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ABSTRACT

ABSTRACT
The Cr-Pt system has been extensively studied in recent decades with the aim of providing a
reliable thermodynamic description of the phases shown in the equilibrium phase diagram. The
Cr-Pt coated system where Pt layers were deposited onto Cr substrates is investigated in this
study with particular interest in the formation of Cr-Pt phases and coating morphology as a
function of coating thickness and heat treatment parameters (temperature and time). The main
aim of this research was to produce the coated system with properties which can be tailored
according to the conditions required by their particular application.
The system was investigated using several complementary techniques. The X-ray diffraction
(XRD) technique was used for phase analysis while the scanning and transmission electron
microscopes (SEM, TEM) were employed to determine the coating morphology and electron
diffraction patterns respectively. In addition, Rutherford backscattering spectrometry (RBS) and
particle-induced X-ray emission (PIXE) as accelerator based techniques were used to determine
the coating thickness and elemental distribution of Cr and Pt.
In order to investigate the phase formation and the sequence of their formation within the Cr-Pt
coated system, the EHF (effective heat of formation) model1–3 was reviewed using the
thermodynamic data available in the most recent literature. Considering the phase formation
sequence, the EHF model predicted the Cr3Pt as the first phase to form and to be followed by the
formation of CrPt phase. The model also described the difficulties related to accurate prediction
of phase sequence due to the fact that this system does not have well defined liquidus minima
(presence of two closed liquidus minima). The experimental data obtained in this study show that
the first phase to be form is the CrPt phase.
The heat treatment results show that formation of phases (Cr3Pt and CrPt) depends on heat
treatment temperature, time and coating thickness. Generally, the Cr-rich phase is more stable at
high temperatures, while the mixture of both phases, CrPt and Cr 3Pt, was observed in thicker
coated systems. Furthermore, the results show that the Cr3Pt phase forms in expense of the CrPt
phase which became unstable at higher temperatures. The volume fraction of the phases
depends on a combination of experimental parameters and coating thickness. However, it should
be underlined that the volume fraction of phases as obtained by Rietveld refinement was affected
by the relationship between coating morphology and the size and energy of the X-ray beam and
thus, the volume of probed matter taken into account during measurements.
xiv

ABSTRACT

Considering the coating morphology observed after heat treatment, the microscopy results show
the formation of “island- and sub-island morphologies” as a function of heat treatment
temperature, time and coating thickness. Several competitive processes such as thermal
grooving4, the surface and lateral diffusion, agglomeration5, dewetting of the coated layer and
formation of the Cr-Pt phases contribute to the formation of a “typical” morphology of coatings.
These processes are driven by the formation of a stable equilibrium phase or mixture of phases
and by the reduction of the total free energy of the system. The processes are described in a
proposed diffusional model.
Most importantly, the results of this study show that the formation of specific phases and coating
morphology can be controlled in such a way to provide the desired properties of the system
depending of its application. This study shows that formation of a single phase (CrPt) and
“continued and uniform” coating layer were obtained when the system was annealed at 700C
irrespective of coating thickness and heat treatment time. This achievement is significant for many
applications where “continued and uniform” coating layers are of crucial importance.

xv

INTRODUCTION

1. INTRODUCTION
The research described here has been conducted to provide further insight into the
research of platinum coatings, more particularly within the chromium-platinum coated
system. A coated system, as referred to in this study, can be described as a metal
substrate with a thin metallic coating layer deposited on its surface. Chromium has been
used as the substrate material with Pt coatings deposited on the surface. The coated
system is investigated for the characterisation of the phase formation and surface
morphology structure that arises after the application of heat treatment. This information
has thus provided knowledge of the different phases that form, as well as the phase
formation sequence, and serves to explain the distinct surface morphology that is formed.
Herewith, experimental parameters can be manipulated and controlled for the formation of
specific phases with desirable properties depending on the particular application1–3. The
investigation of the phase formation and surface morphology is important for advances in
coating technology research as well as for the development of alloys. Although this system
has been studied in the bulk, a knowledge of its phase formation sequence, which can
only be studied in coatings and thin film systems, will provide the reader with the
experimental data to form a specific phase for the desired application1–3. Cr-Pt systems
are used in a variety of applications such as magneto-optics, microelectronics and
catalysis research. This system has been extensively reviewed over recent decades within
these various applications to provide a view contributing to application optimisation. This
study can thus aid researchers in these various fields by providing background knowledge
to the Cr-Pt system for further application development.

1.1. Background of platinum and chromium
Individually, both Pt and Cr have properties that are well sought after in the various
applications mentioned. These metals serve to improve properties of materials when
alloyed with other systems and with each other. Pt is known for its inert nature and
high oxidation resistance whereas Cr, apart from being highly susceptible to oxidation,
has favourable magnetic properties. Cr is also known for its high strength to density
ratio and like Pt, for high temperature use. These elements are frequently alloyed
together to combine their properties and are used as a part of many systems. Not only
has the alloying of elements served to improve the properties of materials but also the
use of these alloys in thin films and coatings allows for the investigation of phase
formation and its sequence. In bulk systems, phases are known to form
simultaneously, whereas sequential phase formation can be observed in the coating
1
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layer system1–3. The investigation of thin films and coatings, particularly for layered
film technology, can provide information necessary for the growth and development
of various application fields such as those described below.
The Cr-Pt system was investigated by several researchers6–9. The phase diagram
proposed by Waterstrat10 included the Cr3Pt phase with an A15 crystal structure and
two eutectics formed at 1500 and 1530°C. Thin film studies were also performed on
this system which showed the diffusion coefficient of Cr in Pt11 and the formation of
Cr-Pt phases12. Venkatraman and Neumann13 assessed and compiled all previous
contributions to the Cr-Pt system and formed a phase diagram which was redrawn by
Massalski14. This phase diagram shows the congruent phase Cr3Pt (A15) and an
indication of the CrPt3 and CrPt phases, as the boundaries for the two latter phases
were unclear at this time. Thermodynamic investigations including calculations15,16,
conductivity mapping17,18 and modelling19 of the Cr-Pt system in recent decades has
provided improvement of the phase diagram resulting in many newly proposed
versions. Through thermodynamic assessment, the low temperature f.c.c ordered
phases have been determined. This includes the Cr3Pt (L12) phase which was first
found by Greenfield and Beck20, not included in earlier phase diagrams13,14 but has
however been confirmed in recent studies16,19,21. The formation of a Pt8Cr phase has
also been reported in the literature22 but is not included in the most recent revised
equilibrium phase diagram23 which is discussed in section 2.2.
The magnetic recording media industry has investigated Pt and Cr thin films in their
research to develop and improve magnetic recording of storage media over recent
decades24–29. In a recent review of the latest developments in magnetic recording 29
the authors describe the importance of thin film technology and its contribution to the
increase in storage capacity of magnetic hard disk drives. The main drive for this
continued research is to achieve a signal to noise ratio that is balanced along with
grain sizes that are in a nanometre range with high thermal stability29. Pt and Cr have
also been investigated where the compatibility of these elements is tested in the
oxidation reduction reaction for new cutting edge research in nanotechnology and
catalysis30–33. The formation of the coating morphology can have a huge influence on
the properties of materials particularly in the microelectronic and semiconductor
applications. Heat treatment at high temperature can result in the formation of a
coating layer that is non-continuous and degraded in morphology. This was observed
over a variety of systems that made use of Pt films and coatings34–36. Amongst the
research done in these many applications the investigation of coating technology
2
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allows for a further understanding of the system in question and can thus aid in future
research to both develop materials, and advance applications.

1.2. Objectives of the research
This research aims to investigate platinum coatings with a key focus in understanding
the reaction between the two materials in terms of its phase formation and surface
morphology. Owing to its many differences as compared to bulk systems, the study of
coatings allows the investigation of the sequence of phase formation and can in turn
allow experimental parameters to be controlled to form the specific phases and
morphology required with its desirable properties for particular applications. The
objective is to determine the formation of phases and predict its sequence in this
system. The surface morphology of the Pt coatings and its distinct formation will also
be characterised with an aim to describe a model for the processes involved.

1.3. Experimental approach
The experimental procedure for this study includes sample preparation of substrates
for electron beam deposition of thin coating layers of different coating thicknesses.
The coated samples are thereafter heat treated over a range of different temperatures
and times. A number of complimentary experimental techniques are employed in order
to determine the phases that are formed, and likewise characterise the surface
morphology within this coated system. For the analysis of phases, X-ray diffraction
(XRD) is used to identify the different phases formed and in conjunction with the
Rietveld analysis technique, provides the researcher with a quantification of phases
present at each heat treatment. Electron Microscopy techniques, (both scanning and
transmission electron microscopy) are used to investigate the thin coating samples.
The scanning electron microscope (SEM) was used for characterisation of the surface
morphology. The transmission electron microscope (TEM) employed several
techniques, to analyse the samples in cross section in bright field mode, annular dark
field mode using the characteristic Scanning transmission electron microscope
(STEM) feature in the TEM as well as electron diffraction for the determination of the
crystal structure of the phases present. Energy dispersive spectroscopy was also used
in the TEM to provide a quantitative elemental analysis of the samples after heat
treatment. Accelerator based techniques were used as a complementary analysis to
determine the distribution of the elements across the surface of the coating layer and
also to determine the thickness of the coating layer after heat treatment. Using this
3
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experimental approach, both the phase analysis and characterisation of the surface
morphology was determined.

1.4. Scope and limitations of this research
The platinum-chromium system was chosen for investigation in this research study.
Chromium and Platinum, (purity of 99.98 wt% and 99.99 wt% respectively) was
considered for the substrate and coating materials investigated respectively. Cr
substrates would be coated with Pt at various thicknesses. The subject material used
limited the use of low vacuum furnaces due to the Cr pieces which are readily
susceptible to oxidation, whereas funding and time constraints limited this research to
a heat treatment range of fixed times and temperatures. Certain samples that showed
significant results were chosen for further analysis and identification. The techniques
that were available for analysis allowed for the surface morphology characterisation,
phase formation identification and elemental quantification after heat treatment.

1.5. Plan of development
This dissertation begins with an introduction to the research that was conducted; this
is followed by a review of the literature that covers the background and recent work
done on the system in question. Thereafter an experimental procedure is described
that pertains to all methods used within this research study. The results that were
achieved are presented next with a preliminary discussion of each set of results for
the purposes of clarifying the reason for testing and are hereafter followed by a formal
discussion of these findings as a whole and a relation of this work to past and future
advances. In the final part of this dissertation, a summary and conclusions are sought
after based on the findings discussed and recommendations are suggested for the
future work in this field.
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2. LITERATURE REVIEW
The following topics complement this research study by providing the necessary
information to understand and relate the various mechanisms and processes that are
determined in this binary coated system in relation to the phase formation and sequence
as well as the coating morphology that is formed. A description of the background literature
will provide the reader with the insight used to pursue this research and is reviewed as
follows.

2.1. Coating formation and structure
Coatings can be processed using different techniques. These include both physical
vapour deposition (PVD) as well as chemical vapour deposition (CVD) techniques.
These processing methods are intricately tied to the formation of the coating and the
distinct structures that develop, thus different processing techniques are applied for
use in different applications. PVD techniques generally result in polycrystalline
coatings after deposition, whereas the use of CVD techniques serves to process
single crystal coatings and epitaxial films37. Polycrystalline coating formation will be
described with the use of electron beam evaporation, a PVD technique. During the
deposition process, vaporized atoms are directed onto the substrate surface. Clusters
of these atoms collect uniformly on the substrate surface and incorporate more atoms
until a subcritical level is reached. Small islands of these clusters nucleate while the
island density increases across the surface. As the deposition process is continued
the islands merge by coalescence eventually resulting in a continuous coating layer
across the substrate surface. These processes are further discussed in the sections
that follow.

2.1.1. Nucleation
Nucleation is the first step in the formation of a coating layer and has been well
described in the literature37. After the adsorption of atoms on the substrate surface,
clusters of atoms accumulate on the substrate surface and form nuclei of a subcritical
radius. The adsorption of atoms can be described by bonding of the incident atoms to
the substrate as well as to each other and in the process lowers their internal energy.
The capillarity theory38 describes the heterogeneous nucleation of the coating layer
onto a substrate surface. Figure 2.1.1 shows the schematic representation of a
nucleation process.

5

LITERATURE REVIEW

When a new interface arises such as that described between the substrate and the
coating layer, there occurs an increase in surface free energy. A spherical capshaped nucleus is seen in Figure 2.1.1 with an angle θ between the two interface
regions γfv and γfs which are nucleus-vapour and nucleus-substrate interface regions
respectively. The subsequent region γsv, is that of the substrate-vapour interface
region. The free energy change per volume (ΔGv) thus drives this nucleation process
and is given by Equation 2.1.1.

Figure 2.1.1: Schematic representation of the processes of nucleation during
deposition, including the growth of a nucleus and the interfacial tensions associated
with this process37.
Equation 2.1.137
∆𝐺 = 𝑎3 𝑟 3 ∆𝐺𝑣 + 𝑎1 𝑟 2 𝛾𝑓𝑣 + 𝑎2 𝑟 2 𝛾𝑓𝑠 − 𝑎2 𝑟 2 𝛾𝑠𝑣
For the formation of an aggregate nucleus, the area of the curved surface (a 1r2), the
area of the circular surface of the substrate (a2r2) and the volume of the nucleus (a3r3)
along with the interfacial tensions (γfv, γfs, γsv), need to be taken into account as seen
in Equation 2.1.1. For nucleation to be stable, the aggregate must have a critical
radius (r*) of which smaller radii allow for disappearance of the nucleus by shrinking
the aggregate size. However, the occurrence of stable nuclei with increasing radius
size surpassing that of r* lowers the free energy of the system. Stable nuclei then
cluster and grow on the substrate surface during deposition. This process of
nucleation determines the coating formation and subsequent growth mechanisms to
form a coating structure.
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2.1.2. Growth
The mechanisms of growth of a coating can occur in three different modes, which are
shown in Figure 2.1.237. This shows (1) the island growth (Volmer-Weber) mode in
which atoms in the deposit are more strongly bound to each other than to the
substrate, resulting in clusters which nucleate on the substrate and form islands; (2)
the layer growth mode (Frank-Van Der Merwe) which exhibits atoms that are more
strongly bound to the substrate than to each other, which results in the formation of
layered sheets of deposit; (3) an intermediate of the two growth modes, the StranskiKrastanov (S-K) growth mode, which can occur where one or more monolayers of the
deposit are formed on the substrate surface and thereafter islands nucleate as
corresponding layer growth becomes unfavourable.

Figure 2.1.2: Various modes of growth during coating formation representing Island,
Layer and Stranski-Krastonov growth modes37.
Equation 2.1.237
𝛾𝑠𝑣 = 𝛾𝑓𝑠 + 𝛾𝑓𝑣 cos 𝜃
Young’s equation shown as Equation 2.1.2 is the mechanical equilibrium associated
with the interfacial tensions or forces surrounding the nucleus. Island growth occurs
when the interfacial tension of the film exceeds that of the substrate so that 𝜃 > 0,
and therefore 𝛾𝑠𝑣 < 𝛾𝑓𝑠 + 𝛾𝑓𝑣 . When the coating layer deposited wets the substrate
7
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surface, 𝜃 ≅ 0 and 𝛾𝑠𝑣 ≥ 𝛾𝑓𝑠 + 𝛾𝑓𝑣 which will result in layer growth occurring. For the
S-K growth, nuclei will form above the initial layer growth because 𝛾𝑠𝑣 > 𝛾𝑓𝑠 + 𝛾𝑓𝑣 . A
surface energy ratio exists to determine the dominance of growth mode in coating
formation.
Equation 2.1.337
𝑊=

𝛾𝑠 − 𝛾𝑓
𝛾𝑠

The surface energy ratio, W, (Equation 2.1.3) makes use of the interfacial tensions
of the substrate and coating layer to determine the dominant growth mode. For the W
< 0, island growth will dominate, however the layer growth mode will only occur for W
> 0. The S-K growth mode competes with the two extremes.

2.1.3. Coalescence
Coalescence is the onset of island density saturation and decrease of the total area
of stable nuclei on the substrate. This can occur via mechanisms of mass transport
which serve to merge islands together to form large, stable islands. These include the
mechanisms of Ostwald Ripening, Sintering and Cluster Migration which has been
reviewed as seen in Figure 2.1.337.

Figure 2.1.3: Representation of the mechanisms of island cluster coalescence
showing (a) Ostwald ripening, (b) Sintering and (c) Cluster Migration37.
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During the Ostwald ripening process (Figure 2.1.3a), large clusters grow or ripen at
the expense of smaller clusters as time is continued. This process occurs with a drive
to reduce the total surface free energy of the system. The chemical potential (µ) is
thus related to the size of islands due to a large atomic concentration gradient. For a
smaller radius (r2) the chemical potential (µ2) will be large and thus atoms will diffuse
from island2 to island1 which ripens. This Ostwald ripening process however does not
reach equilibrium during the growth of the coating as a steady-state island size
distribution is observed which changes with time. The process of sintering as seen in
Figure 2.1.3b occurs when islands are in contact with one another. These islands
strive to reduce the total surface energy of the system. The process involves the
formation of a neck growing between the two islands, which have a concentration
gradient difference, thus mass transport into the neck region is observed and the
islands coalesce. This sintering process is dominated by surface diffusion of the
coating layer on the substrate. The migration of coating layer clusters on the substrate
surface is also observed as a mechanism of coalescence as seen in Figure 2.1.3c.
The island clusters can migrate and have a thermal activation energy equivalent to
that of surface diffusion. The coalescence occurs when the migrating clusters collide.
It is often difficult to distinguish between these three different mechanisms of
coalescence but for the basis of this research study, the coalescence mechanism for
the coating layer can be predicted.

