energy, based on first nearest neighbour interactions

and introduced the concept of the short-range-order (S.R.0).
In simple terms if unlike atoms +tend to attract each other
then 5.R.0 is formed and the S.R.0 is the determining

factor in the subsequent L.R.0O attraction.

Another important factor which had been neglected oy
(B-W) and Bethe's theories was introduced in a model by
Hume Rothery, et al(14)(15) which is based on lattice
strains to account for the ordering phenomenon. They
postulated that strains are produced when atomic species
with different atomic sizes are present in the matrix.
The tendency to reduce these strains provides the

necessary driving force that causes ordering.

A little later came the Brillouin Zone theory as applied

+- < S - 1 : (16) <+ + L

to ordoring with which Muto showed that the energy

of conduction electrons can be lowered by introducing a

new periodicity into the lattice such that the corresponding

Brpllionin zone will touch the Fermi surface.

It, however, a random structure undergoes an ordered

transformation, then Jjust as new lines occur on the x-ray
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diffraction pattern, new planes of energy discontinuity
are formed in the wave-number space. Hence, the extra
superlattice reflections can be represented by the

formation of new Brillouin zone boundaries.

To summarise, none of the above mentioned theories can
satisfactorily explain the order-disorder transformation

and weaknesses are easily observed in themn.

For example, it is possible to obtain a zero value for
L.R.0O parameter for highly ordered alloys such as

AuCull and although Hume-Rothery's proposed model can
explain an ordering process in the Au-Cu binary alloy

system, 1t fails in the case of Mg3Cd or Fe-Co.

Introduction of the Brillouin zone theory could explain
the ordering transformation sﬁch as AuCuII(17) , but 1is
unable in the case of CuPt compound, so it can be
‘concluded that after nearly seventy years of Tammann's
postulation, 1t is only the combination of these theories

that can satisfactorily explain any given transformation.

1.4 betection of ordering process
Almost all the standard techniques have been employed
to siudy superlattice formation.
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The technique which is used to test some of the
thermodynamic parameters is that of thermal measurements.
These methods quantify the change in internal energy
following the atomic rearrangements accompanying the

(18)

ordering process. Sykes and Jones used these
techniques fto investigate the order-disorder transformation

in CuBAu compound.

Electrical resistance is also very dependent upon the
degree of order since the conduction modes are vastly
altered by imperfections in the crystalline lattice.

A disordered alloy results in a high resistance; when
ordering is complete the irreguiarities disappear, giving
rise to a low resistance. By combining domain size with
resistivity measurements, Jones and Sykes (18) nave shown
that the resistivity is linearly related to the inverse of

the domain size.

Many metallographic studies have also been carried out
on numerous different systems. In recent years, optical
microscopy has been superceded by transmission electron
microscopy and many of the predicted structures viewed
directiy, TFisher and Marcinkowski(jg) have extended
the swuacking fault contrast theory with TEM of Whelan

(20)

and Hirsch to include the case of APR contrast of

domain structures, which until then had not been detected.

Fleld-Ton-Microscopy has also been employed to observe the

ordering in the systems with high atomic numbers, e.g.

(21) and Ni Mo(zz) . Progress in this field has been

CoP+ i



made possible by means of a detailed image contrast
theory, which enables one to distinguish between the

atomic species.

Neutron diffraction has veen employed for systems such

i (23)

as Ni3 since the difference in the scattering

-

to produce

Py

power of the components is insufficient
superlattice reflections with x-ray diffraction and
Iron-Aluminium alloys have been studisd by means of the
Mossbauer spectroscopy, but one of the most frequently

used techniques to investigate ordér—disorder transformations

is that of the x-ray diffraction technigue.

1.5 Superlattice and x-ray diffraction

The change in atom arrangemeﬁt wnich occurs on ordering
produces changes in a large number of physical and
chemical properties and as mentioned before, the
existence of ordering may be inferred from some of these
changes. However, the only conclusive evidence for a
disorder-order transformation is a particular kind of
change in the x-ray diffraction pattern of.substance.

{3)

Evidence of this kind was first obtaineéd by Ba y
in Cu-Au solid-solution system having the composition
AuCu.,. Since that time, the same phenomenon has been

discovered in many other alloy systems.

As it will be seen later on x-ray diffraction technigues
have been used to construct the electron density map of
the compound PtZFeCu, so at this stage it is appropriace

to discuss this technigue in more depti.
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As was mentioned earlier, Cu-Au system 1s the most
investigated of all the other systems regarding
superlattice formation, so to discuss the application
of the x-ray diffraction technique, the examples will

be from the Cu-Au system.

1.5.1 Long-range order in AuCu3

The Au and Cu atoms of CuAuB, above the critical
temperature of about 390°C are arranged in the random
manner of a f.c.c lattice. Below that temperature the
Au atoms in a perfectly ordered alloy occupy only the
corner positions and the Cu atoms the face-centred

positions of the cubic unit cell.

The atomic scattering factor of the "average" gold-
copper atom is given by

f_ = (atomic fraction Au) Tpy * (atomic fraction Cu) L

,_b
I
N
,_b

3
T fCu

There are four "average" atoms per unit cell, at 000,

350, 304, 0%%. Therefore the structuwre factor is given

by
7 - . 2ni(hx+ky+1z)
- . . /
F o= fqv 17 e i(hk) + e mi(h+l) + 2 nl‘k+l>]
e L. .
and *this becomes;
I ! ‘ Nl ) .
F o b= (fy, + 3f0u> for hkl unmixed
M= 0 for hkl mixed

We therefore find, as might be expected, that a disordered
alloy produces a diffraction pattern similar to that of any
f.c.c metal, say pure Au or pure Cu. No reflecsion of

mixed indices are present.



For a completely ordered alloy, each unit cell now
contains one gold atom at 000, and three copper atoms

11 1AL 1
at 550, 303, Ozs,

!
oo L o onilasX) | opi(hsl) | pi(ke1)
= fAu fCu [e + e Loe

F = (fAu + BfCu), for unkl unmixed,

T = (fAu - fcu), for hkl mixed,

The ordered alloy thus produces diffraction lines for all
values of hkl, and its diffraction pattern therefore

resembles that of a simple cubic substance.

The diffraction lines from the planes of the unmixed
indices are called fundamental lines, since they-occur

at the same positions and with the same intensities in

‘the pattern of the ordered and disordered alloys. The
extra lines which appear in the pattern of an ordered
alloy, arising from the planes of mixed indices, are called
superlattice lines and their presence is direct evidence

that ordering has taken place.

As it was shown in the above discussion, all the super-
lattice lines are much weaker than the fundamental lines,
since their structure factors involve the difference,
rathesr than the sum, of fhe atomic scattering factor

Al N ey -
of escn astom.

1.6 The Cu-Pt binary system

Both €Copper and Platinum are f.c.c metals and upon mixing
- . y . ) ' D

and from its melting point of 1083°C , Copper forms a

continuous series of disordered f.c.c solid-solution with

L . 0
platinum right up to the latter's melting point of 1772°C.
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All the preliminary investigations which had been
based on the electrical, magnetic, thermal analysis
and lattice parameter measurements were collected by
e (27¥ : in t
Hansen et al‘* and are shown in figure 2. These
measurements have proved the existence of total solid-
solubility of alloys covering the entire binary
compositional variation when annealed at and quenched

from above 850°C.

Of particular interest in the system are solid-state
transformations which occur at much lower Temperatures
than the solidus.' Over a very wide range of compositions,
order-disorder transformation occurs in the Cu-P+ binary

alloys.

Johannson et al(28>. by means of the electrical resistivity
.measurements and x-ray diffraction technique found three
major different stoichiometries arocund which the ordering
phenomena occurs, which are CuBPt, CuPt and CuPtS.

(29)

vOther investigators, i.e., Linde , Schneider et al(BO)
and Tang (31) tried to clarify the crystal structure and
the comnositional stabilities of the different stoichiogetric
and non-stoichiometric compounds in the system, bust they

.

all added more ambiguity to the existing resuits as far

as fthe crystal structure determinations were concerned.
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In the above mentioned studies, crystal structure
determinations were made on the basis of the X-ray
powder diffraction patterns and consequently, owing to
the weakness in intensity of superlattice reflections,

conflicting results were obsained.

The most comprehensive investigation in the Cu-P% alloy
system was carried out by Mida et al(32>, and Fu, et al
(33) « They used single-crystal samples of differens
compositions and analysed them by means of electron
microscopy and electron diffraction and obtained some
well defined results. They all agreed that in the Cu-Ps%
binary system below 812°C three types of ordering
transformations, based on CuBPt, CuPt and CuPt3 occurs.,
Both the CuBPt and CuPtB’superlattices are f.c.c of the
L1, (CuBAu) type, with critical temperatures of about

645°C (at 22.5 at % P%) and 670°C respectively.

1.6.1 Around CuO.SPtO.S stoichiometry

The Cu-Pt system, at the 35-55 at %‘Pt range,'has a unique
superstructure at temperatures below 812°C(= TC for the
stoichiometric ratio , CuPt). An ordered rhombohedral
lattice is formed from the disordered f.c.c. The deformation
of the cube is along a (111) body diégonal giving rise %o

the L1, type structure, figure. 1 (£ ) . This
configuration, or superlattice is crystallographically
unique; no ordered alloy is known to be isomorphous with

it. The random distribution of atoms within the T.c.c
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cell is regularly arranged by the ordering process,

so that the copper and platinum atonms segregate on
alternate layers of the (111) planes. This superlattice
is unusual in that the average number of unlike neares<
neighbours of a copper and platinum atom is not altered
by the transition from the disordered %o the ordered
configuration amd it is only the proportion of the

second-nearest neighbours which is changed.

Apart from the early studies of Linde(zg) and Walker(34) ,
the only reported attempt at a microscopic examination

of the CuPt is due to Corke, et 31(35)' by means of T.E.M.
The extreme difficulty of thinning the samples of CuPt
appears to have discouraged further attempts, though some
T.E.M micrographs of ordered and deformed CuPt have been

published by Paris et al(36)

Later on Irani and Cahn(37) carried out the most detailed
studies of ordering characteristics of CuPt, near the

CuPt composition, using x-ray diffraction, optical microscopy
(in conjunction with polarized light), high voltage electron

microscopy and dilatometry.

From their interpretations, it can be concluded +that:

a)- Ordering in stoichiometric CuP+ takes place at all
tewperatures by a nucleation and growth mechanism.
During ordering, ordered and disordered phases co-exist.

D)~ Samples slowly cooled through the crisical temperatﬁre
order in the Tform of coarse macrotwins, internally

subdivide by microtwins.

19



(37)

Although Irani's et al results seem valid enough,
Hisatsune et al<38) y could not detect the gradual shifts
of the x-ray lines at high temperatures, though both agree

on the low temperature mechanism.
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1.6.2 Summary

In the Cu-Pt alloy system, order-disorder transitions
have been found to take place over a wide range of
compositions. These ranges of order corresponding
approximately to 10-26, 35-55 and 60-80 at % Pt have
been recognised. These ranges of order have been
confirmed by x-ray, electrical resistivity measurements
and microscopic techniques. The compositions CuBPt,
CuPt and CuPt3 are the predominant phases, which are

included in these rariges of order respectively.

1.7 The Fe-Pt binary phase diagram

Iron and platinum form a continuous range of solid-
solution at high temperatures. At lower temperatures,
0/D transformations which are based on FeBPt ,FePt
and FePt take place and introduce narrow miscibility

gaps 1in the phase dilagram.

The results of the early investigatbtions have been collected

(27)

by Hansen et al and are shown in Figure.3.

After +“he publications of the preliminary investigations,
there w:re areas of ambiguity in the phase diagram
especially in the region of 32-40 at$ Pt, i.e., although

Te Pt 1is a well established phase, Hansen's et al

)

diagram does not clarify its relationship with the narrow

the

two-phase-field based on the FePt compound.
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(39)(40)
1

On this basis, Vlasov et a studied the single-
crystal samples of varying compositions in this range

and believed that the samples annealed for more than 150
hours at 700°C had two types of structures; a cubic based

on FesPt and a tetragonal based on the FePt compositions.
This structural data gave rise +to their proposal that between
the FePt and Fe Pt superlattices the diagram is a eutectoid
type figure 4. They believed that after long annealing

the alloy with 32 at % Pt had a two-phase structure and it
consisted of a cubic phase with FeBPt type order and

a = 3.776 A° and a tetragonal phase with FePt order structure

and a = 3.7844°, ¢ = 3.7374° and C/a = 0.988.

In the alloy with 35 at % Pt structural changes occur in
the process of guenching and annealing from 750°C: the
formation of tetragonal nuclei in the cubic matrix creates
an elastic stress, they grow until they impinge and form
a complex microstructure of alternating domains with

perpendicular C-axes. These domains are parallel to 3110€

type, Tigure. 5

The compositional limits of the ordered region based on

FePs i~ well defined in figure 3 although, according to
™ ] . 1 (4“) 3 5 3 -+ ] r
Crangle and Shaw , the high Pt side is more restricted.
The characteristic banded structure of FePt was firss

. . - m (42) |
observed metallographically by Isaac and Tamman in

1907, In a later study Nemilov (43)(44) showed that

FePt alloys quenched from within the single phase region had
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banded structures while alloys guenched from above *he
single phase region had a finer microstructure of ripples
or small platelets.

Lipson et al(45) carried out a more thorough study of
FePt and identified the structure as tetragonal. They
also found that the disordered state could not be retained
by quenching. Similar microstructural features to that of

(45)

Nemilov's were also observed by Lipson et al and are

—

shown in figure 5.

Crangle and Shaw ¢ studied the Pt-rich region of the
system based on FePt3 compound from room temperature

right up to 1400°C. They used the conventional X-ray
diffraction technique to investigate the lattice parameter
changes due to compositional changes and finally proposed

a revised phase diagram of the Fe-Pt system for compositions
between 0.48 at % Fe. Their proposed diagram is shown in

figure 6.

1.7.1  Summary

Both preliminary and up to date Cabri es a1(46> )

studiesz of the binary alloy system of Fe-Pt confirm the
existence of the 0/D transformations in the system which

4

are based on the stoichiometric compounds of FeBPt, FePt
and FePt3, The compositional variations, the critical
temperatures and the phase relationships of the Fe3Pt and
FePt3 with FePt are still questionable, but the majority of

authors seem to agree that in the region which is based
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on FePt compound, there exists a very narrow two-phase

field of the cubic plus tetragonal mixture.

Another dispute has arisen amongst some authors about
the retention of the disordered structure of the FePt on
quenching the samples from above +the critical temperature.
Isaac, Nemilov, Craf and Lipson could not suppress the
disordered state on quenching, whereas(47> reported that
this mechanism is indeed possible. Even today this
problem exists and there seems to be no clear answer to

the probiem.
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1.8 The Cu-Fe binary phase diagram

There is neither an intermediate nor order-disorder
transition in the Cu-Fe binary system which is shown in

figure.7, Hansen et al,(27>.

The solid-solubility of Fe in Cu is very small at low
temperatures but increases to several per cent at~,1070°C.
The solubility of Cu ina«-Fe is so small it extends +o a

maximum of ~ 8 at % in ¥_ Fe.

Tre temperature given for the eutectoid reéction of

¥ ot4-Cu differs widely because of a great hysteresis
between heating and cooling. On cooling the temperatures
of 791°C, 820°C, 824°C and 755°¢ (48+49,50,51) 14 on
heating, 850°C, 856°C and 860°C (49,50, 52) were obtained.
There is also conflicting reports for the peritectic
reaction involving the 3 _phase, i.e., 1477°C and 1484°C

are recorded by (51)(49) respectively.

The lattice spacings of the Cu solid-solution have been

measured by Anderson, et 31(53) who found them to increase
0

almost linearly with Fe to a = 3.6092A at the solid-

solubility limit at 1025°C.

1.8.1  Summary

Although the Cu-Fe binary system is one of the oldest
binary diagrams, it seems to be the least informative one

regardin g:
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a)- The exact limits of the solid-solubilities of Cu
in Fe or vice verss
b)- The precise temperatures of the eutectic, eutectoid

and pretectic reactions.

So in the present investigations, whenever necessary the

binary data of figure. 7 will be used.
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1.9 The Pt-Fe-Cu ternary phrase diagram

As far as we are concerned, there is only one published
report on the ternary phase relationships in Pt-Fe-Cu
system, which was published in 1944 by two Russian workers
Nemilov and Rudnitskii(54) . They used thermal analysis,
hardness measurements, electrical resistivity and

optical metallographic techniques to carry out their

investigations.

They were the first people to state the existence of the
compound Pt,FeCu (50% Pt, 25% Fe and 25 at% Cu) in their

thermal analysis and microstructural studies.

In their conclusions, they stated that with the exception
of that part of the diagram, low in platinum, at
approximately 20 at% Pt, all the alloys were solid-solutions
at high temperatures. On lowering the temperature, and
decomposing the solid-solutions, apart from the compound
already known from the binary systems of Pt-Fe and Pt-Cu,
approximately at TZOOOC, a solid compound PtgFeCu is
formed. The compound PtZFeCu forms continuous regions of
solid-solutions both with excess platinum and with the
compouiid PtFe. With the compound PtCu, the PtZFeCu forms
a limited region of solid-solutions on the PtCu side.

The region of solid-solution of PtzFeOu in PtCu extends to
approzimately the composition, 10 at% Fe, 40 at% Cu and

50 at®h Pt.
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In the direction of the Fe-Cu binary system, the
Pt2FeCu solid-solution region is very limited, reaching
only to 45 at% Pt, passing beyond this into the
heterogeneous region, arising from the decomposition of
a solid-solution forming PtZFeCu and a solid-solution

of Platinum, Iron and Copper, near to 33 at% Pt.

Considering further the region of ternary solid-solutions,
extending from 33 to 20 at% Pt and near to the Fe-Cu

edge of the diagram, lies a heterogeneous region.

They finally concluded that the Pt-rich corner of the
ternary phase diagram is a region of continuous solid-

solutions.

As it can be seen from the above discussion, this report
does not give a great deal of useful information about
the phase relationships, phase boundary, order-disorder
transformations in this system of alloys. No attempts
were made to study the system on the isothermal sections,
but only the solidus and liquidus contours of fhe phase

relationships.

1.10 dMineralogical surveys
The most comprehensive studies of the (PGM) are due %o

al (41,55) who analysed different samples from

Cabri et
vlacer and primary devosits as well as synthetic alloys

Pe -P+% binary alloys and the ternary compound PtZFeCu.
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In their studies of (PGM), they found new minerals in
placer deposits along the valleys of the Tulameen and
Silkameen rivers in South British Columbia, Canada.
One of the new minerals, an alloy of Platinum, Iron
and Copper which had the composition PtZFeCu was found

and has been named Tulameenite for its locality.

Tulameenite occurs associated with cubic Fe-Pt natural
alloys as a rounded to irregular area up %o about 400um
in diameter, as a free grain, or as grains with complex

inclusions, figure.8.

They studied some optical and physical properties of
this new mineral and in some cases the stoichiometric
composition of PtZFeCu was synthesized for further

studies.

Their microprobe analysis on eight Tulameenite grains
are shown in Table.l and some are plotted on a ternary
Pt-Fe-Cu ternary diagran, figure.9. The average
microhardness value of 442 kg/ﬁm2 was obtained for

Tulameenite when a 50 g load was used.

They also measured the lattice parameter of the PtZFeCu

by x-ray diffraction on the natural and synthetic samples.
Their analysis show that the Tulameenite has a tetragonal
structure cell of a = 308913 , and ¢ = 3.577§ dimensions.

