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Pt–Mo coated system annealed at 1050 C for 24 h was investigated using several analytical techniques 

with high resolution (SEM/EDX, l-PIXE, RBS and XRD). These techniques provide structural and compo- 

sitional data throughout the material depth and probing area. The results depend on the applied beam, its 
energy and size. They contribute to a better understanding of thermal annealing effects on the solid-state 

phase transformation and morphological changes in Pt–Mo coatings. The results indicate the presence of 

Pt- and Mo-solid solutions and two Pt–Mo phases (PtMo and Pt2Mo3), changes in the coating morphology, 

such as increased surface roughness and formation of ‘‘lace morphology’’, as well as an increase in coating 

thickness. 

 

 
 

 

 
1. Introduction 

 
The platinum group metals (PGMs) and their intermetallic com- 

pounds are commonly used in the jewellery and glass industry. 
They also received particular attention in high temperature appli- 
cations, precipitation-strengthened alloys and because of their 
analogy to the nickel-based super alloys [1]. The Pt-based interme- 
tallic phases are of significant importance due to their enhanced 
electrocatalytic activity and magnetic characteristics. As such they 
are often used as catalysts or semiconductors [2,3]. 

In this paper, we present the application of several techniques 
used for coating characterization: scanning electron microscopy 
(SEM), X-ray powder diffraction (XRD), proton-induced X-ray 

emission (l-PIXE) and Rutherford back scattering spectrometry 
(RBS). 

The Pt–Mo binary system was used as a model system to inves- 
tigate the formation of Pt-based intermetallics. The main aim of 
this research was to study the phase transformation in a Pt–Mo 
coated system, where a platinum layer was deposited onto the 
molybdenum substrate. For thick diffusion couples (coatings thick- 
er than 10 microns), usually most or all the compound phases gi- 
ven by phase diagram are found, in contrast to the thin films 
where single phase formation usually takes place. The interest in 
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the phase formation and the sequence of their formation is based 
on the fact that a particular phase or combination of phases with 
desirable properties can be produced by controlling experimental 
parameters depending on particular application [4–6]. 

 
2. Preparation of coatings 

 
Pure Mo substrates (10   10   0.125 mm) were coated with 

0.2 lm of Pt at room temperature using an evaporation system 

with an electron beam source. The electron beam was generated 
by a tungsten filament placed between an anode and a cathode. 
Using magnetic parallel plates the electron beam was directed to 
the crucible in a circular trajectory. The coatings were deposited 

at a rate of 8.6 Å/s under high vacuum conditions (4 10 6 Torr) 
and an electrical current of 40 mA. The thickness of Pt coatings was 
monitored using a quartz crystal sensor. The coatings were subse- 
quently annealed at 1050 C for 24 h in vacuum. 

 
3. Characterization techniques 

 
The coating morphology was investigated using the scanning 

electron microscope Nova NanoSEM 230 at the University of Cape 
Town (Electron Microscope Unit). The micrographs were acquired 
at an accelerating voltage of 20 keV in the secondary electron 
mode and EDX (energy dispersive X-ray spectroscopy) was used 
for analyzing the composition of the coating morphology. Spatial 
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Fig. 1. SEM images showing the surface morphologies: (A) unpolished Mo-substrate, (B) as-deposited Pt layer, and (C) coating morphology after annealing at 1050 C for 24 h. 

EDX analysis: (i) region-1: Mo-solid solution and (ii) Pt2Mo3 phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. XRD patterns for as-deposited and thermally annealed coating showing the 

presence of Mo, Pt, PtMo and Pt2Mo3. 

 
 

variations in chemical composition were obtained using spot 
analyses. 

The X-rays diffraction measurements were carried out using a 
BRUKER D8-ADVANCE diffractometer coupled with a Vantec-1 po- 
sition sensitive detector (XRD laboratory, iThemba LABS). This 
technique was predominantly used for the phase identification. 
Data were collected between 20  and 90  in 2h with 0.0027  step 
size using Cu Ka radiation. 

The technique of micro-PIXE in the mapping mode was used to 
determine the two-dimensional distribution of the platinum and 
molybdenum elements. Micro-PIXE was performed using a nuclear 
microprobe (NMP) at the iThemba LABS. A proton beam of 3.0 MeV 

and current of 100–200 pA was focused to a 3 3 lm spot and the 

total area scanned was 80 80 lm. Normalization of the results 

 
Fig. 3. Micro-PIXE map for PtL obtained by irradiation with 3 MeV protons; (i) 

region-A: Pt solid solution with  10–20 wt.% Mo, (ii) region-B: Mo solid solution 

(  20 wt.% Pt), (iii) region-C: PtMo phase (  55 wt.% Pt), and (iv) region-D: Pt2Mo3 

(  65 wt.% Pt). 

 

from the insulated specimen holder were performed using the inte- 
grated beam charge (digital signal). Experimental acquisition data 
were collected in a list-mode (event-by-event) using the XSYS data 
acquisition system and then processed using the GeoPIXE II. Ele- 
mental maps, which show patterns the distribution of the elements 
were generated off-line using the Dynamic Analysis method [7]. 

RBS measurements of 2 MeV alphas at the B-line of the Van de 
Graaf accelerator were performed with alpha beam size of 2 mm 
diameter and using approx. 50 nA of beam current. The total col- 
lected charge per radiation was 20 mC. The RBS data were evalu- 
ated using the software package RUMP [8]. 
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Fig. 4. Phase diagram for platinum-molybdenum binary system [4]. 