2.1.4. Grain Structure
After the formation of the coating layer a grain microstructure can be observed. A
structure zone model has been reviewed37 to determine the grain structure of the
coating layer after formation. The structure-zone diagram (SZD) depicts the influence
of deposition variables on the structural features that develop within a physically
deposited coating or thin film. The representation of the structure zone diagram for
evaporated coatings is seen in Figure 2.1.4. During coating formation, the deposited
atoms bond to the substrate surface where they can either undergo a number of masstransport processes or desorb from the substrate surface. These processes include
shadowing, surface or bulk diffusion and desorption which can be determined by a
temperature ratio that characterises different grain structures. The temperature ratio
considered takes the temperature of the substrate as well as the temperature of the
deposit into account.
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Figure 2.1.4: Structure zone diagram indicating the microstructure for thin elemental
coatings of 0.1µm thickness deposited using electron beam evaporation with regards
to the temperature of the substrate and the metal point of the evaporant37.
In zone I, (the range of

𝑇𝑠
𝑇𝑚

< 0.2), renucleated grains are observed where the grain

size is approximately ≤20nm and is equiaxed in nature. Zone T of the SZD is located
within the range 0.2 <

𝑇𝑠
𝑇𝑚

< 0.3 and has a bimodal grain structure where some grains

are larger than 50nm and are surrounded by smaller grains. At higher temperatures,
the presence of columnar grains are seen where the onset of granular epitaxy is
usually expected. This is shown in Zone II where

𝑇𝑠
𝑇𝑚

> 0.37. Extensive grain growth

is observed in Zone III in which the grain size is observed to be larger than that of the
coating thickness which is promoted at even higher temperatures.

2.2. Thermodynamics
The revised equilibrium phase diagram of the Cr-Pt system is shown in Figure 2.2.123.
This binary phase diagram represents the phases that are formed with respect to
temperature and composition of the Pt and Cr elements. The Cr-Pt system is known
to have two Cr3Pt phases with different crystal structures. A congruent phase is formed
at the temperature of 1599°C between 17.3 and 25 at%. This phase is designated as
the Cr4Pt phase in this revised diagram but it refers to the Cr3Pt phase with the A15
crystal structure23 as is seen in previous literature10,14. The f.c.c phases include the
L12 structure which refers to the phases Cr3Pt and CrPt3 at the compositions of 34 41 at% and 60 - 80 at% Pt respectively.
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Figure 2.2.1: The revised equilibrium phase diagram of the Cr-Pt system showing the
Cr4Pt phase between 17.3 and 25 at% previously known in the literature as the Cr3Pt
(A15) phase23.
Figure 2.2.2 shows the schematic representation of the two crystal structures of the
Cr3Pt phase i.e. A15 and L12. The lattice parameters for these two structures differ
and are given as 4.7 and 3.7Å respectively. The Cr3Pt phase with the A15 crystal
structure is stable over the formation of the L12 type structure23. The L10 crystal
structure which refers to the CrPt phase is observed at the composition of 42 – 58 at%
Pt as seen in the equilibrium phase diagram. It is interesting to note the solubility range
for Cr in Pt which extends from 31.3 at% Pt to that of 100 at% Pt as compared to the
low solubility region of Pt in Cr ranging over 6.8 at% Pt. This is an indication of the
high affinity of Cr in Pt coating.
a

b

Cr
Cr
Pt
Pt
Figure 2.2.2: Representation of the two crystal structures of the Cr3Pt phase, (a) the
A15 crystal structure and (b) the L12 crystal structure39.
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Table 2.2.1: The enthalpies of formation for the phases formed within the Cr-Pt
system16.
ΔH°
Phase
Structure
(kJ/mol)
Cr3Pt
A15
-29.39
Cr3Pt
L12
-25.27
CrPt
L10
-28.31
CrPt3
L12
-14.07
Owing to the fact that phases form sequentially in coated systems, it is expected that
after heat treatment phase formation occurs at the interface region of the substrate
and the coating. The formation of phases at the interface is dependent on the
processes of diffusion and the total energy of the system. Systems always tend to be
driven towards a lower energy state. This can be taken into account via a
thermodynamic description of the phases. Recent literature provides a reliable
thermodynamic description of the Cr-Pt system16,19. The enthalpies of formation for
each phase are provided in Table 2.2.1 adapted from the literature16.

2.2.1. An effective heat of formation model
As it is known that systems are governed by the total free energy, the Gibbs free
energy relation is described.
Equation 2.2.11,37
∆𝐺° = ∆𝐻° − 𝑇∆𝑆°
The change in Gibbs free energy (ΔG°) is governed by the enthalpy of formation
change (ΔH°) and the change in entropy (ΔS°) which can be seen in Equation 2.2.1.
For solid state reactions, as is dealt with in coating systems, the change in the enthalpy
of formation can relate directly to the free energy of the system. This is owing to the
fact that in solid state reactions the change in entropy is negligible1. To determine the
formation of the first phase and the subsequent sequence of phase formation an
Effective heat of formation (EHF) model has been reviewed. The EHF model makes
accurate predictions of phase formation with the use of thermodynamic data1. The
formation of phases can thus be predicted by the change in enthalpy of formation in a
solid state reaction. The EHF model makes use of an effective heat of formation (ΔH´)
which can be described by ΔH° and is dependent on the concentrations of the
elements at the reaction interface i.e. the effective concentration1. The EHF (ΔH´) is
thus shown in Equation 2.2.21–3.
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Equation 2.2.21–3
∆𝐻 ′ = 𝐻° ×

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡
𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑒𝑙𝑒𝑚𝑒𝑛𝑡

The heats of formation are both expressed in kJ mol-1 and the concentrations are
taken at the reaction interface. For solid state reactions, the activation energy can
determine the mobility of atoms in a system with a given structure and bond type,
because solid state diffusion is directly related to the melting point of a solid40. The
liquidus minimum for binary systems determines the melting point of a solid thus the
effective concentration can be determined from this composition and used in
Equation 2.2.2. The coating system is said to be in a non-equilibrium state, as any
excess atoms that are available in the system are used for formation of the next
compound1. Thus the effective concentration is independent of the thicknesses of the
coating and substrate layers1.

Figure 2.2.3: The EHF diagram (top) proposed by Pretorius et al.1 with previous phase
diagram (bottom) predicting the first phase formation of the Cr3Pt phase.
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To make predictions of the first phase formation, Pretorius et al. proposed a rule for
the EHF model which states “The first compound phase to form during metal-metal
interaction is the phase with the most negative effective heat of formation at the
concentration of the lowest temperature eutectic”1. From the revised equilibrium phase
diagram (Figure 2.2.1) it can be seen that two liquidus minima exist for this binary
system therefore the predictions of the first phase formation in the Cr-Pt binary
system, according to Pretorius, would be problematic and a clear prediction cannot be
made. For the sequence of phase formation however, the EHF model rule states that
“After first phase formation in metal-metal binary systems the effective concentration
moves in the direction of the remaining element and the next phase to form at the
growth interface is the next phase richer in unreacted element”1. It can be seen that
the next phase formed, after the formation of the first phase, will be the phase that is
richer in the unreacted element. In Figure 2.2.3 the EHF diagram for the Cr-Pt system
is shown along with a phase diagram that has been previously calculated in the
literature showing the CrPt and Cr3Pt phases that have not been clearly defined in the
phase diagram at the time. The previous prediction of the first phase formation using
the EHF model has been that of the Cr3Pt phase1.

2.3. Solid state reactions in coated systems
The reactions of the solid state in thin films and coatings can be described by the
mechanisms of diffusion. Diffusion is related to the atomic migration and mass
transport through a medium. Owing to the greater defect density in coating layers the
diffusion mechanisms are more rapid than that of bulk systems37. Diffusion in a system
is characterised by the diffusion coefficient shown in Equation 2.3.1. This is given by
(Di) which is representative of the diffusion coefficient of the surface, grain boundary
or lattice whereas (D0i) represents the pre-exponential factor, (E) represents the
activation energy and (R) and (T) represent the

gas constant and temperature

variables respectively. The activation energies for grain boundary and surface
diffusion have a higher diffusivity than that of lattice and bulk diffusion37. Metal coatings
of 1µm grain size and less undergo grain boundary diffusion as its dominant
mechanism. The reason for these differences in activation energies are because
coatings are formed from a vapour phase and bulk systems are formed from a melt
phase. The formation of the coating from the vapour phase results in a high density of
defects which ultimately have more of the loose atoms available at the defect sites
(grain boundaries, surfaces) and are thus more mobile than the bulk lattice atoms. An
increase in these sites thus results in an increase in the short circuits to the lattice and
14
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can affect the mass transport mechanisms which include interdiffusion, compound
formation and phase transformations.
Equation 2.3.137
𝐷𝑖 = 𝐷0𝑖 exp − ( 𝐸𝑖 / 𝑅𝑇)
The diffusion coefficients for the Cr-Pt coated system have been determined for Cr in
a Pt matrix11 as 𝐷𝐺 = 1.02 𝑥 10−2 𝑒𝑥𝑝 (−1.69 𝑒𝑉⁄𝑘𝑇) and for Pt in a Cr matrix41 as
𝐷𝐺 = 5.0 𝑥 10−10 𝑒𝑥𝑝 (−1.69 𝑒𝑉⁄𝑅𝑇) where DG represents the grain boundary
diffusion in this coated system. The Boltzmann constant (k) is related to the gas
constant (R) by Avogadro’s number. Surface diffusion is another solid state reaction
of great importance in the study of coated systems as its large surface to bulk ratio
contributes greatly to that of nucleation and growth processes37. These mechanisms
of diffusion and mass transport phenomena lead to compound formation and phase
transformations achieved by the application of heat treatment.

2.4. Structure and morphology of the coated system
Prior to heat treatment the coating formation and structure forms as a result of the
deposition process. After heat treatment however, the thermal energy introduced to
the coated system allows for mechanisms to occur that alter the structural morphology
which could in turn alter the properties of the coating layer material. Some of these
changes are described below.

2.4.1. Thermal Grooving and Grain Growth
Thermal grooving, also known as grain boundary grooving, occurs at the intersection
of grain boundaries with the free surface. With the application of heat, preferential
transfer of the coating layer away from the grain boundary is expected at high
temperatures4. A tightly curved surface is formed adjacent to the grain boundary line.
The theory of Mullins4 explained grain boundary grooving in terms of surface diffusion,
volume diffusion and evaporation condensation with the gradient of surface curvature
being the driving force. This can develop with both stationary4 and mobile42 grain
boundaries (Figure 2.4.1 and Figure 2.4.2 respectively). During grain boundary
motion the surface anisotropic energy can cause the formation of a ridge and not a
groove42–44 as seen in Figure 2.4.2.
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Figure 2.4.1: Thermal grooving representation showing diffusion at the grain
boundary and free surface intersection45.

Figure 2.4.2: Schematic representation of thermal grooving during boundary motion45.
There has been extensive research conducted in the development of models for
thermal grooving, grain growth and the migration of grain boundaries. For the
purposes of this research these processes are briefly described and further research
can be followed in the literature46–50. Grain growth and microstructure are also
influenced by the grain boundary junctions and intersections with the increase in
energy supplied by these, along with the energy of the grain boundaries contributing
to the driving force for grain growth49. After heat treatment at high temperature thermal
grooving can interfere with the grain boundary motion and ultimately grain growth.
Evidence of this is observed as ghost traces on the grain surface42,44,45.
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2.4.2. Dewetting and Agglomeration
Another mechanism that occurs by the application of heat treatment is the dewetting
and agglomeration of the coating layer to form metal islands. Coatings are
thermodynamically unstable due to an increase in the structural defects present that
raise the surface free energy and when heat treated they can undergo processes of
agglomeration and dewetting to minimise this energy increase5. Agglomeration is the
process by which the substrate material initially covered by a continuous coating layer
undergoes dewetting revealing the substrate in the process. This forms by void
nucleation as also seen in Al films51. Two-dimensional coatings become rough when
heated as a result of dewetting which induces the formation of voids in the coating
that can grow and are heterogeneously nucleated by thermal grooving as seen in
Figure 2.4.35. The coating layer becomes agglomerated if the surface energy exceeds
the sum of the interfacial energy and surface energy of the substrate resulting in the
dewetting process at elevated temperatures5. The atoms rearrange themselves to
achieve an energetically favourable state by decreasing the surface free energy52.

Figure 2.4.3: A schematic representation of the agglomeration of a coating that is
initially continuous (a). After heat treatment, the coating layer begins to form grooves
at the grain boundary nucleation sites (b) and becomes a non-continuous coating layer
that is separated into islands after the formation and growth of voids (c)5.
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Saxena et al.53 investigated the atomistic mechanisms of dewetting in thin films. Their
research showed that for thicker films (>20nm) grain boundary grooving is the rate
limiting step that controls agglomeration or complete island formation. This is owing
to grain boundary grooving having the highest activation energy which in turn limits
the formation of voids. As a result of this, the coating layer islands are formed53. The
processes of dewetting and agglomeration have been observed with Pt thin films for
the production of nanostructures for microelectronic devices52,54,55.
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3. EXPERIMENTAL PROCEDURE
The Cr-Pt coated system was investigated in this research. All methods and procedures
used to prepare and characterize samples in this study are described below. Where
appropriate, the software used and the methods of analysis are explained in detail.
Chromium (Cr) has been used as substrate material with Pt coatings deposited on the
surface to develop the coated system.

3.1. Substrate sample preparation
The Cr substrate pieces of 99.98 wt% purity were obtained in the form of a die cast
plate of variable thickness (2-3mm). Samples were cut using a low speed cutter with
diamond blade into pieces of approximately 5 x 5mm in size. These samples were
mounted in resin using a Struers automatic hot mounting machine for preparation of
the surface prior to deposition. Thereafter, the surface of the samples were ground
using 1200 SiC grit paper and polished using 6µm and 3µm diamond suspension with
a final step of colloidal silica suspension (OP-S) of 0.04µm grain size in a Tegra
automatic polishing machine from Struers. The substrates that were used for
deposition of 0.2 and 0.3µm coatings were only polished to a 3µm diamond
suspension finish. This was to ensure that the coating layer maintained adhesion to
the substrate after deposition. Polished samples were removed from the resin mounts
and cleaned in methanol, ethanol and acetone respectively (10 minutes in each
solvent) in an ultrasonic bath. A final rinse of the samples included a 5% Hydrofluoric
acid solution for 1 minute and further rinse with distilled water in an ultrasonic bath for
10 minutes.

3.1.1. Electron beam deposition
Evaporation of the coating layers was carried out in the Materials Research
Department at iThemba LABS. An electron beam sourced evaporation system was
used, as shown in Figure 3.1.156. This is a physical vapour deposition technique
wherein an electron beam imparts thermal energy to the target material in order for
the temperature to be raised to the point of evaporation37. The electron source is a
tungsten filament that generates an electron beam.
During evaporation, the tungsten filament is heated to a point where electrons are
thermionically emitted. These electrons are then directed onto the target material,
situated within the crucible, in the form of an electron beam by magnets that create a
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magnetic field to deflect the beam37. The energy that is directed onto the target
material by the electron beam vaporizes the material37. This vapour is then deposited
onto the substrates by a flow of evaporant where the coating thickness is monitored
using a quartz crystal sensor within the evaporation system. The quartz crystal is a
thickness meter (to an accuracy of <1 nm) that is exposed to the vapour along with
the substrates. Due to the fact that quartz oscillates at a resonant frequency, this
exposure allows for changes in the frequency to be monitored as the additional mass
of the deposited material alters the frequency of the quartz37.

Figure 3.1.1: Schematic representation of an electron beam evaporator system
depicting evaporation of the target material onto the substrate surface56.
Pt coating
Cr substrate

Figure 3.1.2: Schematic representation of the samples after deposition showing the
layout of the Pt coating residing on the Cr substrate surface.
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Clean samples were mounted onto holding discs that are attached to the underside of
a rotating sample holder inside the evaporator in order for the samples to be exposed
to the evaporant flow during evaporation. Pure Pt coatings (99.99 wt% purity) of 0.1,
0.2 and 0.3µm thicknesses were deposited onto the Cr substrates. A schematic
representation of the coating layers for the Cr substrates is shown in Figure 3.1.2.
Evaporation was carried out at a rate of 2.4 Å/s under a base pressure and working
pressure that ranged between 3 – 8 x10-4 Pa, and a current of 200mA at room
temperature under high vacuum conditions. Adhesion between the substrate and
coating layer can be accounted for by the surface energy of the elements: metals with
high temperature melting points such as Pt and Cr have high surface energies with
good adhesion37. The surface energies for Pt and Cr are 1.8 and 1.59 J.m 2
respectively. Coating layers within this coated system maintained adherence to the
substrate after deposition.

3.1.2. Heat Treatments
Post-deposition, samples were subjected to systematic heat treatments in a high
vacuum furnace system at iThemba LABS for a range of different temperatures and
times. The heating and cooling rates remained at a constant of 10°C per min for all
heat treatments and the pressure was maintained between 1.33 x 10-4 Pa and 1.33 x
10-5 Pa.
Table 3.1.1: Heat treatments conducted on samples of Cr substrates coated with
0.1µm Pt coatings. Treatments in bold include the 0.2 and 0.3µm Pt coatings.
Time
(hours)
2
4
6
8
10
12
14
16
18
20
24

Temperature (°C)
1000
900
800
700
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Table 3.1.1 shows the heat treatments conducted on samples for 0.1µm Pt-coated Cr
samples. At this coating thickness the heat treatments at the high temperature of
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1000°C spanned a range of different times which included 2, 4, 6, 8, 10 12, 14, 16,
18, 20 and 24 hours. With a decrease in the temperature to 900, 800 and 700°C and
at the coating thicknesses of 0.2 and 0.3µm Pt, samples were heat treated for 6 and
8 hours. Heat treatments were also carried out for Cr substrate samples without a
coating layer to investigate the morphology of the substrate after thermal annealing.
For comparative purposes certain samples were chosen to display trends observed
when comparing the changes morphology and phase formation in the coated system
between heat treatment temperature, time and coating thickness.