Table.2 shows their x-ray diffraction data.
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They finally concluded that the Tulameenite has a range
of composition with pinor Ir replacing Pt with Ni
replacing Fe. Experiments along the PtFe—PtzFeCu line
indicate that the maximum substitution of Fe for Cu

in Tulameenite is between Pt2Fe1.68CuO.32 and

Ptoley 2880, 72,

The mineral concentrates from the Tulameen district
were further studied by Shahmiri et al(56> where the
(PGMs) occurred as discrete grains and nuggets up to
2-3mm inndiameter. Cubic platinum—iron,(PtBFe) formed
the bulk of the PGMs, with Tulameenite as a minor
intergrown phase. Electron-probe microanalysis of
Tulameenite gave compositions clustered around the
PtZFeCu point in the ternary phase aiagram isothermal

section as shown in Figure 10, pointing to limited solid-

solubility.
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Vioao sg T
microns

Fig 8- Photomicrograph of a complex Tulameenite grain

(grain ,B, G ,D ) <55).

Sample, locality weight per cent -- dverage and range Total Formula

& no. of analyses ’t Ir e Cu Ki )

tulemeant ta

Grain A (G.D.) 76.65 not 10,55 6.95 3.7 2.07 | 99.99] Pt ., (Fey gqCus coNio 2.5 )

Tulameen R. (10) | 75.5:77.6  detected 8.6-12.3 5.7.8.3  3.0-4.7  1.5.2.9 2:047770.98770.5670.34770. 08"t 4196

Grain 8 (G.0.) 74.87 not 8.39 9.38 3.52 352 | 99.68) Pty o (Fey soCus st Sb L)

Tulameen R. (9) 70.7-76.9  detected 6.4-9.8 6.911.9  2.1-4.6  2.7.5.0 2.00%770.78770.7670.32°70. 14" 2.08,

Grain 5 Simil. 73.98 1.99 10.38 13.13 not not 99,38 (Pty olry oo )(Cuy ocFen of):.

kameen R. (10) ' {73.56-74.78 1.98-1.99  9.80-11.09 12.18-13.99 detected  detacred 1.94770.0677771.06770.94/ 1+2.00

Grain g Simi1- 73.68 1.95 .22 11.25 not not 98.10] (Pt, lrg o }(Fe, 1 Cu o).

kameen R. (10) 72.12-75.09  1.94-1.96  10.13-12.05 10.15-13.09 cetected  cetected 1.98770.067171.04770.927 1,96

Grain 1 (42258) 76.56 0.22 11.94 8.66 0.50 140 | 99.a0] (Pr, (olrg ) (Fey 1,y 5580y cglia aaly el s
Area A-Tul. R. (8){75.19-77.19  0.22-0.22 11.43-12.14  8.45-8.98 0.49-0.51 1.31-1.50 2.067°0.0067271.12"70.72770.067 0. 041 #1.5

Gratn 1 (#2258) 77.24 0.20 12.21 8.4

43 0.51 123 fs9.82] (P, geirg o) (Fey | (Cug sosby oMo 1l o
Ares B-Tul. R. (8} ]77.20-77.55 0.18-0.21 12.12-12.28  8.29-8.55 0.49 2.06770.00677 7114770707706 7 0. 04 e 21,

Grafn 1 (#2258) 77.31 not .23 917 0.50 01§ 39.38f Pr, ofFel Lty St sho )

Area C-Tul. R. (9) {6.91-78.12 detected  10.40-12.45  8.70-9.43 0.58-0.64 0 36-1.20 20877710577 76770.06770.04 7221 .32

Grain 1 (42258) i7.83 0.25 12.87 8.01 0.56 0.65 110017} (Pt, (olrg oocl(Fey yoCur cetic nSby )it o
Area D Tulameen 176.93-78.33 0.24-0.25 12.59-13.07  7.87-8.15 0.52-0.58 0.39-0.70 2.06770.006°%"1.20770.56770.06770.02 ¢+
River {10}

Table 1- Electron Microprobe analysis of Iulameenite<57).
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Fig 10- Composition of

Tulameenite(at®)

are denoted by squares. (56).
Natural by closed
circles (55).
Tulameenite (gr. #9) PtZFeCu Ptre
a=3.891(2) ¢=3.577(2)R a=3.885(1) =3.588(1)R% 2=3.847(1) e=3.715()R .,
I dmea s dca lc il ! dmeas Teatc I Uneas dca 1c Al
3 3.569 3.576 001 3 3.568 3.588 3 3.690 3.715 001
4 2.753 2.751 110 4 2.746 2.747 3 2.714 2.720 110
10 2.179 2.181 1m0 2.180 2.181 10 2.195 2.194 11
7 1.948 1.945 020 6 1.942 1.942 4 1.918 1.923 020
2 1.789 1.788 002 4 1.794 1.794 3 1.857 1.857 002
4 1.709 1.709 021 4 1.707 1.708 3 1.707 1.708 021
3 1.500 1.499 112 4 1.502 1.502 3 1.534 1.534 112
4 1.375 1.375 220 4 1.374 1.373 3 1.361 1.360 220
5 1.317 1.317 022 7 1.319 1.318 5 1.338 1.336 022
2 1.285 1.284 221 3 1.283 1.282 4 1.280 1.282 030
1 1.230 1,230 130 4 1.229 1.228 2 1.243 1.238 003
003 1 1.196 1.196 3 1.218 1.2 130
8 1.163 1.163 131 9 1.163 1.162 9 1.156 1.156 n
6 1.127 1.127 113
8 1.093 1.094 113 8 1.096 1.096 6 1.098 1.097 222
1/ 1.068 1.067 230
5 1.042 1.041 023
6 1.016 1.016 {023 3 1.018 1.018 6 1.018 1.017 132
132 6 1.014 1.013
3b 0.9730 0.9728 030 5 0.9713 0.9712 5 0.9626 0.9618 040
2b 0.9433 0.9438 140 6 0.9420 0.9422 5 0.9324 0.9311 041
2b 0.9175 0.9172 230 5 0.9157 0.9157 5 0.9180 0.9157 223
223 & 0.9022 0.9020 b 0.9088 0.9068 330
. e e frep (95)
Table 2~ X-ray diffraction powder data , after .
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2. EXPERIMENTAL PROCEDURES

2.1 Alloy preparation

To study the phase relationshipsin the Pt-Fe-Cu ternary
diagram, alloys with different compositions were made up.
The locations of these alloys were chosen to cover the
entire system. No binary alloys were synthesized as the

previous existing studies seemed adequate

The spectrographically pure element, platinum, iron and
copper were used to synthesize the alloys. Electron micro-
probe and chemical analysis of the pure elements showed

no significant impurities. Pure powdered elements were
weighed out in quantities sufficient to prepare one gram

alloys of the desired compositions.

At first, attempts were made to compact and sinter these
alloys, so a very small die-set was designed to give

cylindrical shaped samples 3 mm in diameter.

When each alloy was weighed from pure elements , they were
mixed for 2 hours in a cylindrical drum mixer , revolving
horizontally about its axis.For compaction no lubricant
was added to the powders. Lubrication of the die walls
was carrizd out by brushing on a saturated solution of

stearic acid in diethylether.

Six different platinum-rich alloys were prepared with this
technigue and were sintered for four weeks in a vacuum
furnace at 1050 + 2°C under a low partial pressure of argon

gas.
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These sintered alloys were subsequently quenched in water

and analysed by the E.P.M.A. technique to check their
homogenity. Surprisingly, an area big enough for E.P.M.A.
analysis could not be found due to a great deal of porosity.
This technique was then abandoned and the alternative technique
of melting and casting was employed to prepare the remaining

alloys.

To melt these alloys a non-consumable electrode vacuum-
arc furnace was used. At first, the welghed powdered alloys

were compacted in the designed die-set to avoid any dispersion

of the powdered samples during melting.

These compacted samples were placed in the vacuum chamber
of the arc-furnace. The chamber was evacuated to a pressufe
of 10—5 torr and then high purity Argon was introduced.
This was repeated three times and finally before melting

under a low pressure of Argon, a titanium getter was melted

for ten minutes to absorb the residual gases.

The alloys were repeatedly turned over and remelted again
to improve their homogenities. These alloys were weighed
before and after final melting and the weight losses were
found to be negligable. All the alloys were prepared by

the above-mentioned technigue.
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2.2 Heat treatment

2.2.1 Homogenization treatment

When the alloys were melted by means of the vacuum— arc
furnace, some of them were randomly selected and composition
profiles obtained by E.M.P.A. to determine the state of
homogenity. Platinum-rich alloys showed more segregation
compared with the copper and iron-rich alloys although

they were remelted several times to improve their homogenity,
it seemed that a much longer annealing time was needed than

anticipated.

The alloys were placed in silica tubes which were evacuated
three times to 104 torr and each time back filled with
argon gas. Finally, after the last evacuation, each tube
was back filled with argon and then sealed off. On average,
about 20 alloys were placed in each tube and ceramic beads
were used to separate the alloys to avoid any diffusion

during the annealing.

These tubes were placed inside a muffle furnace operating

at 1200°c+5°C,

Following fracture of the silica tubes in the initial work,
possibly due to vaporisation of absorbed or combined water
from the ceramic, the evacuation procedure was modified. In
this case, when the tubes were joined to the main glass
body and after the evacuation, the tubes were heated up

by a Bunson burner from outside to evaporate the water
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from the inside of the tubes which was then trapped by
means of a liquid Nz—cooled cold trap. Finally when the

cold-trap was being used, the tubes were sealed off.

Due to the breakages of the silica tubes, some alloys,
mainly Cu and Fe-rich alloys were totally oxidized and were
abandoned. The rest of the alloys and some newly made ones
were sealed off inside the silica tubes and were placed
inside the muffle furnaces at 1200°C iBOC for three months.
These tubes were finally quenched in iced water and alloys
were checked for their degree of homogenization and seemed
uniform enough to carry out the further heat-treatments
(the compositional variation of 0.5% was measured from the
different regions of a sample). A total of 22 randomly

selected alloys were analysed for this purpose.

2.2.2 Continuous cooling

The second stage of the heat-treatments was continuous

cooling of already homogenized samples.

The homogenized alloys were cut in half and each half was
sealed off inside the silica tubes as mentianed above. The
tubes were placed in two separate muffle furnaces at 1200°C+
5°C  for one week then slowly cooled at 10°C/day. One set
of alloys reached 1000°C in twenty days and was then held

for a further period of three months and finally quenched.
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The second set of alloys was contimuously cooled at 10°C/day
to 600°C and were kept at this temperature for six months

and finally quenched in iced water.

To study the ternary compound PtzFeCu in greater detail,
10g of the compound was synthesized from its stoichiometric
ratios. The compound was melted in the vacuum—-arc furnace

and was homogenized for three months at 1200°C + 5°¢,

During the course of the present investigation, when some
more compound was required the following technique was
employed, as the previous homogenization heat treatment

was rather time consuming.

It had been emphasized that the silica tubes should not be
used at temperatures higher than 1200°C. Attempts were made
to back fill the tube by the right amount of the inert gas
to keep the outside and inside pressure in balance to
prevent the collapse of the tube at the temperatures higher

than 1200°¢C.

By trial and error it was found that if the tube was back
filled by Argon to 0.2 bar it could withstand annealing

temperatures up to 1400°C without collapsing, but the tube
changed its diameter from 25mm to 45mm at 1400°C and while

5t1ll under partial pressure.

™his technique was then employed and the compound was

nomogenized for 10 days at 1400°C.
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To check the chemical composition of the compound after
homogenization treatments, chemical analysis was carried

out on two small pieces of the sample, which were cut from
top and bottom of the master sample and the following results

were obtained.

Pt 76.42 Wt%
76.58 Wt%
Fe 10.81 Wt%
11.02 Wt%
Cu 12.74 Wt%
12.60 Wt%

2.3 Recrystallization treatments of the PtzFeCu

To study the recrystallization mechanism, four pieces, each

of one gram weight were cut from the homo genized materials.
They were subjected to two hours annealing at 1250°C and
rapidly quenched in iced water. Four isothermal temperatures
of 1000°C, 900°C, 800°C and 700°C were selected for

recrystallized treatments.

These samples were given heat-treatments of 2 to 3000 hr
duration in the vacuum-furnace with the quenching facilities.
Some of fhese samples were also subjected to shorter or

longer h=al treatments in order to study the recrystallization
mechanism, After each heat-treatment they were quenched in
water and optical photographs of the original surfaces were
taken. <Standard procedures were employed to obtain the

recrystallized fraction, and subsequently the activation

energy of the recrystallization mechanism.
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2.4 Specimen preparation

2.4.1 Metalography specimen

To examine the microstructural features of the alloys,
Optical microscopy was used. Samples were hot mounted in
conductive bakelite, mechanically ground and polished %o

# pm finish.

Such a fine polish could not remove some of the scratches
and although a repeated "etching and polishing" technique
was used, scratch marks were still observed after the

final etching.

These scratches proved to be more difficult to remove in the

two-phase samples especially if one-phase was copper-rich.

2.4.2 Specimens for electron micrprobe analysis

For the electron microprobe analysis, the samples which were
used for optical metallography were used. After initial
grinding down to 240 grit size, they were polished down

to 1 pm by means of the vibratory polisher to ensure

adequate flatness of the samples.

2.4.3 Transmission electron microscopy specimens

To examine some of the microstructures of the compound
PtgFeOu9 different thin foils with different treatments were
examined under the T.E.M. Because of the high atomic

number thin specimens were required (AJWOO‘nm thick ) and
this could have been achieved by electropolishing technigue.

On the other hand,the resistance of platinum and its alloys
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to chemical attack has long been known and therefore a

satisfactory electropolishing solution was difficult to find.

The first step taken was to use the solutions which had been
used for the pure platinum. A highly viscous, acidified
CaCl, solution at ~35°C with an AC potential applied across

the electrodes was use

The alternating potential repeatedly depolarises the surface,
but partial self-rectification takes place and so the

sample slowly dissolves. Among the other solutions which
failed were 10% aqueous solution of KCN under AC conditions
and concentrated chromic acid solution which are excellent
polishes for iridium .

The modified solution of Croke et al(57) was also tried.

It consisted of 100 ml saturated solution of calcium chloride
to which had been added, in order, 73 ml distilled water,

45 ml concantrated hydrochloric acid, 25 ml 70% perchloric
acid and 1 gram cuprous nitrate. This solution was the

best out of all the solutions previously tried but out of
ten attempts, two samples only gave satisfactory thin foils.

(58)

Later on Irani et al modified Croke's solution to only
4.5 ml HCL, Both of the latter techniques were applied to
our sysztem and in spite of sustained attempts, only a few

of the samples were sufficiently electron- transparent %o

be used.
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An alternative technique for the production of thin foils

is Ion-beam thinning .

Discs of 3mm diameter were spark-machined using a tubular
electrode and then ground on grade 1200 silicon carbide to

a thickness of 100 - 200 pm. The thin sample was then placed
between two tantalum specimen holders and fitted inside the
lon-beam chamber. The energy of the Ions were 3-5 XKeV and the
time required to thin down the samples suitable for T.E.M.

Observation was 3-72 hours.

The Ion-beam thinning procedure was carried out with Ion-tech
Ltd equipment (Super Microlap Mark 2,Model B306 ). In this
equipment two Ion guns are employed to bombard both sides of
a disc specimen at the same time. This prevents sputtered

atoms recondensing on the other side of the specimen.

The incident Ion-beam angle was~~ 40 degrees and when a small
hole appeared in the sample,the angle was reduced t0AuT0°

relative to the specimen surface for final thinning.

There are a few effects which must be taken into consideration
when the lon-beam is used:

1)-The heat produced durnng the thinning procedure (~~90°C)
could 3ffect the structure and chemical composition of the
specimen,if there is a phase transformation within the heating
range.

2)- The energy of the incident Ions is important since a

high energy beam causes overheating.

3)-Preferential sputtering occurs whenever a Multicomponent

system i1s subjected to Ion-bombardment.Due to different
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partial sputtering yields of the individual components an
altered surface layer and consequently surface roughness

will develop.

4)-Preferential.sputtering could result in surface enrichmen+
of the component (usually heavier component ) for the alloys

and intermetallic compounds.

When a thin foil, produced by Ion-beam thinning is viewed
under T.E.M. some artifacts may be observed due to +the
thinning procedure which could result in a misinterpretation

of the micrographs.

When etching was required,( e.g. for optical microséopY) the
following solutions were employed. |
1-An acid—ferricfchloride (10 gr FGBCl, 25 mi HC1l, 250 ml
methanol).
2- Aqua-regia, full strength (20 c.c conc. Nitric acid and
80 c.c. conc. hydrochloride acid ).
3- Nital, (2% solution of HNo, in ethanol).

4~ Ammonium persulphate.

The main =tching solution was Agqua-regia of different strength
and temperature. The tetragonal éingle rhase region alloys
were etcriad in boiling hot agua-regia for 2-10 min, whereas
for the “he two phase or three phase alloys,a cold solution

and & time of 20 secs,was needed.

In some special cases where chemical etching seemed %o produce
nicrostructures unrelated to the metallurgical structure,the

ion-beam technique was used as an etching technique.
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2.5 X-ray diffractometry

An x-ray diffractometer using Co—Ka radiation and an
Iron- g -filter was used throughout the present invest-
igations to measure the lattice parameters and determine . °
the crystal structure of the stoichiometric P+2FeCu, and

to make measurements of the long-range order parameters.

Lattice parameters were obtained from the diffractometer:
measurements on samples scanned at one degree per minute.
Super-pure aluminium samples were used to calibrate the
instrument and each time its lattice parameter was

o]
reproducable to 0.001A .

To obtain the true values of the lattice parameters, standard
correction procedures were undertaken. For cubic and
tetragonal unit cells the 0082@ correction function(59}(6o)
was employed. Whenever the integrated intensity measure-
ments were required, eithér a planimeter was used on peaks

on graphically recorded data or integrated intensities

were measured directly by numerical data output from a
computer-controlled diffractometer step scan. A scan rate

of 0.1°%/ ... was used for the latter.

AN

2.6 Electron Microprobe Analysis

Electron microprobe analysis was carried out with a Cambridge
Instruments "Microscan Five" microanalyser to determine

the chiemical compositions of the alloys under study. The
normal procedure in microanalysis is to compare the count

rate for the given element, first from the area on the
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sample under analysis then from a standard of the pure
element. The ratio of the count rates from the unknown
and the standard is the basic experimental measurement.
All measurements were obtained using 20 kev accelerating
voltage and a beam current of 50 nA. Pure elemental
standards were employed and the analyses were carried out
using the L lines of Pt (A :L3130§{) and the K lines of

o) o
Fe and Cu (1=1.93604 , and1.5405A respectively).

Pt I;a

Fe K
s 4

Cu K
[+ 4

A computer correction program based on that of Duncomb and
Jones (61) was used to correct the x-ray intensity data for

absorption, fluorescence and atomic number effects.
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3. EXPERIMENTAL RESULTS

Introduction

In the present study, the results will be presented in
three sections; the first section, dealing with the results
of the investigation of the ternary stoichiometric compound
PtgFeCu, then sectionstwo and three dealing with She
constructed isothermal ternmary sections at 1000°C and 600°C

respectively.

Section I

Ternary stoichiometric compound Pt2FeCu

3.I.1 Differential thermal analysis (D.T.A)

D.T.A was employed to study any changes which could occur
during the cooling and heating of the homogenized sample
of PtzFeCu. The following heating and cooling rate was
adopted;

1) Hea% to 1300°C at 7°C/min

2) Cool to 1100°C at 1°C/min

3) Cool %o 900°C at 2°C/min

4) Cool to room temperature at 5°C/min

During heating a significant endothermic reaction was
observed %o have taken place. The temperature at the stars
of this reaction was 1168°C. On cooling one significant
exothermic reaction was observed starting at a temperature

between 1178°C and 1170°C and ending between 1152°C and 1140°C.

3.1.2 X-ray diffraction

An x-ray diffractometer using cobalt K,-radiation (A =

1.79024°) and an Iron-4-filter was employed So measure the
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lattice parameters and later to determine the crystal

structure of the Pt.FelCu.

