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Abstract
Electrostatic levitation together with multi-beam 
laser heating and ultraviolet imaging made possible 
to handle a sample of liquid gold, without any 
contamination, and to determine its density over a 
large temperature range. Over the 1337-1800 K 
interval, the density of Au was measured as 
r(T) = 1.74 x 104 – 1.44 (T–T

m
) kg·m-3, where T

m
, the 

melting temperature, was 1337 K. These data yield a 
calculated volume expansion coefficient of
8.3x10-5 K-1. The values agree well with the
literature values.
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Introduction

Gold is believed to be synthesized by a rapid neutron-capture 
reaction during supernova explosions [1]. Some of the 
remnant gold of these stellar events is nowadays isotropically 
distributed in the Earth’s crust at the background level of 3 x 
10-3 ppm [2]. Due to its soft, shiny (reflects infrared radiation), 
yellow, malleability, ductility, and alloyable characteristics, it 
has been utilized widely in monetary standards, jewelry, 
spacecraft shieldings, and dentistry to name but a few [3]. 
Recent applications include the ubiquitous use of gold layers 
for contacts in micro-electronics and nanoparticles in medical 
and biological fields.

To better understand the metallurgical processes (refining, 
slag/metal kinetics, solidification, etc.) needed in alloy design 
[4], and to help describe the radial distribution function, 
density measurements of liquid gold have been undertaken 
for a long time. Although a noble metal, its ability to form 
many compounds [3] becomes a drawback when measuring 
the physical properties (e.g., surface tension, viscosity, 
density) of its liquid phase because of possible contamination. 
This is especially true when pulse heating, buoyancy, drop, or 
dilatometry techniques are used.

Originally developed by space agencies to counter residual 
accelerations acting on a sample during materials processing 
in space [5-7], electrostatic levitators and the associated non-
contact diagnostic techniques have found several spin-offs 
on the ground, in particular for physical property 
measurements and solidification studies. Besides the 
advantage of removing any physical contact between a 
sample and a support, they offer the combined attributes of 
processing millimeter-size objects, handling virtually 
convection-free molten materials for hours, in addition to 
excellent temperature homogeneity and wide view around 
the samples for diagnostics.

In this work, electrostatic levitation and laser heating 
circumvented the risk of sample contamination, allowing 
processing a gold sample under high vacuum, melting it, and 
measuring its density over a wide temperature range.

 
 
 
Figure 1 Experimental set-up
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was known, the density could be found for each 
temperature.

Results and discussion

Figure 2 shows a thermal profile for a Au sample exhibiting an 
average radiative cooling rate of nearly 90 K/s and the 
solidification plateau. The density measurements, taken over 
the 1337 to 1800 K temperature range, are shown in Figure 
3. The density of Au, like that of other pure metals, exhibited 
a linear behavior as a function of temperature and can be 
fitted as:

Experimental

Levitation furnace
For these experiments, specimens were prepared by arc 
melting Au wire (99.95% purity, Nilaco Corp., Japan) into 
spheroids with diameters of less than 2 mm. For processing, 
a sample was charged by thermionic emission and was 
levitated in a high vacuum environment (;10-5 Pa) using 
electrostatic forces between electrodes [5,6] via a feedback 
loop (Fig. 1)[7]. The sample was heated and melted using 
the focused radiation (10.6 µm) coming from three CO

2
 

laser beams (200 W). This configuration offered sample 
position stability and enhanced temperature homogeneity. 
The radiance temperature of the sample was measured 
using two automatic pyrometers (Chino Corp, Model IR-CS, 
operating at 0.90 µm and Model IR-AP, operating at 0.96 
µm) with respective acquisition rates of 10 and 120 Hz. 
Calibration to the true temperature was performed with 
Planck’s law using the known melting temperature of Au 
(1337.33 K)[8].