3.2. Materials Characterisation
A number of complementary techniques were used to analyse the heat treated
samples with respect to the phase formation and coating morphology. These
techniques included X-ray diffraction, where phases that have formed due to heat
treatment are identified and analysed. For the characterisation of the surface
morphology, both scanning electron microscopy (secondary electron imaging) and
transmission electron microscopy was used along with the energy dispersive
spectroscopy technique for an elemental quantification; accelerator based techniques
were used to determine the elemental distribution of the surface coating layer. These
techniques are described below.

3.2.1. X-ray Diffraction (XRD)
XRD is used in this study as a means of phase identification within the heat treated
Cr-Pt coated system. This is an analytical technique wherein X-ray patterns are
produced for each sample showing peaks for the different chemical phases that are
formed57–59. The study of the coated system using XRD allows for the investigation of
the different phases that are formed with respect to changes in the heat treatment
temperature and time as well as coating layer thickness. This technique is widely used
to acquire information about the phases present within a system as well as its
crystallographic structure and atomic spacing58. This is made possible by the
wavelength of X-rays which corresponds to the interatomic distances of crystals, thus
constructive and destructive interference of X-rays that are applied to crystalline
structures can be observed. X-rays are produced by high energy electrons that are
applied to the target material. When these X-rays interact with the highly crystalline
arrangement of the material, diffraction occurs by the scattering of the X-rays from the
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electrons of the atomic arrangement within the material57–59. XRD relies on the
satisfaction of Bragg’s Law, which is defined below.
Equation 3.2.157–59
𝑛𝜆 = 2𝑑 sin 𝜃
In Equation 3.2.1, the wavelength of radiation is related to the diffraction angle and
the lattice spacing in a polycrystalline sample; where d is the spacing between planes;
λ is the wavelength of the incident X-ray beam; with n and θ representing the integer
and diffraction angle (°), respectively. Monochromatic X-rays must penetrate the
crystallographic arrangement of the sample by means of incident radiation 58. In
materials with a crystalline arrangement of atoms, X-rays will be diffracted coherently
in certain directions, which allows for constructive interference when Bragg’s condition
is satisfied58. This produces diffracted radiation which is detected and processed
while the sample is scanned through a series of 2θ angles to generate a diffraction
peak pattern58. A schematic representation of the theoretical principle is shown in
Figure 3.2.1.

Figure 3.2.1: Theoretical principle of X-ray diffraction representing the scattering of
X-rays when applied to a polycrystalline sample arrangement59.
This representation shows the X-rays interacting with the periodic arrangement of
atoms within a material and scattered in a parallel manner to form constructive
interference that can be detected. The experimental set-up is shown in Figure 3.2.2
where the scattering angle 2θ, can be observed with respect to the incident X-ray
beam (I0). The diffracted X-rays (I2θ) are detected and a pattern is generated with
respect to the phases that are formed. The depth of penetration for X-rays (𝑥) is given
in Equation 3.2.2.
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Equation 3.2.260
𝐼 = 𝐼0 exp − µ𝜌𝑥
I is the intensity that is exited from the surface of the sample, I0 is the incident intensity,
µ is the mass absorption coefficient in cm2/g and ρ is the absorber density in g/cm3.
This equation allows for the determination of whether the X-ray beam penetrates
through the coating layer into the substrate region.

Figure 3.2.2: A schematic representation of the X-ray diffraction experimental set-up
showing the X-ray tube and detector with respect to the sample59.
A Bruker D8-ADVANCE monochromatic diffractometer at iThemba LABS, was used
for XRD measurements of reference samples before and after deposition, as well as
samples after heat treatment. The configuration of this instrument was such that the
X-ray tube and detector moved in a locked-couple mode known as a θ-θ scanning
mode. Therefore for every angle θ that the X-ray tube moved in position, the detector
moves at the same angle of θ and the sample remains fixed in position. Measurements
were carried out at room temperature using CuKα electromagnetic radiation (1.54 Å)
at 40 kV and 40 mA. The size of the X-ray beam was 1 x 10mm. Diffraction data was
measured at a step size of 0.03° between 2θ values of 20° and 90°. In order to get
better statistics, measurements were performed while the sample was rotated.
Diffraction patterns of the results obtained for the heat treated samples are shown in
the results section. The diffraction pattern that is produced is a product of a plot
between the intensities (arbitrary units) and angular positions (2θ / °) of the resultant
peak phases. Diffraction peaks and phases were matched and identified using the
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XRD database which contains reference diffraction data for phase analysis. XRD
patterns are plotted using the OriginLab 6.1 data analysis and graphing software.

3.2.2. Rietveld Refinement technique
The Rietveld refinement61 method is applied to XRD data for pattern fitting of peaks to
acquire information on the crystal structure of a sample. This refinement technique
makes use of powder diffraction data by refining various parameters from an ideal
simulated diffraction pattern when compared to the measured data. It is widely used
in crystallographic structure determination in quantitatively determining the amount of
crystalline phase per sample. For the purposes of this research study, Rietveld
refinement was carried out using the XRD data obtained to determine the percentage
of the phases present in the coated samples after heat treatment. Refinements were
performed with Topas 4.1 software62 which manipulates the simulated diffractogram
by comparison of several parameters including that of the lattice parameter and the
phase percentage within the sample. Peak shapes of all phases were modelled using
Pseudo-Voigt functions63. The pseudo-Voigt function is a simple approximation of the
Voigt function which is a theoretical description of diffraction peak shape, and makes
use of a linear combination of Gaussian and Lorentzian functions63.

3.3. Electron Microscopy study
Electron microscopy involves a broad range of techniques that are used in materials
characterisation. These techniques make use of electrons to scan and transmit
through samples for sample imaging and chemical characterisation and analysis. For
the purposes of this research several complementary electron microscopy techniques
were used to aid the investigation of the phase analysis and surface characterisation
of the Cr-Pt coated system.

3.3.1. Scanning Electron Microscopy (SEM)
A NOVA NANOSEM 230 scanning electron microscope at the Electron Microscope
Unit, UCT, was used in both secondary and backscattered electron modes for surface
analysis of the coating morphology after heat treatment. The electron beam, used at
high energy, scans the surface by means of electron penetration of the sample to
provide a detailed image of the surface morphology of the material via detection of the
scattering of electrons60. The SEM is equipped with an electron source system, a

25

EXPERIMENTAL PROCEDURE

stage for the sample, a detector for detecting the electron signals during scanning and
a computer display for the image acquisition.
A schematic representation of the SEM system is shown in Figure 3.3.1. The electron
source system generates an electron probe beam by transmitting the electrons
emitted from an electron gun through two-stage lenses situated below the gun onto
the sample (Figure 3.3.1). The lenses serve to adjust the beam dimensions and to
focus the beam into a small electron probe onto the sample stage where the sample
is held in place60. This technique makes use of an electron beam to penetrate and
scan the surface of the sample to provide information of the surface morphology.
When the sample is irradiated with the electron beam, secondary electron signals are
emitted from the sample surface60. These signals are detected using a secondary
electron detector which converts the signals into images of the surface morphology
for display on a LCD screen unit.

Figure 3.3.1: A representation of the Scanning Electron Microscope showing electron
source, sample stage and detector connected to a computer display unit64.
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Secondary electrons are very sensitive to the surface as they project a small energy
that is quickly absorbed by deeper regions of the sample material; however the
electrons that penetrate the top surface are emitted out of the sample. Brightness
differences that can be observed in SEM images are attributed to the angle of electron
penetration60. The electrons that penetrate the surface at an incident angle due to
variations in the surface morphology result in changes in the brightness of the image
thus secondary electron scattering can observe topographical changes60. With
backscattered electron imaging in the SEM, the electrons that are reflected outward
and emitted out of the sample are taken into consideration. These are able to produce
information at a deeper level within the sample due to higher energies of electron
beam penetration60. BSE are sensitive to composition and are affected by the atomic
number of an element, which has a higher contrast for larger atoms and appears
brighter after imaging60. The depth of electron penetration within the samples is given
in Equation 3.3.1. R represents the depth of electron penetration within the sample
(µm), ρ represents the absorber density in g/cm3 and E is the electron energy used
within the measurement (MeV).
Equation 3.3.160
𝑅=

4120 1.265−0.0954 ln 𝐸
𝐸
𝜌

For this study, all samples, prior to and post heat treatment, were investigated using
the SEM. Images were acquired at an accelerating voltage of 20 kV at various
magnifications and were used for the characterisation of the surface morphology of
this coated system.

3.3.2. Focused Ion Beam milling for TEM sample preparation
The focused ion beam – scanning electron microscope (FIB-SEM) comprises of a
SEM system with an additional ion source gun that produces a beam of Ga+ ions used
to mill samples. The Ga+ beam forms as a result of field ionization and is emitted down
the FIB column65. The ion milling process can be described as a sputtering process.
The Ga+ ions react with the surface of the sample such that the sample material is
ejected as a sputtered particle65. Selected Cr substrate samples with Pt coatings of
0.1 and 0.2µm thickness were subjected to FIB milling to prepare samples for TEM
analysis. This method was used because the Cr pieces were very brittle, with the
result that conventional ion milling could not be completed.
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A FEI Helios NANOLAB 650 FIB-SEM was used at the Centre for HRTEM at the
Nelson Mandela Metropolitan University (NMMU), South Africa. Prior to milling, a
Carbon layer was deposited on the surface of the coating using ion beam assisted
chemical vapour deposition which forms a part the FIB-SEM. This was done to
maintain the integrity of the coating during ion milling. In this process, an
organometallic precursor gas is injected from a needle that is brought into close
proximity (100 - 200µm) with the area of interest on the sample. This gas is absorbed
by the surface of the sample, which in turn reacts with the Ga+ beam to deposit a layer
on the sample surface65. An example of this is shown in Figure 3.3.2 which shows the
layer of carbon deposited on the area of interest for the 0.1µm Pt coated sample, heat
treated at 1000°C for 8 hours.

Carbon coating

Figure 3.3.2: SE image showing the section of interest across the grain boundary
region with FIB deposited carbon coating prior to FIB ion milling.
After deposition of the C layer, the Ga+ ion beam was used to mill a step-down platform
on the posterior and anterior sides of the cross section and the sides were milled away
to form a rectangular section. The Ga+ beam was operated at 30 kV. An Omniprobe
liftout needle as part of the FIBSEM was used to transfer the milled section to a Cu
grid, where final polishing using the Ga+ ion beam was completed at 500 eV to a TEM
sample thickness of 50nm. This thickness was appropriate for electron transparency
needed for the TEM investigation.

3.3.3. Transmission Electron Microscopy (TEM)
Coated samples after heat treatment were selected for investigation of the coating
layer microstructure by means of imaging, elemental quantification and crystal
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structure analysis. Electrons are accelerated at high voltage in the TEM, up to high
energy levels and focused on the sample66. These electrons pass through the thin
sample created using the FIB and scattering of these electrons provides signals that
are detected and used to create a contrast and diffraction image. The TEM provides
a high resolution that enables the investigation of the coating layer at a nanometre
level.

Figure 3.3.3: Schematic representation of the TEM column showing the source, stage
and display systems, the electron source and various lenses that are used to produce
atomic resolution imaging and diffraction patterns66.
The TEM is equipped with a column comprising of three different systems that control
and manipulate the electron beam and are important for producing images and
diffraction patterns (DP). These three systems include a source, a stage and a display.
An overview of the TEM column is shown in Figure 3.3.3. The source system uses a
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LaB6 thermionic emission electron source gun to produce electrons in a beam that are
transmitted to the sample using condenser lenses66. The electron beam can operate
in two modes, parallel and convergent, wherein DPs and conventional TEM imaging
use the former mode and Scanning Transmission Electron Microscopy (STEM)
imaging makes use of the latter66. The condenser lenses serve to focus the beam onto
the sample which is held in the stage system66 (Figure 3.3.3). The stage is situated
within the centre of the TEM column wherein the electron beam interacts with the
sample. The objective lens, situated below the stage, creates the image or DP from
the electron signal transmitted through the sample which can then be further magnified
or viewed. The final system within a TEM is the display (Figure 3.3.3), where several
lenses magnify then focus the image or DP signal created by the objective lens onto
a CCD detector that projects the image or DP onto a digital display screen.

Figure 3.3.4: The path of the incident electron beam showing the effect of an aperture
which limits the collection of transmitted rays66.
The magnetic lenses that are fixed throughout the TEM column require apertures to
be inserted within some of them to control the path of the electrons through the lenses
by limiting the collection angle of the transmitted rays66 (Figure 3.3.4). This in turn can
control the current of the beam as well as the resolution which is limited due to
magnetic lens aberrations66. For bright field (BF) imaging which requires a direct
parallel beam to form an image, the BF objective aperture is inserted in the objective
diaphragm of the objective lens (Figure 3.3.3 and Figure 3.3.5). For dark field (DF)
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imaging, the scattered electrons are detected, which do not form part of the direct
beam therefore a DF objective aperture is used (Figure 3.3.5).

Figure 3.3.5: A representation of the different apertures needed for bright and dark
field imaging within the TEM66.
The microstructure, as well as the composition and crystal structure of the Pt coated
samples, was investigated by TEM at two different laboratories: the Centre for
Functional Nanomaterials (CFN) at the Brookhaven National Laboratory (USA) and at
the Centre for High Resolution TEM (HRTEM), Nelson Mandela Metropolitan
University (South Africa). A JEOL 2100F TEM was used at both institutions operating
at an accelerating voltage of 200 kV. Selected samples were used for this technique
to obtain elemental and crystallographic information on the Cr-Pt coated system.

3.3.4. Selected Area Electron Diffraction
In the TEM, selected area electron diffraction (SAED) mode requires selection of an
area of the imaged sample for crystallographic analysis. The same parallel beam is
used as in BF and DF imaging however for diffraction contrast, a SAED aperture is
selected in this mode. Diffraction contrast is obtained due to the diffracted beam that
has different intensities that vary throughout the sample. In DP, electrons from the
entire area of the sample that are illuminated with the direct beam is obtained, however
this information is not useful and can destroy the detector. The SAED aperture is used
as it can select an area for electron diffraction and reduce the high intensity of the
beam directed on the detector. This aperture has to be inserted within the selected
area diaphragm, and the objective aperture has to be removed from the objective
diaphragm in order for DP to be obtained (Figure 3.3.3). Spot patterns of a crystal are
obtained and permit the symmetry of its lattice where useful information, such as
interplanar distances, can be measured for the confirmation and identification of a
particular phase66.
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SAED was conducted on samples that were prepared for TEM imaging. Electron
diffraction patterns were taken from the coating region for identification of the phases
that were present within the coating layer after heat treatment. SAED patterns were
analysed using the JEMS software39 to identify the crystal structure of the coating.
From the SAED spot patterns obtained, the interplanar spacing between spots can be
measured, and compared to reference d-spacing values provided by the International
Crystal Structure Database (ICSD). With these comparisons, the Miller indices for DP
can be identified and thus the zone axis for each DP can be indexed. The JEMS
software provides a simulation for each zone axis DP which is subsequently compared
by the measurement of the interplanar spacing for the identification of the crystal
structure and likewise the phase present within the coating layer region. For each
sample three different zone axis DPs are obtained and indexed to confirm the phase
identification.

3.3.5. Scanning Transmission Electron Microscopy
Image formation in the STEM mode is fundamentally different to that of conventional
TEM. This mode makes use of an electron probe convergent beam as opposed to the
direct parallel beam in conventional TEM see Figure 3.3.366. The convergent beam
scans the sample and is parallel to the optic axis but does not change direction66.
These images are known to have poorer resolution but better contrast than
conventional TEM images. The resolution in STEM mode is determined by the
electron source type. A LaB6 source was used in this study with a low current density
and thus the STEM resolution is worse than the TEM resolution. Scan coils are used
to scan this probe on the sample surface, where the signal is detected in parallel by
an electron detector66. This detector signal is amplified and is synchronously displayed
on a display screen66.
Two different detectors can be used, one which detects the transmitted or diffracted
beams for bright field and dark field imaging respectively, or an annular detector which
detects all the diffracted beams with the exception of the transmitted beams66. The
annular dark field (ADF) detector surrounds the bright field detector as seen in Figure
3.3.6. Higher angle ADF (HAADF) signals can also be detected using the HAADF
detector which in turn surrounds the ADF detectors (Figure 3.3.6)66. The STEM mode
is used in this research as part of the TEM to obtain annular dark field (ADF) images
as the microscope used is limited to the ADF detector. This provides information
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without diffraction contrast for the cross-sectional characterisation of the coating
system on samples that were prepared for the TEM analysis.