2
The observed x-ray traces had similar patterns despite the
fact the samples had following treatments;

a) As-cast (no heat-treatments)

b) Cast, then solution-treated at 1200°C for three months
and rapidly quenched.

c) Samples of b) ordered-annealed at 1000°C, 900°C, 800°C
and 700°C for 2,4, ...., 3000 hours and subsequently
quenched after each anneal.

d) Elemental powder,compacted and sintered at 1000°C for
three months and quenched

e) As a), then homogenized at 1500°C for six hours and

either gquenched or slowly cooled to room temperature.

A typical x-ray diffractometer trace is shown in Figure 11.
In none of the traces were major angular shifts of any
reflections observed and only the relative intensities

altered depending on the thermal-treatments.

In all traces, apart from the fundamental lines, there
existed tcrtain mixed index reflections, e.g. (001), (110),
etc. The presence of these reflections revealed that an
ordering “ransition had occurred in these alloys to produce
4 superlattice based on the face-centred structure cell.
Therefore, taking the D.T.A results into consideration, it
was deduced that the compound transformed to an ordered-

R . . , L1 0
phase from the disordered phase between 1174°C-11486 C(TC).
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Although some of the x-ray traces were taken from the samples
which were subjected to different heat-treatments above TC,
further attempts were made 4o retain the disordered phase

by rapid quenching. All attempts failed and even the

fastest quenched samples, on the subsequent x-ray analysis,

showed the presence of the superlattice reflections.

It appeared that PtZFeCu had similar behaviour to the binary
compound PtFe which according to (45) orders on quenching
from the above ~v1300°C. On this basis, it seems that the

disordered structure above Tc cannot be retained on guenching.

Although the x-ray traces of the Pt2FeCu have been indexed

by Cabri et al ' 22

(Card No 26-528), a Bunn chart was used
to 1ndex the x-ray traces which corresponded 4o a face-centred

tetragonal lattice.

The structure cell was confirmed as tetragonal and the true
lattice parameters were determined as follows for the as-
guenched sample;

a = 3.8954° c = 3.595A° €/ = 0.923

a

Cabri et al_(55) measured the lattice-parameters but did

not report any crystal structure determination, so 1% beéame
necessary to determine its structure. This was achieved by
plotting the Electron-density maps (E.D.M) from the
calculated and measured intensities of two different
materials, as-quenched and the fully ordered ones.lTo achieve

such plots, some preliminary steps had to be taken.
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Figure 11. Typical x-ray diffractometer trace of

PtZFeCu.
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3.L.3 Calculated and measured Densities

The following equation (62) was used to calculate the

density of the Pt,FeCu;

2

Weight

= T T e (1)

V?t * VFe * VCu )

By substituting the relevant values ,JO:-1574O Kg/m3 can

be obtained.

The density value is related to the number of the atoms

in unit cell according to;
n. A&

f:v_.-l-\]--—- ........ (2)

where:
S = Density , n = number of atoms in unit cell, V = volume
of the cell, N = Avogodro's number and & = Mean atomic

welight of the atoms.

The mean atomic weight of the atoms is calculated from the
atomic percentages, Pj, P2 and P3 of the elements comprising
the compound and the atomic weights, AT’ A2 and A3 with the
formula;

P1 A1 P, A P, A

i — + 2 2 + 3 S ... (3)
100 100 100

When all the known values are substituted in equation (2)
the 1 = 4 is obtained which shows that there are four atoms

per unit cell.

The wvalue of 14930 Kg/m? was also obtained for the measured

density.
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3.1.4 Electron Density maps (E.D.M)

The purpose of plotting the E.D.M was to identify the positions
of the Pt, Fe and Cu atoms in PtZFeCu. Two important

factors had to be taken into consideration; firstly she
anomalous scattering factor*(62) and secondly, that an
insufficient number of reflections were available on the

x-ray diffraction patterns to construct accurate three-

dimensional maps.

To overcome these difficulties a decision was made to use
Co-radiation and project the whole content of the structure

cell onto the (hKO) plane.

During the first stage, a model was adopted which allocated
the fractional coordinates (000), ($50) to platinum, (50%)

to copper and finally (033) to iron atoms.

The structure factors of the fundamental and superlattice

reflections were calculated as;

n| - . 3 ! :
Fo o= 2f5, =+ (fCu + fpg) eeee Fundamental lines ... (4)
F, = 2fp. - (fCu + fFe) ...Superlattice lines .... (5)

When the thermal vibrations of the contributing atoms are
taken into consideration, the true form of the atomic

scattering factors would be:

f = foe‘M ...... '(6)

. oL (82) ..

where the values of f0 are tabulated nd ;
M = B ( Sine>2 ..... (7)

65



Where;

.
hﬁ[?(@*'%J ......... (8)

Where in equation (8)7;
h =Planck's constant ,T = absolute temperature, M= mass of
the vibrating atom, K = Boltzman's constant, © = Detye

characteristic temperature of the substance (tubulated) and
rj\

X = —f— or‘F (——m) where P (x) is also tabulat ed< </

The guantity B can be calculated when the appropriate values

are substituted in equation (8)

115210 o T | (3)
B= . * x + X J --------- =
Ax0?2 [(P(X) 4
By substituting equations (9),(8) and (7) in equasion (6)
we have; \
4
_ _ 1.15x10 x T , X Sine } ... (10)

f=f exp P § [?(X) * ]( . >

. + . + 4 ~0 - . .
If the room temperature is taken as +t=19°C,it is possible
to calculate individual values for M ,for the contributing

atoms;e.g.,for platinum,

2
4
1.15x10 ¢ 292 230 230 Sin® 4
M = X 2 () 4+ =22 (=100 ) ..., (11)
: (195.09 x 2302>[ 202/ T Ggs }( A >
so finally:
S 2 o)
M = 03302< me) ................. (12)
Pt A
Sing \° e (13)
M = 0.3428<
Fe A
Sin® 2 .
M ,= 0_5268<_';__) ................. (14)

Therefore the modified structure factors would bve;
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NFopt

,.,, '*\
-
»

LA :f/

- 2 - . 2
= Sind - f Sinf
Fs-2foptexp ‘o 3302( > ) | fope @xP [0.3428(——7—)]+
B 2
Sing
0.526 ( } ___________ 1
ocuexp ! 8 X , (15) 2
=2f Sind . [ Sine
Ff opy exp 03302( X > 4+)f0Feexp ':O 3428( X +
_ 2 _
foCuex'p 0.5268 (——S—‘flﬂ) s o(15)

The three dimensional E.D.M. can be plotted by the application

of the following equations(63)(64);

Jo{xvz ZZZ hkl

When the crystal lattice is centro-symmetrical,in expanding

exp2mi { hxskyslz} ....(17)

the'exponential function the sine terms vanish and if the

(hk0) projection is desired,equation (17) will reduce to;

\/O{XY ZZF Cos 2H{hx+ky} ..... (18)

In equation (18) A is~the area of the plane of the projection

and Fhk@ are the structure factors.

The second attempt to plot the E.D.M. was based on the
measured values of the structure factors. The intensity of
any reflection when measured by the x-ray diffractometer

(63)(64)

1s given by

2 2 2M
I_lFlJo 1 + Cos26 e S (19)
= Sin29 Cos#

rom the eguation (19), the structure factor can be calculated

=

N .
3

¢ o
O]
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I

2
p{ 1+Cos 26 } -2M
e
Sin’9 Cos%g

In equation (20) I= intensity of the diffraction peak,
2
. . 1+ Cos26 - s s
= multiplicity factor (———22£8)- Torentz-volarization
£ v "'Sin%8 Cos’g ) )
factor, and M= temperature factor given by equation (12),

(13) and(14).

The measured values of the integrated intensities were inserted
in equation (20) and subsequent results were finally used
in equation (20) to plot the E.D.M. from the measured values

of the intensities.

The calculated and measured electron-density maps proved

to be identical and are shown in figure 12.

The four corners sites (00) and the centre of the projection

plane (%%) can easily be identified as occupied by the

platinum atoms, but it was not possible to discriminate
1

between Fe and Cu atoms as occupants of the (£0) or (0%)

positions.

When these two-dimensional sites are considered in three
dimensions, the following atomic sites of the ssructure cell
can be desected (000) and (330) to platinum and (30%) or
(0%%) sites belong to either Iron or Copper atoms. An
immediate interpretation was that copper and iron are
randomly distributed with the platinum atoms at the fixed
atomic sites,and so the ordering transition is due to the
platinum tendency to have ordered arrangements with Copper

and Iron.
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In the presant research no attempts were made to obtain
any structural information, regarding the disordered phase
of the Pt,FeCu, but based on, a)- Cabri's et al ‘°2) peport
that the copper atoms substitute for iron atoms in the
PtFe binary compound and b)- the latter has a disordered
f.c.c. structure, therefore it seems quite safe to assume
a similar disordered structure for the PtgFeCu compound
where the resultant face-centred tetragonal is due to
ordering in this system. Although the system is a ternary
compound 1its behavior is nevertheless expected to be

(62).

similar to the AuCu PtCo(65) and PtFe(45) binary

metallic systems.

X-ray diffraction has been used extensively to investigate
the ordering mechanism in the aforementioned systems. In
the PtgFeCu case, as the tetragonal lines appeared to be
in their final positions and no disordered material was
found, it is impossible to draw any conclusion regarding

the nature of the mechanism based on the X-ray analysis.
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Fig 12- Electron Density Map of PtzFeCu
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3.1.5 Measurements of the Long-Range order(L.R.0) parameter

X-ray diffraction techniques have been used to measure
the variations of the L.R.O parameter (S-parameter) with

time and temperature.

The degree of order can be determined from the following

expression proposed by Keating and Warren<66)

Sz=[&J [/o F exp -2m (1+Cosze)/5inzeCOS‘e:]f (21
P
f PDF exp —2Mm G+C052Qém2

eCosé]
o) s
where —=1is the ratio of the intensity of the superlattice

p
f

reflection to that of a fundamental reflection, 0 is the

multiplicity, F is the structure factor, M is the Debye

temperature factor, )\ is the wavelength of the x-rays and

8 1s the Bragg angle of reflection.

By this technique S was found to be 0.41 for a sample
‘subjected to three months solution-treatment at 1200°C
(ébove TC) and rapidly quenched. When measuring the S
values a whole surface cross-section of the specimen was
exposed %o the incoming x-rays and the (110) superlattice

and (220) fundamental reflections were used.

Such a high value of S, not only indicates that the ordering
has occuired upon quenching,but also the material possesses
high ordered configuration. In other words 41% of the
ordering transformation has taken place which clearly would
indicat= the high rafe of ordering and growth of the
ordering centres compared with the S=0 which is expected

for a similarly treated material.
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When such a sample was viewed under a optical microscope
very interesting microstructural alternations were observed.
The central regions of the material had the most complex
twin characteristics and the outside regions (near the edges)

showed less complex twinned morphologies.

It was thought that such microstructural variations which
usually accompany the ordering reactions<58’68’69’7o’7T>
should be directly related to the local-variation of the
S—-parameter and so it was decided to measure the S-values
locally, but as the grains were not big emough for the

individual measurements the following procedure was adopted.

The cross-section of the sample for these measurements

had a circular shape, figure 13.

Figure 13- The cross section of the Pt FeCu specimen

The S-values were measured for the central region (hereafter

e

area "A" in figure 13 ) while the outer circle was being
masked ond vice versa for the "B" and the following values
were obiained.

Area A S= 0.63

Area B S= 0.29

From the two measured values of the S, it was quite clear

that “he area A had a much higher ordered arrangement than
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area B and the observed complex twinned microstructures
at these regions were directly related to such high value

of S.

To study the variation of S with time and “emperature,
similar measurements were made on the samples which were

used to study the recrystallization mechanism.

Whole cross sections of the sample were exposed to the
x-rays. In other words, the S-values were actually the

averaged L.R.O. parameters.

Figure 14 shows the variation of the S-parameters with
time and temperature. The process of ordering progresses
very rapidly at the start and gradually slows down on
prolonged order- annealing. In other words, the rate of
ordering is directly proportional to the temperature

and time which eguilibrium state is reached.
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Figure 14. Variation of Long-range order-parameter

with time and temperature.
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3.1.6 Microstructural features of Pt,FeCu
Depending on the heat-treatments used, different micro-
“structures were observed when samples were viewed with

optical/electron microscopy.

The as-cast sample which was the result of the melting and
casting without any heat-treatment, showed a typical cored-
dendritic structure, with the Pt-rich cored dendrites

set in a mixture of iron and copper-rich interdendritic
phases (Figure 15). When these cored structures were
magnified several times, very fine dark and bright bands
were also observed, Figure 16. These bands were
irregularly distributed and were more frequent at “he

central region of the specimen.

To eliminate the cored structure and homogenize the samples
which had «—15-20% compositional variations, they were
subjected to the following solution-treatments;

1)- At 1200°C for three months.

2)- At 1400°C for 10 days.

At the end of each treatment, the samples were rapidly
quenched in iced water and their homogenuity was confirmed

by means of the E.P.M.A, (~0.5% compositional variations).

Figures 7 and 18 are the secondary electron images of the
sample ., treated at 1200°C for three months. Each grain
seems -0 be completely divided into narrow, varallel bands
which in turn are also divided by much finer parallel bands.
The width of these bands at this condition varied between

8-11 um.
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Figures 19 and 20 are the optical micrographs of the sample
annealed at 1400°C for ten days, which show similar micro-
structures to that of figures 17 and 18 but the width of

the bands varies between 26-14 um in the latter case.

These micrographs, i.e., figures 17,18,19 and 20 are taken
from tae central parts of the specimen, when areas near
the edges of these specimens are viewed,a less complex
band microstructures are observed and this is examplified

in figure 21.

Similar band-structures have also been observed in such
metallic systems as AuCu(69>(71)(45> and PtFe<45) where
ordering reactions produce a crystal lattice with the lower
symmetry than the disordered phase and are termed stress—
relief twinning. Therefore, based on our x-ray diffractions
and D.T.A results, the conclusion can be drawn that these
observed bands are actually twinned-bands in the system
formed during the ordering transformation. More evidence

of this is presented later.
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3.1.6.1 Transmission Electron Microscopy (T.E.M.)

To fully investigate the nature of the twin-bands in
different regions of the sample, thin foils which were
preparedveither by ilon- bombardment or electro;polishing
techniques,were examined with a JEOL 100 B T.E.MM. operating

at 100 KeV.

Initial stages of the ordering transformation could not be
investigated due to its high rate of the reaction, but it

was thought that the variations of the S-parameter (S = 0.63
and S = 0.29 for the central and outside region of the

sample guenched after three months at 1200°C ) could yield
some information regarding the ordering mechanism, especilally

the areas with S = 0.29.

T.E.M examinations were also carried out on the samples
with different heat-treatments which will be mensioned in
the appropriate sections. First the results of the T.E.M

examinations of the as-quenched state will be presented;

a)- As- quenched state,

a.1) From S = 0.29 region

Thin foils of as- quenched material were prepared from the
: : ’ 0 v
samplée which was quenched from 1200°C (above TC) after a

three month homogenization treatment.
g

Figure 22 is a montage of bright- field micrographs from

near the free surface where S = 0.29. In this picture two
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bilg bands with varying width and another smaller one which
make an angle of 40-50 degrees with them can be seen. Two
ordered domains with different sizes have already grown

with the "twin- band" feature inside them on either side

of one of the bands. At this stage 1t appears that the
growth of these ordered domains towards the disordered
matrix have been suppressed by quenching. Another interesting
feature is the presence of another "twinned-band" inside

the blgger bands in the vicinity of the ordered domains.
These twin-features are perpendicular to each other and

make an angle of 60° to the growing ordered domains.

Further evidence was obtained when one of the larger

domains was examined at higher magnification.

Figure 23 is a bright-field micrograph of the interior
region of one of the ordered domains of figure 22.The
foil's normal is 110> zone and figure 24 is the high-
resolution dark-field image obtained when a {WWOksuper—
lattice reflection was used showing the presence of the
very tine ordered particles or plates of approximately
570-780 A° in size. In comparison with B.F image,it
appears that the internally twinned ordered domains are
actually comprised of very fine ordered particles or
plate in twin-orientation relationsnips. Although not
conclusive, the presence of these particles could confirm
the nucleation and growth mechanism of the ordering

reaction to a certain extent.
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Similar behaviour was also observed where two of such
ordered domains were formed in the neighbourhood of a
larger band as is shown in the bright-field micrograph
of figure 25 . It is also interesting to note their zig-

zag interfaces.

Further evidence of the presence of the nucleation and
growth were observed and this case is shown in figure 26

In this micrograph three different ordered domains can be
observed; a large domain of 2.5pum width, internally twinned
(0.03 pym width) and another smaller domains of different
sizes where they are also internally twinned with totally

different orientation to that of the larger domain.

It is difficult to draw a firm conclusion as to whether
the larger domain was in the process of re—-absorbing the
smaller domain (similar to the coelescencemechanism in
normal precipitation mechanism ) to decrease the surface
energies or any other mechanism, but nevertheless these
different domains of varying size can be thought to have
been initiated via a nucleation and growth mechanism as

the result of ordering transformations.

It aupears that the interface of the larger domain with
the smaller domain show some feature similar So interfacial
dislocations. As there is no practical knowledge of the
dislocation configurations in this system, no further

comment is possible.
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a.2 ) From S = 0.63 region

The thin foils of these regions showed the most interesting

and complex microstructures.

Figures 27 and 28 are two bright-field images where orthogonal
domains with different sizes can be observed . In these
cases where the domains make an angle of 90° to each other

no sign of coelescences can be observed.

Based on these micrographs, it seems that the ordered domains
with different orientations have grown from different
ordering centres and come into contact with 90° angle.
It is worth noticing the absence of features which are

thought to be interface dislocations in these micrographs.
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Figure 29 1s another typical bright-field micrograph of

an area of the sample with S = 0.63 produced by electro-
polishing technique. Four big twin bands (0.7 um width),
internally twinned (~——0.05pum) and three smaller bands
(w~0.3um width), which are also internally twinned (0.03um)
can be observed. The selected area diffraction pattern oIl
the above micrograph is shown in figure 31 with its indexing.
Trace analysis of the traces, A,B,C, and interface plane

yielded the following orientation relationships (figure 32).

1) Trace A (110) plane
2) Trace B ' (101) plane
3) Trace C (011) plane
4) Interface plane (101) plane

Furthermore, the (107) and (011) planes are equivalent in
the tetragonal structure cell, thus.the true relationships are
Trace A (110)

Traces B,C,I (101)

Similar relationships have been obtained iq systems such as
AuCu <77), PtCo (70) and PtFe (45) where {110} planes are .
twin planes. Therefore, according to the trace analysis, the
{ﬂo | <110> is the twinning mode in the Pt FeCu. Figure 30
cleariy shows the twinning arrangements where a dark-field
image of a {110} tyve superlattice is used. This micrograph
reveals that the orientation of the twinned structures have |
‘alternated regularly, thus implying that the alternate bands

have the same crystal structure and orientations. Taking

the tetragonality of the structure into account, the C-axes

are lying in a alternate manner in the plane of the foil.
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The Bright bands in the dark-field image are actually tilted

~_,_..270 relative to the foil surface.

The whole twinning features observed are actually the
ordered domains in the twin-relationships bounded by {1?0}
type planes and C-axis in each domain is set nearly at right
angles to that of its adjacent domain. Therefore when 2
dark-field image, using a superlattice reflection is
obtained, these ordered domains light up alternatively,

depending on their C-axis orientations.
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Figure 32- A sterographic projection, showing the twin

orientation relationships of Figure.?29.
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Further evidence for the arrangements of the ordered domains
was obtained and is shown in figure 33. This 1is another
typical bright field image and as it is observed the
larger band is internally ‘twinned. The S.A.D.P of the
flgure 34 and its indexing are shown in figure 35. The
diffraction pattern is comprised of two [OTOJ and an[OOWJ

zones.

