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EXECUTIVE SUMMARY 
 
A wear test system has been assembled to conduct ASTM G 99, “Standard Test Method 
for Wear Testing with a Pin-on-Disk Apparatus,” testing in air or in gaseous hydrogen up 
to 13.8 MPa (2000 psig) at room temperature.  Two separate disk materials, 316L and 
AUM10 stainless steels; and two separate pin materials, 316L and A286, were selected 
for testing.  The objective of the testing is to evaluate hydrogen effects on wear 
characteristics of these materials when used in the design and fabrication of high pressure 
hydrogen storage vessels and equipment in automotive applications. 
 
Material loss due to wear was determined by (1) weighing the specimens (disks and pins) 
before and after the test; and (2) by tracing the specimen surface roughness across the 
wear region with a profilometer.  A planimeter was used to quantify the material loss and 
reconfiguration in the wear region, and integration along the wear track (disks) or over 
the wear area (pins) was made to estimate the volume loss.  For wear test conditions with 
a travel distance of nominally 500 m and a unidirectional disk linear speed at nominally 
800 mm/sec, the test data indicate: 
 

• Materials transfer and excrescence resulted from this metal-to-metal sliding 
system.  Examination of the surface finish of the post-test specimens was made 
with optical microscopy, scanning electron microscopy (SEM), and profilometer 
tracing.  The phenomenon is consistent with adhesive wear and galling 
characteristics of stainless steels.  

• AUM10 disk material had a slightly higher wear rate than 316L disk material in 
air, and a significantly higher wear rate in hydrogen.  This is attributed to the fact 
that AUM10 is relatively softer than 316L and A286 in terms of tensile properties 
and hardness measurements. 

• AUM10 disk material had a significantly higher wear rate in hydrogen compared 
to air; no clear effect of hydrogen pressure (1000 vs. 2000 psig) was observed. 

• 316L disk material and pin material had higher wear rates in hydrogen compared 
to air; no clear effect of hydrogen pressure (1000 vs. 2000 psig) was observed. 
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INTRODUCTION 
 
Joint research between the Toyota Research Institute North America and the Savannah 
River National Laboratory (SRNL) is being performed to characterize the effects of 
hydrogen for materials used in fuel cell vehicles.  Mechanical equipment for high 
pressure gaseous hydrogen service includes moving parts where two surfaces may be in 
contact and slide against each other, resulting in wear that may damage the component.  
Consideration must be given to the wear characteristics of the alloys of construction; this 
is especially critical for valves, pumps, bearings, seals and fasteners.   
 
The sliding wear mechanisms of metallic and ceramic components in hydrogen may be 
expected to be different from the wear experienced in air or inert atmospheres.  The 
interactions of materials with similar hardness and surface reaction behavior could be 
more deleterious in a hydrogen environment than in air or other atmospheres where 
protective surface scales may form.  Excessive adhesive transfer or fragmentation of 
these materials could also occur in hydrogen that would not occur in air applications.   
 
Results from this initial study of selected materials at air and hydrogen test conditions 
provide input for material selection for hydrogen service.  Expected improvement in wear 
resistance through use of surface coatings will be the subject of a follow-on experimental 
effort between Toyota Research Institute North America and SRNL.  
 
 
WEAR TEST EQUIPMENT AND SPECIMEN DESIGNS 
 
A wear test apparatus has been designed by following the guidelines described in ASTM 
G 99-05, “Standard Test Method for Wear Testing with a Pin-on-Disk Apparatus,” as 
schematically shown in Figure 1.  The system was designed to allow testing samples in a 
high pressure hydrogen environment.  A pressure vessel made of Super Alloy 
HASTELLOY® C276 with an outside diameter of 12.7 cm (5 in.), thickness of 3.81 cm 
(1.5 in.), and internal cavity height of 17.78 cm (7 in.) was adapted for the test equipment.  
An assembly of a rotating spindle to attach the disk, and a pin to provide a contact force 
was designed and fabricated to fit inside the pressure vessel. 
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Figure 1  Schematic of disk-pin wear test system (R is the wear track radius). 
 