Figure 3.3.6: Incident beam scanning a sample and showing the placement of
detectors for both BF and ADF imaging in the STEM66.
3.3.6. Energy dispersive spectroscopy
Energy dispersive spectroscopy (EDS) is a common technique used in elemental
quantification. This technique allows for a chemical analysis to be completed which
can identify and quantify the different elements within a sample. EDS can form part of
both the SEM and TEM; however careful consideration must be given to the resolution
of this technique. A more reliable result is obtained when the TEM is used due to its
high resolution and smaller interaction volume for the x-rays. The EDS detector
situated within the TEM is a Si(Li) semi-conductor detector that is able to generate
pulses that are proportional to the X-ray energy66. The TEM sample is so thin that
interaction volume is in the order of the probe size. When the incident electron beam
interacts with the sample, X-rays are produced that are detected by the EDS detector
by the means of pulses (Figure 3.3.7). The detector digitizes these pulses and
generates a signal that is electronically processed to form a compositional profile or
map66. This occurs due to the effect of X-rays on a semiconductor, which creates
electron-hole pairs. The electron-hole pairs are proportional to the energy of the Xrays and can thus be computed to form a sufficient signal that can distinguish between
the elements within the periodic table66. The spectrum or compositional profile that is
produced occurs as a result of the accumulation of pulses which shows the count rate
with regards to energy. This spectrum can give rise to the composition within the
sample66.
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EDS results were obtained from STEM mode using the JEOL 2100F TEM, (CHRTEM,
NMMU). EDS was used in the characteristic X-ray mode to obtain a semi-quantitative
elemental composition of the coatings after heat treatment. Quantitative elemental
maps were also obtained using this technique. Spot analyses in the cross sections of
the coating regions and line-scans across the interface regions were obtained in the
TEM sections. This brought about the stoichiometric composition of the coating layer
after heat treatment and provided maps of where each element resided within the
sample.

Figure 3.3.7: Representation of the detection of X-rays with the EDS detector in the
TEM66.
3.4. Accelerator Based Techniques
The X-ray spectrographic techniques described below are used for the non-destructive
surface analysis of samples. Particle induced X-ray emission (PIXE) and Rutherford
backscattering spectrometry (RBS) were used at the Nuclear Microprobe facility at
iThemba LABS using a Van de Graaf accelerator.

3.4.1. Particle induced X-ray emission (PIXE)
PIXE is a multi-elemental surface analysis method that makes use of light ion beams
to induce X-ray emission signals that are characteristic of the elements present in the
surface of the sample67,68. Every element has a unique set of X-ray fingerprint profile
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lines which consists of a combination of K, L and M X-rays arising from the atomic
structure of each element67,68. When an energetic positively charged proton beam is
directed onto a sample the protons impinge onto the surface of the sample and
undergo inelastic collisions with the orbital electrons within the sample with the
emission of X-rays (Figure 3.4.1). In this technique (PIXE), the X-rays are emitted by
the action of energetic protons exciting the inner and outer shells electrons in the
target atoms68. This is strongly influenced by proton energy bombardment and is
dependent on the total number of incident protons68. In the current configuration, the
micrometre size beam allows for the determination of the two-dimensional spatial
distribution of elements to be analysed in a sample67. The identification of elements
within the sample material is done by an energy dispersive detection system and the
subsequent concentrations of the elements are determined in principle by the intensity
of the X-rays67.

Figure 3.4.1: Schematic representation of the interaction of the proton beam with a
sample68.
The PIXE beam line consists of three fundamental parts, being the ion beam probe,
the sample and the detector. Beam collimators are situated between the analysing
magnet and the sample to control the shape of the beam cross section to produce a
uniform distribution (3 x 3µm2)67. Characteristic X-rays, produced by the sample being
irradiated by protons were detected by a Si(Li) semiconductor X-ray detector as seen
in Figure 3.4.268. The energy of the detected X-ray is converted to a voltage pulse
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which is amplified and counted in a multichannel analyser which generates the output
as a PIXE spectrum. The data was analysed offline using the GeoPIXE II software69.

Figure 3.4.2: Simple experimental setup of a PIXE beam line68.
For the purposes of this study, PIXE was used in order to detect the distribution of Pt
and Cr within a sample (coated with 0.1µm Pt after heat treatment of 1000°C for 8
hours) via elemental contour maps. A proton beam with 3.0 MeV energy was used for
selected micro-regions of the sample. The average beam current was 100 pA with a
charge of 870 nQ. A proton micro-beam of 2-3 µm lateral resolution and 0.1 µm depth
resolution was used to scan regions of 73 µm x 73 µm. To ensure sufficient resolution
for mapping visualisation, a scan size of 128 x 128 pixels was used to construct the
mapping content. The spatial distribution of Pt and Cr on the coating layer surface was
analysed and displayed as elemental maps using contour plots by IDL69. The minimum
detection limit of the PIXE technique is 103 orders of magnitude better than the EDS
technique used as a part of the SEM.

3.4.2. Rutherford Backscattering Spectrometry (RBS)
RBS is a technique that can be applied for the determination of depth profiling within
interfacial thin layers deposited over thick substrates giving composition and thickness
of deposited layers. RBS was used in this study as a complementary technique to
determine the thickness of the coating layer after heat treatment. The principle and
kinematics of RBS is shown in Figure 3.4.3. Mono-energetic ion beam particles of
known energy (3.0 MeV protons) are directed towards the sample-target surface in
vacuum (~1 x 10-5 Pa). The incident ions impinge on the surface of the sample and
scattering of the particles takes place67. Energy is transferred from the incident ions
to the sample target which is dependent on the ratio of the masses between the ion
and the sample. This is known as the Kinematic factor, (E1/E0, with E1 being the
scattered particle energy and E0 being the incident particle energy) and is governed
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by the laws of conservation of energy and momentum. The kinematic factor is defined
as the ratio of the incident ion energy before and after the collision67. Depending on
the energy of the incident ion the nuclei and electrons of atoms within the target
sample stop the penetration of the ions whilst causing an energy loss. This energy
loss is a factor that is related to the thickness of a sample layer which can be
computed67. The ions are elastically scattered and the amount and energy distribution
of the backscattered ions are detected and measured at a scattering angle at which
the detector is placed, typically between 165° and 180° (θ)67. The measurement of the
energy of the scattered ions can lead to the determination of the chemical composition
of the sample67. For this research a Si solid state detector with a surface barrier was
used, which detects the energies of the backscattered particles by detecting the
number of electron hole pairs created, whereby the electron hole pairs are proportional
to the energy of the backscattered ions67.

Figure 3.4.3: Theoretical principle of the RBS technique depicting the penetration and
backscattering of the incident particle67.
This technique was used in this study for the determination of the thickness of the
layer of 0.1µm Pt, deposited on a Cr substrate, heat treated at 1000°C for 8 hours. A
3.0 MeV proton incident particle beam was used to irradiate sample surface with a
current of 100 pA and total charge of 194 nQ. Selected regions of 80 µm x 80 µm were
scanned with a beam of 3 µm2 lateral resolution and a depth resolution in the order of
tens of nanometres. The software package RUMP70 was used for the evaluation of
the RBS data.
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4. RESULTS
The following chapter describes and preliminary discusses each set of results obtained in
this research study. The Cr-Pt coated system was investigated where 0.1, 0.2 and 0.3µm
Pt coatings were deposited on Cr substrates. Subsequently, heat treatments were
conducted at 700, 800, 900 and 1000°C for different times in order to induce phase
transformations and changes in the surface morphology. These samples were
characterised using various complementary techniques to investigate the effects of heat
treatment temperature and time, as well as coating thickness, on the phase formation and
surface morphology of the Cr-Pt coated system. These results are shown below.

4.1. X-ray Diffraction
In this study of the Cr-Pt coated system, the phase formation is determined and
analysed using the techniques of X-ray diffraction (XRD) and Rietveld analysis. With
the use of XRD, phases are identified before and after heat treatment and the volume
fraction of phases refined using the Rietveld method.
XRD patterns are shown below that identify phases from the Cr-Pt equilibrium phase
diagram (Figure 2.2.1). This revised phase diagram designates the congruent phase
with the A15 crystal structure as the Cr4Pt phase23. In previous literature, including the
references used for the XRD database, this phase has been referred to as the Cr3Pt
phase15,16,19. For the purposes of this research the author has maintained the use of
the Cr3Pt designation for the A15 crystal structure. In the revised phase diagram, the
stoichiometry of the Cr3Pt (A15) phase extends between 18 and 25 at% Pt at all
temperatures up to 1599°C. This phase is dominant over the Cr3Pt (L12) phase
stoichiometry between 34 and 41 at% Pt and up to 964°C19,23.
The first and sequential phase formation for the Cr-Pt metal binary system has been
described using the effective heat of formation model1–3. This model makes use of an
effective heat of formation taking into account the concentration of the reactants at the
growth interface. In this model, the Cr3Pt phase was predicted to be the first phase to
form however previous descriptions of thermodynamic data were used that had not
taken the thermodynamics of all phases into account1. Recent thermodynamic
descriptions of the Cr-Pt system16 were used in this study to provide a more reliable
description of the sequence of phase formation in this coated system as the latest
version of the phase diagram as well as the thermodynamic data of all phases have
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been taken into account. The thermodynamic data to date is known for bulk alloy
phases.
For the heat treatments considered in this study, the phases observed include Cr 3Pt
(A15) and CrPt. The phase formation was studied with respect to temperature, time
and coating thickness. The temperatures considered include that of 1000, 900, 800
and 700°C and are shown for the 6 and 8 hour time intervals across the coating
thicknesses of 0.1, 0.2 and 0.3µm Pt. At 1000°C however, samples were measured
at two hour intervals from 2 to 24 hours and were characterised for the identification
of phases that were formed with respect to time at the 0.1µm Pt coating thickness.

Figure 4.1.1: Reference diffraction patterns showing Cr peaks before deposition and
both Cr and Pt peaks after deposition.
Figure 4.1.1, shows the XRD measurements taken of the Cr substrate before and
after the deposition of 0.1µm Pt coating. As can be seen, Cr peaks are observed for
the substrate sample whereas both Cr and Pt peaks are observed in the 0.1µm Pt
coated sample. This shows that phases are not formed during the deposition process
as elemental peaks correspond to that of pure Cr and Pt at this stage. Unidentified
peaks are also observed for the Cr substrate, this could not be analysed using the
XRD database. In this reference XRD pattern, the relative intensities of the Cr peaks
in the substrate sample cannot be compared to that of the coated sample due to
differences in the XRD measurement step times. This pattern is shown as a reference
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for the purposes of determining whether phase formation has taken place during
deposition process.

4.1.1. Heat treatments for 6 hours
Heat treatments of the samples coated at different thicknesses for a range of
temperatures results in the formation of phases. XRD patterns identify the different
phases that are formed with respect to coating thickness and temperature at the
different heat treatment times. In Figure 4.1.2 the phases that are formed are shown
for the heat treatments observed at 6 hours. At each temperature, changes with
respect to the phase formation are seen. At 700°C the CrPt phase is observed along
with elemental peaks for Cr. The presence of elemental Cr after heat treatment can
indicate that the X-ray beam penetrates through the coating layer into the substrate
region. The calculated depth of penetration for the X-ray beam is approximately 3µm.
The initial thickness of the coating layer is 0.1µm Pt prior to heat treatment and the
subsequent thickness of the coating layer after heat treatment is dependent on the
interaction between Pt and Cr. At this point, elemental peaks for Pt are not observed
after heat treatment. This indicates that the Pt coating is consumed to form the CrPt
phase. An increase in temperature to 800°C shows the formation of both the CrPt and
Cr3Pt phases whereas only the Cr3Pt phase is observed at 900 and 1000°C. The CrPt
phase becomes unstable as the temperature is increased. Unidentified peaks are also
observed after this heat treatment which could not be analysed using the XRD
database.
The samples with a 0.2µm Pt coating thickness (Figure 4.1.3) were subjected to the
same heat treatments as described for the 0.1µm Pt coated samples. In comparison,
the same phases were formed (CrPt and Cr3Pt). At the temperature of 700°C, the CrPt
phase is observed as seen with the 0.1µm Pt coating thickness. With a 0.2µm Pt
coating thickness however, peaks for elemental Pt are seen which indicates that the
Pt coating has not been entirely consumed to form the CrPt phase. The CrPt phase
forms at both the temperatures of 700 and 800°C as seen for the 0.1µm Pt coating
thickness. The coexistence of both the CrPt and Cr3Pt phases is seen at 800°C. A
further increase in temperature to 900 and 1000°C shows the formation of the Cr 3Pt
phase only. Peaks for elemental Cr are once again seen at all temperatures.
Unidentified peaks are also observed which could not be analysed.
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Figure 4.1.2: Identifying the CrPt and Cr3Pt phases after heat treatment of the 0.1µm
Pt coated sample for 6 hours.

Figure 4.1.3: Cr-Pt phases formed after the heat treatment of 0.2µm coatings for 6
hours at different temperatures.

41

RESULTS

The heat treatments carried out for 6 hours at different temperatures of the samples
with 0.3µm Pt coatings (Figure 4.1.4) formed the same phases as that of the 0.1 and
0.2µm Pt coated samples. The CrPt phase forms at 700°C with Pt peaks also
observed. Both CrPt and Cr3Pt phases are formed at 800°C with Cr3Pt being the only
phase that forms as the temperature is increased to 900 and 1000°C.

Figure 4.1.4: The existence of phases after heat treatment for 6 hours for samples
with 0.3µm Pt coatings, showing CrPt and Cr3Pt phases.
In comparing the coating thicknesses of 0.1 – 0.3µm Pt heat treated for 6 hours
(Figure 4.1.2 - Figure 4.1.4) similar trends arise with regards to phase formation. As
can be seen both phases (CrPt and Cr3Pt) are formed at all coating thicknesses
considered. A variation can be seen in the intensities of these phases with regards to
changes in temperature as well as changes in coating thickness. This variation will be
discussed in section 4.2 below.
4.1.2. Heat treatments for 8 hours
Samples with Pt coating thicknesses of 0.1 – 0.3µm were also heat treated for 8 hours
at different temperatures. In comparing these results to the heat treatments conducted
at 6 hours similar trends are observed with regards to phase formation. Figure 4.1.5
shows XRD patterns for the 0.1µm Pt coated samples heat treated at 8 hours. The
XRD results show that after heat treatment, the Cr3Pt and CrPt phases are formed.
The Cr3Pt phase forms at all temperatures considered apart from 700°C, where the
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formation of the CrPt phase is solely seen. Also observed are peaks for elemental Cr
at all temperatures considered, indicating that at this heat treatment the X-ray beam
penetrates through the coating layer into the region of the substrate. Unidentified
peaks are also observed which could not be analysed.

Figure 4.1.5: The phases present in the 0.1µm Pt coated sample after heat treatment
at different temperatures for the 8h time interval.

Figure 4.1.6: CrPt and Cr3Pt phases observed after heat treatment for 0.2µm Pt
coatings at 8 hours.
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For the 0.2µm Pt coated samples heat treated for 8 hours, similar trends are observed
as those seen in the 0.1µm Pt-coated samples. Figure 4.1.6 shows the phases
present after heat treatment at different temperatures for the 0.2µm Pt coating. At this
coating thickness the Cr3Pt and CrPt phases are formed. A Pt peak is also observed
at the temperature of 700°C. The CrPt phase, which was only seen at 700°C for the
0.1µm Pt coating is now also observed at 800 and 900°C. The formation of the Cr 3Pt
phases is again observed at all temperatures apart from 700°C.
In Figure 4.1.7 the 0.3µm Pt coatings were heat treated for 8 hours at different
temperatures to observe the phases present. At this coating thickness, the formation
of the Cr3Pt phase is seen as before for the temperatures of 1000 - 800°C. The CrPt
phase however is now only observed at the temperatures of 700 and 800°C.

Figure 4.1.7: Samples with 0.3µm Pt coating showing phases after heat treatments
at 8 hours.
The trends observed in the phase formation of this coated system are similar with
respect to the different heat treatments and have been summarized in Table 4.1.1.
The changes in phase formation that are seen can be described by the stability of the
phases at different temperatures. Two phases are observed after heat treatment, the
CrPt and Cr3Pt phase. Both phases are observed for heat treatment times of 6 and 8
hours. With an increase in heat treatment temperature it can be noted that the Cr3Pt
phase forms at the expense of the CrPt phase. Increasing the coating thickness
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deposited (0.1, 0.2, 0.3µm Pt) results in the coexistence of phases at different
temperatures. As the coating thickness is increased the formation of elemental Pt
peaks is observed and it can be deduced that the Pt coating has not been entirely
consumed at these points. The Pt peak was determined at 700°C as the coating
thickness is increased. The Cr3Pt and CrPt phases are observed at all coating
thicknesses, where Cr3Pt is formed at higher temperatures and CrPt at the lower
temperatures considered in this study. The co-existence of phases is seen at the
temperatures of 800 and 900°C. Also observed across all temperatures and coating
thicknesses, are Cr peaks that indicate the depth of penetration of the X-ray beam
through the coating layer.
Table 4.1.1: Summary of the phase formation occurring after heat treatment for
different coating thicknesses.
6 hours
0.1µm
700°C
800°C
900°C
1000°C

8 hours

0.2µm

0.3µm

Pt

Pt

CrPt

CrPt

CrPt

CrPt

CrPt

CrPt

Cr3Pt

Cr3Pt

Cr3Pt

0.1µm
CrPt
Cr3Pt

0.2µm

0.3µm

Pt

Pt

CrPt

CrPt

CrPt

CrPt

Cr3Pt

Cr3Pt

CrPt
Cr3Pt

Cr3Pt

Cr3Pt

Cr3Pt

Cr3Pt

Cr3Pt

Cr3Pt

Cr3Pt

Cr3Pt

Cr3Pt

Cr3Pt

Cr3Pt

From the results obtained for the different heat treatments it can be seen that the
formation of phases is affected by changes in the heat treatment time and temperature
as well as changes in the coating thickness. The stability of the phases needs to be
accounted for in order to understand the phase formation sequence in coated systems
and its differences with regards to bulk systems. According to the revised equilibrium
phase diagram (Figure 2.2.1), the CrPt phase is stable up to 780°C whereas the
stability of the Cr3Pt (A15) phase extends to 1599°C. The results shown in this work
are for coated systems which show differences in the stability of the phases as
compared to bulk thermodynamic properties. The attributes of a coated system i.e.
increase in the surfaces, defects and ultimately the increase in the surface free energy
drives the resulting sequential phase formation which is different to that of bulk
systems by striving to minimise the total free energy increase. As a result the phase
stability is altered and phases can form at higher temperatures as is in this case. The
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stability of the phase formation in coated systems also addresses the limiting element
of the coated system influencing the development of the phase formation sequence.
In this case it is observed that the CrPt phase is the first phase to form with the limiting
element of Pt as the coating layer and a generous Cr substrate supply. The high
affinity of Cr for Pt can also be addressed here as the majority of the diffusion takes
place as Cr diffusing towards the Pt coating. The CrPt phase is observed at 800°C
and at times includes phase formation at 900°C (0.2µm Pt coating, 8 hours). Once the
CrPt phase has formed and the Pt has been entirely consumed the Cr3Pt phase is
observed. In bulk phase formation the Cr3Pt phase is expected to form at 700°C as
well, however the nature of the coated system allows for the formation of this phase
to form only after the formation of the CrPt phase. Rietveld refinement is used to
determine the volume fraction of each phase formed and will be discussed below.
In summary, the two phases that are formed after heat treatment are influenced by
the changes in heat treatment temperature, time, and initial coating thickness. The
CrPt phase is formed at 700°C irrespective of the heat treatment time and the initial
Pt coating thickness. At 800°C the CrPt phase coexists with the Cr3Pt phase for the 6
hour heat treatment whereas at 8 hours it is unstable at the thin coating (0.1µm Pt)
and transforms to Cr3Pt while still present at 0.2 and 0.3µm Pt. The formation of the
Cr3Pt phase occurs at 900 and 1000°C irrespective of the initial Pt coating thickness
and heat treatment time.

