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Introduction:  The largest moon around Neptune, 

Triton, is a unique celestial body that has a rarified 
atmosphere [1], active geysers as high as 8 km that 
leave plumes suspended in the atmosphere that can 
drift down wind for over 100 km [2], and could poten-
tially have tholins [3,4]. Limited fly-by observational 
data [5] of this captured Kuiper Belt Object shows 
evidence that nitrogen is the dominant constituent, 
potentially also existing on other outer Solar System 
bodies of interest such as Pluto. Many fundamental 
questions remain such as: 

(1) What processes cause Triton’s geysers?  
(2) Are the plumes on Triton caused by the solid-

state greenhouse effect? 
(3) What processes drive the cycle of volatiles 

between Triton’s surface and atmosphere? 

Numerical simulations required to address these 
questions as well as the development of future mis-
sion science packages and vehicles [6] require accu-
rate, reliable thermodynamic and mechanical property 
data of solid and gaseous nitrogen at relevant surface 
and atmospheric conditions.  

The surface of Triton is estimated to be at 1.6 Pa 
[1] and have a temperature range between 30-40 K 
[2,7]. This temperature range straddles the nitrogen α 
to β phase transformation temperature, 35.61 K [8]. A 
recent thorough and exhaustive review of the litera-
ture [9] revealed that mechanical property data on 
solid nitrogen (SN2) is extremely sparse, with only 
three known physical strength measurements reported 
in the literature [10–12]. What follows is the descrip-
tion of experimental hardware and test results of the 
most recent set of SN2 hardness measurements con-
ducted between 30 – 40K. 

Methods:  The instrumented hardness tester inter-
faces with a custom-built cryostat. The 0.48 x 0.57 x 
0.28 m stainless steel vacuum chamber is evacuated 
by a Leybold DB8 rotary vain vacuum pump in line 
with an Agilent Tv 81m turbomolecular pump. Cool-
ing is provided by a Cryomech PT405 pulse-tube cry-
ocooler with a copper thermal radiation shield sur-
rounding the test cell and cooled through the first 
stage of the cryocooler. 

The instrumented indentation system uses a com-
mercially available 45 kg screw-driven load frame. A 
custom microcontroller system provides vertical mo-
tion control via a stepper motor and force measure-
ment via an S-beam load-cell with appropriate signal 
amplification. The load cell is connected between the 

cross-head of the load frame and the vertical indenta-
tion shaft outside the cryostat. The shaft then passes 
through a double o-ring seal, into the upper part of the 
cylindrical specimen chamber. The upper specimen 
chamber bolts to a bus-bar where heat is transferred 
away to the cryopump. The lower specimen chamber 
comprises a cylindrical copper cup, also bolted by a 
flange to the bus-bar. Bolted connections were sealed 
via crushed indium gaskets. Inside the lower specimen 
chamber, a copper cross-bar is mounted to the end of 
the indenter shaft and the titanium indenter probe is 
threaded into the lower surface of the cross-bar. This 
permitted offsetting the indenter from centerline al-
lowing for multiple indents per sample without the 
need to heat to liquid then solidify between tests.  

Temperatures of the sample were measured and 
controlled by a Lakeshore 336, germanium resistance 
temperature detector (RTD) and heater attached to the 
outside of the lower specimen chamber. Accuracy of 
the sensor was ± 0.2 K, the majority of samples were 
taken within 0.2 K of their target temperature leaving 
control uncertainty of approximately 0.3 K. The in-
denter temperature was measured at the copper cross-
bar via a platinum RTD with an uncertainty of 0.25 K. 
Thermal equilibrium was achieved by bringing the 
indenter into contact with the specimen. After cooling 
the indenter in the sample, the crossbar temperature 
was measured at approximately 1.5 K above the sam-
ple temperature. Considering the temperature probe 
location, low thermal mass of indenter, and thermal 
dead-end nature of the specimen container, it can be 
presumed that any temperature difference between 
sample and indenter was much less than 1.5K during 
data collection. Once the probe had cooled (approxi-
mately 20 minutes), the indenter head was lifted and 
rotated to the desired position for testing. The appa-
ratus is shown schematically in Fig. 1. 

A flat punch indenter geometry was used because 
this made surface detection via analysis of the force 
vs. displacement data straightforward. Another benefit 
of the flat punch geometry is that a description of the 
projected area versus contact depth (area function) is 
not required for pressure analysis. Two indenter di-
ameters (2.25 and 2.77 mm) were used throughout the 
temperature range to stay within the load capacity of 
the load frame and provide maximum resolution of 
the corrected force result. 

 Due to drag from the O-ring seals, the indenter 
was calibrated at temperature with no sample. The 
calibration force data were subtracted in post-

1690.pdf51st Lunar and Planetary Science Conference (2020)



processing from the data collected from the speci-
mens. This process was verified by substituting 
springs of known spring constant for the sample and 
showed acceptable results. 

 
Figure 1: Schematic representation of 

insutrumented indentation tester and cryostat. The 
lower specimen chamber is shown in cross-section. 

Results: The behavior of the SN2 changed consid-
erably over the 10K range studied. Fig. 2 shows the 
pressure developed at the indenter surface versus dis-
placement for several temperatures. Zero diplacment 
corresponds to initial contact with the sample surface. 
Note that indentation testing in traditional engineering 
materials would never be conducted to such large 
displacements relative to indenter diameter, but can 
be included here for increased understanding of the 
material behavior. The curves show increasing pres-
sure with increasing indenter penetration. This may 
indicate some degree of strain hardening in the mate-
rial under confined compression conditions. At lower 
temperatures, a distinct reduction in pressure can be 
seen around 3.5 mm displacement into the sample. 

 
Figure 2: Pressure versus indenter penetration 

depth curves for various temperatures. 

Due to the pressure reduction, hardness values are 
calculated at the peak load before the drop. These 
ranged from 0.5 kg/mm2 to 2 kg/mm2. Trepp reported 
hardness between ~0.15 kg/mm2 and ~0.6 kg/mm2 in 
a similar range. Our results are somewhat harder due 
to several potential factors: 1) selection of peak load 
for hardness calculation, 2) stainless steel indenter 
and structure in the previous experiment, 3) voids or 
bubbles samples in previous experiments due to for-
mation method. 
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