Figure 34 shows the dark-field image of the figure using

the (001) superlattice reflection. The bright bands in

the dark-field image clearly show the ordered domains

with alternate C-axis, lying in the plane of the foil and
the dark-bands indicate the other ordered domain variants
with their a-axis at nearly righi angles to the neighbouring
domains. Again, identical orientation relationships. *to

the ones already obtained exist in this situation, figure

37.

94









004
- A 204
A 403 440
8 o o om0 O *9o
40 40 201 040 401 402 240 404
= 130 A
3 130
. 203 g 003 g 2A -330
330- 03
202
a 2202 202 203 452 204
@) Q O a Q @] O
203 203 220 301 200020 201 220 202 %02
A
- A 110
u 201 & n A 310
310 Tio O L] A
201 401
a2% 001 200,002 0%3 o204
0 o) | o) o > N
003 Qo 200 400
L A _u A u_ 221 = 407
310 201 110 001 110 310 A
- - - - = - 203 204
1
3032 220 2 200 29 220-0202 2 5
203 202 002 920 202 A
_ _— _ _ 4032
203 130 130 330
= L N B 203 .
33Q 003’ A _ I04
- = - - - - T 03
T (’402 C°>1 o 00 Q1 240 3% %5 . ©
A
004 203
s [oo1]
o [o1q
£ [01 0]
- Indexing of S.A.D.P. of Fig. 35

97



Figure 37-A stereographic projection showing the twin

orientation relationships of Figure. 33.

101 T. A
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At first 1t appeared that the ordered domains had their
C-axis at right angles t h oth T inati

c g ngles to each other, but close examination
of the S.A.D. P (figure 36) proved it otherwise and some
angular disparities existed among them. In order to
understand the true misorientation angles in the low index
planes a stereographic projection of the tetragonal

PtZFeCu cell was consfructed.

Figure 38(a) is the (101) projection of the Pt,FeCu in
which the matrix is twinned on (10!') plane(twin indices
are shown by T,). As it can be seen the following planes
are parallel and there exist different degrees of mis-

orientations among other planes

2) (111)MH (11”111 (111)MH (TTT)T1

b) (010)y || (OTO)T'

) : (070)

ol (010)y_

If such a twinned structure is twinned on the other variant
. of the twin plane, i.e., (701), figure 38(b) is obtained.

The (701),, in figure 38(a) is brought to the centre of the

M
projection through the rotation of—385°-and the other
indices (M’TT) are also brought to their new positions.
Twinning sn (IOT)M-plane produced further angular disparities,
but similar planes to that of figure 38(a) are still

parallel (Tz)

D Ty || (T,

o) (0T0)y 11 (owo)T1 (OTo)T1 l[(owo)T
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¢) (010)y H (070) 4 (010)T1 ‘] (0T0)

When the twinned structure in figure 38(a) was twinned once
more on (011) plane, figure 38(c) was obtained. In this
case further angular disparities developed, but still the

following planes were parallel:

(T11), (1Tg. H (111),

) (111)
> M ! 1 -2

If the crystal is twinned only on (110) plane no angular
disparities are developed and such a case is shown in

figure 38(4d).

It appears that the twinning on (101),(701),(107T) and (011)
planes would keep the combinations of {111}M, {111}T1-and
{111}T2 planes parallel and create different degrees of
misorientation angles among other planes. The measured

angular disparities based on figure 36 are in agreement

with the wvalues obtained from the sterographic projections.
Based on the aforementioned observations it is possible to

illustrate the arrangements of these twinned-orientated

ordered domains. This situation is shown in figure 39.
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Figure 38 - Sterographic projections showing the angular

disparities when structure is twinned on

a) (101)

101



b) (701)
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a) (110)
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Figure 39 - Schematic representation of the ordered °
tetragonal domains with alternate (C-axis

in adjacent domains.
The reciprocal lattice of PtzFeCu which is constructed

based on the x-ray and electron diffraction observations

is shown in figure 40.
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Figure 40 - The reciprocal lattice of Pt2FeCu showing

[y

the fundamental and superlatitice reilecticns.
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3.1.7 Recrystallization mechanisms

During the course of different thermal treatments below the
critical temperature, it was observed that recrystallization
occurred. In the past, recrystallization of an ordered
domain structure has only been observed on a few occasions
(65,37,72) and there is much controversy, regarding the
nature, orientation relationships and nucleation and growth
mechanism. Therefore it was gquite interesting to study such

a mechanism in order to clarify some of the controversies

and existing "models".

At first, the activation energy of the recrystallization
mechanism was measured. For this purpose, four isothermal
temperatures, 1000°C, 900°C, 800°C and 700°C, bvelow the

TC were selected. Four samples were cut from the homogenized
alloy and were subjected to 2,4, ...., 3000 hours heat-
treatment and after each anneal, they were slowly guenched

in water to avoid any grain boundary fracture (section
3.I.8). 1In some cases (especially at 1000°C), a shorter
annealing time was regquired to study the recrystallization

mechanism in detail.

3.1.7.1 Activation energy measurements

Many investigations of the kinetics of isothermal
recrystallizations, nave shown that the Avrami relation-

. ‘ (73) o . -
ships 1s obeyed "  ~ This is represented by an equation
of the form:

f = 1-exp (-kt") cevee. (22)
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Where f is fraction recrystallized after time t and k and

(73)

n are constants If this is so, then a plot of

1n 1n [ Jversus In t would be linear and from it values

of kK and n can be determined.

Figure 41 shows the plot of fraction recrystallized against
In t for different temperatures of heat treatment. The
effect of temperature on recrystallization can clearly be
observed, i.e., at 1000°C the material has reached 50%
recrystallization stage in a matter of 72 minutes whereas
at 7OOOC, it takes 350 hours to reach a similar stage.

At 900°C and 800°C, the time of 7 and 23 hours are

required to achieve 50% recrystallization.

Figure 42 shows the Avrami plot of lﬁ lnl:T%?{} versus

In t which was a straight line relationship up to f= 0.5
with another linear section for £>0.5. From this graph the
values of the k and n for the two’iinear relationships can
be determined and are given in table 3. These values were

obtained by fitting straight lines to £<£0.4 and £> 0.6

( £<0.4 £>0.6
0
n1 k1 n2 k2
1000 0.95 |58 x 107° 0.2 86 x 1079
400 0.75 |15 x 107°]  0.15 | 55 x 1079
) -4
800 0.71 |6.8x 1072 0.15 | 41 x 10
] 0 -
700 0.72 | 1.17x1072]  ©0.16 | 22.5x10

Table 3- Values of n and k in the Avrami relation
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This shows that the n increased with increasing temperature
whereas k decreased. The actual value of n varies between

0.15-0.2 and 0.7-0.95.

Finally, the activation energy was measured from the %ime

for 40% and 60% recrystallization and table 4 shows She

relevant data which was used to plot 1ln t versus % for

these measurements.

5 1 Time (h) for
T-C 1/T(K™ ) recrystallization
-3

x10 40% 60%
1000 0.78 0.81 2.7
900 0.85 4.30 25.5
800 0.93 15 134
700 1.03 221 1808

Table 4- Data for Arrhenius plot obtained
from the fraction recrystallized

curves of PtgFeCu

The activation energy of the recrystallization was calculatad

(89)

QI'
=T )

from the following expression
T = A exp (-

where T is the time at a given temperature required to
recrystallize a certain percentage of the volume of material,
A and R are constants and Qr is the activation energy of

recrystallization.
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From the slopes of the Arrhenius plot the Qr values were

calculated and are shown in table 4(a)

fraction
recrystalli- KJ/Mole ev/atom
ed

f =0.4 209.4 2.16

f =0.6 249.5 2.57

Table 4(a)
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Fig 42 - Avrami plot for the recrystallization of Pt FeCu
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Figure 43 - Arrhenius plot for determination of activation

energy for recrystallization of the PtgFeCu
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3.1.7.2 Optical microscopy

During the course of activation energy measurements of the
recrystallization, the actual meéhanism was closely examined
by means of optical and electron microscepy at different
stages. As the recrysfallization mechanism proved to te
identical fOr the samples subjected to different
recrystallization treatments, only the experimental
observation of the 1000°C isothermal heat—treafment will be

represented below.

After only 5 minutes at TOOOOC, the new grains appeared‘along
the grain boundaries of the parent matrix. They were mostly
observed at the central region and no new grains were
observed near the edges of the sample, i.e., indicating a

heterogeneous nucleation and growth mechanism.
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On the longer recrystallization treatments, it appeared
that the grain-boundaries were not the only sites for
the recrystallized nuclei,but the intersections of the
twin-bands seemed to be also adopted as sites for
recrystallization. These sites were clearly observable
after 30 minutes at 1000°C and figures 46 and 47 show

these sites.

After one hour of heat-treatments where the two afore-
mentioned mechanisms Were in progress, the third kind of
morphological change was observed.Although no new grains
appeared to have formed, some of the ordered domains seemed
to be advancing into the adjacent materials. This mechanism
shows a similar character to that of the stress-induced
grain boundary migration where the parallel sided domain
boundaries start to advance towards the neighbouring

region with the wavy boundaries, similar to grain boundary

bulging. Figures 48 and 49 examplifies such a mechanism.
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ring further heat-treatments, these three mechanisms
yntinued to progress at the expense of the finely

vinned matrix. Th2ir growth appeared to be an orientation-
ependent mechanism,i.e., the new grains advanced toward
favourable orientation first. This effect is clearly
een in figures 50 and 51 where the advancing fronts

1re shown by arrows.

As in the normal recrystallization mechanism, 1t was expected
to have a fully recrystallized material at a given time

and temperature, but it proved otherwise.

The sample subjected to 1000 hours heat-treatments at

1000°C only reached 90% recrystallization and further
annealing up to 3000 hours only produced a 95% recrystallized
sample. The fully recrystallized region of the sample |
was the central parts where the original material had

the most complex twinned microstructure. The only region

of the material where the original microstructure was
unaltered, seemed to be in the vicinity of the free surface

(edges of the sample), figures 52 and 53.
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The recrystallized parts of the material had normal grain
structures and showed some evidence of annealing twins,
which were generally in the form of parallel-sided lamella.
Annealing twins were not very frequent, i.e., there

appeared to be approximately one twin to two grains, figure 54.

When these recrystallized grains were examined in detail,
some additional markings interpreted as deformation twins
were also observed which were distributed throughout the
grains in an irregular manner. As a safeguard, to assure
correct ldentificatian, the specimen was ground, polished
and etched again and subsequently viewed with the polarized

light microscope in which they showed twin characteristics.

Figure 55 is a typical area of the specimen which shows those

narrow deformation twins in a relatively coarse grain about

O.4mm diameter. It“appears that four sets of such twins

are present in the grain plus an annealing twin. It is

also interesting to note that:

1)  Some of the twins end inside the grain

2) Some of the twins go right across the grain

3) Wnere the twins intersect each other there is no
detectable displacement cross from one twinning plane
to another of each twin

4)  When the twins encounter the annealing twin their
direction is changed:; the original direction is resumed

when they pass once more into the matrix.
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Figure 56 is another area of the recrystallized specimen with

similar features to that of figure 55 and figure 57 is a

polarized light micrograph of the figure 56, showing change

of contrast.

It is also 1interesting to note that the populations of the
deformation twins were more when recrystallized grains
formed a triple junction or normal boundaries and they were
absent when fracture had occurred along the grain-boundaries,

Figure 58 shows the se features.
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When the sample was subjected to g longer recrystallization
treatment, these deformation twins were totally absent

and instead the specimen had normal grain structure with
annealing twins, figure 59. Annealing 5wins have normal
parallel-sided lamella, but in some cases they appeared

differently.
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P

Figure 60(b)- A sterographic projection showing the

orientation relationships of the three

recrystallized grains.
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d on these ain ' T i
Base ! gr orientations and the trace analysis of

Figure 60(b), the following relationships are obtained

1) twin }’1ane T, = {JOT} type, 45° tilted
2) &NT_ Q “ BTT] c
] 3
3 [133] 6, | [33] ¢
v [133] ¢, or G, is15% tilted away from [om} .

1

Further supporting evidence was obtained when partially

recrystallized samples were examined (one-hour at 1OOOOC).

Figure 61 is a bright-field micrograph where both the

twinned and recrystallized regions can be observed. Although
this micrograph does not reveal any information regarding

the initial stages of the recrystallization, the orientation-
dependency of the growth mechanism can clearly‘be observed.
The recrystallized areas, shown by arrows A1 and A2 have
advanced rapidly in the alternate twin-bands, but thé‘central
region, shown by double arrows B seemed to D€ hampered by

the presence of an unfavourable orientation, although
eventually -he recrystallization process would swallow all

these regions.

Similar twinning which has been observed in optical micrographs

. . . C 3= m | .
is also present in figure 61 with varying widths, Traces 'C

Figure 62 is a dark-field image of the dotted area of

figure 61 when a {110} superlattice reflection i° used,

. _fi btained when
Whereas flgure 63 shows another dark field, Q07T
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(220) fundamental reflection was operative. Similar

arguments to that of the "As-quenched state" can be applied

in this case, regarding the nature of these twin-bands.

Further trace analysis also confirmed the %110 < 110>

orientation-relationships. The finer twin markings inside

the recrystallized regions seem to be similar to Trace.B

in figure 63, i.e. ;101

[ﬁ"z] :

types where the foil normal is
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7igure 64- A sterographic projection showing the

orientation relationships of Figure 63.
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3.1.7.4 Scanning Electron Microscopy (S.E.M.)

Although someé orientation relationships were obtained

+ . .
by means of the T.E.M. examinations, further evidence

was needed to study this aspect in more detail.

The alternative technique of S.E.M. in the channelling
pattern mode was used to solve the problem. To use such
a technique the surface finish of the sample was very
critical. As stated before no suitable electro-polishing
solution could be used and Ion-bombardments produced %00
much surface topography. Therefore, mechanical polishing

was adopted to produce the required surface.

A homogenized sample was subjected to one hour recrystall-
ization heat treatment at 1000°C and was polished down %o
zpn by standard technigues. To remove the remaining fine
scratches "etch and polish" procedure was used for one week
and although at the end, a scratch free surface was not
produced, nevertheless 1t was thought to be good enough

for the orientation relationship determinations.

Figures 6¢ and 67 show two areas of the sample with the
twinned and recrystallized microstructures with their
corresponiing channelling patterns. Figure 65 shows the
orientation relationships of recrystallized grains which

all appear o be clustered around (101) pole (0.68-6.18
he

ct

degree for G1 5 3.5,6 ) and therefore confirming
9 4 b b .
existence of an orientation relationship between the twinned

structure and the recrystallized grains.
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Such relationshnips were also confirmed by means of the

T.E.M examination, figure 61.

X %4 X
001 0l3 ol

Figure 65 - A section of a sterographic projection showing

the orientation of the new grains.

Figures 68 (a),(b) also shows the twinned structures

obtained with the backscattered electron image mode.
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3,1.8 Grain-boundary fracture

e

wyhen samples of PtgFeCu.were rapidly quenched either from
above TC or below, very fine cracks appeared along some

of the grain-boundaries. These cracks appeared to propagate
or new cracks were initiated when samples were rapidly

quenched several ftimes.

Figure 69 shows the intercrystalline fracture between two
grains, G1 and G2 where grain G2 seems to be displaced
normal to the surface. This effect can clearly be observed
in figure 70 where G, and G3 seem to be slightly higher
than the rest of the grains. Some evidence of the twinned

structure is also visible in this figure 70.

Figure 71 is the optical micrograph of a sample which has
been quenched five times and shows the spread of these

cracks.

To prevent this effect a much slower quenching rate was
employed during the recrystallization studies but ,
nevertheless, some cracks appeared when the samples were

subjected to frequent guenching, (figures 50 and 53) .

Another wusual effect of the ejection of some of the smaller
grains from the interior regions, in addition to the gralns
on the edgses of samples, was also observed during the

recrystallization studies. The ejection of the grains is

shown in tigures 72 and 52. In the vieinity of the ejected
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grains, the deformation twins showed complex features as
shown in figure 72. Similar features were also observed
when material was slow cooled (inside the furnace from
1400°C to room temperature) but the grain-boundary fractures

were not on the same scale as the quenched samples.
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section IT

Tgothermal section at 1000°C

The isothermal sections were determined from the X-ray
diffractometer ( lattice parameter measurements ) and
Electron Microprobe Analysis( chemical composition
measurements ) of the alloys under study. During E.P.M.A

the following precodures were adopted in order to measure

the true composition of coexisting phases;

a)- When the coexisting phase was relatively large, the
chemical compositions of the adjacent areas of the
interphase were measured.

b)- Second phase particles of less than 3pm were not
analysed.

In presenting the isothermal sections some measures were

also taken in order to avoid needless repetitions and are

as follows;

1)- No x-ray diffractometer traces are reproduced other than
the trace shown in figure 11 which is ftruly representative
of the other traces'obtained.

2)- When a few alloys happened to have a similar micro-
structure, only one representative of the group is shown.

3)- When some alloys happened to be in the single,two-
phase or three-phase fields, only a minimum number of
them which helped to construct the phase-boundaries
are shown or mentioned.

4)- Numbering of alloys in the Ttwo sectiocns are not

corresponding number.
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At this stage, 1t should be emphasized that the nature or
formation mechanisms of the observed microstructures will
not be discussed here as the present project was designed
£0 investigate the stoichiometric Pt2FeCu phase relation-
ships with the other binary compounds and preliminary

investigations of its structural changes.

Figure 73 shows the isothermal section at 1000°C of the
ternary phase diagram. The section 1s constructed by
combining the experimental results from the ternary alloys
with the currently accepted constituting binary systems,
Table 5 shows the compositions, lattice parameters and

°/, ratios of the alloys, used to construct the 1000°C
section. Below is a list of the Greek letters which

have been used to designate the different phases in the

ternary systenm;

Disordered f.c.c Pt-rich anphase
Ordered f.c.t Bo-phase
Disordered f.c.c. Cu-rich Yg—phase
Disordered f.c.c Fe-rich YD«phase

Previous .avestigations in the Pt-Fe binary systen have
confirmed that below 1300°C, there exists a broad single
phase region of an ordered tetragonal structure which 1is
based on the PtFe Compound. In the present work 1t was
found tha- at 1000°C and by addition of Cu, this region
extends towards the interior part of the system and
reaches the 50% Pt, 30% Cu and 20% Fe approximately.

%

o - 4in t - e is 38
The variations of the Pt content in the B -phas S0

- 58%.
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X-ray traces of the alloys which are situated in the B -phase
0
confirm the presence of the superlattice reflections and

the tetragonality of their structure cells.

At the exact composition of 50%Pt, 25% Fe and 25% Cu, there
exists a ternary compound (Tulameenite). Cabri et al (55)
(alloy no 54) which as can be observed from Figure 73 forms
a continuous region cf solid-solution with the binary
compound PtFe, with a = 3.895 A and ¢ = 3.595 A° compared
with a = 3.847 A°, ¢ = 3.715 A°, Ccabri (55), for PtFe. The
changes in lattice parameters can be studied in more detail
when the dimensional changes are plotted along the line
PtzFeCu~PtFe. Figure 74 shows the effect of the Cu addition
along sucn a line which gives rise to the increase in a-
parameter and decrease of c- parameter of the alloys. In

the same figure the varzation of c/a and the volume per

atom changes can also be observed.
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Figure

73 — The Pt-Fe-Cu ternary isothermal section at

1000°7.