4.2. Rietveld Refinement
The Rietveld refinement technique was used to determine the volume fraction of
phases present after heat treatment of the coated system. This technique makes use
of X-ray diffraction data to model peak shapes of all phases with the use of PseudoVoight functions using the TOPAS software62. The XRD data of all samples after heat
treatment were refined and are shown in the charts that follow. The results are based
on non-powder measurements and the volume fractions calculated are an indication
only. All Rietveld refinements are based on the XRD data.
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Figure 4.2.1: The volume fraction of the Cr3Pt phase at different times in the 0.1µm
Pt coated sample heat treated at 1000°C.
As can be seen in Figure 4.2.1, the volume fraction of the Cr3Pt phase is shown with
respect to heat treatment time at the temperature of 1000°C for the 0.1µm Pt coated
samples. Up until 6 hours, the volume fraction of the Cr3Pt phase is seen to be fairly
constant at approximately 34%. Hereafter, the percentage of the Cr3Pt phase
decreases to an average of 14% between 8 and 16 hours. An increase in the volume
fraction of the Cr3Pt phase is observed with a further increase in time to approximately
24%. This indicates that the change in heat treatment time affects the volume fraction
of the phase that forms. The irregular change in volume fraction cannot be explained
at this point as different factors (sample area and coating morphology) need to be
considered. Please refer to section 5.3 for a more detailed explanation.

4.2.1. Heat treatments for 6 hours
The volume fraction of all the phases present in the samples that were heat treated
for 6 hours at different temperatures are shown below. In Figure 4.2.2 the samples
for the 0.1µm Pt coating thickness are shown. At 700°C the CrPt phase is observed
with a volume fraction of approximately 36%. As the temperature is increased, the
CrPt phase is not observed and the volume fraction of the Cr3Pt phase is shown
averaging 35% between 800°C and 1000°C. This suggests that the CrPt phase could
decompose to form the Cr3Pt phase.
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Figure 4.2.2: The CrPt and Cr3Pt volume fraction at different temperatures for the
samples with 0.1µm Pt coatings heat treated for 6 hours.
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Figure 4.2.3: 0.2µm Pt coated samples heat treated for 6 hours for different
temperatures showing the volume fraction of the CrPt and Cr3Pt phases and
coexistence of both phases at 800°C.
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For the 6 hour heat treated 0.2µm Pt coated samples as seen in Figure 4.2.3, the
volume fraction of the CrPt phase is approximately 46% at 700°C and is decreased
as the temperature increases. The Cr3Pt phase subsequently increases to an average
of 60% with an increase in temperature until 900°C is reached and thereafter
decreasing again at 1000°C. The coexistence of both the phases at 800°C with the
CrPt phase decreasing and Cr3Pt phase increasing in volume fraction between 700°C
and 800°C proves the decomposition of the CrPt phase occurs to form the Cr3Pt
phase.
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Figure 4.2.4: The decrease in CrPt and increase in Cr3Pt volume fractions as
temperature is increased for the 0.3µm Pt coated samples heat treated for 6 hours.
A similar trend in the volume fraction of phases is seen for the 0.3µm Pt coated
samples heat treated 6 hours (Figure 4.2.4). A decrease in the CrPt phase is observed
with an increase in the volume fraction of the Cr3Pt phase. With regards to the increase
in coating thickness, the volume fraction of the phases is increased at each heat
treatment as more Pt is available in the coating layer for diffusion and phase formation
to take place at each heat treatment.

4.2.2. Heat treatments for 8 hours
In Figure 4.2.5 - Figure 4.2.7, the volume fraction of all the phases formed within the
Cr-Pt coated system after heat treatment at different temperatures is shown for the
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heat treatment time of 8 hours and the coating thicknesses of 0.1 – 0.3µm Pt. Figure
4.2.5 shows that the volume fraction of the Cr3Pt phase increases up to approximately
47% at 800°C and thereafter decreases in volume fraction as the temperature is
increased to 1000°C. This graph also shows that the volume fraction of the CrPt phase
(an average of 40%) which is seen at 700°C decreases as the temperature is
increased and is not formed at 800°C. This corresponds to the formation of the Cr3Pt
phase and subsequent decomposition of the CrPt phase as the temperature is
increased. This trend was also observed at the heat treatment of 6 hours and is
followed with an increase in coating thickness.
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Figure 4.2.5: 0.1µm Pt coated samples heat treated for 8 hours at different
temperatures showing the volume fraction of the CrPt and Cr3Pt phases.
With a coating thickness of 0.2µm (Figure 4.2.6) the volume fraction of phases are
increased at each temperature in comparison to the 0.1µm coatings with the Cr 3Pt
phase increasing to approximately 48% at 800°C and a further slight increase at
900°C. Hereafter the Cr3Pt phase volume fraction is decreased as the temperature is
increased to 1000°C. As seen in Figure 4.2.5, the CrPt phase is again decreased as
the temperature increases at the 0.2µm coating thickness (Figure 4.2.6), indicating
the decomposition of this phase as the Cr3Pt phase is formed. The volume fraction of
the CrPt phase is higher for the 0.2µm coating thickness than 0.1µm at the
temperatures of 800°C and 900°C.
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Figure 4.2.6: The volume fraction of phases with respect to temperature for samples
with 0.2µm Pt coating heat treated for 8 hours.
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Figure 4.2.7: Phases refined using Rietveld analysis presenting the volume fraction
at different temperatures of the CrPt and Cr3Pt phases for 0.3µm Pt coated samples
heat treated for 8 hours.
In Figure 4.2.7, with a further increase in coating thickness to 0.3µm Pt, the same
trends are maintained. The CrPt phase formation is seen at 700°C with a
decomposition of this phase as the temperature increases and subsequent formation
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of the Cr3Pt phase from 800°C. The volume fraction of the Cr3Pt phase now increases
to an approximate 60% at 900°C. No further changes in volume fraction were
observed when annealed at higher temperature. The CrPt phase is again decreased
with an increase in temperature but has a higher volume fraction at 800°C and is not
formed at 900°C and 1000°C as seen previously. The results for the Rietveld
refinement analysis show that with an increase in temperature, the CrPt phase
decomposes to form the Cr3Pt phase. The increase in coating thickness results in an
increase in volume fraction of the phases. Heat treatments with changes in
temperature and time parameters affect the stability of phases which influence the
volume fraction.
The volume fraction of the phases formed after heat treatment within the Cr-Pt coated
system observes a general trend wherein the volume fraction is in increased with an
increase in coating thickness. This is true for the CrPt phase at 700°C and the Cr3Pt
phase at 900 and 1000°C. The coexistence of both the phases at 800°C shows that
the volume fraction is influenced by the stability of the CrPt phase which forms first
depending on the particular heat treatment. This will be discussed to show its relation
to the morphology obtained at the different heat treatment parameters.

4.3. Electron Microscopy characterisation
During heat treatment, coated samples develop different morphologies which can be
investigated using electron microscopy techniques. A combination of scanning and
transmission electron microscopy techniques was used in this study to investigate the
morphology, the microstructure of the coating layer in cross section and the
composition of the coatings after heat treatment. Energy dispersive spectroscopy was
used as part of the TEM to determine the elemental quantification of the heat treated
coatings.

4.3.1. Cr substrates investigated using the SEM
The SEM technique was used to examine the coating morphology of the samples
before and after heat treatment. Images were taken of the Cr substrate before
deposition (including the heat treatment of the substrate without a coating) and the
coated samples at different coating thicknesses after heat treatment for different
temperatures and times. These were compared to investigate how the coating
morphology is affected by coating thickness, heat treatment time and temperature.
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The reference samples in Figure 4.3.1 shows the relatively featureless appearance
of (a) the Cr substrate and (b) the Pt-coated substrate with 0.1µm Pt coating. The
microstructure of the Cr substrate is revealed after polishing using a colloidal silica
suspension as seen in Figure 4.3.1a whereas the coated sample before heat
treatment shows a smooth morphological surface with no distinct features (Figure
4.3.1b). The Cr substrate (Figure 4.3.1a) has a fine irregular grain structure with nonuniform grains that are approximately less than 3µm in size. The differences in
contrast are owing to different grain orientations. The Pt coating adopts the relatively
featureless appearance of the polished Cr substrate.
a

b

Figure 4.3.1: Reference sample images taken in BSE mode showing relatively
featureless appearance of a) Cr substrate polished to a colloidal silica suspension
finish and b) 0.1µm Pt coated sample.
Figure 4.3.2 shows the polished Cr substrate heat treated at 1000°C for the times of
(a) 8 and (b) 12 hours. The reference samples are shown to confirm that the changes
in surface morphology that were seen are owing to the heat treatment. When
comparing the untreated and heat treated Cr substrate, the grain structure observed
has increased in size (ranging from >5µm) and grain boundaries are more prominently
seen as they are thermally grooved after heat treatment. Thermal grooving is a
phenomenon whereby atoms at the grain boundary surface diffuse towards the centre
of the grain resulting in thermal etching of the grain boundary to form a groove4. The
grains are non-uniform and vary in size. When comparing the heat treatment times at
8 and 12 hours respectively the secondary electron images show that the grain sizes
are irregular but has slightly increased in size by the change in heat treatment time as
observed in the SEM images. The surfaces of the grains are rough in morphology.
This can be attributed to faceting of the surface of the Cr grains resulting in the
formation of a hill and valley structure morphology71,72. This surface structure
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morphology is driven by the minimisation of the free energy of the surface and is
formed by the nucleation and growth of an individual facet on the substrate
surface71,72. The mechanisms of this surface morphology and how it affects thermal
grain boundary grooving are described in the literature73,74.
a

b

Figure 4.3.2: Secondary electron images of the Cr substrates heat treated at 1000°C
for a) 8 and b) 12 hours showing the thermal grooving indicated by the arrows and
irregular Cr grain size.
The heat treatments conducted on the Cr substrates are shown to demonstrate
thermal grooving. Also observed in Figure 4.3.2 is evidence of Ostwald ripening. The
dashed lines as indicated in Figure 4.3.2 surround the indents left from smaller grains
that have been consumed by larger grains. As explained in section 2.1.3 the driving
force for this process is to minimise the total surface free energy of the system37. This
process establishes a steady state island size distribution which changes with time37
and is evident in these images. The increase in the total free energy of the system is
due to the substrate surface that is polished prior to heat treatment. Therefore at high
temperatures thermal grooving of the substrate occurs along with Ostwald ripening
after heat treatment at high temperature for periods of time.

4.3.2. Heat treatment of coated samples at 1000°C
Chromium substrates with 0.1, 0.2 and 0.3µm Pt coatings, heat treated for the
temperatures of 700 - 1000°C for 6 and 8 hours, are shown in the following images.
Both secondary electron and BSE modes were used for the image analysis of the
coating morphology. The 0.1µm Pt coated samples before and after heat treatment at
1000°C for different times are shown in Figure 4.3.3. The heat treatment times, at two
hour intervals between 2 and 24 hours (b) – (l), are included for this temperature to
observe any changes in the morphology with respect to heat treatment time. The
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images were taken at random points and show differing contrasts which are an effect
of the BSE mode and distinguishes between the atomic number of Pt and Cr. Brighter
contrasts are attributed to the Pt coating layer (1) after heat treatment due to high
atomic number; in darker contrast is the Cr substrate (2) as seen in Figure 4.3.3f.
a) 0.1µm Pt

b) 2hrs

c) 4hrs

d) 6hrs

e) 8hrs

f) 10hrs

1
2
g) 12hrs

h) 14hrs

i) 16hrs

j) 18hrs

k) 20hrs

l) 24hrs

Figure 4.3.3: The changes in the morphology are observed in comparison to the asdeposited 0.1µm Pt coating layer (a). BSE images of 0.1µm Pt coated samples heat
treated at 1000°C for different times from (b) – (l) that show the island morphology (1)
and thermal grooving of the Cr substrate (2).
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The thermal grooving of the Cr substrate grain boundaries is maintained after each
heat treatment time. As can be seen the morphology of the samples changes with
respect to an increase in time from being a condensed island-like structure at the
shorter times to that of a less dense structure after 10 hours (Figure 4.3.3f). The
increase in heat treatment time also shows an increase in the grain size of the Cr
substrate grains however this is not evident from the images provided in Figure 4.3.3.
The island morphology can be explained by the schematic representation shown in
Figure 4.3.4. The Cr substrate along with the coating layer and sub-islands after heat
treatment are marked to provide clarity for the SEM images obtained. The island
morphology refers to the whole Cr grain which is marked by thermal grooving, with the
coating layer residing on its surface. With an increase in heat treatment time, the
coating layer is separated into sub-islands aggregating towards the centre of the Cr
grains. After the heat treatment of 10 hours Figure 4.3.3f clear separation of the
coating layer and the formation of sub-islands is observed. This is attributed to
agglomeration of the coating layer and results in dewetting of the coating layer to form
sub-islands on the Cr grains.

Cr substrate grain
Thermal groove of the Cr
substrate
Coating sub-island

Coating layer after heat treatment which
includes several sub-islands.

Island Morphology with coating subisland layer residing on the surface of a
Cr substrate grain.

Figure 4.3.4: Schematic representation of the island morphology showing thermal
grooving of the Cr substrate and the coating layer with sub-islands.
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In Figure 4.3.5 the coating thickness has increased from 0.1µm Pt (Figure 4.3.3d and
e) to that of 0.2µm and 0.3µm Pt in Figure 4.3.5 a), b) and c), d) respectively. The
heat treatments were conducted at 1000°C for 6 and 8 hours. The 0.2µm Pt coatings
have a more dense coating morphology after heat treatment. The thermal grooving of
the Cr substrate grain boundaries is still observed but to a less extent at 6 hours than
at 8 hours. The separation of the coating layer has not fully occurred to form complete
sub-islands as indicated by the arrows. The coating morphology for the 0.3µm coating
heat treated at 6 hours (Figure 4.3.5c) appears to be uniform with an increase in
surface roughness when compared to the coating layer prior to heat treatment. This
shows that an increase in coating thickness can result in a more uniform coating layer
after heat treatment. Even though separation of the coating layer is limited at this
coating thickness, the coating layer sub-islands are still evident as indicated by the
arrows.
8 hours

6 hours
b

c

d

0.3 µm Pt

0.2 µm Pt

a

Figure 4.3.5: The coating morphology in BSE mode of samples with 0.2µm and 0.3µm
Pt coatings heat treated at 1000°C for 6 and 8 hours showing thermal grooving of the
Cr substrate and separation of the coating layer into sub-islands indicated by the
arrows.
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4.3.3. Heat treatments of coated samples at 900°C
To observe changes in the coating morphology with respect to temperature, samples
of coating thicknesses ranging from 0.1 to 0.3µm were heat treated for 6 and 8 hours
at the temperature of 900°C (Figure 4.3.6).
8 hours

6 hours
b

c

d

e

f

0.3 µm Pt

0.2 µm Pt

0.1 µm Pt

a

Figure 4.3.6: Heat treatments at 900°C showing the morphology in secondary
electron mode that increases in uniformity from the island morphology observed in the
0.1µm Pt coatings as the coating thickness increases at the heat treatment times of 6
and 8 hours.
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At the heat treatment temperature of 900°C in Figure 4.3.6a and b, with a coating
thickness of 0.1µm Pt at the heat treatment times of 6 and 8 hours, the island coating
morphology is observed with discontinuity of the Pt coating layer. At 6 hours, the subislands are clearly formed whereas at 8 hours, the coating layer is separated as a result
of thermal grooving. As the coating thickness is increased to 0.2µm (Figure 4.3.6c and
d) and 0.3µm Pt (Figure 4.3.6e and f) the coating layer becomes more uniform and is
continuous across the substrate. The 0.2µm Pt coatings show the sub-islands but there
is no separation in the coating layer. For the 0.3µm Pt coatings after heat treatment
the roughness of the coating is increased in comparison to the as-deposited layer and
no separation of the coating layer is observed. This change in the coating morphology
can be attributed to the change in temperature of the heat treatment.

