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Abstract.  During crystal growth from solution inclusions of different compositions were 
trapped at the rim of a Pd2Ga single crystal.  Their fine-grained (< 5 µm) internal structure 
demands special requirements for electron microprobe analysis, realized by low-voltage 
(5 keV) element mapping applying a step size of 0.138 µm for each pixel.  It can be shown, 
that these inclusions represent an isolated chemical system, and that crystallisation upon 
cooling follows the expected thermodynamic phase relations.  Thus the final composition in 
the centre of the inclusion consists of a small-scale mixture of PdGa and Pd5Ga3 evolved out of 
a solid-solid decomposition of Pd5Ga4. 

1. Introduction 
Pd2Ga has a high potential to be utilized as a next generation catalytic material in the production 
process of polyethylene, where pure Pd or alloyed catalysts are presently in use [1].  In view of a 
polyethylene production of 50 megatons per year, it is quite a huge business in the chemical industry 
[2].  This makes it necessary to improve catalysts to increase the output, reduce production cost and 
save the environment [3]. 

The semi-hydrogenation of acetylene is a necessary step in removing minor amounts of acetylene 
from the ethylene feed during the production of polyethylene.  It is important to decrease the acetylene 
content from 1 % to a very low ppm range; otherwise it would deactivate the catalyst [1, 2].  Today, 
commercial catalysts show a high hydrogenation-activity but a limited selectivity to ethylene.  In 
recent years the intermetallic compound Pd2Ga (space group Pnma, Co2Si structure type [4]) has been 
explored as a highly selective heterogeneous hydrogenation catalyst.  Compared to currently used 
catalysts, the intermetallic compound shows an improved long-term stability as well as a high 
selectivity and activity.  These outstanding properties can be explained by covalent bonding 
interactions and the well-defined crystal structure with fixed sites of the catalytically active element Pd 
[1-3, 5], also known as active-site isolation concept [6]. 

Due to higher specific area these intermetallic compounds will finally be used as fine-grained 
powders or even nanoparticles.  To determine their intrinsic properties and basic processes of 
catalysis, however, it is necessary to investigate well-defined single crystals of cm3-size.  In order to 
grow such large single crystals the Czochralski method was used. 

According to the phase diagram (figure 1), the orthorhombic solid-solution (ss) phase Pd2Ga can be 
grown from a congruent melt or from Ga- or Pd-rich high-temperature solutions.  Due to the Ga 
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vapour pressure, crystallisation from Ga-rich solution at lower temperatures is preferable.  During 
post-growth cooling this could lead to precipitations of the orthorhombic solid-solution phase Pd5Ga3 
(space group Pbam, Ge3Rh5 structure type [7]), which makes it is necessary to check the crystal 
composition by electron probe microanalysis (EPMA). 
 
 

Figure 1.  Phase diagram of Ga-Pd [9] 
 
 

The challenge for EPMA investigations of these inclusions is their fine-grained mixture of different 
phases.  To increase X-ray resolution, beam voltage has to be reduced as low as possible and 
practicable.  Applying a low overvoltage ratio would further improve the spatial resolution of the 
analysis [8].  Using a LaB6 electron source the measurement presented here was restricted to the low 
beam voltage method at commonly used overvoltage ratios of 1.6 - 4.5.  In this paper a fully 
quantitative, high-resolution element mapping was carried out, working at the limits of a 
LaB6-equipped electron microprobe. 

2. Experimental 

2.1. Crystal growth 
The Czochralski method is one of the most famous and best studied methods for the production of 
large single crystals of different compositions.  The working principle is shown in figure 2: a well 
oriented seed (a) is dipped in the molten source material (c).  Due to marginal undercooling 
crystallisation starts on the thin neck of the seed.  Subsequently the seed, together with the attached 
grown crystal (b), is slowly pulled upward while the crystal is growing.  For a homogeneous mixture 
of the source material it is crucial to rotate the crystal in counter direction to the crucible during the 
whole experiment.  The diameter was controlled by adjusting the temperature, while the pulling rate 
was fixed to 0.15 mm/h.  The initial composition of the solution was Pd61.4Ga38.6. 
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Figure 2.  Working principle of the Czochralski method.  The arrows on top 
and bottom symbolize the counter rotation of crystal and crucible.  a) seed, 
fixed in a seed holder;  b) grown crystal;  c) molten source material; d) inert 
crucible; e) heating elements. 