Cu

V3 M. M '3 X V2 V2 V3 Vi
30 80 70 60 50 40 30 20 10
Atomic %
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TABIE-5

A1loy [Overall Phase Tattice
No. |Compositions(at®)|separations (at%)| Parameters | c/a
ratio
Pt Fe Cu | Pt Fe Cu @(A%) |c(4°)
1 61.21 33.6| 5.2 | 29-2] 35.4] 5.4 3.861 3.716 {0.962
61.9] 33.0] 5.1 3.866 - -
5 61.5| 27.7| 10.8 59.3] 30.5 10.23.882 {3.645 {0.939
62.6f 26.8] 10.63.885 - -
58.2] 24.11 17.7] 3.8943.582 {0.919
3 61.01 19.41] 19.6
62.31 17.9] 19.83.847 - -
55.9] 20.8] 23.33.8831(3.613]0.931
4 57T.71 17.21 25.1
59.61 13.1| 27.33.832| - -
| 53.3] 19.8] 26.93.8671 |3.621 [0.938
5 55.1 1 14.4 1 30.5
56.30 1.1 32.63.791 | - -
. .0B.86 .596 10.929
6 50.8| 14.4| 34.8 49.8| 20.2| 30.0Q3 9 13.59
51.5] 10.3} 38.23.828 —~ -
47.41 21.3] 68.73.871 13.619]0.935
7 46561 16.91 36.5
45.6) 12.3| 42.1B3.794 | - -
45.3| 23.1] 31.6B.874 {3.621 |0.935
3,71 2001 36.1 _
’ 3 41.5 15.6| 42.93.780 | - -
43.3] 25.20 31.5R.878 {3.627 [0.935
9 | 40.4| 22.3] 37.3
38,11 19.2] 42.73.767 | - -
1.4 27.3] 31.33.875 |3.631]0.937
10 | 38.4] 25.7] 35.9] %
35.41 23.9] 40.73.759 - -
B 39.5/ 31.2| 29.33.871 P3.63810.939
11 36,11 30.8| 33.1
33.4| 30.2| 36.4B.731 ] - -
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- Overall
Alloy Phase T, .
No C;mpﬁos:.tlonrs(at%) separations(at%){'ngzﬁ]ﬁg;ersi c,
t | 7 " T—o . /@
=e Ca Pt Fe Cu 1 a(a%) c(a%)] ratic
10 36.10 37.50 26.4 38.3 1 37.2| 24.5|3.8643.64210.945
32.9 | 37.9] 29.2 (3.742 - —
13 | 36.8 44.4] 18,8 38-6]43.8| 17.6(3.848|3.5673(0.955
33.2 1 35.5| 31.31(3.763 - -
0 | 3710 52,30 10.639-0]51.5] 9.5 |3.8283.686|0.963
34.4 1 33.51 32.1(3.772 - -
36.1 1 61.21 2.7 {3.788 - -
16 5.7 12.2 82.1 3.3 4-6 92.1 3.678 - -
10.4 1 26.3 | 63.312.911 - -
17 12.9] 46.9] 40.2 2.6 4.1 93.312.906 - -
16.3 1 61.4 ] 22.313.637 - -
18 8 51.4| 40.5 1.8 3.2 95.0 |3.631 - -
11.8 1 80.8| 7.41(2.894| - -
o | 51| ss.gl 36,311 |29 |96.013.628) - | -
7.1 | 87.8] 5.1 |2.882) - -
50 8 £9.1| 49.1 0.5 2.8 96.7 |3.622 - -
2.6 92.5| 4.9 [2.879 - -
21 1.8 | 97.2| 1.0 1.8 |97.2| 1.0 [3.651 =~ -
22 | 8.1 88.7) 3.2|8.1 |8.7]3.2 13.659) - | -
23 15.8{ 82.7/ 1.5]15.8[82.7| 1.5 |3.609| - -
24 1a.1] 78.1] 7.8 14.1 | 78.1 7.8 |3.673] - -
L i
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ey [ B [ e T
Pt Fe Cu P+t Te Cu a(A%) c(AO) rat?o
25 | 25.81 69.1] 5.1 125.8 {69.1 |5.1 B.753 - -
26 | 33.0| 57.6| 9.4 |33.0 {57.6 |9.4 B.779| - -
27 17741 53.21 29.1117.7 [53.2 {29.1 3:728 - -
28 | 31.1] 43.2] 25.7(31.1 [43.2 |25.7 B.751 - ~
29 | 13.3]29.6] 57.1113.3 |29.6 | 57.1 B.726 - -
30 | 16.5| 41.6| 41.9]16.5 [41.6 |41.9 3.713 - -
31 30.6| 25.6| 43.8{30.6 |25.6 |43.8 3.728 - -
32 26.3 1 19.7| 54.0(26.3 [19.7 [54.0 B3.715 - -
33 | 19.9| 16.1| 64.0[19.9 {16.1 | 64.0 B.704 - -
34 11.8] 24.4| 63.8{11.8 |24.4 | 63.8 3.702 - -
35 9.5 11.5| 79.0]9.5 |11.5 [79.0 B.694 - -
36 23.2 | 2.6 | 74.2|23.2 |2.6 |T74.2 B.707 -
37 35.6] 9.4 55.0135.6 |9.4 |55.0 B.721 -
38 42.9 1 12,4 44.7] 42.9112.4 | 44.7 3.774 -
39 | 48.81 9.1 | 42.1| 48.8/9.1 |42.1 B.817 -
40 58.8( 8.8 | 32.4| 58.8| 8.8 |32.4 3.829 -
41 43.91 3.0 53.1] 43.9] 3.0 | 53.1 3.801 -
42 | 70.11 20.1] 9.8 | 70.1] 20.1/9.8 p.863 -
43 | 70.0( 9.8 | 20.2] 70.0| 9.8 [20.2 B.854 - -
44 81.1| 10.9] 8,0| 81.1] 10.9] 8.0 B.888 - -
h‘45 5.2 | 26.4| 17.4(56.2 | 26.4| 17.43.897 | 3.591 0.923
46 | 50.0| 30.1| 19.9|50.0 | 30.1} 19.9 3.887\3.62 l0.93”

149



rj/&'lloy

Qverall composi_

phase separationslattice

No.| tiong(at®) (at%) parameters C /g

Pt Fe Cu | Pt Fe | Cu |a(A®) |c(4%)|ratio
A7 50.0f 37. 12.8 50.0 37.2 | 1228:3.871{3.658 0.945
48 50.0] 44. 5.1 50.0 44.9 | 5.1 |3.862{3.685[0.954
49 45.8 27. 27.00 45.8 27.2 | 27.013.881{3.618]0.932
50 41.2 29. 29.31 41.20 29.5) 29.3(3.874{3.632]0.938
57 40.1 44. 15.00 40.1 44.91 15.013.833(3.6880.962
52 | 40.4 | 58.10 1.5 | 40.4 58.11 1.5 {3.837]3.711]0.968
53 58.2 38. 3.7 58.2 38.1 | 3.7 |3.869(3.724{0.963
54 50 25 25 50 25 25 13.89513.595]0.923
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Figure 74 - Dimensional changes of the ordered tetragonal

single phase along the PtgFeCu - PtFe line.

151



After the 1initial homogenization treatments, the alloys

which are located in the Bo—phase region were slow cooled
0

to 1000°C and held there for a further period of three

months. Therefore, neither the initial microstructural

features nor the 0/D transformation were being studied.

So the microstructures shown here are the end results

of the above-mentioned heat-treatments.

The effect of the different heat-treatments on one of the
alloys in B,-phase (Stoichiometric PtzFeCu) has been studied
in detail in section I. These studies have revealed that
the recrystallization mechanism is the most dominant
structural change which occurred on any heat-treatments
below TC. Equilibrium heat treatments made to establish

the 1000°C isothermal phase diagram section also produced
recrystallization of the tet;agonal_phase Bo in the off-
stoichiometric PtzFeCu samples, but not all the alloys

have been equilibrated for the same time. For example,
figures 75 and 76 are optical micrographs of the alloys

46 and 47 which show that part of the twinned structures

of the original material is still being consumed by the
advancing new grains, whereas the alloys 45 and 50 are fully

recrystailized under identical conditions.

Whether +hese alloys which are in the Bo~phase are partially
or fully recrystallized, some additimal features can also

be observed. These features have an identical character

to that of the stoichiometric alloy 54 (section.3.1.7.2)

s o .
where they were found to be deformation twinning. These
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features ar
e shown by arrows in figures 75 and 76
| | . These
deformation
twins are more pronounced in alloys 45 and
where the mater] ‘ o
terial is fully recrystallized, figures 77

and 78.
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The ordered tetragonal Bo—phase is separated from the

Yo Yp @nd Y} single phase regions by a wide
two-phase field.

X-ray diffraction traces from alloy 1,2y, «ve., and 15
show two coexisting diffraction patterns, one belonging
to the disordered f.c.c. phase and the other to the

ordered tetragonal Bo phase.

Different microstructures were observed in this two-phase
field. Most of the alloys had the Yg-phase as their
major and Bo as the minor phase. The [%—phase usually
appears as either plate-like or discontinuous grain-
boundary particles. Some evidence of the twinning was
also observed inside the plates or particles of the

Bo—phase. Figures 79 and 80 show these twinned features.
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The copper or iroﬁ—rich parts of the two-phase field, i.e.,
Bo + y'D and g o T YID show similar microstructures.
The two phases were nearly equally distributed in the samples
studied. Figures 81 and 82 are the optical micrographs of

typical areas of alloys no & and 11 where the alloys are

comprised of the -phase (light areas) and Y'. or Y
P o D D

(dark areas). The B ,-phase appears to be irregularly

distributed in the samples.

158






Between the single phases ofygand Ysthere exists a two-
phase field mixture of Cu and Fe-rich phases. The X-ray
traces of the alloys in this phase field are comprised

of the disordered f.c.c plus b.c.c. lines. Although these
alloys were quenched from WOOOOC, it was expected to retain

the (Y -Fe ). Nevertheless, it appears that the Y- Fe had

transformed on quenching.

Figure 83 is typical of the structure in alloys 17,18,19
and 20 in this phase field. The Fe-rich particles (Y;— phase)

are embedded in a Cu-rich matrix.

The existence of such Fe-rich particles could be explained
in terms of the applied heat- treatment. These alloys were
homogenized at 1200°C where it is approximately 110°C above
the copper melting point. It was thought that the addition
of platinum and iron to copper should increase the latter
melting point, therefore 1200°C was selected, but it was
proved otherwise, i.e., the Cu-rich phase had melted during
the homogenization treatment and subsequently solidified

during slow cooling.

Apart from theﬁoand the other two-phase fields in the 1000°¢C
isothermal section, all other alloys were single phase
solid-solutions of Pt , Fe and Cu. some of these alloys
played an important part in determining the boundaries

of the two - phase fields, so not all of these alloys

are presented here, but their compositions and lattice
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parameters of '
all single phase samples are given i
There follows a brief o
account of some
of these sin
gle phase

alloys.
Pigure 84 is an opti
ptical micro
graph i
ph of the Yp Tegion with a

g 1

inside the grains.
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. /7
Another set of single phase alloys inYB—region produced

rather unusual microstructures,these were 38,37,36,33,34
32,37 and 29 and figure 85 shows a typical optical
micrograph of alloy 32 in which each grain was subdivided
by narrow parallel bands and some of these bands were
irregularly distributed, Figure 86 is a Dark-field optical

micrograph of figure 85.

In the first instance it was thought that the peculiar
microstructures observed in these sets of alloys were the
metallographic artifacts. To obtain the true microstructure,
an ilon-beam etching technique was employed and figure 87

and 88 show some typical microstructure of alloy 32 produced
by this technique. These appear to be essentially similar

to the structure shown in figures 85 and 86 indicating

that they are real.
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Section IIT

Isothermal section at 600°C

The 600°C isothermal section was determined and similar
measures to that of the 1000°C were also employed in .

presenting the results.

Table 6 shows the compositions and the lattice parameters

of the alloys used to construct the isothermal section.

Figure 89 shows the Pt-Fe-Cu, isothermal section at 600°C

constructed from the data of Table 6.

166



Figure 89 - The Pt-Fe-Cu ternary isothermal section at 600°C.
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TABIE-6
Overall Phase ,
1 L. Latt
A%O?Y Composition (at%) separations(at%) paramégzrs ¢ /s
Pt Fe Cu Pt Fe cu |a(Aa®) c(A°) ratio
1 80.2f 9.8 110.0 | 80.2[ 9.8 10.013.886 | - _
2 | 69.2] 21.6]9.2 | 69.2] 21.6 9.2 [3.877| - -
3 71.41 8.9 119.7 71.4 8.9119.7 [3.864 - —
6.8 34.0 4.2 [3.869 [3.692 |0.
4 63.2] 32.7] 4.1 09 |3.69 954
64.11 31.9 4.00 {3.872 | - -
5 | 61.3] 25.4|13.3 | 58-4] 29.2]12.43.882 (3.639(0.937
63.8] 21.8] 14.4 [3.858 - -
6 | 57.1] 20.8|20.1 |52+4|28.2 ] 19.4 [3.897 [3.606 |0.925
62.3 | 12.3 | 25.4 3.842 | - -
7 50.0| 25.0|25.0 [ 48-2 |29.1]22.7 3.881 [3.6110.930
58.9 | 5.4 | 35.7 3.821] - -
8 17.4| 26.3|06.3 |46-6]30.3]23.1 [3.886 [3.622(0.932
53.3 2.1 44.6 3.811 - ~
84 | 63.6| 6.5 [29.9 |63.6 6.5 |29.93.829| - -
9 3.6 7.2 159.2 [33.6 7.2 |59.2 3.754| - -
' 45.7 | 30.8 | 23.5 [3.8871 [3.631 |0.936
10 49,8 28.8121.4
14,2 2.9 {52.9 R.771| - -
44,1 |31.8 |24.1 3.880(3.638]0.938
11 | 43.2] 28.3]28.5
39.2 | 6.1 | 54.7 B.767| - -
.4 3.87813.639(0.938
12 | 4030 30.9] 26.8/ 432 32.4 | 24.4 78 3.63
33.7 {9.7 |56.6 p.749| - -
13 | 31.9| a.2 | 63.9/31.9 4.2 |63.9B.718) - -
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4110y |Overall Phase Lattice
NO. |Compositions(at%) separations(at®) Parameters c/a
Pt Fe Cu Pt Te Cu 5 (49) c(4°) ratio
14 17.1] 6.9 76.0f 17.1 6.9 76.0 3.681 - -
15 23.3] 10.6] 66.1] 23.3] 10.6/66.1 3.687| - -
16 | 24.1] 18.6| 57.3] 24.1| 18.6 57.3 p.699 | - -
17 | 23.3) 34.4 42.3] 23.3 34.442.3 B.731] - _
_ 4241 33.2) 24.4 3.871 |3.642 [0.941
18 41,21 32.2¢ 26.6 ot
27.11 19.2[ 53.7 B.720 - -
40.0} 35.8| 24.2 3.861 {3.652 [0.946
19 38.8] 35.3] 25.9
25.2| 28.8] 46.0 3.731 - -
14.6{ 4.3 |181.1 3.678 - -
20 1271 3.1 84.2
9.6 | 1.6 {88.8 3.661 - -
o1 18.7| 25.2| 56.1 21.4] 29.6| 49.0 B.724 - -
6.3 3.8 189.9 B.662 - -
38.0f 39.1122.9 B.843 | 3.649 -
22 34.5] 38.61 26.9 :
24.8) 37.3|37.9 B.739 | - -
21.91 37.6/40.5 3.693 - -
23 4.5 21.9| 63.6
6.8 | 3.4 [89.8 B.654 1 - -
36.10 43.5(20.4 B.811 |3.657 -
24 32,31 44,11 23.6
25.41 45.3129.3 B.755 - - -
48.8{29.1 B.729 - -
25 | 15.9] 40.5]| 40.6] 22-1] 48-8{23-1 P
6.3 | 3.6 |90.1 B.662 | - -
34.5| 50.2/15.3 B.784 3.662 | -
26 31.81 51.5] 16.7
27.7| 53.7018.6 B.763| - | - |
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Alloyl Overall

Phase Lattice
No. | Compositions(at®) separations(at®)|Parameters c/a
Pt Fe Cu Pt Fe Cu ,a(AO)C(AO> ratio
o7 32.11 63.91 4.0 33.5} 62.5| 4.0 3.769| 3.674| 9.975
30.51 35.4| 34.1 3.772 - -
28 | 15.6| 42.2 | 42,2| 20-2| 59.9} 19.9|3.747} - | -
5.9 4.2 | 89.913.659 - -
o9 12.9| 44.6 | 42.5 18.5] 68.8| 12.7{3.764 - -
5.4 5.2 89.4{3.657 - -
30 23.51 56.0 | 20.5| 23.5| 36.0| 40.5|3.762 - -
31 24.4 1 64.8 | 10.8) 24.4] 64.8| 10.8]3.769 - -
o1 77.31 11.6]13.199 - -
32 11.9 1 64.1 24,01 15.91 72.41 11.713.752 - -
5.1 1 5.8 | 89.113.656} - -~
10.41 76.1 12.4]13.189 - -
33199 | 4TS5 142200 y5 5] 7203 12.2]3.751] - | -
5.0 5.7 89.313.656 - -
. 4.9 2.0 12.884 - -
34 (2.0 |s50.1]47.8]° E
0.7 0.8 98.5(3.622 - -
5.7 90.4| 3.9 |2.891 - -
35 3.9 57.1 1 39.0
1.5 1.6 96.913.628 - -
7.8 | 85.1] 7.1 [2.902] - -
3 > 48.4 ) 46.2 2.2° | 1.84+] 96.0(3.637| - -
9.9 | 80.1| 10.0{2.319| - -
37 6.2 31.6 ] 62.2
3.9 | 3.3 | 92.8|3.649} - -
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[Alloy [Overall Phase Lattice
No. |Compositions(at%) Separations(at®) Parameters | c/a
Pt Fe Cu Pt Fe Cu B(A%) k(4a°) ratio
38 | 35.8) 60.9] 3.3 | 35.8 60.9| 3.3 3.771 B.679(0.976
39 35.4 1 51.2] 13.4] 35.4 51.2 13.43.784 [3.662 |0.968
40 50.0| 45.5} 4.5 50.01 45.5| 4.5 [3.853 [3.67910.955
41 0.0} 33.7| 16.3{ 50.0| 33.7/ 16.3 3.8733.619 (0.934
42 60.11 36.8( 3.1 60.11 36.8] 3.7 3.851 [3.692 [0.959
43 42.2 | 44.3 13.5] 42.2) 44.3] 13.5 3.838 3.66] 0.959
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At 6OOOQ, the B -phase took more iron ( — 29%) and less
copper ( — 21%) into the solution along the 50% platinum
line. There was no expansion towards the Y"O—phase, but
at the same time it extended slightly towards the Fe-rich
side of the system. As a whole it appeared that the

Bo_phase rejected copper out of the solution. As the
result of such compositional shifts, some of the alloys
which were in @ O—phase at 1000°C had decomposed to a
Copper-rich phase’ and off-stoichiometric tetragohal
PtzFeCu at 600°C. Even more marked is a great change in the
solubility of iron in the copper-rich Y'o which caused
the two-phase field to extend nearly to the Cu-Pt binary
edge at—50 at % Pt.

The alloys in the B phase field had typical recrystallized
grain-structures with some evidence of the deformation
twinnings within them. Additional features were ailso
observed and they are duvue to the appearances of a second
generation of new grains along the grain-boundaries of the
recrystallized material. Although the majority of the grains
seemed tc have been formed by nucleation and growﬁh at
grain-bourndaries, some of these new grains also appeared

to have -aitiated from the deformation twinnings features,

figures S0 and 91.
It has been mentioned in section 3.I.7 that the stress-

induced recrystallization occurred in order to partially

relieve the ordering stresses due to the ordering reactilon.
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The observed microstructures of the off-stoichiometric alloys
in_ po—phase field indicated that a similar reaction occurs
in off-stoichiometric alloys. Thus the presence of the new
grains could be due to a secondary stress-induced

recrystallization mechanism.