4.3.4. Heat treatment of coated samples at 800°C and 700°C
As the heat treatment temperature is decreased to 800°C the coating morphology
remains continuous and uniform across the Cr substrate even at the different coating
thicknesses of 0.1 to 0.3µm respectively (Figure 4.3.7a - f). The same explanation can
be provided as discussed for the thicker coatings at 900°C; this being that the heat
treatment temperature of 800°C is insufficient to cause major changes in the coating
morphology and thus the island morphology observed after heat treatment at 1000°C
is once again not observed at this heat treatment temperature. The same applies to
the heat treatments conducted at the temperature of 700°C.
In Figure 4.3.8a - f the surface morphology of the 0.1 – 0.3µm Pt coatings are shown
for the heat treatment times of 6 and 8 hours at 700°C. A uniform coating morphology
is observed that is continuous across the substrate surface. Changes in the heat
treatment time and coating thickness at this temperature do not affect the uniform
morphology and as observed after heat treatment 800°C, the island morphology does
not form.
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Figure 4.3.7: SEM images of the morphology of samples are shown when heat
treated at 800°C showing no changes with regards to heat treatment time or coating
thickness.
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Figure 4.3.8: Secondary electron images of samples heat treated at 700°C for
different times and coating thickness showing no changes in the coating morphology.
Taking all the changes in heat treatment into account, at 1000°C, the island
morphology is formed with sub-islands that are separated within the coating layer
exposing the Cr substrate. At 900°C changes in the coating thickness result in a
combination of the island morphology as well as the granular uniform morphology
forming. This uniform morphology is maintained with a decrease in heat treatment
temperature to 800°C and 700°C. This shows that the coating morphology is affected
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by the changes in heat treatment and can be controlled to form the island morphology
or a continuous coating layer on the substrate surface.
The island morphology that is observed can be explained by a number of factors.
Firstly, the total free energy of this coated system plays a dominant role in the
formation of the coating morphology and the different phases that are formed. In
coated systems this total free energy is increased due to the increase in the surfaces
that are present: the surface of the coating as well as the interface between the coating
and the substrate and the interface between any phases that are formed with the
substrate and with the coating as well as the grain boundary interface. The coated
system thus responds to this increase in total free energy by phase formation and
changes in the coating morphology after heat treatment, to reduce the total free
energy. There are a number of processes that contribute to the changes in coating
morphology which form this distinct Island coating. Previously mentioned are the
theories of thermal grooving and the phenomenon of Ostwald ripening. The formation
of the sub-island layer can be explained by a process of dewetting and agglomeration
of the coating layer that is also driven by the minimisation of the total free energy of
the system51. The surface and interfacial energies are such that dewetting is favoured5
to form sub-islands on the surface of the Cr substrate. As previously described the
coatings undergo dewetting by void nucleation and the atoms rearrange themselves
into an energetically favourable state by decreasing the surface free energy. This has
been previously seen in Pt thin films for the use of nanostructures for semiconductor
devices52.
Table 4.3.1: Summary of the different morphologies formed after heat treatment.
6 hours
0.1µm

0.2µm

8 hours
0.3µm

0.1µm

0.2µm

0.3µm

700°C

Granular Granular Granular Granular Granular Granular

800°C

Granular Granular Granular Granular Granular Granular

900°C

Island

1000°C

Island

Granular Granular
Island

Granular

Island
Island

Granular Granular
Island

Island

A summary of the different morphologies formed within this coated system after heat
treatment at the different parameters is shown in Table 4.3.1. The coating morphology
that is formed has two distinct forms. A uniform granular morphology arises at the
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temperature of 700 and 800°C irrespective of the changes in time and coating
thickness. At 900°C the island morphology forms at the thin coating thickness of 0.1µm
Pt whilst the uniform morphology is still observed at the thicker coating thicknesses
irrespective of the change in heat treatment time. The increase in temperature to
1000°C has the island morphology forming at all coating thicknesses apart from the
0.3µm Pt coating after heat treatment for 6 hours.
The formation of the different coating morphologies (Granular and Islands) are also
affected by the changes in the volume fraction of the phases present. The results
show irregularities in the volume fraction of the phases obtained by Rietveld analysis.
These irregularities can be explained by the relationship between the coating
morphology and the size of the X-ray beam (1x10 mm2). X-ray measurements take
into account the areas which include the Cr substrate and the agglomerated coating
layer. This is further discussed in section 5.3.

4.4. Accelerator Based Analysis
Accelerator based techniques were used for the characterisation of the two
dimensional distribution of the elements within this coated system and for determining
the thickness of the coating layer in selected regions. The accelerator at iThemba
LABS was used to simultaneously conduct micro-PIXE mapping and RBS analyses
at 3.0 MeV protons and 2.0 MeV alpha particles. However only the results for the 3.0
MeV protons are shown in this report.

4.4.1. Particle Induced X-ray Emission
Two-dimensional PIXE maps of the Cr substrate with 0.1µm Pt coating, heat treated
at 1000°C for 8 hours were collected. The coating morphology of this sample is shown
by SEM imaging in Figure 4.3.3e and refers to the island-like coating morphology and
corresponds to the Cr3Pt phase. The micro-PIXE map shows the elemental
distribution of Pt across a 73µm x 73µm region. The size of the proton beam has a
lateral resolution of 3µm x 3µm. The sample was bombarded with 3.0 MeV protons
that penetrated through the coating layer as well as into the substrate region. The
event-by-event acquisition data was processed using the GeoPIXE II software69. The
depth of penetration of the 3.0 MeV protons was calculated to be 37µm using the
SRIM programme69. Simulation by SRIM showed that the ion beam penetrated into
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the substrate region. The thickness of the coating layer after heat treatment was
approximately 0.5µm as determined by RBS using 3.0 MeV protons.
Figure 4.4.1 shows the micro-PIXE two-dimensional compositional distribution plotted
as a contour map of the sample across a selected region similar to the island region
shown in Figure 4.4.2. The average thickness of the Pt coating layer was determined
to be approximately 0.15µm thick across the entire region. The variation in Pt
concentration is represented by the change in colour as seen in Figure 4.4.1 where
lighter yellow regions are richer in Pt than the darker orange regions. From Figure
4.4.2 it can be seen that the Pt coating layer is non-continuous across the Cr substrate.
This cannot be distinguished in the micro-PIXE map due to the secondary excitation
of Pt observed from the adjacent island regions since the proton beam has a lateral
resolution of 3µm x 3µm. The average Pt concentration determined from this microPIXE map has overcompensated for the Pt coating and does not correlate to the
equilibrium phase diagram (Figure 2.2.1) and the Cr3Pt phase observed by XRD
(Figure 4.1.5). For this reason, a region of interest was highlighted particularly in the
Pt coating island region as seen in Figure 4.4.1 and Figure 4.4.2. This particular
region was analysed for the Pt distribution within the coating layer and is shown below
in Figure 4.4.3.

Figure 4.4.1: Micro-PIXE map of 0.1µm Pt coated sample heat treated at 1000°C for
8 hours, with Ep = 3.0 MeV protons. The highlighted region shows the Pt distribution
in the Island-like coating layer.
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70µm

Figure 4.4.2: Example of region used for micro-PIXE mapping obtained by SEM
imaging. The 0.1µm Pt coated sample was heat treated at 1000°C for 8 hours with the
island region highlighted as seen in the micro-PIXE map.

Figure 4.4.3: Micro-PIXE map with Ep = 3.0 MeV of an island region on the 0.1µm Pt
coated sample heat treated at 1000°C for 8 hours showing the concentration of Pt.
The Pt concentration was determined for the region of interest highlighted in Figure
4.4.1 which corresponds to the Pt coating layer on an island grain. The selected region
was 10µm by 20µm in diameter and is shown in Figure 4.4.3. The average Pt
concentration in this region was determined to be approximately 45 wt% Pt with an
accuracy of less than 5%. This corresponds to the phase boundary separating the
Cr3Pt (A15) phase (shown as Cr4Pt in the equilibrium phase diagram see Figure 2.2.1)
with the two phase region consisting of the Cr-rich and Cr4Pt phases. Therefore this
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is in agreement with the XRD results showing that heat treatment at 1000°C for 8
hours corresponds to the Cr3Pt (A15) phase. The coating thickness in this island
region was determined to be 0.5µm thick as opposed to the average thickness of the
coating layer in the entire region being 0.15µm. This variation in thickness is owing to
the Pt coating layer that has separated into island regions and exposing the Cr
substrate. The separation of the Pt coating also explains the overcompensation of the
Pt concentration in the entire mapped region to be averaged; therefore the Pt
concentration in the island region corresponds to a phase present in the equilibrium
phase diagram.

4.4.2. Rutherford Backscattering Spectrometry
To measure the thickness of the Pt coating layer after heat treatment, RBS was
performed on the 0.1µm Pt coated sample heat treated at 1000°C for 8 hours. This
sample was chosen to show the effects the changes in morphology has on the
thickness of the coating layer after heat treatment. A 3.0 MeV proton beam was used
to scan a 50µm x 50µm region of the sample, which spans across a few Pt coating
islands, see Figure 4.4.2.

Cr
Pt

Figure 4.4.4: RBS spectrum of the sample heat treated at 1000°C for 8 hours, with
Ep = 3.0 MeV showing peaks for chromium and platinum.
The RBS spectrum of the sample with the above heat treatment is shown in Figure
4.4.4. The peaks for Pt and Cr are clearly marked. The spectrum shows that the 3.0
MeV proton beam penetrates the coating layer into the substrate region. From this,
the average thickness of the coating layer was determined to be 0.5µm thick with an
accuracy of less than 5%. This result is in agreement with the µ-PIXE mapping. This
confirms that after heat treatment the 0.1µm Pt coating layer has increased in
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thickness to 0.5µm. The increase in coating thickness can be attributed to diffusion of
the Pt coating and Cr substrate to form the Cr3Pt (A15) phase as well as the formation
of the island coating morphology. In the island coating morphology formation,
agglomeration and dewetting of the Pt coating layer occurs which can be attributed to
an increased coating thickness. This is driven by the minimisation of the free energy
of the surface.

4.5. Transmission Electron Microscopy
The transmission electron microscopy study was completed at two institutions. At the
Centre for Functional Nano-Materials, Brookhaven National Laboratory (USA), a
preliminary TEM investigation was done to assess the parameters for sample
preparation using the FIB and to determine which sample was appropriate for the
research investigation. An in depth TEM investigation was completed at the Centre
for High Resolution Transmission Electron Microscopy, Nelson Mandela Metropolitan
University (SA) on samples with different thicknesses of Pt coatings, heat treated for
different temperatures at the 8 hour time interval. Samples were prepared in cross
section using FIB milling as part of the FEI Helios NanoLAB 650 SEM. Images were
taken using the JEOL 2100F transmission electron microscope in both TEM, and
STEM modes. Energy dispersive spectroscopy was also used to determine the
compositional analysis of the coatings. Selected area electron diffraction was also
completed for phase identification of the coating layer. For this part of the study the
0.1µm Pt coatings on Cr substrates, heat treated at 8 hours for different temperatures
were investigated.

Figure 4.5.1: Bright-field image of the Cr substrate in cross section depicting columnar
grains with dislocations (2).
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A cross section of the Cr substrate is seen in Figure 4.5.1. Prior to deposition and
heat treatment the substrate has large columnar grains with the presence of
dislocations (1) as seen in Figure 4.5.1. In Figure 4.5.2 a cross section of the 0.1µm
Pt coated sample is seen, showing the Pt coating (1) and the Cr substrate (2) prior to
heat treatment. As expected, the grain size of the coating is shown to be significantly
smaller than that of the substrate. The grains are equiaxed and approximately 10 15nm in size. This acts as a reference sample showing the as-deposited coating
microstructure. The cross section of the as deposited sample confirms the thickness
of the coating after deposition to be approximately 0.1µm Pt.

1

2
Figure 4.5.2: Cross section of the 0.1µm Pt coating (1) deposited on a Cr substrate
(2) showing the coating grain size prior to heat treatment which is smaller than the Cr
substrate.

Figure 4.5.3: Thermal grooving (indicated by the arrow) and grain boundary of the Cr
substrate heat treated at 1000°C for 8 hours shown in cross section.
After heat treatment, (1000°C, 8 hours) the grain size of the Cr substrate has
increased and thermal grooving of the grain boundary is observed as indicated by the
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arrow in the cross section (Figure 4.5.3). This shows that the surface morphology of
the Cr substrate is affected by heat treatment prior to deposition. The planar surface
of this sample is seen in Figure 4.3.2b which shows the large irregular Cr grains with
etched grain boundaries due to thermal grooving.

1
2

Cr

Pt

Figure 4.5.4: STEM image of a coated sample showing coating (1) and substrate (2)
with elemental mapped regions of Cr and Pt.
Elemental maps were obtained of the samples considered to indicate the Cr and Pt
distribution within each cross section. Figure 4.5.4 shows the STEM image and
mapped regions of the 0.1µm Pt coated sample in the as-deposited condition. The
STEM image was taken in annular dark field (ADF) mode which eliminates the effects
of diffraction contrast. The differences in contrast are depicted by the change in atomic
number, where the heavier element (Pt) is lighter in contrast as opposed to the Cr.
The elemental maps show that the Pt resides on the substrate surface prior to heat
treatment.
4.5.1. Heat treatments at 1000°C for 8 hours
After heat treatment of the samples at different temperatures, significant changes in
the morphology were seen. The SEM images show the island morphology that is
formed after the heat treatment of 1000°C for 8 hours (Figure 4.3.3e), where the
coating layer is separated after heat treatment to expose the Cr substrate. FIB-SEM
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cross sections where milled in the island coating layer region of this sample. Two
different regions were milled using the FIB-SEM (Figure 4.5.5). Box number (1)
indicates the milled section taken across a grain boundary region and was
investigated to determine if any Pt had diffused down the Cr grain boundaries. Box
number (2) indicates the FIB-SEM section taken across a Pt coating sub-island region
to determine the extent of the continuity of the Pt coating layer. Figure 4.5.6 shows a
bright field image in cross section of the 0.1µm Pt coated sample heat treated at
1000°C for 8 hours. A sub-island forms part of the coating layer as described in the
schematic representation shown in Figure 4.3.4. The coating layer (1) and the
substrate (2) are seen with a Carbon deposit (3) that maintained the integrity of the
coating during FIB milling. The grain size of the coating layer (sub-island size) has
also increased after heat treatment as can be seen when compared to the grains in
the as-deposited state (Figure 4.5.2).

2

1

Figure 4.5.5: 0.1µm Pt coated sample heat treated at 1000°C for 8 hours showing
island coating morphology and indicating the positions of the FIB-SEM sections for
TEM analysis i.e. across the grain boundary region (1) and across a sub-island region
(2).
The STEM image in Figure 4.5.7 show the coating layer sub-islands (1) situated on
the surface of the Cr substrate (2). The ADF mode shows the differences in contrast
between the coating layer and the substrate region as seen in the as deposited
condition. The elemental maps show that the coating layer comprises of both Cr and
Pt indicating that diffusion has taken place between the substrate and coating layer
after heat treatment to form a phase. This is in agreement with the µ-PIXE map
(Figure 4.4.3) which shows the island region Pt concentration to correlate with the
Cr3Pt phase which is also observed in the XRD results (Figure 4.1.5). From these
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results it is clear that the Pt coating layer, depicted as islands on the surface
morphology of the heat treated samples correspond to the Cr3Pt phase.

3

1

2
Figure 4.5.6: Sub-island on 0.1µm Pt coated sample after heat treatment at 1000°C
for 8 hours with Pt coating layer (1) on Cr substrate (2) and C deposit (3) to protect
coating during FIB milling.
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Figure 4.5.7: Elemental maps of Pt and Cr for coated sample heat treated at 1000°C
for 8 hours showing the distribution of Pt and Cr within the coating layer after heat
treatment. The STEM image shows the coating layer sub-island (1) after heat
treatment and the Cr substrate (2).
Further analysis was completed in the form of line scans where the Cr and Pt content
were determined across different regions.
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Figure 4.5.8 shows an ADF-STEM image of the 0.1µm Pt coated sample heat treated
at 1000°C for 8 hours. As mentioned previously, the ADF image portrays the sample
without diffraction contrasts with the Pt coating layer (1) residing on the substrate (2)
surface. The line scan was taken across the Cr grain boundary to determine whether
any Pt has diffused down the Cr grain boundaries into the substrate region. Line scans
were performed in triplicate across different grain boundaries all yielding the same
results. The graph shows the relative intensity of the Pt and Cr content within the
scanned line. A measurement of 660nm was taken to ensure that the scanned line
crosses the grain boundary into the mid-section of the Cr substrate grain. The results
show that the Pt does not reside across the grain boundary region and the presence
of Cr is solely observed within this region.

1
Cr grain boundary

Relative Intensity (a/u)

2

Figure 4.5.8: ADF-STEM image showing the Pt coating sub-island layer (1) and the
Cr substrate (2) after heat treatment at 1000°C for 8 hours. The line scan is taken
across the grain boundary of the Cr substrate to show the elemental content of Cr and
Pt as depicted in the graph.
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Figure 4.5.9: Elemental line scan depicted on an ADF-STEM image showing the
abrupt change in Pt content across the coating layer (1) – substrate (2) interface region
after heat treatment at 1000°C for 8 hours.
Line scan analysis was also performed across the interface region of the same heat
treated sample. As seen in Figure 4.5.9, which shows the Pt coating sub-island layer
(1) residing on the Cr substrate surface (2), the line scan spans the interface region
between the Pt coating layer and the Cr substrate. A line measurement of 885nm was
taken to ensure that the scan takes the coating layer as well as the substrate into
account. The graph shows that the Pt content begins to change at approximately
450nm moving from the substrate, having no Pt content, across the interface region
into the coating layer. The content of Pt remains fairly constant across the coating
layer. The relative intensity of the elemental content graph is tapered off, but is solely
determined on the thickness of the cross section sample and does not reflect the
content of Pt within the scanned region. This proves that the Pt remains within the
coating layer region and has not gradually diffused into the Cr substrate region. The
line scans for the interface region were also performed in triplicate yielding the same
results as shown.
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4.5.2. Heat treatments at 900°C for 8 hours
Samples were heat treated at different temperatures to monitor the effects of heat
treatment on coatings with regard to phase formation and coating morphology. The
FIB-SEM cross section taken on this sample was across a continuous island region
and does not span a grain boundary or a sub-island region as shown in Figure 4.5.10.

