
 PNNL-SA-26121 
 

 

Preliminary Test Methodology for 
Linear Reciprocating Ball-on-Flat 
In situ Friction and Wear Studies 
of Polymers in High Pressure 
Hydrogen 
December 2016 

Alvine Pitman   Brooks 
Duranty Roosendaal     Simmons 





PNNL-SA-26121 

 

 
 
 
 
 
 
 
 
 
 
 

Preliminary Test Methodology for 
Linear Reciprocating Ball-on-Flat In 
situ Friction and Wear Studies of 
Polymers in High Pressure 
Hydrogen 
 
 
 
 
 
Alvine Pitman   Brooks 
Duranty Roosendaal     Simmons 
 
 
 
 
 
December 2016 
 
 
 
Prepared for 
the U.S. Department of Energy 
under Contract DE-AC05-76RL01830 
 
 
 
 
 
 
 
Pacific Northwest National Laboratory 
Richland, Washington  99352 





 

iii 

Abstract 

 
This test methodology describes in situ testing of friction and wear (tribology) of polymers under high 
pressure hydrogen.  This methodology is based in part on the existing tribological standard ASTM G133 
“standard test method for linearly reciprocating ball-on-flat sliding wear”.  Friction and wear testing under 
a high-pressure hydrogen environment is critical for hydrogen fueling infrastructure components such as 
compressors, valves and other actuated devices.  Here we present test a methodology for in situ friction and 
wear studies of polymers under 28 MPa (4,000 psi) hydrogen in a linear reciprocating custom built 
apparatus.  Supporting data from in situ acrylonitrile-butadiene rubber (NBR, commercially Buna-N) tests 
in 28 MPa (4,000 psi) hydrogen are presented. 
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1.0 Disclaimers 

Disclaimer 1:  While this test methodology is based in part on an existing ASTM standard (G133), and 
presented in a format similar to the ASTM format, the Pacific Northwest National Laboratory is not in any 
way affiliated with ASTM, nor has this test methodology been sanctioned or approved in any way by 
ASTM. 

Disclaimer 2:  Before using the information presented in this test methodology, you must first evaluate the 
methodology and determine if it is suitable for your intended application.  You assume all risks and liability 
associated with such use.  Pacific Northwest National Laboratory makes NO WARRANTIES, including, 
but not limited to, any implied warranty or warranty of fitness for a particular purpose.  Pacific Northwest 
National Laboratory will not be held liable for any loss or damage arising from the use of the information 
presented herein, whether direct, indirect, special, incidental, or consequential. 

Warning:  Gaseous hydrogen is odorless, colorless and tasteless and thus undetectable by human senses.  
Hydrogen is highly flammable and burns with a nearly invisible blue flame and can form explosive mixtures 
in the presence of oxygen.  High pressures in excess of 7 MPa (1,000 psi) add additional explosion hazards 
that must be planned for in preparation for any testing.  Pacific Northwest National Laboratory will not be 
held liable for any loss or damage arising from the use of the information presented herein, whether direct, 
indirect, special, incidental, or consequential. 

 

2.0 Motivation and Background 

Hydrogen is under consideration as an alternative for use in zero-emission vehicles (ZEV).1, 2  However, as 
with any other new technology, hydrogen power presents multiple materials science challenges for 
infrastructure applications.2-4  Of primary concern is materials degradation in high pressure hydrogen 
environments1-61.  There is special concern for components exposed for long periods of time or exposed to 
cyclic pressures or temperatures.  This is known to be especially problematic for certain metals that when 
exposed to hydrogen degrade by forming hydrides and swelling, undergoing surface blistering, or material 
embrittlement.2, 23, 53, 62, 63   Non-metallics are not immune to hydrogen compatibility effects.  Piezoelectric 
ceramic materials, such as lead zirconate titanate (PZT), used in high-pressure hydrogen actuators undergo 
degradation under high-pressure hydrogen in the form of blistering or lead (Pb) migration.8, 19, 28, 64  
Elastomers used in O-rings and thermoplastics used in compressor valves and seals may also see significant 
high-pressure hydrogen exposure in hydrogen infrastructure applications.3, 34, 65   Other examples include 
structural polymers such as high-density polyethylene (HDPE) and nylon which are used as liners in high-
pressure pipelines43 and type IV hydrogen tanks42, 49, 66 and Delrin used in hoses. 

While there is an abundance of research into hydrogen effects on metals and even piezoelectrics, there is 
comparatively little information in the literature about the potentially damaging effects of hydrogen on 
polymers. 3-5, 11, 12, 16, 18, 27, 43, 56, 59-61, 65, 67-74  There have been some limited investigations on tensile properties 
of high-density polyethylene (HDPE)5 and the tribological properties of neat semi-crystalline 
polytetrafluoroethylene (PTFE)12, 72, 73 and PTFE composites68-71 in high pressure hydrogen.  However, 
additional studies are needed to fully understand the effects of hydrogen over a broader range of materials 
and pressures.  In particular, tribological studies with elastomers are lacking.  The process of hydrogen 
absorption in polymers is different from absorption in metals62 due to a lack of disassociation in the 
polymer.  As a result, the majority of effects are expected to be mechanical rather than chemical in nature 
as with metals or piezoelectrics.  Damaging effects may include bubble or void formation, surface 
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blistering, dilation, changes in modulus and strength, and other changes associated with the absorption of a 
relatively high amount of hydrogen.5 Additionally, since the saturation hydrogen concentration in polymers 
is proportional to the exterior pressure it is thus expected that the damaging effects are more serious at 
higher pressures.42, 49, 66    

3.0 Scope 

This test method covers laboratory procedures for determining the in situ coefficient of friction and wear 
rates in a high-pressure hydrogen environment of polymeric materials using a ball-on-flat reciprocating 
geometry similar to ASTM G133.  This method should also be applicable for ceramics and metals with 
some modifications to account for ball wear, and for non-linear tests, but it has not been validated for these 
material classes or tests yet.  Supporting data from in situ NBR tests in 28 MPa (4,000 psi) hydrogen are 
presented. 