Density measurements
The density of Au was determined by imaging an ultraviolet 
backlit sample with a high-resolution charged coupled 
device camera equipped with a high-pass filter (380 nm)[6]. 
Once melted, the sample took a spherical shape due to 
surface tension and its images and temperature were 
simultaneously recorded. The shutters of all lasers were 
then closed allowing radiative cooling of the sample. After 
the experiment, the sample area was extracted from each 
digitized video images and matched to a temperature 
profile. These images were calibrated by levitating a sphere 
of precisely known diameter under identical conditions. 
Since the sample was axi-symmetric and because its mass 

Table1 
Comparison with Literature Values of the Density of Gold 

	 Density @T
m

	 Temperature Coeff.	 Temperature		   
	 (kg·m-3)	 (kg·m-3 K-1)	 (K)	 Reference	 Technique

	 17400	 -1.44	 1337-1800	 This work	 Electrostatic levitation

 	 17200	 -1.44	 1337-3820	 Kaschnitz et al. [9]	 Pulse heating

	 17310.5	 -1.343	 1337-1573	 Gomez et al. [10]	 Direct Buoyancy

	 17361	 -1.612	 1337-1573	  Gebhardt et al.[11]	 Indirect Buoyancy

	 17360	 -	 1337	 Vinet [12]	 Pendant drop

	 17400	 -	 1337	 Lucas [13]	 Direct Buoyancy

	 17400	 -	 1337	 McGonigal [14]	 Dilatometry

	 17200	 -1.27	 1337-1500	 Khilya et al. [15]	 Sessile drop

	 17280	 - 1.226	 1337-1573	 Gebhardt et al. [17]	 Indirect Buoyancy

	 17400	 -1.10	 1358-1779	 Brillo et al. [18]	 Electromagnetic  
					     levitation

	 -	 -1.2	 -	  Steinberg [19]	 Calculation

	 -	 -1.7	 -	  Steinberg [19]	 Calculation
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Figure 2 Typical temperature profile for a gold sample (dia.:ca. 1.35 

mm; mass: 21.12mg)
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would lead to different temperature coefficients.
In conclusions, the density of liquid Au was accurately 

measured with a high vacuum electrostatic levitation furnace 
over a large temperature range without any risk of 
contamination. The data show good agreement with the 
literature values [16] and therefore confirm the validity of the 
techniques used. Contrary to the other techniques used so 
far to study gold, electrostatic levitation has the capability to 
maintain a sample without any physical contact with container 
walls and without severe convection for long duration (> 1 
hour). More importantly, properties such as surface tension 
and viscosity, which are very sensitive to either contamination 
or convection, could be measured over wide temperature 
ranges. Improvement of the vacuum level would also allow 
the measurements in supercooled states. Such investigations 
have been initiated and the results will be reported later.
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Figure 3 Density of liquid gold as a function of temperature

	 r(T) = 1.74 x 104 – 1.44 (T – T
m
) (kg·m-3)	   (1) 

 
where T

m
 is the melting temperature (1337 K). In these 

experiments, the uncertainty was estimated to be less than 2 
% from the resolution of the video grabbing capability (640 X 
480 pixels) and from the uncertainty in mass measurement 
(± 0.0001 g). From these data, the volume expansion 
coefficient was calculated as 8.3 x 10-5 K-1. The values that 
appeared in the literature were listed in Table 1 for comparison. 
At the melting temperature, our density datum was, within 
respective experimental uncertainties, identical to all those 
reported in the literature [9-18]. Our temperature coefficient 
was also identical to that measured by Kaschnitz et al. using 
a pulsed heating technique [9]. It is however, 7.2 % higher 
than that reported by Gomez et al. [10] and 10.7 % smaller 
than that of Gebhardt et al. [11]. It is also higher than 13.4 % 
compared to the value of Khilya et al. [15,16], 17.1 % with 
that of Gebhardt et al. [17], and 30.1 % with that of Brillo et 
al. [18], Compared to the calculations obtained by Steinberg 
[19] using the data of both references [13] and [14], our 
coefficient is either 20 % higher or 15.3 % lower.

The discrepancies between our temperature coefficient 
and those reported elsewhere could be attributed to the 
difference in processing techniques. In this work, the samples 
were isolated from container walls and gases using a levitation 
method and radiative heating in high vacuum, and an imaging 
technique allowed density measurements over a large 
temperature interval. Therefore, possible sources of error 
could arise from the focusing of the sample, the digitization 
of the image, and the measurements of sample mass. Other 
authors [9,11,15-17] employed techniques (e.g., pendant 
drop, sessile drop, pulse heating) for which possible chemical 
reactions between the highly reactive molten metal and a 
support could have occurred. Material purity, gas solubility in 
the samples, and the level of vacuum could also explain the 
discrepancies [18]. In fact, surface contamination would 
certainly change the emissivity and the intrinsic emissivity 
variation with temperature of the liquid phase itself [20] 
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