 
Figure 1 shows the schematic diagram of the wear test arrangement for a stationary pin 
and a rotating disk with angular velocity ω (rad/sec).  The linear velocity of the disk 

speed (v) is calculated in term of revolutions per minute ( 60
2

RPM ×
π
ω

= ) as  

 

30
RPMR

Rv
×π

=ω=   

 
 
Disk samples for wear testing were fabricated from 316L and AUM10 stainless steels.  
As shown in Figure 2, they are 4.76 cm (1.875 in.) in diameter and 0.635 cm (¼-in.) thick.  
The disks were machined from 2-inch diameter bar stock (see vendor certificate in 
Appendix A and Aichi Steel information sheets in Appendix D).  Two parallel flat 
surfaces were machined on opposite edges of each disk to keep it from rotating in the 
sample holder.  Each disk was engraved with a unique serial number.  The test side of the 
sample is the non-engraved side and was machined to a minimum 0.81 µm (32 µ-in.) 
arithmetic average (Ra), per ASTM G 99. 
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Figure 2  Wear sample disk design and dimensions. 
 
 
Additionally, pin samples for wear were fabricated from 316L and A286 stainless steel 
materials.  They were machined from 9.525 mm (3/8-in.) rod (see vendor certificates in 
Appendices B and C, respectively).  Each pin is 6.985 cm (2-3/4 in.) long with a spherical 
tip on one end and is threaded on the other (Fig. 3).  Each sample pin is engraved with a 
unique serial number.  The spherical shape was machined on a lathe, so the tip at the end 
of the pin was not perfectly spherical.  For this reason, the pin was mounted in the test 
machine at a slight angle to the vertical position so the point of contact with the disk 
would be made on a spherical pin surface.  Typical as-finished sample disk and pin can 
be seen in Figure 4. 
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Figure 3  Wear sample pin design and dimensions. 
 

 
 

Figure 4  The disk and pin wear test samples. 
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Tensile properties and material hardness values for the as-received disk and pin materials 
can be found in the vendor certificates or the material information sheets (Appendices A 
to D) and are summarized in Table 1. 
 

Table 1  Mechanical properties of disk and pin sample materials 
 316L Disk  

(Appendix A) 
316L Pin 
(Appendix B) 

A286 Pin 
(Appendix C) 

AUM10 Disk 
(Appendix D) 

Bar Stock Diameter 
cm (in.) 

5.08 (2) 9.525 (3/8) 9.525 (3/8) 5.4861 (2.16) 

0.2% Yield Stress 
MPa (ksi) 

269 (39) 607 (88) 1027 (149) 572 

UTS 
MPa (ksi) 

593 (86) 717 (104) 1241 (180) 772 

Elongation (%) 66 41 18 372 
RA (%) 73 74 44 742 
 
 
Hardness 

 
 
HB 185 

 
 
HB 207 

 
 
HB 335 

HV 1831 

(3mm below surface) 
 

HV 1861 (D/4) 
 

HV 1831 (D/2) 
 

HRB 882 
 

Note 1: Information provided by Toyota Motor Company.   
The heat treatment is 920 °C x0.5 Hr, furnace cool to 650 °C (2.5 Hr),  

650 °C x 0.5 Hr, air cool. 
HV 183 is equivalent to HB 174. 

Note 2: See Appendix D for the information sheets from Aichi Steel Co. (Japan) [7].   
The heat treatment is 900 °C x 2 Hr which is different from that in Note 1. 
HRB 88 is equivalent to HB 175. 

 
 
TEST PROCEDURE AND EQUIPMENT DESCRIPTION 
 
The sample disks and pins were cleaned in an ultrasonic cleaner, handled without any 
type of surface contamination, wrapped in tissue, and stored in a plastic bag prior to 
testing.  
 