4.0 References and Standards 

ASTM G133 – Standard Test Method for Linearly Reciprocating Ball-on-Flat Sliding Wear 

ISO 6601 – Plastics – Friction and Wear by Sliding – Identification of Test Parameters 

SAE J2579 – Standard for Fuel Systems in Fuel Cell and other Hydrogen Vehicles 

SAE J2601 – Fueling Protocols for Light Duty Gaseous Hydrogen Service Vehicles 

GTR – Global Technical Regulation 

ISO 11114-2 – Gas cylinders – compatibility of cylinder and valve materials with gas contents – Part 2:  
Non-metallic materials 

SAND2012-7321 - Sandia Technical Reference for Hydrogen Compatibility of Materials:  Section 8100 

CSA/ANSI CHMC 1-2014 – Test Methods for Evaluating Material Compatibility in Compressed Hydrogen 
Applications – Metals 

 

5.0 New Terminology 

Swelling – either in situ or ex situ expansion of the test material due to absorption of the test gas.  This may 
be due to chemical reactions (hydride formation) of fillers within the material, or due to unbalanced forces 
from absorbed gases during or after decompression. 

Saturation time – the point at which the test material will no longer absorb additional gas.  This is 
determined by the diffusion rate and saturation concentration of the particular gas in the material at a given 
temperature and pressure. 

Explosive Decompression – refers to rapid release of the gas pressure from the test vessel relative to the 
diffusion rate of the gas in the material.  This can lead to surface blistering and other damage. 
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Blistering – damage to the surface of a test sample in the form of localized bubbles that can be intact or 
ruptured and typically caused by unbalanced pressure of trapped gas within the sample during rapid 
decompression. 

Viscoelasticity – describes the time dependent response of polymers to local deformation through a 
combination of viscous flow and elastic response.    

Hardness – is the resistance of the polymer to localized deformation.  Since polymers can be viscoelastic, 
this property can be time dependent.   

Adhesive wear – describes the transfer of material from one surface to the other due to direct contact and 
plastic deformation.  The applied load breaks bonds and can permanently transfer materials from one 
surface to the other.75  

Abrasive wear – describes the wear of the softer material due to hard protuberances or particles on the 
harder surface.  This can occur as cutting which results in material loss or ploughing in which material is 
pushed out of the wear track and not removed from the surface. 75   

Transfer Film – in adhesive wear between a hard and soft material, a film of the softer material can build 
up on the harder surface.  Typically, this is the buildup of a thin polymer film on a metal surface.  The 
presence of this film can then modify the friction and subsequent wear behavior. 

Stick-slip – described as a situation where the surfaces moving across each other alternate between sticking 
and sliding.  This can result in oscillations in the coefficient of friction.   

  

6.0 Summary of Test Method 

This test method describes the in situ measurement of friction and wear of polymer samples under a high 
pressure hydrogen environment.  The system is configured for linear reciprocating motion of a steel ball 
across the polymer sample in a sliding or rubbing motion under established parameters.  During the motion, 
a normal load is applied to the stationary metal ball by a series of weights.  Frictional force and wear depth 
are measured in situ as the test progresses. 

The following parameters can be varied for each test:  velocity, normal load, and wear track length.  The 
system is set up to rapidly accelerate at the turn around points of the wear track.   

For the tests, the entire test apparatus is placed in a high pressure autoclave and pressurized to the desired 
pressure with the test gas of choice.  The particular system used for these tests can only be charged to a 
maximum 34 MPa (5,000 psi) with high purity hydrogen or inert gas, but the in situ tribometer apparatus 
should be usable to much higher pressures such as 103-138 MPa (15-20,000 psi).  Electrical feedthroughs 
in the autoclave lid provide power and electrical connections for the electronics package.  The device is 
computer controlled via a system located external to the autoclave. 
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7.0 Significance and Use 

This test is designed to mimic dynamic sliding friction under a high pressure hydrogen environment as 
might be experienced by a polymeric sliding seal in a compressor piston or mechanical valve with an o-
ring seal.  While the pressures reported here are only 28 MPa (4,000 psi), the test methodology should be 
applicable to pressures as high as 103-138 MPa (15-20,000 psi), as long as care is taken for potential 
swelling of the polymers with regards to sample mounting.  Lower pressure measurements and 
comparison inert gas tests are also applicable. 

   

8.0 Test Gap Identification 

This methodology should be considered preliminary as it is lacking the following additional tests which 
are planned in future years of research. 

1. Full mapping of the dependence of velocity, and loading.  These tests are important as the 
combination of velocity and loading influence both the heating and local deformation of the 
polymer.  Polymer wear is known to be highly dependent on velocity and loading.75 

2. Full mapping of wear time.  Since the friction and wear are dependent on the development of a 
transfer layer and heating of the sample, it is important to measure the friction and wear at 
multiple different numbers of cycling to look for trends.  This will be dependent on loading, 
velocity, environment, and material. 

3. Testing of multiple thermoplastics and elastomers.  There is considerable variation between 
similar polymers and even what is nominally the same polymer from different vendors.  This is 

Figure 1.  (A) Schematic of the in situ tribometer to measure friction and wear in a high pressure 
hydrogen environment. 
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influenced by processing conditions, additives, cross-linking, and thermal history.  It is important 
to look at same species and cross-species variation to achieve a full understanding of the impacts 
of hydrogen on polymer friction and wear. 

4. Complete cross-referenced calibration standards across multiple environments.  A good 
calibration standard is important to cross check between different systems.  An ideal case would 
be to use a minimum of three different materials with coefficients of friction and wear behavior 
that span most polymers.   

5. Complete environmental cross comparison as a function of gases (hydrogen, helium, argon, 
nitrogen), and humidity. This is important to establish the roles of humidity, pressure, and gas 
species on friction and wear.   

6. Thermally controlled measurements between -40 and +85 °C to fully simulate the hydrogen 
refueling environment.  Polymers in a hydrogen infrastructure role may experience temperatures 
in this range.  Temperatures strongly influence polymer mechanical behavior, expansion, and 
wear.75   

7. Full mapping of the effect of hydrogen pressure from ambient to 34 MPa (5,000 psi) and higher 
pressures up to 103 MPa (15,000 psi).  While it is unlikely there are many abrupt transitions as a 
function of temperature, the solubility of hydrogen is expected to increase proportionally with 
increasing pressure.  This means that effects will likely become more prominent with increasing 
pressure.  