Figure 4.5.10: 0.1µm Pt coated sample heat treated at 900°C for 8 hours showing the
island morphology after heat treatment and indicating the position of the FIB-SEM
section taken (rectangle box).

1
2

0.5 µm
Figure 4.5.11: BF TEM image of 0.1µm Pt coated sample heat treated at 900°C for 8
hours showing continuous coating layer in island region (1) and Cr substrate (2).
The sample investigated in Figure 4.5.11 has a 0.1µm Pt coating that has been heat
treated at 900°C for 8 hours. After heat treatment at the temperature of 900°C for the
0.1µm Pt coated samples, the island-like coating morphology is still observed (Figure
4.3.6b). As can be seen in Figure 4.5.11 the cross section is taken across an island
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region and the coating layer (1) is continuous across the sample surface with the
substrate (2) beneath it. The coating layer on the samples heat treated at 1000°C
were non-continuous and structurally less dense which formed sub-islands within the
island region on each Cr grain separated by deeply etched grain boundaries. This is
as a result of agglomeration of the Pt coating layer.
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Pt

Figure 4.5.12: Maps of elemental content for sample heat treated at 900°C for 8 hours
showing Pt and Cr distribution across the coating layer (1) and the Cr substrate (2)
region.
The Pt and Cr distribution across the coating layer region was observed with the use
of elemental maps. The elemental maps (Figure 4.5.12) show that the coating layer
comprises of both Cr and Pt elements after heat treatment, whereas the substrate
region comprises solely of Cr. This is consistent with the heat treatments conducted
at the temperature of 1000°C. The phase formed after heat treatment at this
temperature as seen in the XRD results (Figure 4.2.5) is the Cr3Pt phase.

4.5.3. Heat treatments at 800°C for 8 hours
The samples were also heat treated at the temperature of 800°C to observe any
further changes in the coating morphology and phase formation. The SEM results for
this heat treatment shows a granular morphology, where the island-like morphology
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is not observed after this heat treatment, and the coating layer is continuous across
the substrate surface (Figure 4.3.7b).

3
Cr grain
boundary
Thermal
grooving
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0.5 µm
Figure 4.5.13: 0.1µm Pt coated sample shown in cross section using a Bright-field
TEM image where the sample is heat treated at 800°C for 8 hours. The Pt coating
layer (1) resides on the substrate surface (2) with the formation of holes (3) which
shows the Cr grain boundary and the onset of thermal grooving.
The cross section of a sample coated with 0.1µm Pt coating after heat treatment at
800°C for 8 hours is shown in Figure 4.5.13. The coating (1) appears as a continuous
layer across the surface however in cross section there are holes that have formed
between the coating and substrate (2) regions, which are indicated as (3). This is
evidence of the onset of thermal grooving of the Cr substrate. In comparison to the
heat treatments at 900 and 1000°C the results show that the thermal grooving of the
Cr substrate occurs at 800°C however the separation of the coating layer is only seen
after the temperature is increased.
From the elemental maps (Figure 4.5.14) it can be seen that the coating layer (1)
comprises of both elements and the substrate solely of Cr. Taking the XRD results
into account for the heat treatment at 800°C for 8 hours (Figure 4.1.5) the Cr3Pt phase
forms after heat treatment. The initial thickness of the coating layer was 0.1µm Pt,
after heat treatment however, the coating layer thickness has increased to a range of
approximately 0.3µm – 0.5µm across the temperature range considered owing to the
effects of diffusion, the coating morphology formation and the phase that has formed.
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Figure 4.5.14: ADF STEM image of 0.1µm Pt coated sample heat treated at 800°C
for 8 hours. Elemental content maps show Pt and Cr content in the coating layer region
indicated as (1) and the substrate region (2).
When comparing the bright field images, it is clear that the changes in heat treatment
temperature render changes in the surface morphology which are driven by diffusion.
These changes include thermal grooving of the Cr substrate occurring before 800°C
and as the temperature increased the coating layer separates into island regions as a
result of the thermal grooving. With a further increase in temperature, the coating layer
island regions then further separate into sub-islands yielding a non-continuous coating
layer residing on the Cr substrate. These processes are all driven by a minimisation
of the surface free energy of the system and results in the significant changes in the
coating morphology with respect to heat treatment temperature.

4.6. Energy Dispersive Spectroscopy
EDS was used as a complementary technique to the results obtained in XRD and
PIXE measurements. EDS can form as a part of the SEM and the TEM.
Measurements taken using the SEM for the 0.1µm Pt coated samples heat treated at
1000°C for 8 hours provided results that were in disagreement with the XRD and PIXE
analysis. The stoichiometric compositions pointed to the two phase Cr solid solution
region in the revised equilibrium phase diagram (Figure 2.2.1). The EDS as part of
the SEM has a lower resolution and the regions measured were indeed an average
between the island coating layer and the Cr substrate regions. This complication was
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eliminated by using the results obtained by EDS as a part of the TEM instead with an
error determined to be less than 1%.
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Figure 4.6.1: EDS point scans taken for the coating layer and substrate of the 1000°C
for 8 hour heat treated sample showing the stoichiometric composition of the Pt
coating layer and the Cr substrate material.
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Figure 4.6.2: Sample heat treated at 900°C for 8 hours with EDS point scan and
stoichiometric compositions of selected points within the coating layer and Cr
substrate region.
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Figure 4.6.3: The stoichiometric compositions of the Pt coated sample within the
coating layer and the Cr substrate regions which was heat treated at 800°C for 8
hours.
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The stoichiometric composition of each layer after heat treatment was measured using
EDS as part of the STEM mode in the TEM. Point scans were taken across the coating
layer and substrate regions for the heat treatments of 1000 - 800°C for 8 hours, to
determine the composition of each respectively. These are shown in Figure 4.6.1 Figure 4.6.3. EDS was used as a part of this research study to complement the XRD
and PIXE techniques which both provide bulk average results of the sample. As can
be seen in the coating layer after the heat treatment of 1000°C for 8 hours (Figure
4.6.1), the Pt composition is approximately averaged at 24 at% corresponding to the
Cr4Pt phase as seen in the revised equilibrium phase diagram (Figure 2.2.1). This
corresponds to the Cr3Pt (A15) phase. The XRD and PIXE results are in agreement
with the formation of the Cr3Pt phase after the heat treatment of 1000°C for 8 hours
(Figure 4.1.5 and Figure 4.4.3 respectively). The composition of the substrate
averages at approximately 100 at% Cr at each temperature which serves to confirm
the elemental maps and line scans seen previously in section 4.5.
At the temperatures of 900°C and 800°C (Figure 4.6.2 and Figure 4.6.3) the Pt
composition within the coating layer is at an approximate 30 at%, which corresponds
to two phase region of Cr3Pt (A15) and Cr3Pt (L12). At both these temperatures the
XRD results show the formation of the Cr3Pt phase which is in agreement with the
EDS results. To distinguish between the crystal structures of the two elements further
analysis using selected area electron diffraction was completed and will be shown in
section 4.7. From the EDS results it can be seen that the composition of the coating
layers is also affected by the change in heat treatment temperature even though all
layers correspond to the Cr3Pt phase.

4.7. Selected area electron diffraction
Selected area electron diffraction was completed on the Pt coated samples prepared
for TEM at the different heat treatment temperatures for 0.1µm Pt coating thickness
and the 8 hours heat treatment time. Zone axis diffraction patterns were taken at 3
different points within each coating layer to describe the phase that is present after
heat treatment. The interplanar spacing was measured and compared to the simulated
electron diffraction patterns for the Cr-Pt phases using the JEMS39 software program.
The following results show the zone axis electron diffraction patterns of the Pt coating
layer at the temperatures of 1000, 900 and 800°C. Three electron diffraction patterns
where determined at different directions in each case to identify the phase present at
each temperature. In Figure 4.7.1, (1000°C for 8 hours) the electron diffraction
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patterns are shown in the directions of [2 1 2], [1 1 1] and [1 0 1] for the Cr 3Pt (A15)
phase.
a

c
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1 0 1̄

0 2̄ 0
1̄ 0 1

1 0 1̄

0 1̄ 1

0 2̄ 1

Figure 4.7.1: Zone-axis electron diffraction patterns of the Cr substrate sample with
0.1µm Pt coating heat treated at 1000°C for 8 hours showing the Cr3Pt (A15) phase
viewed along the (a) [2 1 2], (b) [1 1 1] and (c) [1 0 1] directions. A weak extra reflection
is indicated by the arrow.
Figure 4.7.2 and Figure 4.7.3 shows the electron diffraction patterns taken for the
samples heat treated at 900 and 800°C. At the temperature of 900°C the electron
diffraction patterns are observed in the directions [0 0 1], [1 0 1] and [2 1 4] and at the
800°C heat treatment the electron diffraction patterns are observed in the [1 0 1], [1 1
3] and [2 1 4] directions all for the Cr3Pt (A15) phase. These patterns confirm that the
coating layer corresponds to the Cr3Pt phase with the A15 crystal structure at all
temperatures considered and are in agreement with the results obtained for the XRD,
PIXE and EDS measurements.
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Figure 4.7.2: Electron diffraction patterns showing the (a) [0 0 1], (b) [1 0 1] and (c) [2
1 4] directions of the Cr3Pt (A15) phase for the Cr substrate sample with 0.1µm Pt
coating heat treated at 900°C for 8 hours.
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Figure 4.7.3: Electron diffraction patterns for the Cr substrate sample with 0.1µm Pt
coating heat treated at 800°C for 8 hours showing the Cr3Pt (A15) phase in the
directions (a) [1 0 1], (b) [1 1 3] and (c) [2 1 4].
Also observed in the electron diffraction patterns, are extra spots present at the half
plane positions of the main spots (Figure 4.7.1). The arrow indicates the presence of
one of the weak extra reflections in the half planes of the diffraction pattern in the [1 0
1] direction (Figure 4.7.1c). The extra spots are weak reflections which appear
elongated and streaked. The formation of these weak extra reflections is often difficult
to interpret as the structures can be described as lattices with additional ordering. If
the ordering process is not fully completed partial ordering can occur that could result
in the weak extra reflections being observed. Sample preparation techniques are also
taken into consideration as the FIB-SEM method, as previously explained, has the
potential to introduce artefacts into the material and could provide another reason for
obtaining the extra reflections within the SAED patterns. It was thought that a
chromium oxide layer could be present on the substrate surface as it is well known
that Cr has a very high affinity for oxygen. Simulations completed for the presence of
an oxide layer (Cr2O3) on the surface of the coating layer however do not match any
of the weak extra spots observed in the half plane positions. Another explanation for
the weak, extra reflections could be provided with atomic defect ordering. Figure
4.7.1c could be used as an example, if the {1 0 1} produced a superlattice which
doubles the spacing in the {1 0 1} plane the weak extra reflections would be matched
along the [1 0 1] direction. Further electron diffraction analysis needs to be completed
in order to confirm the results for atomic defect ordering.
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5. DISCUSSION
The Cr-Pt coated system was investigated as a model system in this research to determine
the effects of thin Pt coatings as a function of heat treatment temperature, time and coating
thickness. The interest for this particular coated system arises with the need to form
continuous coating layers with stable phases. This is particularly useful in microelectronic
and semiconductor applications where reliable contacts are needed. The manipulation of
experimental parameters in coated systems can render the formation of uniform coating
layers as phases are formed sequentially as opposed to the simultaneous phase formation
in bulk systems. This can ultimately result in the manipulation of experimental parameters
to obtain coating layers with desirable properties for a particular application.

The coated system variations studied include the 0.1, 0.2 and 0.3µm Pt coatings on Cr
substrates. Heat treatments were conducted at the temperatures of 700, 800, 900 and
1000°C for the times of 6 and 8 hours. Several complementary techniques have been used
for the analysis of phase and morphology formation within this coated system. In
determining the phase formation, X-ray diffraction (XRD), Rietveld refinement, Energy
Dispersive Spectroscopy (EDS) and selected area electron diffraction (SAED) was used.
The phases formed in the Cr-Pt coated system after heat treatment were analysed with
regards to the sequence of phase formation using the Effective Heat of Formation (EHF)
model1–3. For the characterisation of the coating morphology after heat treatment a
combination of electron microscopy and accelerator based techniques were used in order
to determine the mechanisms of coating morphology formation. These findings are
discussed as follows.

5.1. Phase formation analysis
In observing the results obtained for the heat treatments conducted on the Cr-Pt
coated system various changes within the coating layer after heat treatment has been
observed. The effects of heat treatment temperature and time and the influence of
thickness of the coating layer prior to heat treatment can be described with regards to
the different phases that have formed, the volume fraction of phases present after
heat treatment and the morphology of the coating layer that is formed.

5.1.1. Changes in heat treatment temperature and time
Two phases (CrPt and Cr3Pt) are formed after heat treatment at the different
temperatures and times considered in this study. The formation of the CrPt phase
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occurs after heat treatment at 700 and 800°C. In the revised equilibrium phase
diagram (Figure 2.2.1) the stability of this phase extends to 780°C. It is observed in
this coated system that this phase is still formed after the heat treatment at 800°C
showing that the coated system phase formation is indeed different to phase formation
in bulk systems. Pt is also observed after the heat treatment of 700°C showing that Pt
is still available for the formation of the CrPt phase. The phase formation is not affected
by the changes in heat treatment times considered in this study.
The Cr3Pt phase forms at 800, 900 and 1000°C for all heat treatment times
considered. Even though this phase is stable up to the temperature of 1599°C, as
seen in the equilibrium phase diagram, it does not form at the temperature of 700°C
in this coated system owing to the formation of the CrPt phase which is more stable
at this heat treatment temperature (700°C). A summary of the phases that has formed
with regards to heat treatment temperature, time and coating thickness has been
provided in Table 4.1.1.
Also observed in the revised equilibrium phase diagram is the presence of two Cr rich
phases with different crystal structures A15 and L12 respectively. To distinguish
between the two Cr3Pt crystal structures several techniques were employed. The
sample heat treated at 1000°C for 8 hours was used in interest. XRD showed the
formation of the Cr3Pt phase at this heat treatment. EDS analysis on the coating layer
in this sample showed an average Pt composition of approximately 24 at%. This
corresponds to the Cr3Pt (A15) phase in the equilibrium phase diagram. A composition
was also extracted from the PIXE results to confirm this phase and selected area
electron diffraction was completed to determine that the phase formed after heat
treatment at 1000°C for 8 hours refers to the Cr3Pt phase with the A15 crystal
structure. This is consistent with equilibrium phase diagram as the stability of this
phases exceeds the stability of the Cr3Pt phase with L12 crystal structure23.

5.1.2. Effects of the changes in initial Pt coating thickness
Phase formation is also affected by the initial Pt coating thickness prior to heat
treatment. For the 0.1µm Pt coatings, the phases formed after heat treatment include
CrPt at 700°C and 800°C for 6 hours; and Cr3Pt as the temperature is increased to
800, 900 and 1000°C. An increase in initial coating thickness to 0.2 and 0.3µm Pt
renders Pt still available for phase formation after heat treatment, along with the
formation of the CrPt phase at the temperature of 700°C. The increase in initial coating
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thickness also shows the formation of both the CrPt and Cr3Pt phases after heat
treatment at 800°C. Owing to sequential phase formation observed in coated systems
the formation of both these phases after heat treatment at this temperature can be
explained by the decomposition of the CrPt phase to form the Cr3Pt phase. This is
observed at the coating thickness of 0.2 and 0.3µm Pt. Further increase in
temperature to 900 and 1000°C renders the formation of the Cr3Pt phase at all coating
thicknesses considered.