 

2.2. Analytical procedure 
For EPMA analysis a thin slice was cut from the end of the single crystal (figure 3) and polished using 
diamond paste of decreasing grain size down to 0.25 µm to obtain a flat surface.  Carbon coating was 
unnecessary as the sample is naturally conductive.  The measurements were carried out on a Cameca 
SX-100 system, equipped with a LaB6 cathode.  An accelerating voltage (E0) of 5 keV at a current of 
20 nA was used.  These values were chosen based on the critical excitation voltage (Ec) of the 
respective elements: Pd L - 3.173 keV and Ga L - 1.117 keV.  To excite X-rays of an adequate 
amount a sufficient ionisation cross-section has to be reached, depending on the applied overvoltage 
ratio.  This could be calculated from eq. (1), where U is the overvoltage ratio (E0/Ec) [10].  At 5 keV 
UPdL = 1.58 and UGaL = 4.48 which gives practicable ionisation cross-sections for both elements of 
QEc²PdL = 2.30 (10-20 cm2keV2) and QEc²GaL = 2.65 (10-20 cm2keV1), respectively. 
 

QEc² = 7.9210-14 ln U  U-1      (1) 
 
 

 
 
 
 
 
 

Figure 3.  Pd2Ga solid-solution single crystal 
grown by the Czochralski method from Ga-rich 
solution.  The marked section represents the 
investigated slice of the crystal. 

 
 
Due to the small grain size and heterogeneous distribution of the two phases a quantitative element 
mapping is preferable in contrast to single point measurements.  Therefore, Pd and Ga were analysed 
simultaneously on two different wavelength-dispersive X-ray spectrometers (WDS).  The Pd L-line 
was measured on a LPET and the Ga L-line on a TAP crystal.  The mapping represents an area of 
30 µm x 30 µm, analysed by a grid of 230x230 pixels with a dwell time of 0.07 s for each pixel.  This 
gives a spatial resolution (pixel width) of 0.131 µm, which is in the range of the theoretical resolution 
for the expected composition of the sample (Table 1), calculated from eqs. (2) - (4).  For comparison it 
should be noted that only eq. (4) accommodates the beam diameter:  
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Reed 1975 [10]   d ൌ 0.231	ሺE଴
ଵ.ହ െ Eୡଵ.ହሻ ∙ ρିଵ   (2) 

 
Gauvin 2007 [11]   d ൌ k	ሺE଴

୬ െ Eୡ୬ሻ ∙ ρିଵ    (3) 
 

Merlet & Llovet 2012 [12]  d ൌ ට4	ሺ33	A	ሺE଴
ଵ.଻‐Eୡଵ.଻ሻ ∙ ሺρ	Zሻ‐ଵ‐Z୫ሻଶ ൅ d଴

ଶ (4) 

 
in which ρ denotes for the density of the investigated phase (ρPdGa = 9.97 gcm-3; 
ρPd5Ga3 = 10.73 gcm-3).  These values are X-ray densities, calculated on the basis of structure models.  
k and n in eq. (3) are variables that were calculated using the equations given in [11].  In eq. (4), A is 
the atomic weight [gmol-1], Z the atomic number, and d0 the beam diameter, that was assumed to be 
100 nm.  Zm is the depth at which the X-ray distribution curve exhibits its maximum.  Mapping was 
done using the beam scanning method (fixed stage, moving beam).  The background was measured on 
the right side (lower energy) of the peak, applying the same dwell time per pixel of 0.07 s as suggested 
by [13].  The conversion of raw counts to element concentrations was processed with the PAP matrix 
correction [14].  The influence of fluorescence would have only a minor impact on the analysis results 
and was, therefore, not investigated in detail.  Calibration was done on pure Pd and stoichiometric 
PdGa.  A peak overlap correction was not necessary. 
 