8. Effects of pressure cycling.  Pressure cycling is likely to be present for most, if not all hydrogen 
infrastructure applications of polymers.  Further, rapid pressurization may induce compression 
damage through plastic deformation and may also induce damage through explosive 
decompression and the subsequent formation of surface or subsurface blistering or damage.  This 
damage is likely to strongly influence friction and wear behavior.  

9. Comparison tests on sample thickness.   The pin will locally compress and deform the polymer 
as it moves.  Dependent on the thickness, this deformation can potentially be influenced by the 
lower sample mounting plate.  We are trying to mitigate this effect by making the sample 
thickness at least one ball radius thick, but empirical testing should be completed to investigate 
this effect as it would be an issue in real world applications. 

10. Lateral compression may play a role.  As with thickness, the potential lateral compression of the 
sample as would be the case with an o-ring may be of importance.  Shear stresses may play a role.   
More experimentation and a sensitivity analysis needs to be done on sample mounting to ensure 
that potential impacts from this are fully understood.                                                                       

9.0 Apparatus 

9.1 General Design and Use 
Figure 1A shows the general schematic of the in situ tribometer and Figure 1B shows the actual device 
outside of the high pressure hydrogen autoclave.  Figure 2 shows the pin and sample geometry in greater 
detail.  The system works by pressing a ball (See Figure 2A, B) normally into the sample which moves in 
a linear reciprocating fashion.  The loading on the ball is applied through a series of dead weights set on 
top of the ball carriage system which is free to move in the vertical direction while a computer controlled 
stepper motor drive provides the horizontal linear motion of the sample stage.  The motor drive is coupled 
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to the sample stage by means of a capacitive load cell which measures the horizontal force on the stage 
induced by the friction of the ball on the sample.  Wear depth of the ball into the sample is measured in the 
vertical direction by means of a linear position sensor mounted on the ball carriage.  Custom software 
controls the stepper motor and subsequently the linear reciprocating motion of the sample stage to achieve 
nearly constant velocity over 95% of the travel in both directions.   

      

After sample loading, the entire apparatus is lowered into the high pressure hydrogen autoclave and sealed, 
where the design of the system ensures that the apparatus is level inside the sealed autoclave.  Sealing is 
accomplished by a Teflon wrapped steel lens ring between the vessel and the vessel lid.  Electrical contact 
and power to the apparatus is provided by means of electrical feedthroughs into the system.  The system is 
then flushed with high purity argon gas to displace atmospheric O2 present down to < 1ppm levels.  The 
argon is then flushed with low (<3 MPa, 500 psi) gas of choice (hydrogen or argon) and then pressurized 
to the set pressure (up to 34 MPa, 5,000 psi) over a 15 minute period at approximately 2 MPa/min (300 
psi/min).  The system is then left to equilibrate for a 12 hour period to ensure gas saturation in the sample, 
temperature equilibrium, and to settle mechanically.   

Tests are run under the following conditions:  1) high pressure hydrogen up to 34 MPa (5,000 psi), 2) high 
pressure argon, 3) ambient air conditions.  These different environments allow for cross-comparisons to 
identify which environmental factors are most impactful.  Such factors include influence of gas species, 
pressure, and humidity.  As noted above, additional testing is required, for a complete understanding. 

9.2 Critical Design Features 
There are several critical design features to address for high pressure hydrogen testing, the first is materials 
compatibility.  One must avoid use of materials or components that are known to be affected by hydrogen 
or by high pressure.  This means avoiding components with seals that can be crushed or that can trap 
diffused gas.  Additionally, one must avoid materials capable of hydriding in the presence of hydrogen gas 
such as neodymium (Nd).  For example, one should avoid Nd based motors even though the power ratings 
are much higher than for ferrous-based motors.  The Nd magnets in the motors are known to hydride and 
swell, rendering the motor unusable in short order in a high-pressure hydrogen environment.  For safety 
reasons, one should also avoid known spark sources such as brushed motors.  Additionally, one should 
avoid materials that may off-gas large amounts of oxygen. 

Figure 2.  (A) Schematic of sample moving against the static steel ball where N is the normal 
force exerted by the load and F is the frictional load. (B) Photograph of the static steel ball
(1) held by the holder (3) and elastomeric sample.  (C) Image of the key-hole mount (4) 
that secures the sample (2) and the high-precision rail on which the ball-holder moves (5).
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9.3 Critical Testing Criteria 
There are multiple factors that may influence differences in friction and wear for samples in high pressure 
hydrogen as compared to ambient air or other environments.  These are: 1) pressure, 2) humidity, and 3) 
gas species.  Each of these factors may influence the friction and wear factor in hydrogen as compared to 
ambient air results.  To this end, it is important to carry out enough tests so that one can distinguish the 
different factors.  This means that one must complete comparison tests between high-pressure hydrogen 
and an inert gas like argon at the same pressures, as well as tests of different humidity.  Humidity is known 
to strongly impact tribology in some elastomers and hydrogen systems are typically extremely dry systems. 

                                   

9.4 Specifics of the Apparatus 
Figure 3A shows the apparatus and the high-pressure autoclave.  The in situ tester (α) fits within the high-
pressure vessel (β), and is controlled remotely through electrical feed-throughs (γ).  The in situ device is 
shown in close-up from two different viewpoints in Figure 3B and C.  The functional parts of the apparatus 
are as follows.  The side view of the tribometer contained in Figure 3B shows the stepper motor (B.1) 
attached to a drive chain that moves the sample stage (B.6) and secured sample (B.5), the copper dead 
weight that exerts a normal force on the sample (B.2), and the static ball holder (B.4).  The capacitive load 
cell (B.7) coupled with the sample sled collects the frictional load data while a linear variable differential 
transformer (LVDT) (B.3) is attached to the static ball holder that collects real-time measurements on the 
relative depth of the ball into the polymer surface.  The sample stage and static ball holder both move on 
lubricated high precision rails to minimize hitching that might contribute to the measured frictional load. 
These rails can be seen in Figure 2C and also in Figure 2C which also contains an end view of the lead 
screw that drives the sample sled and the hard stop preventing the sample sled from leaving the lead screw 
(2C.8). 