5.1.3. Volume fraction of the phases formed
Further understanding of the sequence of phase formation in this system can be
determined by the investigation of the volume fraction of the phases present after heat
treatment. The volume fraction of the CrPt phase decreases with an increase in
temperature and time but increases with an increase in the coating thickness. The
decrease in the volume fraction of this phase with an increase in heat treatment
temperature and time can be explained by phase decomposition. This is related to the
sequential formation of phases observed in coated systems as decomposition of one
phase occurs to accommodate the phase formation of the next phase. It is expected
that a coating thickness increase will result in an increase in volume fraction of the
phase that has formed as more Pt is available for phase formation to take place.
As can be seen, the volume fraction of the Cr3Pt phase is influenced by temperature,
time and initial Pt coating thickness. The volume fraction of this phase decreases with
an increase in temperature for the 0.1µm Pt coating thickness. At the 0.2 and 0.3µm
Pt coating thickness for 6 and 8 hours, the volume fraction of the Cr3Pt phase
increases as the temperature is increased up to 900°C and thereafter decreases for
0.2µm Pt with similar volume fractions for the 0.3µm Pt coating thickness. With an
increase in coating thickness however the volume fraction of this phase decreases at
800°C and increases at 900 and 1000°C at both times of 6 and 8 hours. The changes
in volume fraction observed for both phases (CrPt and Cr3Pt) as a result of
manipulation of the heat treatment parameters and the initial coating thickness is
observed and provides insight into the phase formation sequence for the Cr-Pt coated
system. The sequence of phase formation has been described using the EHF model
as discussed below.
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5.1.4. The EHF model
In coated systems the formation of a single phase at a time has been reported, with
various models describing the formation of the first phase and its sequence 1–3. Of
interest in this research is the Effective Heat of Formation (EHF) model which makes
use of an EHF taking into account the concentration of the reactants at the growth
interface1–3 as previously discussed. In this model the Cr3Pt phase was predicted to
be the first phase to form (Figure 2.2.3). This prediction however made use of
previous phase diagrams of which the thermodynamic description of the stable phases
within the Cr-Pt system were unclear at the time. The lower temperature f.c.c. phases
were not taken into account and since then a more recent thermodynamic description
of the phases of this system have been calculated16,19. Another discrepancy arises in
the use of the EHF model to predict the phase formation sequence within this system.
This occurs as a result of two liquidus minima at compositions and temperature that
are relatively close to one another. These includes the eutectic reactions of (L ↔ Cr +
Cr4Pt) at 13.8 at% Pt, 1571°C and (L ↔ Cr4Pt + Pt) at 28.1 at% Pt, 1530°C23. For this
reason, the Cr-Pt phase formation sequence could not be accurately predicted in the
literature and a further attempt was made in this study to predict the formation of the
first phase and the sequence of phase formation in the Cr-Pt system.
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Figure 5.1.1: Effective heat of formation diagram for the Cr-Pt system using the most
recent thermodynamic data.
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It is thought that an effective heat of formation may lie between the two liquidus minima
(21 at% Pt). Using the EHF model with the most recent thermodynamic data available
a clear prediction of the phase formation sequence could however still not be provided.
The EHF diagram calculated based on the experimental results within this study
(Figure 5.1.1) shows that the Cr3Pt (A15) phase formation is more stable over the
formation of the f.c.c. phases. The most recent thermodynamic data was used for this
calculation of the EHF diagram (see thermodynamic data Table 2.2.1). In the
experimental results however, as shown by XRD, heat treatment at lower temperature
(700°C) results in the formation of the CrPt phase which contradicts this calculation.
It is shown by XRD and Rietveld refinement results that as the temperature is
increased to 800, 900 and 1000°C the CrPt phase decomposes to form the Cr 3Pt
phase. The sequential formation of phases is however conserved owing to the
decomposition of the CrPt phase occurring along with the formation of the Cr3Pt phase
as the heat treatment temperature is increased. To make a more accurate prediction
on the sequence of phase formation further investigation of the Cr-Pt coated system
needs to be completed.

5.2. Coating morphology analysis
The morphology of this coated system is investigated owing to its importance in
affecting the reliability of contacts particularly for microelectronic and semiconductor
applications. The coating morphology formation can be described by various
mechanisms as discussed below. The changes in the coating morphology is affected
by changes in the heat treatment parameters (temperature and time) as well as the
initial coating thickness prior to heat treatment. A model has been proposed to
highlight the changes in surface structure to form the distinct coating morphology
within the Cr-Pt coated system after heat treatment.

5.2.1. Mechanisms of coating morphology formation
The formation of the coating after deposition can be described by nucleation and
growth. These processes influence the grain structure that is developed after coating
formation and ultimately the structural morphology of the coating after heat treatment.
Coatings are known to undergo heterogeneous nucleation after being deposited which
can be described by the theory of Capillarity37. Using the surface energy ratio
(Equation 2.1.337), the dominant growth mode can be determined for the coating layer
formation within the Cr-Pt system. The surface free energy for Pt is larger than that of
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Cr therefore with the use of Cr as a substrate, the island growth mode is dominant.
The grain structure is tied with the coating formation and a mechanism for the
morphology formation of the coating layer in this system can be explained. The Cr
substrate temperature during deposition is at room temperature. Based on the melting
point of the Pt during deposition (1768°C), the microstructure of the coating after
evaporation falls within the Zone I region (Figure 2.1.4) as the temperature ratio is
less than 0.2. This predicts that the grain structure of the Pt coating layer after
deposition has an equiaxed grain structure that is ≤ 20nm in grain size which is also
seen in Figure 4.5.2 (a bright field TEM image in the cross section of a 0.1µm Pt
coated sample prior to heat treatment). The grain structure of the coating layer after
formation is important within this research study as a small grain size indicates an
increase in grain boundaries leading to an increase in structural defects within the
coating layer. The establishment of the coating formation introduces new surfaces and
interfaces as well as many structural defects, which provides an increase in the
surface energy of the system37. This renders coating systems to have different
properties to bulk systems owing to the many surfaces that contribute to its total free
energy and can be described by the Gibbs free energy relation.
The total Gibbs free energy is increased because in addition to the free energy of the
system as a whole, the coated system now has an interface region between the
coating layer and substrate as well as the surface free energy of the coating acting
upon it. Also inherent of coating layers are the high reactivity of elements of which an
increase in the density of grain boundaries present within the coating after deposition
are responsible37. This is owing to a high nucleation rate during the deposition process
which results in the formation of a fine-grained equiaxed structure37. The
thermodynamics of the coated system govern the reactions that take place, as
systems all strive towards the reduction of its total free energy. Therefore reactions
take place that continue to reduce the total free energy and in comparing coated
systems to bulk systems, the additional surfaces contribute to this reduction and thus
ultimately contribute to the difference in properties between the two and the changes
in coating morphology that are observed on the coating surface after heat treatment.

5.2.2. Effects of the changes in heat treatment parameters
The coating morphology undergoes changes as a result of altering the heat treatment
temperature and time parameters and includes the changes in initial Pt coating
thickness. After heat treatment at 700 and 800°C, a granular morphology is observed
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at all coating thicknesses considered that is continuous across the sample surface
(Figure 4.3.8 and Figure 4.3.7). At 900°C the surface morphology is separated into
coating layer islands for the 0.1µm Pt coating thickness and is a continuous granular
morphology for the 0.2 and 0.3µm Pt coating thickness (Figure 4.3.6). The
morphology at 1000°C has the coating layer island morphology at all coating
thicknesses apart from 0.3µm Pt after heat treatment at 6 hours (Figure 4.3.3 and
Figure 4.3.5).

As previously described, the thermodynamics of coated systems

governs the changes in coating morphology formation by various processes to form a
surface morphology that reduces the total free energy of the system which is stable
after heat treatment.

5.2.3. Coating thickness after heat treatment
The coating thickness of the 0.1µm Pt coated samples after heat treatment has
resulted in an increase in thickness for the temperatures of 800, 900 and 1000°C. At
800°C the coating thickness increases to an average of 0.4µm. At 900°C the coating
thickness increase is observed at an average of 0.3µm and 0.5µm for 1000°C. This
increase from 0.1µm Pt prior to heat treatment is as a result of diffusion occurring
between the substrate and the coating layer to form different phases with different
crystal structures. At 800°C a continuous granular morphology is observed on the
surface (SEM) with simultaneous thermal grooving of the Cr substrate seen in cross
section at the interface (TEM). The increase in temperature to 900°C results in the
formation of a dense coating layer island morphology that is separated at the Cr grain
boundaries. The coating thickness increase is observed to be 0.3µm after this heat
treatment which is lower than the increase observed at 800°C and is as a result of the
transition in the morphology from a granular continuous layer to a separated island
coating layer. As a result of the agglomeration and dewetting of the coating layer an
increase in coating thickness of the coating layer after heat treatment at 1000°C is
also observed as compared to the heat treatments of 800 and 900°C. The coating
thickness increases from a 0.1µm Pt coating layer to an average 0.5µm coating
thickness after heat treatment. The morphology observed after heat treatment at
1000°C results in a coating layer with sub-islands dispersed across the Cr substrate
grains. The thickness increase is as a result of the surface tension of the phase that
reduces its total free energy by the agglomeration and dewetting processes. The
surface morphology formed after heat treatment at 1000°C of the Cr-Pt coated system
is governed by the reduction of the surface energy that is increased due to an increase
of surfaces present within coating systems in general. The diffusional model serves to
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describe the complex processes involved in the formation of the surface morphology
after heat treatment that are driven by the minimisation of the total energy of the
system.

5.2.4. A diffusional model for the Cr-Pt coated system
A model for diffusion and coating morphology formation can be described for the
surface morphology that is formed within this coated system. As mentioned previously,
the formation of coatings after deposition renders a grain structure that is fine and
equiaxed with many grain boundaries being present37. This type of growth mode can
occur due to the lattice mismatch of the coating and the substrate, which can be
accounted for in the two different structures of these elements being f.c.c. (Pt) and
b.c.c. (Cr) respectively, changes in as well as the difference in the coefficient of
thermal expansion. The thermal expansion for Pt and Cr is 9.1 10-6 K-1 and 6.5 10-6 K1

respectively75.
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Figure 5.2.1: Schematic representation of the mechanisms of coating morphology
formation in the Cr-Pt coated system after heat treatment showing the coating layer
prior to heat treatment (a), phase formation at the interface region (b), thermal
grooving of the Cr substrate (c) and dewetting and agglomeration of the coating layer
(d). The arrows indicate the paths of diffusion.
The lattice mismatch accumulates strain energy in the system while the coating is
formed and contributes to island growth in the coating formation. The islands that are
formed on the surface of the substrate during coating formation coalesce by a process
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of Ostwald Ripening, where larger islands grow at the expense of the smaller islands
to form a continuous coating layer on the island surface (Figure 5.2.1a). With the
application of heat, grain boundary diffusion is thought to occur both within the coating
layer diffusing towards the substrate as well as within the substrate diffusing towards
the coating. The activation energies for grain boundary diffusion are smaller than that
of the lattice leading to higher diffusivity rates in this regard37. In observing the
solubility of Cr within Pt (Figure 2.1.1), the solid solution range is broad expanding
from 35 at% Pt indicating that the solubility of Cr in Pt is very high. This relates to the
high affinity Cr has for Pt and indicates that the bulk of the grain boundary diffusion
occurs where Cr diffuses into the Pt coating initiating the onset of the phase formation
(Figure 5.2.1b). The new phase nucleates at this point with subsequent lateral
diffusion at the interface region and surface diffusion of the coating layer which are
thermodynamically favoured. Subsequent growth of the phase takes place at the
interface region until the Cr-Pt coating layer is formed across the surface of the Cr
substrate (Figure 5.2.1c). The Cr substrate undergoes thermal grooving whereby
preferential transfer of the substrate material away from the grain boundary occurs
leaving a groove in the Cr substrate. This initiates the onset of void formation and
growth which renders a non-continuous coating layer after heat treatment and the
formation of the island coating morphology. What can also be noted in SEM results is
the progressive agglomeration of the coating layer as the temperature increases
resulting in the fine separation of islands on the coating surface (Figure 5.2.1d). This
in turn increases the surface roughness and occurs as a result of agglomeration and
dewetting of the coating layer5. The agglomeration of metal islands is said to be
energetically favoured at elevated temperature and thus undergoes dewetting of the
substrate allowing the coating layer to rearrange itself into an energetically favourable
state by the subsequent minimisation of the surface free energy5.

5.3. Summary relating the phase and surface morphology formation
The phase formation can also be associated with the coating morphology. At 1000°C
the Cr3Pt phase is the stable phase that forms and this heat treatment temperature is
mainly associated with the island morphology as observed in the SEM results. The
Cr3Pt phase is also stable at the heat treatment temperature of 900°C which can also
be associated with the island coating morphology especially at the coating thickness
of 0.1µm Pt. The increase in coating thickness to 0.2µm Pt at 900°C does show a
uniform morphology that is continuous across the substrate region, but the sub-islands
are seen prior to separation of the coating. The uniform morphology was observed at
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lower temperatures irrespective of the initial Pt coating thickness. At 800°C,
coexistence of the CrPt and Cr3Pt phases are seen whereas at the temperature of
700°C the CrPt phase is the only phase that forms. This leads to the possibility that
the CrPt phase is associated with the more uniform coating morphology whereas the
decomposition of this phase to form Cr3Pt also brings about the formation of the island
coating morphology, as seen at 1000°C. This can also be related to the surface energy
of the phases as it is can be more thermodynamically favourable to form an island
coating morphology of the Cr3Pt phase on the substrate. The island morphology is
brought about by the minimisation of the total free energy of the system, which is
associated with the processes of phase formation, thermal grooving of the Cr
substrate, separation and dewetting of the coating layer and agglomeration of the subislands. This can only occur if the coated system is heat treated at elevated
temperatures such as 1000°C in this case and if the surface energy of the coating
layer is high enough to bring about this morphological change.

The different trends observed in the volume fraction of the phases, formed with the
changes in experimental parameters, can be correlated to the changes in the
morphology of the sample after heat treatment and can explain the association
between phase and surface morphology formation. The morphology after the heat
treatment of 700 and 800°C is a continuous granular morphology which is associated
with the formation of the CrPt phase. With an increase in temperature at the 0.1µm Pt
coating thickness, the morphology transitions from a continuous granular morphology
at 800°C to a coating layer island morphology at 900 and 1000°C. This is synonymous
with the Cr3Pt decrease in volume fraction as the temperature is increased. An
increase in volume fraction of the Cr3Pt phase is expected since the CrPt phase is
decomposed to form Cr3Pt. However, owing to the separation of the coating layer
islands, the different shapes and sizes of the coating layer island and sub-islands and
the position of the X-ray beam in 3 dimensions and on the sample surface can account
for the decrease in volume fraction of Cr3Pt at this coating thickness. The increase in
volume fraction up to 900°C is correlated to the granular morphology that is still
observed at this temperature for the coating thickness of 0.2 and 0.3µm Pt. Further
increase in temperature to 1000°C results in an island morphology at 0.2µm coating
thickness and a granular morphology at 0.3µm Pt which explains the decrease in
volume fractions at 0.2 and 0.3µm Pt coating thickness respectively. The decrease
observed in the volume fraction at 800°C can be explained by the presence of the
CrPt phase coexisting after this heat treatment. This phase is observed to be
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decomposing for the formation of the Cr3Pt phase and with an increase in coating
thickness the volume fraction of the CrPt phase is increased, thus more CrPt phase
is available for decomposition and the volume fraction of the Cr 3Pt phase is
decreased. Irregularities in the volume fraction is observed with both changes in the
coating thickness as well as increasing the heat treatment time. This can be explained
by the interaction between the X-ray beam and the coating morphology (exposed Cr
substrate region and sub-island layer, see figure Figure 4.5.5). In summary, this study
shows that a desired coating morphology can be obtained with the manipulation of
experimental parameters to form a particular phase (either CrPt or Cr3Pt in this case)
with desirable properties.
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6. CONCLUSIONS
The main objectives within this research study focused on the effects of heat treatment at
different times, temperature and coating thickness with regards to the phase formation and
coating morphology in the Cr-Pt coated system. The study of phase formation sequence
and coating morphology formation is important in microelectronic applications for the
reliability of micro-devices. For Pt coatings deposited on Cr substrates with subsequent
heat treatment the formation of a non-continuous coating layer with increased thickness
occurs. The phase formation observed in the coating layers correspond to the CrPt and
Cr3Pt (A15) phases. Phase formation is affected by heat treatment with regards to
temperature, time and coating thickness. Owing to these effects, the experimental
parameters can be manipulated to form either the CrPt or Cr3Pt (A15) phases as seen in
the equilibrium phase diagram. The experimental results however do not correspond with
the predicted phase formation sequence as proposed by the EHF model. This is owing to
the presence of two liquidus minima within this binary system, even though a more reliable
thermodynamic description is used a clear prediction of the phase formation sequence in
the Cr-Pt binary coated system cannot be made as also determined by Pretorius et al.
Further experimental analysis with regards to in-situ phase testing should be considered.
A diffusional model is proposed of which the minimisation of the total free energy within
the coated system is maintained and includes the processes of an island coating growth
mode during the formation of the coating layer, mechanisms of diffusion which include
grain boundary, lateral and surface diffusion as well as the thermal grooving of the Cr
substrate and subsequent agglomeration and dewetting of the coating to form an islandlike surface morphology after heat treatment. The island coating morphology formation
forms after heat treatment at 1000°C for the 0.1µm Pt coated sample. Heat treatment at
lower temperature (700°C) results in a continuous coating layer morphology that is
granulated as corresponds to the CrPt phase. The manipulation of the experimental
parameters also results in the change of the coating morphology formation and can thus
contribute to forming more reliable coatings for microelectronic applications.
As a result of the work conducted in this research, regarding the effects heat treatment
has on phase formation and the surface morphology of the Cr-Pt coated system:

i.

A description of the phase formation with regards to thermodynamics is provided,
however a clear prediction of the phase formation sequence cannot be provided by the
EHF model as calculated based on the results obtained within this study.
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ii.

A model for the formation of the coating morphology has been described with various
processes taking place all striving towards the minimisation of the free energy of the
coated system and resulting in an island-like coating morphology with Cr3Pt subislands dispersed over the Cr substrate surface.

iii.

The results of this study show that the changes in the experimental parameters can
result in the production of particular phases with a desired coating morphology owing
to the properties of coated systems and depending on the particular application it will
be used for.
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7. RECOMMENDATIONS
The following chapter summarizes and recommends future advances in this field and
possible outcomes that can be achieved with regards to coated systems and more
particularly the Cr-Pt coated system. To determine the sequence of phase formation which
includes all phases and investigate and analyse the phases within this coated system
further work is required. An in-depth investigation of the phase formation of this coated
system using different coating thicknesses and heat treatments at a range of different
temperatures and times can be conducted using in situ techniques. These can include in
situ XRD, RBS and TEM which was not used in this study. In situ measurements allow for
samples to be heat treated and experimentally measured simultaneously to determine
accurate and more reliable data collection and phase formation analysis. The experimental
results that can be obtained will provide knowledge on the phase formation in this coated
system as well as experimentally determine the sequence of phase formation over a broad
heat treatment range. This work can provide more insight on the Cr-Pt coated system with
regards to the thermodynamics and kinetics of phase formation which can in turn
contribute to the control of experimental parameters to form desired phases for particular
applications.
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