The overall layout of the wear test facility can be seen in Figure 5, with the wear test 
system and its components shown in Figure 6.  The threaded end of the pin (Fig. 4) is 
screwed into a threaded hole in one end of a first class lever (Fig. 7).  The pin is 
prevented from moving by the addition of a lock nut.  The fulcrum of the lever is 
supported by two ball bearings and the other end of the lever is threaded to hold a 
movable weight.  The entire pin-holding assembly is designed to be positioned over the 
pan of a balance for setting the pin loads.  The surface of the balance pan is in the same 
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relative position as the surface of the disk in the test machine.  The movable weight is 
adjusted until the force of the pin on the balance is exactly 45.4 g (0.1 lb). 
 
The pin-holding assembly is then mounted over the sample disk (Figs. 7 and 8) with the 
load preset to 45.4 g (0.1 lb).  The radial distance from the center of the disk to the point 
of contact with the pin is approximately 2.45 cm (1 in.).  As discussed earlier, the pin is 
slightly tilted when the disk rotates because the apex of the pin head is not exactly on a 
spherical surface due to machining constraints.  Thus, the initial (pre-wear) contact point 
between the disk and the pin remains on a spherical surface as recommended by ASTM 
G 99-05. 
 
Figure 9 displays the wear system with the pressure vessel lowered to enclose the disk-
pin test mechanism for wear tests run in a hydrogen atmosphere.  The pressure chamber 
(enclosure) is first evacuated, filled with helium, evacuated again and then filled to the 
desired pressure with gaseous hydrogen.  The hydrogen gas used in this experiment was 
research grade with a purity of 99.9995%.  Pressure is measured simultaneously by two 
independent pressure gages. 
 
The disk-pin sample holder is rotated by a Magnedrive®.  No high pressure rotating seals 
are required in the system so the leak path is eliminated.  The Magnedrive®, is driven by 
a V-belt connected to a variable speed DC motor (Fig. 6).  The rotational speed is 
measured by a non-contact laser tachometer connected to a computer which records 
speed vs. time during each test. 
 
 

 
 
Figure 5  Test facility: Wear test system (left) and hydrogen gas supply cylinder (right). 
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Figure 6  Wear test system from top to bottom: pressure vessel enclosure for providing 
hydrogen test environment (to be lowered when testing), disk-pin holding assembly 
(samples are mounted), and Magnedrive® with a V-belt connected to a DC motor. A non-
contact laser tachometer is visible above the motor and behind the V-belt. 
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Figure 7  Sample disk on a rotating platform and the sample pin mounted in a 
fixed position. 

 
 

 
 

 
Figure 8  Sample pin in contact with the disk. 
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Figure 9  Pressure vessel lowered to enclose the wear test mechanism ready for testing in 
gaseous hydrogen. 
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WEAR MEASUREMENT 
 
After the samples are run in the test apparatus with a specified speed and travel distance 
(nominally 500 m) under the load of 45.4 g (0.1 lb), the wear track on the disk and the 
wear area on the pin are photographed through an optical microscope (e.g., Figs. 10 and 
12).  The wear surface morphology is obtained with a contact profilometer.  A diamond 
tip stylus is moved in a straight line from an undisturbed area, across the wear region, and 
ending in the undisturbed area on the other side.  A typical trace of the surface profile can 
be seen in Figures 11 and 13.  From the trace on the chart, the wear width can be 
identified by noting a difference in surface finish.  Typically, the wear region exhibits 
higher peak to valley variations, signaling that the surface has been disturbed and become 
roughened.  The wear width obtained by profilometer can be confirmed by that measured 
using a microscope. 
 
The output of the profilometer can be analyzed using a planimeter as an alternative to 
estimate the weight change due to wear.  The area between the line representing original 
surface and the profilometer trace would represent the material that is displaced by wear.  
This area can be integrated along the wear track on the disk (2πR in Fig. 1), or along the 
wear area on the pin (assuming an elliptic patch in this report), to obtain the volume loss 
(or gain, if additional material is transferred to this surface) due to wear.  By using a 
typical mass density of the stainless steel (i.e., 7.98 g/cc), the weight loss (or gain) can be 
estimated.   
 