9.5 Calibration 
Calibration is critical to achieving meaningful and reproducible results.  For these tests, a calibration must 
be run for each gas at each pressure of interest.  Both the load cell and the LVDT require calibration.   

Load cell:  The load cell used in this system is a miniature capacitive load cell that is unsealed to the local 
environment.  It is critical that the cell is unsealed as the pressures reached in these tests could potentially 
crush a seal or if gas were to diffuse into it, cause it to rupture upon depressurization.  Due to the 

Figure 3.  (A) System image containing tribometer and autoclave.  (B) Side view of the 
tribometer instrument.  (C)  End view of the tribometer. 
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capacitive nature of the load cell, the measured load is related to the permittivity of the gas at pressure and 
the separation of the plates of the capacitor.  Thus, one should expect that the load calibration is 
dependent on both the gas species and on the pressure.  

LVDT: The vertical position sensor is a miniature linear voltage differential transformer (LVDT) which is 
similar in design to a solenoid where small changes in the displacement of the center pole results in 
changes in voltage which are converted to measured displacement.  We are using an unsealed design 
compatible for use in high pressures. 

The LVDT and load cell are calibrated simultaneously at a given pressure and gas species by using a 
wedge-shaped steel sample and a rolling ball as seen in Figure 4 rather than the static ball used for testing.  
Only the load in the pin holder is used in the calibration with no additional weights.  A rolling ball is used 
to minimize wear of the calibration wedge.  As the ball rolls in a reciprocating fashion over the wedge it 

measures the profile of the wedge such as in 

  
Figure 6, which can then be compared to measurements at ambient conditions to calibrate the LVDT.  
Simultaneously the frictional drag on the sled is measured with the load cell and can also be calibrated by 
comparison to the identical test at ambient conditions as in Figure 5.  In this manner, the calibration can be 
used at each pressure and for each gas species to ensure that influences on the measurement are accounted 
for.   
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Figure 4.  (A) Schematic of the setup for calibration of the tribometer load cell and LVDT. (B) Image of 
calibration rolling ball on wedge. 

 

Two assumptions that were made for these calibration tests are that for rolling friction of steel on steel at 
relatively low velocity and on smooth surfaces that the frictional force should not be dependent on the 
environment that the tester is exposed to. Likewise, since the number of cycles used for calibration are low 
(< 20) and the speed relatively low, there should be minimal wear.  Thus, the change in height of the ball 
should also not be dependent on the environment.  Based on these reasonable assumptions we can then use 
these identical measurement sets to extract the proportional multiplier for the load cell as a function of gas 
species and pressure, as well as for any corrections to the LVDT.  Potential deviations from the ideal 
behavior expected from our assumptions may include velocity, pressure, and gas species dependence to 
displace gas as the sample sled moves back and forth.  This would present as “air” resistance or drag and 
should be proportional to the velocity and to the gas density.  Since argon has approximately 20 times the 
density of hydrogen, this effect will be more noticeable in argon and may account for the spikes in the load 
at the turn around points of the sled.  Further testing as a function of velocity is needed to determine at what 
point this becomes an issue (if at all). 

 

 

Figure 5. Calibration data for different environments.  In experiments to date, the differences have been 
less than 2.5% which is within the uncertainty of the position data.    
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Figure 6.  Calibration data for the load cell for different environments.  The mean of the data is then used 

to extract the linear normalization parameter by comparison with the air data for correction. 
 

10.0 Procedure 

10.1 Sample Preparation Guidelines 
Samples ideally should be cut or machined from sheet or gasket material at least 1/8th inch in thickness.  
This makes the samples at least one full radius of the static ball in thickness and typically at least five times 
the maximum penetration depth of the ball.  This minimum thickness was chosen to mitigate potential 
thickness dependent results.  The backing plate upon which the sample rests should be smooth and free of 
any holes or ridges that could impact the measurement.   

Prior to sample use, the samples should be washed with detergent and water to remove any residual oils or 
talc.  The presence of these surface treatments can significantly impact the test by increasing scatter in the 
data at short times.  Samples should then be dried at elevated temperatures appropriate to the working 
temperature of the material, taking care not to exceed approximately 85% of the working temperature to 
not damage the material.  This drives off excess water that may have accumulated during washing for 
hydroscopic samples.  After drying, the samples should then be stored in a controlled humidity environment 
prior to actual testing.  This protocol should be evaluated for different materials in regards to their 
interaction with water and thermal stability. 

It is also critical to ensure that for all comparison tests that the samples are all from the same vendor batch, 
since batch to batch variations may significantly influence the testing results.  Additionally, samples should 
all be prepared with the same orientation to reduce the influence of surface variations resulting from 
processing on testing.  This is likely more important in semicrystalline material, but the same protocol 
should still be adopted for all materials as there may be directional effects from additives as well.  

Samples are loaded into a custom made key-hole mounting bracket shown as B.5 and C.5 in Figure 3 with 
a smooth lower plate.  The top key-hole plate offers a large surface area to grip the sample with an opening 
for the ball to move freely on the surface of the sample.  Previous trials were attempted with only corner 
mounting of the sample but proved ineffective to hold the sample flat and led to significantly more variation 
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in sample-to-sample results.  Using this mounting method, sample-to-sample variation was approximately 
7% under ambient conditions in both the in situ tester and with a linear reciprocating commercial tester. 