 
Table 1.  Calculated spatial X-ray resolution d (µm) for Pd and Ga in PdGa and Pd5Ga3, derived from 
different calculation procedures. 
 

  Reed 1975  Gauvin 2007*  Merlet & Llovet 2012 

  dPdGa dPd5Ga3  dPdGa dPd5Ga3  dPdGa dPd5Ga3 

Pd  0.128 0.119  0.065 0.061  0.162 0.155 

Ga  0.232 0.215  0.105 0.097  0.234 0.221 
* to compare these values with results from eqs. (2) and (4) a beam diameter of 100 nm has to be added 

 

2.3. Image processing 
Applying low voltage, current and counting times the peak to background ratio and the precision is 
decreasing, leading to noisy images.  A powerful mathematical approach to improve the image quality 
is the Kriging analysis [15], which was used for the post-measurement processing of the results 
presented here.  First developed for the classification of ore bodies [16] this method became a 
widespread application for analysing spatially distributed data. 

The computed variogram, representing the variance of pairs of variates in relation to their spatial 
distribution, was modelled applying the nugget effect to remove the noise and a Cauchy function to 
reduce measurement artefacts.  To smooth the image, a neighbourhood filter was used. 

3. Results 
Inclusions are observed at the rim of the (Pd2Ga)ss single crystal (figure 4).  The maximum diameter of 
individual inclusions is approximately 300 µm.  Most of them show a circular shape and an internal 
separation, consisting of a homogeneous outer part and a heterogeneous core, comprising a porphyric 
structure of larger crystals of (Pd5Ga3)ss in a fine grained mixture of (Pd5Ga3)ss and (PdGa)ss, 
respectively (figures 4 and 5).  The homogenous outer region consists of several areas with different 
backscattered electron (BSE) intensities (different grey levels) suggesting a heterogeneous 
composition.  Quantitative EPMA point analyses, however, indicate that these areas have the same 
composition, according to (Pd5Ga3)ss.  Thus, this effect could be explained by different crystal 
orientations (channelling effect) [17].  
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Figure 4.  Appearance of Ga-enriched mother liquid inclusions in the (Pd2Ga)ss single crystal.  Their 
internal structure consists of an outer shell of (Pd5Ga3)ss containing a core of (Pd5Ga3)ss and (PdGa)ss 
(visible in the BSE images).  The zoomed box on the right shows the mapped area. 

 
 
 
 
 
 

Figure 5.  Quantitative X-ray images of the fine grained mixture of (Pd5Ga3)ss and 
(PdGa)ss in the core of the inclusion.  Left: without Kriging analysis, showing a noisy, 
pixelated image.  Right: image after Kriging analysis applying a 5x5 neighbourhood 
filter.  Dark grey and light grey colours represent the systematic error of the 
measurement. 

 
 

The element mapping was conducted in the core of an inclusion, covering an area which comprises 
bigger Pd5Ga3 crystals as well as the fine grained matrix of (Pd5Ga3)ss and (PdGa)ss.  The brighter 
regions and crystals in figure 4 represent the Pd-rich phase (Pd5Ga3)ss and the darker sections are 
(PdGa)ss.  The larger crystals reach a size up to 35 µm in length and 9 µm width, whereas in other 
inclusions they could be even larger (up to 90 µm).  The irregular pattern of the two phases shows 
different grain sizes below 5 µm. 
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Figure 5 shows the lateral phase distribution which is in good agreement with the BSE image of 
figure 4.  Regarding the phase diagram in figure 1 the composition of (PdGa)ss is 50.5 at% Pd and for 
(Pd5Ga3)ss 61.5 at% Pd.  Taking a random error of 1 at% into account, these values widen up to 
49.5 - 51.5 at% Pd for PdGa and 60.5 - 62.5 at% Pd for Pd5Ga3, respectively.  Without Kriging 
analysis a large systematic error is observable resulting in a wide compositional range from 
30.0 - 76.0 at% Pd.  After applying the Kriging filter the range of composition is limited to 
47.0 - 65.5 at% Pd giving a more precise image.  The choice of a suitable neighbourhood filter was 
done empirically by evaluating the area covered from the two phases (figure 6).  Since this ratio is no 
longer changing at values higher than a 5x5 matrix, this filter was chosen as an optimum for the image 
in figure 5. 
 