The ordered tetragonal single phase ( go—phase) was
separated from the Y's Y', and y_-phase, by a two-
phase figld of Bo v Y",» Byt y', and g+ Yoo
This two-phase field consisted of the ordered tetragonal

' ﬁo—phase plus an ordered cubic (primitive) structure. The
cubic phase extended and was close to the binary compound
PtCu, but could not actually form a continuous region with

(:58)

it, since PtCu is known to have a different structure .

Varieties of microstructural features were observed in this
two-phase field, depending on the compositions of the alloys.
Further decomposition of the high temperature phases of the
ordered tetragonal and disordered f.c.c seemed to have taken
place via different precipitation mechanisms, i.e.,
continuous or discontinuous grain boundary precipitation,
Widmanstatten plate formation (regular and irregulerly
distributed), eutectoid-type, basket weave type and finally

cellular decomposition mechanisms.

Figures 92 and 93 are typical microstructures of the alloys
located in the (g + y",) two-phase field. The light
areas are the Y”O—phase which appear as a continuous grain
boundary or plate-like precipitates and the darker areas

are the @‘D—phase matrix.
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The high temperature stoichiometric compound PtZFeCu nad
decomposed on slow cooling and at 600°C it entered the
([30+y;,) side of the two phase field, alloy 7. The
decomposition of alloy 7 took place in a very unusual
manner. The central region of the specimen was a single
phase region (average composition on the tie line, table
6) and only the outside region ( near the free surface)
had a two-phase mixture as is shown in figure 94. Figure
95 1s a higher magnification of the edge of the specimen
where the phase separation is clearly shown. The lighter

4
areas are they&—phase and the darker regions are B -phase.
, -

The central regions of the specimen have similar micro-
structures to those of the stoichiometric PtgFeCu, where the
latter was subjected to 1000 hours recrystallization heat
treatment at 1000°C . No traces of the coarse stress-
relief twins were observed and the material had the normal
grain structures with the déformation twins within themn.
Ssuch microstructures most likely indicate the oceurrence

of recrystalliation mechanism in the alloy, figures 96

and 97.
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Alloy No,6,3,10 and 12 produced the most interesting

and complex microstructures in the two phase field.

Similar to alloy 7, all of the phase segregation appeared

to have occurred along the edges whereas the central regions

of the samples also showed recrystallized structures.

Figure 98 shows a typical cellular precipitation in these
alloys where the cells of (g°+y£) have already formed and
grown to observable sizes. The dark areas are the x;—phase
and the lighter areas are]%—phase. The growth of these
colonies seemed to stop when the cells encountered another
form of the precipitation mechanisms. Figure 99 clearly

examplify such a mechanism.

Figure 100 shows a much clearer evidence of the cellular
precipitations along the grain boundaries of the high
temperature solid solutions and their growth towards the

interior part of the grains of the matrix.

Close cxamination of the interior parts of the matrix, also
reveal an interesting structure especially when viewed with
the poliarized light. Figwre 101 shows such microstructure

in whicl the twinned-bands structure of the grain is clearly
visible. At higher magnifications other kinds of precipitatve

/
reaction in which fine particles of the)gln addition to tne

. . . LR : +
basket-weaved type of precipitablon exXisys in an alternate

_ ‘ A . . o
manner on the twinned structure. This 1s shown in figures

102 and 103.
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Further evidence of such precipitation reaction was

provided in Alloy 12, i.e., figure 104 where the complex
twinned structure of the matrix, and the phase separations

are clearly shown.

Figure 104 also shows that the growth of the lamellar
colonies stops when the interface encounters another
area with the twin morphologies which have very fine

precipitate particles on themn.

Plate-like precipitate on the original twinned structures
were also observed in the vicinities of the lamellar cells.
Figure 105 shows such a case in which the plates of g o

and Y'O—phase have alternative arrangements.
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As was mentioned before, the recrystallization mechanism
proved to be the most dominant structural change at the
central region of the se alloys. None of the alloys were
fully recrystallized and some twinned structures similar
to that of the as-quenched state of the stoichiometric
PtzFeCu were also observed in the central regions.

Figure 106 clearly shows the recrystallized grains and the
plate-like precipitations (on the top left hand side) in
alloy 12, and figure 107 also shows a similar situation to
that of alloy 12 where the deformation twinning within

the recrystallized grains are also shown.
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Less complex structures were observed for the alloys in

the ( g + yo) side of the two-phase field, i.e., alloys

18,19,22,24,26 and 27. Neither recrystallization, nor the

twinned structures were observed in this region, but the

precipitation mechanisms similar to that of the ( g .+ Y')
0 0

phase field seemed to be operative. The phase separation

in these alloys took place throughout the samples, unlike

the case of the two-phase ( Bo * Y'O) alloys where the

phase separation occurred only along the free-surfaces.

Etching procedure of these alloys proved to be relatively
easier than the ( B+ y'D), but on some occasions,
etching and polishing had to be repeated several times to

produce satisfactory results.

The phase separations of these alloys appeared to take place
by the eutectoid-type, plate-like and cellular decomposition
mechanisms, and figures 108 and 109 clearly show these
structures. The 1light aréas are the go—phase and the

dark areas y’o—phase.
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~ 2
Between ~22% Pt and 25% Pt there existed a narrow single
o

hase field continuous wit]
D with CuBPt and FeBFt which could be

considered either as Y, or y'oﬁphase.

The alloys with less than 22% Pt were located in a “wo-

phase field region with the primitive cubic structure cells.

The ( Y'o * YO) phase field extended to approximately
(] 90% t i

70% Fe and 90% Cu towards the y', and Y, single phases

respectively.

The phase separations in alloys 20,23,21,25,28 and 29
which lay in the ( A YO) phase-field occurred by
two different mechanisms, continuous grain-boundary and

plate-like (Widmanstatten ) precipitations.

Figures 110 and 111 are the typical microstructures of
these alloys where the aforementioned precipitations are
clearly shown. The darker areas (plates) are y', and
lighter areas are Yo—phases. The different orientation

of y'  plates in twin variations within the same grain

is particularly striking.
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Adjacent to the Cu-Fe binary system, there existed g

(o + YD ) two phase field where the alloys were comprised

of disordered(d-phase) Fe-rich ang disordered Cu-rich

phases. Similar microstructures to that of the 1000°C

section were observed, e.g., figure 83 for the (& + Y. )
D
phase field with Fe-rich particles embedded in Cu-rich

matrix.

Between the two,two-phase fields of (a + Y;} ) and the

/

(Y + Y, ), there appeared a three phase field of(Y + 4)-
. / (o}
Fe-rich and the Y -Cu-rich.
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4. DISCUSSION

4.1 Ternary stoichiometric PtzFeCu

among natural occuring platinum-group metals (P.¢.M) from
L. . L

gifferent localities, Cabri et a1(55) found a ternary

compound containing 50 at % Pt, 25 at % Fe and 25 a; %

Cu. This mineral was named Tulameenite from the site

of the find along the Tulameen River in Canada.

The formation of a compound at the PtZFeCu composition

was first reported by Nemilov et al (54) in (1944) when
they studied the synthetic ternary phase diagram of
Pt-Fe-Cu alloys system, but no detailed investigations

were undertaken.

Cabri et al g studied some of the optical and physical

properties of this compound which can be summarised as

follows

1) Electron microprobe analysis of different natural
grains has shown that Tulameenite has a range of
composition and 1is pased on the stoichiometric
ratio of 2:1:1 of Pt, Fe and Cu respectively.

2) Tulameenite has a tetragonal unit cell with a=b= 3.8914°
and '\::-3.577!\.0, but no crystal structure was reported.

' . L P+Fe-Pt,FelCu,the
3) Along 5he line of the binary compound PtFe-Fl, ’

, @ the PtFe crystal
Cu atoms substituted for e atoms on J

lattice.
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55)
In Cabri's et al< ’ paper
y 10 other compositional

1imitations of the Tulameenite was mentionegd

The present work which is stimulated by Cabri's report

was undertaken to investigate the compositional limits of

Tulameenite 1in synthetically prepared alloys of the

Pt-Fe-Cu ternary system, especially with the binary compounds

in Pt-Cu and Pt-Fe systems.

As the research proceeded the synthetically made stoichio-
metric PtZFeCu compound revealed rather interesting
metallurgical structures. Therefore preliminary examinations

were carried out to investigate some of these aspects.

Cabri et al (55) carried out their x-ray measurements on

the sintered samples, slow cooled from 1200°C (sintering

for 8 weeks) to 400°C and eventually air-quenched to room-
temperature, but no attempts had been made to study the
possible structural changes upon different thermal treatments,
especially when they believed that PtQFeCu should have
similar characteristics to those of PtFe where the latter
suffers from ordering transformation ab ~1300°C.

: ised
In our studies the Tulameenite samples Were synthesis

' _ ‘ i s iven different
from their stoichiometric ratlo and were giver

thermal trcatments.
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Differential thermal analysis of the uniformed sampl
e

revealed that between 117400-—114600 there is a phase ch
ph change.

Different samples were annealed above the critical

temperature for different durations and rapidly quenched

: iced water §% tai i
into i vO revaln the high temperature structure.

On the subsequent x-ray diffractometer traces the presence

of the mixed indexed or superlattice reflections were
pronounced, indicating that the material was suffering
similar ordering transformation to that of the PtFe
binary compound (45). . Different attempts to retain the
disordered phase met with no success and our fastest
quenching (~1 second) could not suppress the ordering
transformation. In other words, it was concluded that the

material orders upon quenching.

1

The obtained x-ray traces were indexed (using the Bunn charts)
and lattice parameters were measured on the face-centred
tetragonal unit cell bases as follows;

a = 3.895 A° ¢ = 3.595 4%/, =0.923

Waen ordering transformation took place in fthe binary PtTe

compound, & layered structure was produced similar o

AuCu (74) sygtem, i.e. the Fe and Pt atoms occupied the

t ruchtural
{OOT} viines in an alternate manner. From a struc

. - I % S0 such
point of wiew, the addition of the third element ©O

_ - + investigated
an ordered configuration has been the least investlg

syucture
0f the ordered ternary COIﬂPOU-ndS and crystal S

: iotions. Therefore
determinations are mostly pased on predic S

. oot e mechanism
to overcome this problem and ©O investigate th

+ the measured
of ordering in a "three components' SySTEm, ¢
Q

194



and calculated intensities have beep used to plot th
ot the

ectron-density maps (E.D. o
el ( M) of the PtzﬁeCu, These

ave been sh in i i
plots h OWnl 1n Flgure 12. (identical plots have

veen obtained from both approaches ang fully or vartially

ordered lattices).

The Pt atomic sites, due %o its superior atomic number to

that of Fe and Cu atoms, were easily visible, i.e., (000)

11
and ($50). As far as Cu and Fe atoms were concerned, no

differentiation could be made, although anomolous scattering

effects had been taken into consideration , so it was
concluded that Fe and C"u atoms were randomly distributed
on the crystal lattice of PtgFeCu and remaining sites,
i.e., ($0%) and (03%) could be occupied by either Cu or

Fe atoms. ‘ -

The validity onf the above conclusion was further
strengthened when the following steps were taken and fully
exploited on the basis of the x-ray and electrpn diffraction
studies. |
1) If eitner Cu or Fe atoms had occupied any specific
lattice sites, it would have.been expected that
additi}..cl: nal reflections éuch as (100), (010) would

have apveared. Calculations of the relative

. b} rl ‘e
intensirnies of these reflections pagsed on th

at they would have

F=79 — f_ have proved th

Cu. Fe .
intensities {0.09% of that of the strongest reflection

5 : ratio). Such
in the x-ray traces (1785450 : 1707 ratio)

detected
. . ; . not have been
low intensity reflectlons could

in any of our x-ray traces.
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2) If these reflections were present, the electr
on

diffraction patiern of the [001] zone of +h
vne

tetragonal cell, would also have additional reflect

ions

at (100)or (010). Close examination of such a (D.P)

roved that thi ' t i
D s did nos occur, e.g. figure 36.

Another Wajr of approaching the problem is to allocate a
given site, i.e., (30%) to Fe atoms and (03%) to Cu atoms.
A simple geometrical calculation based on the atomic radii
of the three components would yield:

a = 3.911 A° b = 3.952 8° ¢ = 3.576 A°
which indicates that the unit cell is an orthorhombic one
which would contradict thé present x-ray/electron diffraction
results. Therefore it has been conclusively proved that
Fe and Cu atoms occupy the (30%) and (035) sites of the

unit cell in a random manner and three component ordering

is absent.

Although no theoretical investigation has been carried out,
the tendency of Pt atoms TO order with Fe and Cu atoms can
be explained on the factors given in section 1-3. The

ordering energies in the superlattice formations are
. Lo + 3 -
considered to have originated from the interatomic IOTCES,

1 ‘ i croni ffects of the
atomic size differences or electronic eff

constituting atomic species.

; i iameter
The Pauling electronegatives and Goldschmidt abomic diam

gre given below:
of three components of Pt, Fe and Cu g
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Electronegatives Atomic sigzes

Elements
2.1 20775 Pt
1.7"‘1 .8 20579 Fe
1.8 2:556 CU_

The Pt atoms are more electronegative and much larger than

Fe and Cu, which have similar properties. Therefore the

superlattice which is based on Pt atoms would be expected
to be more stable than those based on Fe and Cu. A similar
explanation could be applied to the binary PtFe which has
a higher stability than PtCu, which is indicated in their

relative TC values, figures 2 and 3.

The tendency of ordering of Pt atoms with Fe and Cu can also

be traced from the nearest-neighbour concept and repulsion

parameters (s1) which are given below for the three
components.

Pt 1.557

Fe 1.352

Cu 1.352

On this basis, due to ordering transformation, the PT-PY

nearest n-ighbourhood 1is impossible due 50 1%8 higher

repulsion parameter. At the same time, the Pi-Cu and

Pt-Fe boniing is stronger than the former oOre. As far
as the Fe and Cu asoms are concerned (with the equal

; ; tal
repulsion factors), they could wander in the cryst

lattice.
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Another ambiguity regarding the one ordering component
nent can

pe removed due to the present investigations based th
on the

. ‘M and Cab 7! (55> i
(E.D ) ri's lattice parameter measurements.

It has been frequently suggested that if the ternary
compounds, where one component ordering is operative., can
b

reach the equilibrium state, one might be able +o detect
that the other two disordered species take an ordered

configuration relative to each other or first component

If this 1s the case, Cabri et al (55) would have been able
to obtain an orthorhombic unit cell and not a tetragonal

one considering that the natural grains of Tulameenite are
in a much more perfect state of equilibrium compared with

any synthetically made compounds.

No high “emperature techniques have been used %o study the
disordered phase, but it has been presumed that the high
temperature structure is a disordered face-centred cubic,
although this cannot be proved by quenching. The evidence
lies im “he fact that a coarse-grained specimen shows groupings
of x-ray reflections/electron diffraction spots such as

(200) and (002) which can only be explained if the ordered

tetragona?! crystals had developed from a cubic crystal.

Therefore based on the volume Dper atom concept a lattice

parameter of aD = 3,793 AO can be obtained for the

disordered f.c.c phase.
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k) U a a, ] e

parameters of the ordered phase based
on the above

jiscussions and £
figure 112 shows the struct
ure cell of

the ordered tetra "
gonal PbgFeCu with:

a:b: . ©
3.923 A c = 3.609 A°

C
/g = 0.919

Fi 12 '
igure 112 - Unit cell of the ordered tetragenal Pt FeCu

Anot Ly
other imnortant feature of the PtZFeCu which was also

inv S eyt N "
estigated was the variation of the long-range-order

ar / ! & ’ |
parameter (S - parameter) with time and semperature.
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Therefore, four samples were glven different grgeri
ering

treatments at four temperat 0
peratures, 1000°C, 900°,8000

and 700°C,

At first the S-parameter wag measured for the as-quenched

sample after heating at 1200°C for three months. The

measured value of 5 = 0.41 was obtained for such & sample

in comparison to S = 0 as was expeéted. Therefore, such
a measurement revealed that the material ordered on

quenching and immediately after was in a highly-ordered

configuration.

Similar procedures were undertaken for the other specimens
which were given isothermal ordering treatments and the
results of the variations of the S-parameter with time

and temperatures are shown in figure 14.

It was concluded that the S-parameter variations were
directly proportional to the time and the temperature in

which the state of equilibrium was reached.

0
For the sample ordered-annealed for two hours at 10007°C

the S-parsrneter reached the value of S = 0.79 in comparison

to S = 0.49 for the 7oooc. Eventually the equilibrium state
1000°C and at the
g at 700°C.

was reached in about three months atv

same time a value of S = 0.76 was reached on agein
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if it were possible to retain the disordered pp
ase,i.e.,

the starting points for thege curves would have ;
veen. from

the origin ( S = 0 ), then it
, can be seen that these curves

vary exponentially with temperature and time. To pes
Sime, sure

the S-parameters, the whole Cross-section of the small

gamples was exposed to the incoms -
D OM1lng x-rays, so these measured

values are the average of long-range order over the exposed

area.

Metallographic examination of the samples in the quenched
state produced different morphologies,i.e., the central

parts showed rather more complex "twin-band" features than
anywhere else (section 3.I.6 ). These complex microstructures
were associated with the ordering reaction, i.e., the S-
parameter could be a local effect. Therefore as it has already
been stated two different values of S = 0.63 and S= 0.29

were measured for the central and the outside region in a
sample respectiwely. These variations of the S-parameter

and the observed microstructural changes,indicated that the

central parts possessed a higher state of ordered configuration

¥

than the other parts.

There coul:l be different interpretations of the above

T in
mechanism, b»ut nevertheless the heat loss auring quenching

played an -=sential role. It seemed that during guenching

t heat
She samples from the disordered temperatures, surface "

_ N region.
was lost = a much faster rate than the central 2

in T central
Therefore 'he heat was kept mich longer 11 the
rdering was
region than anywhere else and a8 the rate of ©
gher degree

' _ . aquired a hi
S0 high, the central reglons nad &4
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of order when either viewed meta
llographlcall
Yy Or the S-

paramet er 1:> me asured

L1 :
+he surface of the specimen become ordered much faster <+
saan
the interior parts and Okamura et al (75) when investigati
5 ing

ne width of the domai - .
th in boundaries in the L1O superlattice

also found that the degree of order varied from S =0.9 to
S =0.74 from the free:surface to the interior parts of

single ordered domain.

Although our findings in this respect appear to directly
conflict with those of Newkirk and Okamura, the main issue
that the degree of order 1is a positidnal parameter 1is
generally agreed. Apart from the heat loss concept, there
could be a number of reasons responsible for such an effect

which are as yet unknown to US.

Metallographic examination of the PUQFeCu showed that

different atructures were obtained depending upon the

. N , = : tructures
previous f.ermal treatments. However, these microstruciur

can be ca’ zorized in three principle structures.

a)- cored- dendritic structure;

. . a result of
The cored-dendritic structure was produced &as

, . Tvpically these
Primary solidification of tne compound. Typically

+ Wi th a
Structures showed platinum-rich cored-dendrites

. _iiic feasures. An
_ , . +erdendritic featur
nixture of Fe-rich and Cu-rich interd
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gdditional feature to the coreq- ~Structure wag also

within some of the dendritic arms. These appeared a:bzzr\:d
and bright bands which were distributed heterogeneoysl r
put more were concentrated in the central regions. Froz’the
x-ray traces it 1s quite clear that thege features are
gssociated with the ordering reactions,i.e., winning.

Electron microprobe analysis confirmed the heterogenuity

of the material (5-15% compositional variations).

These cored-structures were eliminated when the material
was subjected to three months solution-treatments at
120000 and finally quenched in iced water. The homogenized

material had (0.5 % compositional variations.

b) Twinning structure;

After homogenization treatments, samples when polished and
etched were viewed under a microscope, coarse grains and
within them the twin characteristic were also observed.

The only otserved difference was the thickness of the bands
which varied from 8 to 26 pm depending on the applied heat-

treatment.