10.2 Testing in Ambient Air 
Experiments are performed in ambient air conditions to provide a basis of comparison for measurements 
performed in high pressure hydrogen and high pressure argon.  This is meant to mimic standard tests that 
may be done on samples for wear.  Tests are also performed with the in situ tester inside the autoclave to 
closely represent the same conditions experienced during the high pressure runs. Representative 
temperature and relative humidity measurements of the ambient environment inside the autoclave range 
from 21-24 °C and 35 - 46% respectively.  Once the tribometer is prepared, the stepper motor is run for 120 
linear reciprocating cycles of the sample sled which takes approximately 60 minutes during which frictional 
load data is recorded.  After the wear tests are complete, the samples are unloaded and then the wear track 
is imaged using a Keyence VHX-1000 microscope to qualitatively assess wear damage and measure track 
depth.  This ex situ post mortem is carried out for all pressures and gas species.   

10.3 Testing in High Pressure Hydrogen 
The in situ hydrogen experiments are performed at 28 MPa (4,000 psi) inside a 15.5 L autoclave pictured 
in Fig. 2A. The tribometer is prepared for the experiments by mounting the samples and dead weights in 
the same manner as the ambient air tests.  Once power and data electrical connections are made, the 
tribometer is lowered into the autoclave.  The cylindrical form factor and size of the in situ tester ensures 
proper vertical alignment of the load column to within 2 degrees.  The autoclave cover containing all the 
electrical feedthroughs is then lowered onto a lens ring wrapped in Teflon tape and bolted onto the autoclave 
body.  The bolts are torqued to 285 Nm to ensure a proper seal and prevent hydrogen leakage.  0.5 MPa (80 
psi) argon is then flowed through the autoclave to displace any oxygen that may still be present.  Once 
argon has flowed for approximately one hour, the autoclave is then pressurized with hydrogen containing 
0.5 ppm O2 and H2O in roughly 1.4 MPa (200 psi) steps to a final pressure of 28 MPa (4,000 psi).  During 
the pressurization process an O2 sensor is used to monitor the amount of O2 present in the hydrogen flowing 
into the autoclave.  The sample is soaked in hydrogen for eight hours to ensure complete saturation of the 
sample.  Based on calculations using the literature values of the hydrogen diffusion rate in NBR, this should 
occur after approximately 2 hours for a sample thickness of 22 mm.  The high-pressure hydrogen 
experiment is then carried out in the same fashion as the ambient air experiments. After the experiment is 
complete, the autoclave is slowly depressurized at approximately 0.34 MPa/s (50 psi/s) and the tribometer 
is then removed.  The samples are then unloaded and analyzed for wear damage. 

10.4 Testing in High Pressure Argon 
The in situ argon experiments are performed at 24 MPa (3,500 psi) under nearly identical conditions to the 
high-pressure hydrogen tests.  The slightly lower pressure is used due to much larger increase in temperature 
upon initial pressurization and subsequent drop in pressure upon cooling to room temperature. As in 
hydrogen testing, 0.55 MPa (80 psi) argon is then flowed through the autoclave to displace any oxygen that 
may still be present and confirmed to levels less than 10 ppm after approximately one hour.  Once the 
required oxygen levels have been reached, the autoclave is then pressurized with high pressure argon 
containing 0.5 ppm O2 and H2O in roughly 7 MPa (1,000 psi) steps to a final pressure of 28 MPa (4,000 
psi).  After cooling, the pressure drops to about 24 MPa (3,500 psi). The sample is soaked in the argon for 
at least 12 hours to ensure complete saturation of the sample with argon. After the experiment is complete, 
the autoclave is slowly depressurized at approximately 0.34 MPa/s (50 psi/s) and the tribometer is then 
removed.  The samples are then unloaded and analyzed for wear damage. 
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11.0 Measurement and Analysis 

The frictional force between the sample and the ball during the linear reciprocating motion is measured by 
the horizontal load cell and represents the force required to move the sample at the constant prescribed 
velocity.  This frictional force, F, is related to the normal force, FN, exerted by the ball and the set loading, 
by the coefficient of friction, μ, via the relationship in Eq. (1).75  Figure 7 shows representative frictional 
load data for a single cycle consisting of a forward motion of the sample sled where F is arbitrarily denoted 
as negative and the reverse motion where F is denoted positive.  Note that the load cell is tared or set to 
zero before each measurement set to discard any offset which does not provide meaningful information in 
this test.  All analysis will be based on peak to peak amplitude of the load.  Due to the nature of the linear-
reciprocating mode, the peaks in F at the beginning of each motion of the sample sled measurements of the 
static friction load, Fs, or the force required to move the sample sled from a complete stop.  The plateau 
regions immediately after the Fs peaks contain information about Fk, the coefficient of kinetic (or dynamic) 
friction, which describes the frictional force between two moving surfaces.  
 

μ
F
F

 

Equation 1.  Relationship between the frictional force F, normal force FN and the coefficient of friction μ. 
 
As noted above, at this point we are basing the analysis only on a peak to peak analysis of the static friction.  
At a later date, we will refine the analysis to separate the effects on both the static and dynamic coefficients 
of friction.  However, for the elastomers tested to date, the difference between the two appears to be a 
secondary effect.  This is not expected to be the case for some thermoplastics like PTFE where the dynamic 
friction can be higher than the static friction. 

Direct comparison of the load cell data between high-pressure hydrogen and ambient air illustrates some 
important aspects. The results of several ambient and high pressure (28 MPa, 4,000 psi) experiments are 
shown in Figure 8 which also compare the coefficient of static friction for NBR samples.  In Fig. 8A, the 
characteristic frictional load curves for a single cycle in ambient air (black data) is overlaid with the 
frictional load curve obtained in hydrogen (blue data).  In these data, the amplitude of the cycle in hydrogen 
is 29.8% greater than the amplitude of the ambient air cycle.  

This increase in frictional load indicates that more force is required to slide the ball across the sample in 
high pressure hydrogen than in air.  The data presented in Fig. 8B show the coefficients of static friction 
for a series of ambient air tests (black data) and 28 MPa (4,000 psi) high pressure hydrogen tests (blue data) 
that were calculated by halving the measured amplitude in frictional load for each cycle resulting in that 
cycle’s average coefficient of static friction.  All data sets represent 120 linear cycles.  The data plotted in 
Fig. 8B indicates that the coefficient of static friction is higher in the 28 MPa (4,000 psi) hydrogen than in 
ambient air for the majority of the experiment.  The mean μs values for the samples tested in hydrogen after 
80 cycles was 1.46+/-0.22 while the air-tested mean μs values were 1.15+/-0.003. 