 
 
 
 
 
 
 
 

Figure 6.  Impact of Kriging analysis on area 
coverage of (PdGa)ss and (Pd5Ga3)ss.  Neighbourhood 
filters regarding a matrix of > 5x5 pixels show no 
significant change anymore. 
 

4. Discussion 
The varying sizes of different inclusions and also the presence or absence of bigger (Pd5Ga3)ss crystals 
in the core could be explained by the cutting effect.  Presuming a truly spherical shape, the complete 
content is only visible if the inclusion was cut through the centre (representing the full radius), which 
depends on their statistical distribution within the single crystal. 

The best agreement between BSE and X-ray image could be observed in the central region of the 
mapped area (figure 5).  By applying the Kriging filter the separation of the two phases reveals details 
more clearly.  Based on this EPMA mapping, the internal evolution of these inclusions could be 
derived.  After having been trapped, the liquid inclusion (1) follows the complete crystallisation path, 
visible in the phase diagram of figure 7: the inclusion represents a closed chemical system.  While 
cooling down (12) (Pd2Ga)ss will form until the temperature reaches the peritectic point (2).  Due to 
the same composition and probably homo-epitaxial growth, this first rim could not be detected with 
EPMA.  At the peritectic temperature (Pd5Ga3)ss crystallizes according to the peritectic reaction and 
simultaneously separates the liquid from the first grown (Pd2Ga)ss crystal and preserves it from partial 
dissolution.  An on-going cooling along with the crystallisation of (Pd5Ga3)ss brings the system to the 
eutectic point (3), which leads to an abrupt consumption of the remaining melt by the formation of 
(Pd5Ga3)ss and (Pd5Ga4)ss crystals.  Obeying the lever rule more (Pd5Ga4)ss and less (Pd5Ga3)ss will be 
formed.  Reaching the eutectoid point at (4) the (Pd5Ga4)ss phase decomposes into (Pd5Ga3)ss and 
(PdGa)ss at subsolidus conditions.  Due to the relatively low temperatures the diffusivity of the 
elements during this solid-solid reaction is quite low and leads to the small-scale dissolution structures 
discussed above. 
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Figure 7.  Section of the Ga-Pd phase diagram in the range of 40- 76 at% Pd.  Continuous black lines 
show the crystallisation path of the inclusions during crystal growth while cooling down.  Dotted lines 
represent separation processes.  The single steps (14) of internal evolution of one single inclusion is 
shown on the right.  L – liquid. 
 
 

Inclusion formation is a quite common defect in solution growth and can be explained by an 
insufficient mixing of the solution during the growth process, namely of the rejected solvent adjacent 
to the growth interface.  The rotation of crystal and crucible together with a curved solid-liquid 
interface leads to the circular arrangement at the rim of the crystal.  To avoid this process, the pulling 
rate has to be lowered, which was successfully done in subsequent experiments. 

5. Conclusion 
A complete chemical characterisation of the inclusions was possible.  On the basis of these results the 
entire development of the inclusions could be deduced which is in good agreement with the phase 
diagram.  As a consequence, the crystal growth parameters could be optimized to avoid such 
inclusions in future. 

Further improvement of the X-ray resolution might be achieved by reducing the accelerating 
voltage and the current, which implies longer analysis time and the use of a field-emission (FE) 
electron-gun.  Due to a two-component system it would be possible to measure the Ga-content only 
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and conclude the total composition of the specimen from these values.  This would give the possibility 
to further decrease the accelerating voltage. 
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