: t the
The presenc- of these twins was more pronounced 2%

. 49 n
central re, ~on of a given sample and thelr populatlo

decreased ©:om the central parts to the edges.

. s tems where
The appearwcces of these twin bands 11 similar syS

q : ith the lower
ordering re ction produces @ crystal lattilce wit
. L 4-}1@
; twinning, 1.8.s 25°
Symmetry is usually termed stress—rellef cwinning,
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mechanism by which the materia] releases the «+
VL€ stress built

due o the orderin ' '
ap & reaction, which bProduces the ordered

tetragonal within the disordereg f.c.c 1a

<4

ttice. Before

roceeding further, it igs in+ . .
p ) lnteresting to fing out more about

ne nature and occurrences of +ws v initi
. T twins at the initial stages

of ordering reaction, i.e, the mechanism of ordering

No information could be obtained regarding the nature of

the ordering mechanism when differently heas-treated samples

were examined by means of x-ray diffraction technique.

Although some minute positional shifts and the relative
intensity variations were observed, the tetragonal lines
appeared in their final positions and disordered reflections
were observed. Thus 1t is impossible to draw any concilusion
as to how these lines happened to be in their final positions

(figure 171)

Further examinations of the areas of the samples with S =0.29
of the as-guenched state by means of T.E.IM have revealed
that the ordering reaction takes place via a nucleation and

growth mechanismn.

ot 5 er
Two impor<:r .. factors, a ) variation of the degree of order,

- c si ide
b ) the ord:red domains with different sizes, can prov

S o + h a mechanism.
indirect , us not explicit suppors for suc
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In this type of ordering, the oprg
ered phage for
m on the

grain- boundaries or any other singularities or «
S 0T the
gisordered phase statistically, ™
. € ordered phase ¢
an

choose any of the 100 dorientations of e disordered
g sordere

P + .
lattice for further growth, i.e., c-axes of the tetragonal

phase can align itself along any of <100ddirecsion of the

disordered cubic phase.

Based on the minimum lattice strain concept (table 7 ),is
] U
can be proved that the habit planes of an order domain in

2 disordered matrix should have : P1O}D“( 101)0

2
Plane | Area A° Possible coherency | Difference | #Difference
plane in area in area
oo, | 14.40¢ 100} (100) _ 0.416 |- 2.974

D D 0
i1}y | 20.37¢ {100} 5 (001), | +0.793 |+ 5.214
{11} - )

D | 12.472 f111) 5 (111)4 - 0.2901 2.380
o}y | 15.202 {110),  (110)g | - 0.388 |- 2.973
iWOO}O 13.99 {MO}D (101), + 0.307 + 1,487 *
dy | 19078
bl | 2060
Uy | 12,18

Table 7
i~
rdered phase

)
Disordered phase
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On subsequent growsh, another factor which 1
would

jetermine the size of domains ang the
vie morphology of the

ct phase should also b i
produ T ¢ taken into consi
nsideration
guch a factor can ve obtained from a simple comparison
4L L0

petween the lattice parameters of the 1 :
1€ Two-phases, i.e.,

due. to ordering transformation, 2.64% expansion and 5.4

contraction of the disordered cell occurs along the a and
= e na

¢ axes respectively. Therefore a total amount of 3,465

1attice mismatch is created due to the tetragonality of

she ordered phase within the disordered phase.

Therefore high stresses are created when these ordered domains
continue to grow. These stresses can be short-range or long-
range stresses, i.e., due %o the tetragonality of the product

and the way *these ordered domains come 1nto contact.

Detailed analysis of these twinned structures by means of
T.E.M éxaminations nas revealed that the c-axis of a given
domain lies nearly perpendicular t0 that of the adjacent
domain with some angular disparity, figu.res' 29,35;38(a), (D)

and 38(c). The evidence for such an arrangerent was provided

when the cen-ral-dark-field images of +hese ordered domains

Lo 3 o T
were obtains !, using superlattice reflections Ol {HO} 0

{OOT } types, figures 29 and>35. Trace analysis showed
that the {1@‘7 <101>twinning mode 1is operative in t0ls

y +rast in
System and she alternate brlght and dark—oands conw
; fFici evidence to
the da:['k:_fj_eWﬂ microg‘faphs _UE'OV;.ded SU....J.lk,lel’lt
ind i denti I‘Ers"al structures
indicate tha’ these bands have 1 exlblcal c v
i.¢e. saking the

. + 4 10S
@nd are in twin-orientatlon relationshlps,
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retragonallty of the ordereg domains in+t
Ll . 5

. . 0 aCCOU_n,J, sae
c-axes 1ie in an alternate mamer apg ape bounded =y {

= aed cy ¢ C

. i f

type planes which are common tq both cryssal

tals.

This arrangement of alternating axes in
produces 1o macroscopic shape change on
range stresses are set up due t¢

domains on each other.

o,

However, it 1is also possible +that such an arrangemens

nay

TS

be due to the growth rather than mechanical twinning.

ad

£

they were mechanical ftwins, then stress-relief provi

by them should have resulted in a drop in hardn

(72,58,37)

0]

ss valuss,

ut previous studies of hardness measuremenss

showed a continous increase on order-annealing. Therelore
it is more likely that these twins are of the growth 5ype
and can not provide much large relief for stress built up
during heat-treatment. On the other hand, 1if these were
rechanical twins, one would expect to nave observed further

twinning on z2ny subsegquent neat-treatments below Tc,but it

was otherwise as the recrystallization mechanism proved %0

be the most dominant microstructural change observed e,

‘ . - 7 wth
Therefore, orering stresses are partially relieved by &TO

5 inni roduced when ordered
“ype twinnine ,but further stresses are proaug d w

lomains come into contact.

. o + i 1117
Consn.dering ‘ne rate of the reacvlon and the improbab v

3 i in the short itime
°f the coelescence of the ordered domains 1& the sno

- o vably ce relieved
( ! sec) available,these sTresses could provably +
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‘¢) Recrystallized structure
The recrystallization mechanism proved to be the most
pronounced structural change that took place when material

was given order-annealing treatment below the TC.

Before proceeding any further, one clear distinction must
be made regarding the nature of such a reaction. Usually
the recrystallization occurs when a deformed material is
annealed at a suitable temperature. The driving force in
this case is the stored energy in the material and the

thermal treatments.

In the present case the samples were not subjected to any
external deformations therefore the terms stress-induced
recrystallization (S.I.R) has been adopted here for

distinguishing purposes.

When partially ordered samples (quenched from 1200°C after
three months, S, . = 0.41) were annealed below the O/D

transformation temperature, recrystallization occurred.

L (58)(65)(72)

The mechanism has been considere as an
‘ternative mechanism in which the ordering stresses are
eased, i.e., there is a competition between stress-relief

rming and recrystallization depending on the ordered-

.anealing treatments.

In the polycrystalline PtzFeCu during rapid ordering the
material relieved the long-range stresses introduced by the
constraint of neighbouring grains by twinning, but at the
expense of accumulating a great deal of stored energy.
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On the subsequent annealing below Tc, the S.I.R took over
as a stress-relief mechanism to dissipate some of this

stored energy.

S.TI.R has been investigated in four temperatures of 1000°C,
500°¢, 800°C and 700°C, and as the observed mechanism
proved to be identical at each temperature, the 1000°¢C

observations will be discussed below.

As a whole, three different sites for S.I.R have been
observed. Two such mechanisms involved nucleation and
growth oz the new grains and the third one had similar
characteristics to that of stress-induced-boundary

migration (S.I.B.M).

These three S.I.R sites could be categorized in order of
their appearance;

1) High angle grain boundaries; (site I)
2) Twin band intersections; (Site II)

3) Thickening of the ordered domain boundaries (Site III)

It had been expected that the material would be fully
recrystallized at a given time and temperature, but 1t
proved otherwise. It was obvious that the delay times among
the aforementioned mechanisms would yield different growth
rates on the subsequent annealings, the region very close

to the edges (figures 52 and 53) had kept their original
twinned microstructures, after three months at TOOOOC,
whereas the central regions were fully recrystallized, as in
figures 54 and 55.
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The whole aspect of the S.I.R and as to why edges never
recrystallized can vbe ftraced back to the ordering transfor-

mation which provided the driving forces for those mechanism.

The central region of the sample had much higher ordered
configuration than any other areas of the quenched sample
(S =0.63 ). On the subsequent annealing below T_, 1.€.,

at TOOOOC, the increase in the degree of order is very
rapid,figure 14. Therefore more stresses are built up in the
lattice. The increase in stresses could be either due to

the increase in tetragonality or increase in the coherency
strains between ordered domains. Somewhere between the

start of the order- annealing and appearances of the new
grains (5 minutes 2+ 1000°C ), the stress build up is so
high that the material cannot cope with it, and as a result
these stresses are relieved via a 3.I1.R mechanism. Depending
upon the discontinuities of;£he ordered domains alomng the
grain boundary preferential nucleation of these new grains
Lake place there and they grow toward the interior parts

of the twinned regions.

A+ the intersections of the ordered domains or antiphase
boundaries within a grain, the orderly alternate arrangement
of C-axes is disturbed. They thus represent regions of
higher energy and are thermodynamically unstable. These

high energy regions are the next most suitable sites for

the nucleation and growth of new grain by S.I.R mechanism.
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In general the energy of an antiphase domain in a given
material depends on its orientation, so an increase in S-
parameter on subsequent heas treatment increases the anti-
phase domain boundary energies and a mechanism similar to
the one proposed by Cahn et al(72) i.e., stress-induced
boundary migration (S.I.B.M) takes place. In such a
mechanism it has been suggested that the grain (or domain)
with higher internal stresses is consumed by the grains
contailning lower stresses. This is unlikely in this case,
but may be caused by stresses introduced by increased
ordering or recrystallization elsewhere which are compensated
by thickening of a domain with such an orientation that
such stresses might be relieved. The advancing fronts of
these so-called "thickened" domains closely resemble grain-

boundary bulging, figures 48 and 49.

Despite the delay times or the growth rate differences of
these mechanisms, they proceed to consume the original
twinned structure as long as the driving forces which are
created due to ordering reactions are supplied,i.e., when
the degree of order S = 0.99 the recrystallization mechanism
discontinues and 95% of the material has recrystallized at

1000°C after 3000 hours annealing.

It was pointed out earlier that near the free surface the
material kept its original twinned structure during the whole
course of recrystallization. This effect may also be
explained in terms of the ordering reaction, considering that
some of the stresses components are zero unlike the central

regions. So when degree of order increases upon the
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subsequent heat-treatment, the stress build up is not as
great as that near the central region and presumably the
dislocation rearrangements can cope with such stresses.
Therefore no recrystallization reactions are needed to

release these small stresses.

The recrystallization grains have definite orientation
relationships (at least in the early growth stages ) with
the twinned matrix. It was found that different orientation
near the {101 > were all adopted byxnew grains 1n one group
and the twinned matrix. The directions actually make
between 0.5- 6 degree angle with the exact [10{]direction,
figure 65. Hence,it appears that the following relation-

ships exist between the twinned and new grains.

{101}, {101}3
{1013y 101>

The activation energy measurement of the recrystallization

mechanism (2.16- 2.57 eV/atom ) was found to lie between

(85))
(86)).

the self-diffusion energies of copper (2.06 eV/fatom
and iron (2.62 eV/atom(85)) or platinum (2.89 eV/ atom
It also lies between the activation energies of diffusion
of platinum in copper (1.64 eV/ atom(87)) and platinum in

iron (3.03eV/ atom(88>).

Figure 42 was the Avrami plot for the recrystalliaztion

which showed good linearity but with two distinct slopes.
The presence of two distinct slopes in such a plot and the
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differing wvalues of the measured activatl
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ne taken as an evidence of at least tTwo Or three mechanishs

for the recrysvallization process.

The n values between 0.7- 1.0 also confirm tane occurrance

(e}
[38))

differens stress-assissed recrystallization mechanisms (30).

At this stage it should be emphasised that 15 is n07% ossibple

I'Cj

to astach much significance to the experimental activation
energy for the recrystallization determined Irom the slope
of an Arrhenius graph. The emprical activation energy
obtained for the recrystallizatian should actually be
comprised of different thermally active microscopic
processes each with its own characteristic activation
energies. This follows from the fact that nucleation
continues to occur, in the twinned regions while earlier
formed micléi enter the growth stages. Hence, any such
"gverall activation energy" is a complex function of the
activation energies for the two individual processes - both
of which vary as recrystallization proceeds. Xt the very
‘best, therefore, such an "overall activation energy" can
only give limited indirect information avout the

fundamenstal controlling phenomensa.
Additional features within the individual recrystallized

grains and subsequently upon their impingements were 2l1s0

observed. These effects which showed contrast changes when
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viewed under polarized lights, were more pronounced in the
triple junctions of these grain boundaries indicating that
deformation twins reformed in these new grains, figure 58.
These twins have the characteristically narrow shape of
deformation twins and extend as far into the recrystallized
grain as the elastic stresses field which is responsible

for their formation (Figure 55, 56 and 57).

The occurrence of these deformation twins can be traced back
to the ordering reaction which appears to be responsible

for most of the structural changes in the compound.

When recrystallization took place at the early stages of
the order-annealing, the increase in the degree of order
in the system, would create more stresses in the.twinned
rggion as well as the new grains. In other words, two
opposite stresses with different magnitude have the
boundaries of the recrystallized grains in vetween, one

assisting and the other opposing their growth.

The imposed stresses upon the recrystallized grains from
the twinned matrix, should have different components
depending on the c-axes orientation in the alternate bands
which eventually influence the mobility of the growing
grains. Such a case is shown in figure 114 which is based

on the figures 50, 51 and 61.

215



c NL//'a
Twinned matrix ah\uz c
\//”a

AN ©

2]

) Beerystalli
4
)

!

)
£g (
e Recrystallized grain
[3e)
£

Figure 114 - Advance of the recrystallized grain towards

the original twinned structure.

Based on the limited experimental observations, it appeared
that the mobility of the growing grain boundaries is locally
varied by the opposing stresses from the twinned matrix.
Therefore deformation twins formed to accommodate the stress

build up.

After eight hours order-annealing at 1OOOOC, the central
regions of the specimen were fully recrystallized, al though
the degree of order had reached the value of s = 0.9 which
indicate that the perfect order has not yet been established
in the material. Therefore, further heat-treatments would
still create more stresses plus additional ones due to the
impingements of the recrystallized grains,each of which is

a well ordered domain.

The correct identification of these markings (the deformation
twins) were very critical as slip lines could have also
produced similar effects on the surface. As a safeguard to
aésure correct identification, the sample was ground,
polished and etched again and finally it was examined under

a polarized light. The change of contrast of these markings
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confirmed veyond any doubt shat these lines were actually

deformation twins.

These deformasion twins showed some interesting Ifeatures
which can be summarised as follows and are oased on figure 55.
1) - Some of the narrow twins ( 0.6 pm) end inside %Sae zrain
2) - Some of the broader twins (2.4 pm) go right across
the grain
3) - Few of these twins also cross %the annealing twin 1in a
zig-zag manner.
1) - Some of the twins are actually parallel to the coherent
interface of *“he annealing twins.

5) - Individual twins cross from one twin plane to another

in which the process might be cross-twinning.

No attempt was made to investigate the true crystallographic
nature of the deformation twins, but during the course of
the T.E.M examinations, these twins happened to e in the
field of view, figure 61. Trace analysis of the twin Sraces
confirmed that {101} plane as their habit planes, similar
t6 the stress-relieve twinning nabit planes, but the former

is certainly produced by a shear mechanisn.

The twinning which was produced in this mamner can e
illustrated when the elements of tV1ns are;

K, = (101), N, = [101] K5 = (100) and N, = [ooq
in terms of the face-centred tetragonal cell and is shown

in figure 115. The a and X-axes are exaggerated in order

to make +the mechanism cleearer.

2117



After twinning E) Rﬂ K‘,QN

100)

Before twinning
[1 0 0] ® Fe/Cu

Figure 115 - Twinning mechanism produced by Shear
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In this cage both structures are twinned and it 1is clear
that the twinning has been produced by a shear mechanism,
where the amount of shear depends on the actual C/é ratio.
In this exaggerated case where C/a = 0.66 the amount of
shear is one third of the [107}.

The actual amount of shear can be obtained<76)(77)

2= 2 tan” ¢/, ceen. (22)

S =2 cot (2¢)  ..... (23)
where the 2¢ is the angle between the two undistorted planes

during the shear and C/a is the axial ratio.

When relevant data is substituted in equation (22) and (23):

2¢ = 85.41°

S = 0.16
can be obtained. As the Et2FeCu compound is a non-cubic
lattice, the stacking of the planes parallel to the
composition planes, contain no repeat symmetry so that the
twinning dislocations do not have a simple vector. Thus in

the present case the twinning vector operating on each

successive %101% atomic layer is(76) .
b, ::2(22 - 1) 0T el (24)
re + 1)
where bt is the burger vector of twinning dislocations and
Y is the axial ratio of the crystal, i.e. C/a = 0.92. A
simple calculation would yield b, = 0.16 <107> or b, = S<107>

which would indicate that the movements of the twinning

dislocations of b, = S<10T> type on successive S101 planes

l
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could produce a twin lattice. Therefore the ;101£ planes
are the composition planes of the deformatien twinning

in the material.

In addition to the aforementioned reactions of the stress-
relief mechanisms, when samples of the PtzFeCu were guenched,
either from above or below the critical temperature, very
fine cracks were observed on their surfaces. The cracks

were originated along the grain-boundaries only and frequent
quenching appeared to either propagate the existing ones or

create fresh cracks.

Although during the recrystallization studies, specimens
were slowly quenched to prevent the grain-boundary fracture
and such measures greatly reduced the fracture, nevertheless
in some samples these fractures appeared near the free

surface of the recrystallized specimen.

Stress-relief by means of the recrystallizations 1is strictly
possible only as long as the boundary migration is‘rapid

in relation to. the stress build up. As it was stated before,

in the present case, the boundary migration is not compatable
with the rapid stress build up and conseguently the deformation
twinnings occurs. Thus, élearly, migration of the recrystal-
lized boundaries cannot be as rapid as to cope with this

build up of strains and dependiqg on the amount and localities
of the stresses, the grain-boundary fracture provides the

mode of stress-relief.
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Therefore it is possible to draw the conclusion that the
stress-induced recrystallization is not an alternative
mechanism by which the ordering stresses are relieved.
The recrystallization mechanism occurs after the initial
stresses are partially relieved via the stress-relief

twinning.

Primary recrystallization relieves the microstresses due
to the domain structure. However as the small new grains
grow larger they in turn introduce long-range stresses
due to accidental unfavourable orientations of their
c-axes. This is particularly important since they are
better ordered than the original grains. Therefore
additional mechanisms, i.e, deformation twinning and
grain-boundary fracture are necessary to relieve the new

stresses set up at unfavourable contacts.

However, material with high concentrations of deformation
twins is also thermodynamically unstable and a fresh wave
of recrystallization may be initiated at these points to
reduce the elastic strain. Since grain growth is an
inevitable conSequence of continued annealing, a continuous
cycle of recrystallization — grain growth + deformation
twinning —recrystallization can be visualised in
polycrystalline PtZFeCu. Limited evidence for at least

one second wave of recrystallization was obtained in

this study,(Figure 90 .and 91 ).
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This cracking of grain boundaries due to tensile stresses
set up during recrystallization of the ordered material 1s

very important when natural Tulameenite is considered.