Interestingly, there is also significantly more variation in the measured coefficient of friction in the 
hydrogen case than in either ambient air or in high pressure argon.  The root cause for this observed behavior 
is still under investigation.  Similar tests in high pressure argon shown in the appendix exhibit variation on 
the order of the ambient air results.  Repeated calibration runs in high pressure hydrogen did not exhibit 
this high variance behavior indicating that it is likely not due to issues with motion of the sample sled in 
the hydrogen environment.  One potential explanation of the variation is that chemical fillers in the NBR 
material are hydriding in the prescence of hydrogen and influencing the local mechanical properties of the 
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surface.  Since the fillers are not necessarily evenly distributed throughout the sample, this could lead to 
larger variations in measured friction factors. 

 

Figure 7. Characteristic frictional load curve for a single forward and reverse cycle of the sample stage 
overlayed with a schematic describing the forward (magenta), reverse (green) and transitional (yellow-

green) areas of motion. 
 

       

Figure 8.  (A)  Characteristic single cycle frictional force curve obtained for Buna N (NBR) in ambient air 
(black) overlayed with a characteristic single cycle frictional load curve obtained in hydrogen (blue).  (B)  
Coefficients of static friction obtained in ambient air (black) and hydrogen (blue) for the same NBR sample. 

11.1 In Situ Depth Measurements 
In addition to coefficient of friction measurements, one typically measures the wear of the material.  Our 
system has been set up to measure the differential depth of the ball into the polymer sample as a function 
of the cycling.  Since it is possible that material is in some cases merely displaced by the motion of the ball 
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rather than physically eroded, this may not be a strict one-to-one correlation with ex situ wear depth 
measurements.  Typically for polymers, one defines a wear factor, K as follows in Eq. 2. 

	x	 	x	 	X	  

Equation 2. Wear depth in terms of: wear factor, K; normal pressure, P; velocity, V; and time, T. 
 
Where X is the wear depth, K is the wear factor, P is the normal pressure, V is the velocity, and T is the 
time.75 We then can define K* as follows in Eq. 3. 

∗
	x	 	x	

 

Equation 3. Surface damage and wear factor, K* 
 
The superscript * is used here to denote that some of the change in depth may be due to material 
displacement rather than removal of material, so we will more generally refer to K* as a surface damage 
and wear factor (SDWF) rather than strictly a wear factor (WF).  We can then make ex situ comparisons 
and correlations with wear factors measured with optical profilometry.  The wear factor is known to be 
highly dependent on P and V for polymers.75  For a given environment though, the SDWF should be a 
constant. 

11.2 In Situ Pressurization and Depressurization LVDT Measurements 
During preparation of samples for wear testing, one can also monitor the load cell and LVDT during 
pressurization and depressurization which can measure changes in the sample dimension and can also be 
used as a check that the load cell is responding normally.  As can be seen in Figure 9, the load decreases by 
approximately 9 N and then recovers by the same amount upon depressurization as expected.  The LVDT 
shows that on average the sample thickness decreases by approximately 0.08 mm upon pressurization.  This 
compression of the sample is not unexpected due to the pressure of the hydrogen gas.  Upon decompression, 
the sample thickness (initially 3.175 mm) increases by approximately 1 mm.  This slight over-recovery is 
due to trapped gas within the sample and in fact is readily visible as swelling upon removal of the sample.  
For comparison, the decrease in sample height for high pressure argon is similar, but the expansion is 
approximately 2 mm. 

 

Figure 9.  (LEFT) pressurization curves for the load cell and LVDT (depth).  (RIGHT) similar curves for 
depressurization. 
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11.3 Ex Situ Hardness Testing and Swelling Measurements 
In addition to in situ friction and wear measurement, one can also readily measure ex situ post measurement 
swelling and changes in hardness.  While this can be done with the sample used for friction and wear 
measurements, it is preferable to use a separate sample that is not subject to any compression due to 
mounting.  Swelling is measured by comparing dimensions before and after exposure to hydrogen gas and 
can be expressed as a percentage for a given pressure, temperature, and gas species.  Note that since swelling 
is primarily due to trapped gas in the polymer, it will be heavily time dependent and most polymers will 
recover as gas diffuses out of the sample.  In a similar manner, hardness can be measured before and after 
testing on a representative sample.  Here again, the effect should recover with time as gas diffuses out of 
the sample.  In the case of hydrogen, some of the hydrogen absorption is due to the formation of hydrides 
and may not recover at room temperature.  It is important to measure both hardness and swelling as a 
function of time after exposure to form a better understanding of these effects. 
 

11.4 Ex Situ Wear Track Analysis 
Once the in situ experiments are complete, the samples are imaged with an optical microscope to investigate 
the wear track and to quantify depth and damage in the different environments.  These images also provide 
a qualitative method for comparing the wear behavior.  Representative images for experiments using NBR 
in 28 MPa (4,000 psi) hydrogen at 24 °C and ambient air at 23 °C and 44% relative humidity after 120 
cycles are presented in Fig. 10A and 10B respectively.  The left-hand images in Fig. 10 are black-and-white 
while the images on the right-hand side are false-colored height maps indicating surface depth where the 
green/blue areas are lower than the red/orange areas.  Using ISO 6601 as a guide, is the images show 
evidence of more pitting, depressions, cracking and generated debris in the samples tested in hydrogen.  
These images seem to suggest that there is more damage to the samples tested in hydrogen than those tested 
in air. 

 

 
Figure 10. Gray-scale images and false-color wear depth maps of the wear tracks developed during the 

course of tribological testing of NBR samples in high-pressure hydrogen (A) and ambient air (B). 
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Figure 11.  Gray-scale images of wear tracks at 120 cycles with the same loading in Air, high pressure (HP) 
H2, and HP Ar show qualitative differences in wear behavior 
 

11.5 Temperature Effects 
In addition to the above, a thorough understanding of the heating of the tribometer is critical as the 
heating from the various elements, most notably the motor, can potentially influence the sample 
temperature.  To this end, we have done measurements in air of identical runs with IR thermal imaging 
and see that during the course of the run, the sample may increase in temperature as much as 8 °C.  This 
is potentially problematic and future iterations of the system will incorporate both thermal measurement 
and control on the ball and the sample. 