 
4. Results and discussion 

 
The SEM images in Fig. 1A–C revealed changes in the surface 

morphology caused by thermal annealing. It should be noted that 
the Mo substrate was not polished prior to Pt deposition. As a re- 
sult, the Pt coating morphology is similar to the Mo substrate mor- 
phology whereby the ridges formed during Mo substrate 
manufacturing (Fig. 1A) are also clearly visible in the deposited 
Pt layer (Fig. 1B). The surface roughness of the substrate material 

measured using a surface profilometer was approx. Ra = 0.2 lm, 
while the surface of the sample after the coating deposition was 

found to be smoother; between Ra = 0.15 lm and Ra = 0.2 lm. 
The surface roughness values represent the average of ten mea- 
surements taken in different coating areas and each measurement 
was taken over the length of 10 mm. The characteristic ‘‘lace mor- 
phology’’ was observed after annealing as shown in Fig. 1(C). The 
EDX results show that the Pt content varies across the coating from 
 10 wt.% to 56 wt.%. This indicates the presence of Mo-rich phase 
(Mo-solid solution) in region-1 and the Pt2Mo3 phase in region-2 
(‘‘lace features’’). The spot analysis was performed in ten different 
positions in each region. 

The presence of PtMo and Pt2Mo3 phases and Mo and Pt ele- 
ments was found using the X-ray diffraction technique (Fig. 2). 

The platinum l-PIXE map (Fig. 3) shows that the Pt content varies 
between 20 wt.% (regions-B) and above 90 wt.% (regions-A) indi- 
cating the Mo-solid and Pt-solid solutions, respectively. The re- 
gions between 55 wt.% and 65 wt.% Pt (regions-C, D) are areas 
where the PtMo or Pt2Mo3 phases were found. The two phases 
can co-exist since  they have close stoichiometry: PtMo  (62– 
67 wt.% Pt) and Pt2Mo3 (53–58 wt.% Pt). The compositional range 
for Pt2Mo3  (e9 -phase) and PtMo phase are shown in the Pt–Mo 
phase diagram, Fig. 4. 

The RBS spectrum simulation shows that the thickness of the 
as-deposited Pt layer was 1400.0 1015 at/cm2 (Fig. 5A). The RBS 
spectrum of the annealed Pl coating  shows  two  layers 
(1850.00 1015 at/cm2 and 7000.00 1015 at/cm2) with a total 
thickness of 8850.0 1015 at/cm3, Fig. 5B). The thickness of the 
as-deposited Pt layer obtained by the RBS spectrum simulation is 

 

consistent with the thickness measured by the quartz crystal dur- 
ing evaporation process. The results show a correlation between 
the thickness of Pt coating and thermal annealing. The coating 
thickness significantly increased after annealing due to diffusion 
of both elements. 

Using the chemical composition analysis, it was found that the 
Pt concentration in the first  layer  (near-surface)  was  38 at.% 
(55 wt.%), which correlates with the composition of the Pt2Mo3 

phase. This is consistent with the EDX analysis results obtained 
in the ‘‘lace regions’’ which appeared to be the top-surface re- 
gions. On the other hand, the Pt content in the second layer 
was 30 at.% which is lower than in the PtMo phase as found by 
the EDX. 

In summary, the XRD technique gives the information on phase 
formation, while the findings obtained by other analytical tech- 

niques (SEM/EDX, l-PIXE, RBS) provided an insight into the 
changes in the coating morphology, elemental composition, 2D 
distribution of Pt and Mo, and the coating thickness caused by 
thermal annealing. The differences obtained by these complemen- 
tary techniques come from different coating depths (volume of 
probed matter) due to application of different beams (X-rays, elec- 
trons, alphas and protons), their different energies (40 kV-XRD, 
20 keV-EDX, 2 MeV-RBS and  3 MeV-PIXE)  and  spot  sizes 

(1 mm 10 mm-XRD, 1 lm dia-EDX, 2 mm dia-RBS, 3 lm 3 lm 

with total area of 80 lm 80 lm-PIXE). It can therefore be said 
that the X-ray diffractometer is more suitable for larger probing 
volumes, while the other techniques are more suitable for smaller 
probing volumes, because they provide data on a microscopic 
scale. It is important to underline that the EDX and RBS techniques 
in particular, provide information about the stoichiometry of the 
top-surface regions because of their low penetration depths of 
electrons and alphas. The composition that corresponds to stoichi- 
ometry of the Pt2Mo3 phase indicates that this phase is associated 
with the morphology of ‘‘lace regions’’, since the same results were 
obtained using both techniques. The results obtained by all com- 
plementary techniques used in this study are of significant impor- 
tance from two perspectives. On one hand, they fulfill the scientific 
interest for understanding the sequence of phase formation in 
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Fig. 5. Comparison of RBS spectrums (2 MeV alphas) showing the changes caused by thermal annealing: (A) as-deposited coating and (B) annealed at 1050 C for 24 h. The Pt 

and Mo concentration profiles are indicated. 

coatings and on the other hand the results can be used to tailor the 
properties of coated systems, using a desirable phase or a mixture 
of phases, for different applications. 

 
 

5. Conclusions 

 
The complementary analytical techniques used to characterize 

the Pt–Mo coatings provided detailed structural material informa- 
tion from the immediate surface areas down to the different 

coating depths depending on the nature, the energy and the size 
of applied beams. Based on the combined analysis, it can be con- 
cluded that thermal annealing affected the coating morphology, re- 
sulted in formation of Mo- and Pt-solid solutions, PtMo and Pt2Mo3 

phases and increased coating thickness. 
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