Tulameenite frequently occurs as a vein or border %o the
more common mineral Ferroan platinum, PtBFe, and is invariably
penetrated by thin films of silicats or other rock-forming
minerals, which appear to be grain-boundary accumulations.
Other natural platinum alloys do not exhibit these features.
Tf it is assumed that natural Tulameenite is formed from
magmatic material cooling slowly from high temperature,

then on passing through the ordering temperature the

grains will become tetragonal, setting up stresses between
themselves and contiguous cubic phases. Grain boundary
fracture either directly or on subseguent recrystallization
mist take place and if this is above the melting point of
the rock-forming minerals,these will be drawn into the
fissures. This ekplanation of the mineralogical observations
is evidence for a high-temperature formation for
Tulameenite, and of its intergrown associated minerals,

(92)

thus resolving a long-standing uncertainty

Discussion of the ternary phase transformation of Pt-Fe-Cu

There is negligible information regarding the Pt-Fe-Cu
ternary system. Even the constituent binary systems are not

known with certainty.

The binary ordered alloys are cubic with L12,tetragonal

with LTO and rhombohedral with 111 structures.
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The isothermal sections at 1000°C and 600°C indicate that a
continuous region of solid-solutions formed between FeBPt

and CuBPt and between FePt, and CuPt3 binary alloys.

3
The binary compound FePt formed a continuous region of solid-
solution with PtZFeCu ternary compound where copper replaced
iron atoms on the former crystal-lattice. The ordered
tetragonal single-phase (BO) based on FePt extends to 50% Pt,
20% Fe and 30% Cu approximately along 50% platinum line at
1000°C. On slow cooling to 600°C the 3O-phase field
contracted and there was a shift towards the Fe-rich corner
of the system. The same applied %o the two-phase field

which surrounds the po—phase field but the compositional
shifts of the latter were more pronounced towards the Cu-rich

corner than the Fe-rich.

As a consequence of sﬁch compositional shifts, the ternary
compound was no longer a single phase and had decomposed

to off-stoichiometric PtzFeCu apd Pt-rich phases. The two
phase field surrounding the ﬁo-phasé extended right towards
the binary compound CuPt but did not actually form a

continuous region with 1it.

These observations are in agreement with the findings of
KOTnilOV’(78) who noted that, as general rule, the formation
of continuous solid-solution between metallic compounds are

favoured by the following conditions:
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i) - Components should be isomorphous with similar latticé
rarameters
ii) - The same type of chemical bond should operate in each
compound
iii) - The compounds should contain atoms Irom the same.-group
of the periodic table.
iv) - The compound should have the same stoichiometric

formula.

The observed microstructures of the alloys in the ﬁo—phase
field, either at 1000°C or 600°C, strongly indicate that

the stress-induced recrystallization together with the
deformation twins were the most predominant structural
changes which occurred in this phase field. The presence

of these features can be interpreted in a similar manner

to that of the stoichiometric case (Section 4.1) where

these features were proved to be the stress-relief mechanisms

as a result of ordering.transformation.

At 600°C in addition to the normal recrystallized grain
structures and the deformation twins, some other features
which strongly resembléd a nucleation and growth mechanism
along the fecrystallized grain boundaries were also observed.
As no structural or compositional changes were detected
between the matrix and the new grains, it appeared that the
secondary stress-relief recrystallization had occurred along

some of the matrix grain boundaries, figures S0 and 91.
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It is doubtful whether one can capitalize on figures 91
and 90 to draw any firm conclusion, however, if one does,

these features may be explained . in terms of the ordering

stresses.

The alloys in the B Oaphase field have all undergone
ordering transformation. Apparently the initial stresses
were relieved via stress-relief twinning and primary
stress- induced recrystallizations accompanied by the
deformation twins. On—slow cooling the rates of all of
the struétﬁral or compositional changes are drastically
reduced. Such an effect was clearly observed for the time
needed to establish the near perfect equilibriumdegree ixn
the stoichiometric PtZFeCu at 700°C. If the extrapolation
is a meaningful concept in this case, it can take several
years to achieve an equilibrium state at 700°C, whereas

it takes nearly three months at 1000°C to reach a similar

state.

If a similar explanation can be applied in the off-
stoichiometric cases, it appears the driving force for

any other changes (e.g. the exaggerated grain growth)

has been greatly reduced. Thus when the degree of order

( considering its positional dependency ) and subsequently
the stresses are continuously increasing, the fresh
nucleation and growth of the secondary-induced recrysta-
llization is kinetically more favourable mechanism to

- reduce the energy of the system.
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The decomposition of the high temperature supersaturated
solid-solution of the off-stoichiometric PtZFeCu and the
disordered f.c.c structures takes vlace via a precipitation
mechanism with a variety of the morphological appearances

derending on their compositions.

At 1000°C and in the vicinity of the Y;—phase, the ordered
tetragonal phase 1s the minor phase and appears as plate-
like or discontinuous grain boundary precipitates with
twinning features which are presumably formed in order to
accommodate the growth stresses of the anisotropic phase

in the isotropic matrix, figures 79 and 80.

/
The (po+ \{D) and (§°+\E) sides of the two-phase field showed
similar plate-like precipitates where either phase 1is
equally distributed throughout the alloy, figures 31 and
82.

Apart from (Yg+Y;) two phase field along the Cu-Fe binary
edge, the rest of the alloys at 1000°C were all single
phase solid solutions of (Pt,Fe,Cu), thus they all showed
normal grain structures with some evidence of annealing

twins and were all based on a disordered f.c.c. structure.

The most unusual microstructures:were observed for the alloys
in the Cu.rich side of the system,i.e., alloys ,38,37,36,
33,34,32,31 and 29. The coarse grains were all divided by
narrow parallel bands which in some cases were also subdi%iéed
by much finer units. Identical microstructures were also

observed for the ion-beam etched alloys,figures 87 and 88.
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Although these alloys were all single phase solid solutions
and apparently did not undergo any compositional or structural
change during either the homogenization or slow cooling
treatments,some stresses could have been created upon the
formation of the solid solution, considering the atomic

size differences of the constituent species( Iron and

copper differ from platinum in atomic diameter by 8.3% and
7.9% respectively ).It is possible that as a result of
suitable thermal treatment self-recovery by means of
dislocation rearrangements and subsequent subgrain formation
nave occurred in order to reduce the configurational free

energy.

To establish the isothermal section at 600°C the homogenized
specimens were slowly cobled to 600°C and were kept there
for further period of six months and finally quenched in
iced water. Such heat treatment did not allow detailed

analysis of any phase decompositions.

The observed microstructures as the result of different

precipitations, can be summarized as follows;

a)- Plate-like (Widmanstatten)

b)- Cellular

¢)- Grain boundary (continous or discontinous)

d)- Basket-weave like

e)- Plates or particles on the matrix original twinned bands

f)- Eutectiod-type reactions.

221



The combination of the aforementioned precipitation mechanisms
were more pronounced in the two-vhase field which surroundéd
the@b~phase. The single phase or two-phase siructures at
1000°C were further decomposed to produce a variety of
microstructures depending on the kinetics and the driving

forces available for a given reacticn.

On the whole it appears that different precipitation reactions
have been operating on slow cooling from 1000°C to 600°¢C. )
For example, when the phase decomposition is taking place

by a cellular precipitation, certain sets of conditions

like specific driving force, time for nucleation and growth
and finally a suitable thermal treatment must te observed

for such a mechanism to proceed. Now, if these are partially
obser&ed, i.e., after initial nucleation and growth the
conditions are altered due toc change of temperature, it is
possible that the rates of the transformation have decreased
drastically and such a mechanism may proceed no further.Oa .-
the other hand the phase separation must take place in order

to reduce the free energy of the system. Thus another mechanism,
for example plate-like precipitation would take over if the

set of the required conditions are fulfilled for such

a reaction .

The plate-like precipitation does not necessarily follow
the cellular decomposition in this sequence and these two
reactidns are merely mentioned to explain fthe nature of

the possible transitional phases which have arisen under
given sets of conditicns, time and temperature upon slow

cooling.
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The effect of the ordering transformations in these alloys

n

should also be taken into consideraticn, although it i
not very clear as to how they contribtute to the phase
seéparation. Due %0 ordering, addisional energies are
provided for any possible compositional or structural
changes, but at the same time, stresses are also created
in the material which could make a positive contribution
to the free-energy of formation of the new phase. In the
following paragraph these effects in some of the alloys in

this two-phase field will be discussed.

The occurrence of the peculiar microstructural changes of the~
alloys 6,7,83,10,11 and 12 on slow-cooling may be explained
in terms of the classical nucleation and growth mechanisms.
Attention must be drawn to the elastic stresses contribution
to the free energy of formation of the embyro of the growing
nucleus in the solid matrix.These stresses can be taken into
account by adding to the equation that gives the change of
free-energy due to the formation of the ﬁucleus a term

representing the elastic energy.
F = Fv + Fs + Fe cee. (25)
Here Fv is the value of the diff=rence between the volume

free energy in the new phase and that of the old-phase; Fs

is the surTace energy and F, is the total elastic energy

-

in the muicleus and its surroundings. For the sake of
simplicity the shape factor or mass and other.relevans

coefficients in the equation (25) are ignored.
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In the mucleation and growth reactions (where the elastic
stresses are ignored), it is the interplay of the F_ and

Fs terms which could determine whether a givén transformation
would take place or not. In other words, if a) o> F,
then the second phase embryo would dissolve back in the
matrix and may need greater undercooling to initiate the

possible phase separations, and b) FS<< where in this

Fv,
case the free-energy of the formation is negative, conse-
quently making it possible that the nucleation and growsh

of the second phase can proceed under the given conditions.

For the given shape of the nucleus of the second phase
particles, Fe is proportional to, a) the volume and rigidity
of the second phase and b) volume and rigidity of the
surrounding. Thus the elastic stresses have an effect as if
the free energy of the formation of the new phase were

increased by the elastic energy.

The probability of oocﬁrrence of a new phase in this case is
dependent on the magnitude of the elastic stresses and the
surface energy contributions to the free-energy formation
of the new phase(s),i,e. if only F_+ P, < F_, then the

formation of the second phase is thermodynamically possible.

One way in which the surface energy term can be reduced is
for the nucleus to form coherently with the matrix at least

in the early stages of the growth.
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Having considered the effects of the elastic stresses

and 1ts contributions to the free-energy formation of

the new phase, it appears that the elastic stresses due

to the ordering reaction at the central regions of these
alloys are so high that their contribution to eguation

25 would increase the free-energy of the formation of a
new-phase, i.e., thermodynamically the formation of the
phase(s) may be totally suppressed. However under such
conditions the central region is still unstable and
another reaction(s) is required to reduce the energy of
the system. Based on the experimental observation the
stress-induced recrystallization (primary or secondary)
incorporated with the deformation twins appeared to be

the natural choice of the stoichiometric or off- stoichio-
metric PtZFeCu. So in the central regions of thé two-phase
alloys(6,7,8,10,11 and 12) a similar mechanism occurs in
order to reduce the energy of the system considering that
there is no change in chemical composition, structural ' .

changes are needed in the case of the self-diffusion of

the components in Pt ,FeCu.

2

The outside region of the alloys are under less stress
than the central regions, therefore making it possible
that the F_ contribution to equation (25).1is quite
small. In this case the free-energy of the formation is
negative and the nucleation and growth of the new phase

can take place when lowering the femperature to 6OOOC.
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¥ 1s quite clear then, that the ordering reactions can
greatly alter the kinetics of a given transformation, i.e.
the nucleation and growth of the second phase can be
suppressed at the central regions and at the same time
would assist the recrystallization mechanism by providing

an additional driving force.

It was stated before that some contribution from the binary
compound PtCu to the ternary system was expected at 6OOOC,
but it was proved otherwise, no indications were found of

any extra phase field based on the PtCu into the interior
part of the isothermal'section. While it is naturally

more difficult to provide conclusive evidence for the absence
of an effect than its presence, attempts are made to clarify
the situation, by taking different factors into consideration
where they all arise dvie to the uncertainty in the Pt-Cu
binary system around the CuPt compound.

a) If thé disorder f.c.c transformation to the rhombohedral
single phase:field based on the stoichiometric CuPt is truly
a classical ordering transformation(79}<80) and taking

the fact that the transition between phases of the different
(81)

symmetry cannot occur in a continuous manner also
into consideration, one can immediately doubt the validity
of the currently accepted Cu-Pt (27) binary system around
the CuPt compound. . In other words, there should be a two-
phase field of rhambohehral plus f.c.c phéses around the
CuPt binary compound in the similar manner to that of the

(82,84) (83)
AuCu PtCo ~ and FePt. Therefore based on the
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aforementioned binary systems it is possible to assume
Figure 116 for the Cu-Pt binary system around CuPt compound.

(000~ Disordered

PtC
! u

800

600 F

400 . 1
Cu

Atomic O/o

Figure 116 - Proposed binary Pt-Cu alloy system around PtCu.

(37)

Irani et al proposed a similar two-phase field for
the Cu-rich side, but no published report has dealt with

the Pt-rich side of the CuPt

If the above assumption is correct, then one would expect
to observe a similar contribution (phase expansion) to
that of FePt to the ternary system and the ternary system

near the CuPt ought to look like figure 117.
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Cu

Pt

70 60 50 40 _ 30 20 10
Figure 117 - Possible contribution of stoichiometric CuPt

to the interior part of the Pt-Fe-Cu systemn.

Such phase relationships would indicate that some of the
alloys in the ( B, + Y’O) side of the two-phase field,
should have had an additional set of lines belonging %o
the rhombohedral structure, i.e., splitting of (111)
reflections. Close examination of the x-ray diffractometer
traces of alloys number 6,7,8,10,11 and 12 proved it to
the contrary. At this point it is worth recalling the
fact that, a) the second phase particles were the minor
phases (~< 3%), b) the phase separations have occurred
around the edges of the samples and finally the phases of
<3 um were not being analysed by the Z.P.M.A. Therefore
making it possible that the third phase was not detected

by either x-ray diffraction or E.P.M.A. If so, then
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figure 117 should be considered as the correct phase
relationships in this region of the ternary system.

b) If the transformation is not a true reaction (where
figure 2. implies) the structure of the PtCu can be
considered as a pseudo-cubic. Thus it 1s quite possible
that an addition of any amount of iron up to~~2% would
only replace the Cu atoms in the PtCu crystal lattice. In
this case no contribution from the PtCu to the interior

part of the fternary system is expected.

During the construction of the isothermal section at 6OOOC,
it was noticed that some minor assumptions based on the
phase rules had to be made in order to represent the
sections. Such a problem was encountered due to lack of
sufficient number of alloys where appropriate. Thus the
phase boundary(s) which are shown by the dotted lines in
figure 89, are drawn based on a) the Y —atransformation
in the Pt-Fe binary system and b) due to change of ordered

to disordered structures at Cu-rich corner.

The whole aspect of the phase transformation between 1000°¢
and 600°C can be shown by means of a three dimensional model.
Figure 118 is the Fe-rich cormer of the Pt-Fe-Cu ternary
system. It shows the continuous shifts of the three phase
field which is based on the binary eutectiod and also the
occurfences of the two,two phase fields on its sides. Fig,

119 shows the formation and compositional shifts of the
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of the ordered f.c. tetragonal phase which is based on the

corresponding phase fields in the Pt-Fe binary system.

1000 C

N / 900 * C

P U 800 C
- ! ,’ A4
! - ! /' .
‘\{ ,// IJI’/
- -
.- 4
\{0‘\' 0 - ,"",’l/ ”’,’
e AT APl B o
- - - ’
/"’ ’,—'"‘ /f""’?— /‘/" 700 C
1

Figure 118 - Space model of the Fe-rich corner of the

Pt-Fe-Cu termary system between 1000°C

and 600°C.
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Figure 119 - Space model of the ordered tetragonal single
phase field based on binary FePt compound

and its compositional shifts of the two-pnase

field between 1300°C - 600°C.
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U
.

CONCLUSIONS

At 50% Pt, 25% Fe and 25 Cu there exists a ternary

compound in the Pt-Fe-Cu ternary diagram(Tulameenite,

Pt FeCu).

2
It transforms from a disordered f.c.c. structure(a=

3.793 A%) 40 an ordered f.c.t. structure (a = b = 3.895 A°
c = 3.595 A° |, c/a = 0.92 ) between 1176°C-1146°C.

The ordering reaction in the PtEFeCu is due to tendency
of the platinum atoms to form a periodic arrangement

with either iron or copper atoms in the crystal lattice.
Iron and copper atoms are randomly distributed on the
(30%)and(o%%s) sites of the crystal lattice of the Pt FeCu,
while platinum atoms occupy the (000), ($30) atomic

sites.

The ordering transformation takes place via a rapid
nucleation and growth mechanism of the ordered tetragonal
phase, possibly martensitic in charactor.

The growth of the ordered tetragonal domains in the
isobropic matrix give’rise to stresses which are

partially relieved by the adoption of special domain
arrangements.

The domains are produced as fine twins which have a
common {101} composition plane in the f.c.t. lattice.

Such twinning sets the c-axes of neighbouring domains
approximately at right angles so that the macroscopié
shape change 1is zero.

Due to such an arrangement only the{111}planes are

parallel and there exists some degree of angular disparities

for other planes.
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10,

1.

12.

13.

4

15.

16-

The ordering stresses are partially relieved by stress-
relief twinning in guenched material subjected to
heat-treatments below the ordering temperature, TC.
Below TC, the short-range stresses are relieved by
stress—-induced recrystallization which produces long-
range stresses as the new grains overlap. These long-
range stresses are relieved in turn by deformation
twinning, grain-boundary fractures, or a new cycle

of recrystallization.

The recrystallization mechanisms are grain-boundary
nucleation and growth of the new grains, nucleations

on the twin-intersections, or by a mechanism similar

to stress-induced grain-boundary migrations.

The growth of the new grains is an orientation-dependent
mechanism.

The driving force for the S.I.R is provided by a
continuing increase in the aegree of long-range order in
the tetrggonal material.

The long-range order is a positional dependent parameter.
At 1000°C the PtgFeCu forms a continuous region of
solid-solution with the binary compound PtFe where

the gopper atoms substitute for Iron atoms in the

(£0%) and (0%%) sites of the f.c.t lattice.

At all temperatures below 1300°C (T, for the stoichio-
metric PtFe) the off-stoichiometric PtzFeCu co-exists

with either Pt-rich or iron and copper-rich phases

of platinum, iron and copper solid-solutions with

an ordered or disordered f.c.c structures.
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18.

19.

At 600°C the‘%—phase contracts and consequently the
PtQFeCu 1s no longer a single phase. The decomposition
takes place via the formation of grain-boundary or
plate-like precipitates only along the free- surface of
the specimen.

At 6OOOC, there is a continous region of solid-
solution between FeBPt and Cu.Pt and between FePt

3 3
and CuPt-.

3
The mineral Tulameenite has undergone a high temperature
process leading to grain-boundary cracking which is
indicative of formation from the magmatic segregation

rather than by chemical accretion at near ambient

temperatures.
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6. FURTHER WORK

Though the initial aim of the project has been successfully
completed, the work has at the same time raised a number

of questions.

One general investigation would be to attempt to gquench
the PtzFeCu samples by means of ulftra-rapid quenching
(splat-cooling) to see if the formation of the ordered
tetragonal phase can be avoided in this system. If so,
there are certain aspects which need clarifying on the
subsequent annealing below TC . Among the more obvious

are

1)~ The site of occurrences of the twinned- plate morphology

of the ordered domains at the early stages of the
ordering transformation.

2)- To investigate whether the disordered f.c.c.—
ordered f.c.t. transformation conforms with the
phenomenological theory of martensitic transformation.

3)- To study the variation of the hardness measurements
with ageing time to see if the so-called stress-
relief twins could cause a drop in hardness during
formation.

4)- To study the true nature of the deformation twins
and subsequently the superlattice dislocation

configurations in PtZFeCu.
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Finally, more higher temperature , isothermal sections
should be established to study:
a)- The compositional shifts of theﬁb—phase and subsequently

the temperature of the decomposition of the Pt FeCu.

2

b)~ The nature of the complex precipitation mechanisms,
especially in the two-phase field surrounding the ﬁ{
phase.

c)- The possible contribution of the other binary compounds

to the ternary system where the present work is not

explicit.
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