 
Figure 12. Thermal images of apparatus before experiment (LEFT) and near end of experiment (RIGHT). 
 

12.0 Report   

The following should be reported. 

1. Velocity 
2. Normal Force 
3. Starting position 
4. Humidity 
5. Temperature 
6. Pressure 
7. Pressurization rate 
8. Depressurization rate 
9. Track length 
10. LVDT measurement during pressurization, test, and depressurization 
11. Load cell measurement during pressurization, test, and depressurization 
12. Sample hardness before and after test 
13. Sample dimensions before and after test 
14. Monitor hardness and sample dimensions as a function of time after exposure 
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15. Optical profilometry of wear track 
16. Duration of test 
17. Duration of dwell time at test pressure 
18. Oxygen level before hydrogen fill 
19. Gas species 
20. Calibration 
21. Diameter of ball 
22. Sample size 
23. Sample thickness 
24. Gas purity 

13.0 Precision and Bias 

13.1 Precision 
For this system, the uncertainty in the data is dominated by variation from sample-to-sample.  Due to the 
inhomogeneity of the fillers distributed in some materials and the wear characteristics of a given polymer 
in a certain gas, the precision of wear measurements for some materials may be higher than others.  For 
example, materials with very little filler may produce more well-defined wear tracks than materials 
containing higher amounts of filler.  

13.2 Repeatability and Reproducibility 
As reported above, the sample-to-sample variation in the coefficient of friction data collected for ambient 
air and high-pressure argon and hydrogen environments was within 7%.  This value is very similar in 
magnitude to the sample-to-sample variation measured for NBR using a commercial tribometer. 

13.3 Bias 
As in ASTM G133, there is no given reference material that can be used to determine the bias of the test 
methodologies contained within this report, therefore there is no basis to determine the bias in 
measurements gathered using these methodologies. 

14.0 Discussion 

As noted above, comparatively little is known about the effects of hydrogen on polymers as compared to 
hydrogen effects on metals and even ceramics. 3-5, 11, 12, 16, 18, 27, 43, 56, 59-61, 65, 67-73  There have been some limited 
investigations on tensile properties of HDPE5 and the tribological properties of neat semi-crystalline 
polytetrafluoroethylene (PTFE)12, 72, 73 and PTFE composites68-71 in high pressure hydrogen.  The process 
of hydrogen absorption in polymers is different from absorption in metals62 due to a lack of disassociation 
in the polymer.  Damaging effects may include bubble or void formation, surface blistering, dilation, 
changes in modulus and strength, and other changes associated with the absorption of a relatively high 
amount of hydrogen.5 Additionally, since the saturation hydrogen concentrations in polymers is 
proportional to the exterior pressure it is thus expected that the damaging effects are more serious at higher 
pressures.42, 49, 66 Some discussion of the effect of hydrogen on polymers is captured in reports by Sandia 
and Pacific Northwest National laboratories.4, 74 

This preliminary test methodology represents one of the first of its kind in that it is designed particularly 
for polymers in high pressure hydrogen.  To the authors’ knowledge, there is only one standard available 
for polymer tribology, namely ISO 6601 which mainly describes damage mechanisms for the polymers.  
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While there are some hydrogen centric standards, namely, SAE J2579, J2601, the GTR, and the CSA/ANSI 
CHMC 1, none are focused on a materials level and polymers are not extensively covered.  There is an 
effort underway with the development of the CSA CHMC 2 to develop a polymer centric standard for 
hydrogen compatibility of polymers, but this is still likely several years away from completion as of this 
writing.     

 

15.0 Keywords 

Keywords: hydrogen, tribology, reciprocating, friction, wear, polymer, elastomer 
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Appendix A 
 

Supporting Data 

A.1 Experimental 

A.1.1 Sample Preparation 
Samples are prepared from 25 mm wide and 3.175 mm thick strips of general purpose nitrile-butadiene 
rubber (NBR or Buna N) obtained from McMaster-Carr.  The NBR strips were washed in water using dish 
soap to remove the talc powder from the surface.  The washed strips were then dried in a 73 °C drying oven 
for 72 hours and stored in a dry box set to 25% relative humidity for another 72 hours.  After washing and 
drying, the samples were cut into 22 mm diameter discs and the bottom surface was marked with an arrow 
to ensure that each sample was cut in the same orientation from a given NBR strip.  

Experiments were carried out in both ambient air and high-pressure conditions with a custom-built linear 
reciprocating ball on flat sliding tribometer.  A load controlled by the application of select dead weights is 
applied normal to the sample through a nearly spherical 6 mm diameter stainless steel shoulder tooling ball 
obtained from McMaster-Carr that is fixed in place and does not rotate.  The ball is cleaned before each 
experiment using acetone.  A total normal force of 12 N is provided by the combined weight of the copper 
dead weight and the brass static ball holder.  During operation, the sample moves in a linear reciprocating 
fashion relative to the ball and the frictional load is measured with a coupled load cell.  Samples are loaded 
onto the sample sled and secured in place using a frictional key-hole mounting plate and high precision 
compression springs.  The sample is compressed by the mounting plate from 3.175 mm in height to 2.870 
mm (12.9%) to ensure the sample stays in place during the experiment.  The keyhole provides a large 
mounting area and prevents sample buckling and bowing that can occur due to sample expansion in 
hydrogen.  The ball moves completely within the keyhole over a total wear track length of 14 mm. 

A.1.1.1 Ambient Air testing 
Experiments are performed in ambient air conditions to provide a basis of comparison for measurements 
performed in high pressure hydrogen and argon.  The ambient air tests are performed inside a 15.5 L 
autoclave at room temperature that prevents any transient air currents from affecting the sample and 
frictional load measurement.  Representative temperature and relative humidity measurements of the 
ambient environment inside the enclosure range from 21-26 °C and 33-54% respectively.   Power and data 
electrical connections are then made and the tribometer is lowered onto two 0.8 mm thick copper O-rings 
for support and to offset the bottom plate of the instrument from the rounded bottom of the autoclave and 
then leveled.  Once the tribometer is prepared, the stepper motor is run for 120 linear reciprocating cycles 
of the sample sled which takes approximately 60 minutes during which frictional load data is recorded.  
After the wear tests are complete, the samples are unloaded and then the wear track is imaged using a 
Keyence VHX-1000 microscope to qualitatively assess wear damage and measure track depth. 

A.1.2 High Pressure Hydrogen and Argon Testing 
The in situ high-pressure experiments are performed at room temperature inside the same autoclave used 
in ambient air testing.  The tribometer is prepared for the experiments by mounting the samples and dead 
weights in the same manner as the ambient air tests.  The autoclave cover containing all the electrical 
feedthroughs is then lowered onto a lens ring wrapped in Teflon tape and bolted onto the autoclave body.  
The bolts are torqued to 285 N*m to ensure a proper seal and prevent hydrogen leakage.  0.4 MPa (80 psi) 
argon is then flowed through the autoclave to displace any oxygen that may still be present.  Once argon 
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has flowed for approximately one hour, the autoclave is then pressurized with hydrogen containing 0.5 ppm 
O2 and H2O in roughly 1.3 MPa (200 psi) steps to a final pressure of 28 MPa (4,000 psi).  During the 
pressurization process an O2 sensor is used to monitor the amount of O2 present in the hydrogen flowing 
into the autoclave.  The sample is soaked in hydrogen overnight to ensure complete saturation of the sample 
with hydrogen.  Based on calculations using the literature values of the hydrogen diffusion rate in NBR, 
this should occur after approximately 2 hours for this sample thickness.  By the next morning, the pressure 
in the autoclave drops to 26 MPa (3,800 psi) for hydrogen and 24 MPa (3,500 psi) for argon, due to a 
decrease in temperature after pressurization.  The high pressure hydrogen experiment is then carried out in 
the same fashion as the ambient air experiments. After the experiment is complete, the autoclave is slowly 
depressurized at approximately 0.34 MPa/s (50 psi/s) and the tribometer is then removed.  The samples are 
then unloaded and analyzed for wear damage. 

A.1.3 Hardness Testing and Swelling Measurements 
Samples of NBR, Viton and EPDM were placed on top of the tribometer during the high-pressure hydrogen 
and Argon testing, remaining in the autoclave during the overnight soak period and tribology experiment.  
These samples were used to measure the effects of these gas environments on the hardness and sample 
dimensions.  These samples were prepared in a similar fashion as the tribology samples and cut using the 
same 22 mm die.  Sample hardness was testing using a Shore “A-2” durometer compliant with ASTM D676 
before exposure to high-pressure gas, directly afterwards and approximately seven days later.  The diameter 
of these samples was measured using a digital caliper in a similar fashion: before exposure, directly after 
exposure, and seven days after exposure. 

A.1.4 Wear Track Analysis (preliminary) 

 

Figure 13.  Gray-scale images of wear tracks at 120 cycles with the same loading in Air, high pressure (HP) 
H2, and HP Ar show qualitative differences in wear behavior. 
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A.2 Results 

 

Figure 14. Mean and standard deviation of coefficient of static friction data determined using the described 
test methodology. 

 

Figure 15: Mean and standard deviation of penetration depth data presented in Figure 14. 
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Figure 16. Surface damage and wear factor (K*) calculated for the LVDT data collected in Figure 15.  
 
 
Table 1:  Shore "A" hardness data for hydrogen and argon samples tested before, directly after, and one 
week after exposure. 

 

 

H2 Shore "A" Hardness

NBR40 NBR50 EPDM Viton

Rated 40 50 60 75

Pre‐Exposure 46.5 +/‐ 0.3 51.8 +/‐ 0.4 63.1 +/‐ 0.2 74.8 +/‐ 0.2

Post‐ Exposure 40.5 +/‐ 0.4 41 +/‐ 0.6 53.3 +/‐ 0.6 70.2 +/‐ 0.8

1 week post‐exposure 44.5 +/‐ 0.4 50.8 +/‐ 0.7 60.3 +/‐ 0.8 72.1 +/‐ 0.4

Ar Shore "A" Hardness

NBR40 NBR50 EPDM Viton

Rated 40 50 60 75

Pre‐Exposure 46.2 +/‐ 0.3 52.9 +/‐ 1.0 63.6 +/‐ 0.2 73 +/‐ 0.4

Post‐ Exposure 31.6 +/‐ 0.7 38.7 +/‐ 0.3 44.3 +/‐ 1.0 56.2 +/‐ 0.3

1 week post‐exposure 38.6 +/‐ 0.4 51 +/‐ 0.4 53.3 +/‐ 0.6 70.5 +/‐ 0.4
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Table 2:  Measured dimensions of samples exposed to high pressure hydrogen and argon. 

 

 

 

Figure 17: Mean-centered frictional load data of cycle #120 for high-pressure hydrogen, argon and ambient 
air. 

  

Dimensional Measurements (in millimeters)

Hydrogen NBR40 NBR50 EPDM Viton

Pre‐Exposure 21.86 +/‐ 0.1778 78.24 +/‐ 0.4623

Post‐Exposure 25.70 +/‐ 3.277 91.45 +/‐ 0.4623

Change 117.57% 115.99%

Argon NBR40 NBR50 EPDM Viton

Pre‐Exposure 21.65 +/‐ 0.1372 21.56 +/‐ 0.1803 21.65 +/‐ 0.1270 21.49 +/‐ 0.1930

Post‐Exposure 31.47 +/‐ 0.1524 23.05 +/‐ 0.2515 32.02 +/‐ 0.2794 23.23 +/‐ 0.1930

% Change 145.35% 106.92% 147.89% 108.11%

1 week later 22.40 +/‐ 0.1702 21.49 +/‐ 0.0737 22.29 +/‐ 0.1524 22.11 +/‐ 0.1270

% Change 103.45% 99.68% 102.97% 102.90%
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