The individual disk and pin samples were weighed with a five-place balance to determine 
weight changes by direct measurement.  AS discussed, estimation of the disk weight 
change from profilometer traces was performed.  These results, together with the surface 
examination by means of optical microscopy and/or SEM, provide characterization of the 
wear region. 
 
Table 2 lists the test matrix of the present study, including the test parameters and the test 
completion dates.  Note that the actual disk speed and the actual total travel distance vary 
slightly from the nominal (or target) values, because the actual distance from the center 
of the disk to the center of the wear track did not coincide with the design distance of 
R= 2.54 cm (1 in.). 
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Table 2  Test matrix with completion dates 
 

Test 
No. 

Disk 
Material 

Pin 
Material 

Ambient. 
Gas 

Ambient 
Pressure 

(psig) 

Disk 
Speed 

(mm/sec) 

Travel 
Distance 

(m) 

Pin 
Load 
(lb) 

Test Date 
Year 
2008 

1 316L 316L Air 0 704 450 0.1 5-May 
3 316L 316L Air 0 808 520 0.1 15-Apr 
2 316L 316L Air 0 86 445 0.1 8-May 

21 316L 316L Air 0 98 488 0.1 28-Apr 
9 316L 316L Hydrogen 1000 688 423 0.1 0-Jan 

11 316L 316L Hydrogen 1000 712 445 0.1 29-May 
12 316L 316L Hydrogen 1000 92 463 0.1 17-Jun 
13 316L 316L Hydrogen 1000 91 453 0.1 18-Jun 
20 316L 316L Hydrogen 2000 808 496 0.1 9-Jun 
22 316L 316L Hydrogen 2000 764 469 0.1 10-Jun 
23 316L 316L Hydrogen 2000 94 471 0.1 23-Jun 

24 316L 316L Hydrogen 2000 97 487 0.1 24-Jun 
4 316L A286 Air 0 696 485 0.1 7-May 
6 316L A286 Air 0 776 500 0.1 17-Apr 

14 316L A286 Hydrogen 1000 696 435 0.1 30-May 
15 316L A286 Hydrogen 1000 752 470 0.1 2-Jun 
25 316L A286 Hydrogen 2000 814 501 0.1 11-Jun 
26 316L A286 Hydrogen 2000 816 501 0.1 16-Jun 
5 AUM10 316L Air 0 688 470 0.1 7-May 
8 AUM10 316L Air 0 792 510 0.1 14-Apr 

16 AUM10 316L Hydrogen 1000 819 511 0.1 3-Jun 
17 AUM10 316L Hydrogen 1000 785 490 0.1 4-Jun 
27 AUM10 316L Hydrogen 2000 803 494 0.1 16-Jun 
28 AUM10 316L Hydrogen 2000 847 523 0.1 18-Jun 
7 AUM10 A286 Air 0 696 475 0.1 7-May 

10 AUM10 A286 Air 0 776 500 0.1 15-Apr 
18 AUM10 A286 Hydrogen 1000 712 445 0.1 28-May 
19 AUM10 A286 Hydrogen 1000 819 503 0.1 5-Jun 
29 AUM10 A286 Hydrogen 2000 869 535 0.1 18-Jun 
30 AUM10 A286 Hydrogen 2000 807 496 0.1 20-Jun 
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POST-TEST WEAR CHARACTERIZATION 
 
The post-wear testing surface conditions for selected disk and pin samples are displayed 
in this section.  These tests were conducted in air (Table 3) and in 13.8 MPa (2000 psi) 
hydrogen gas (Table 4).  For all these tests, the nominal travel speed was 800 mm/sec and 
the nominal travel distance was 500 m.  For each of these samples, the results from the 
optical microscope, profilometer, and scanning electronic microscope (SEM) are 
displayed (Figs. 10 to 53 for air testing; and Figs. 54 to 97 for hydrogen testing).  Tables 
3 and 4 provide a guide for these images: 
 
 

Table 3  Selected Air tested surface characterization –  
Guide to figures 10 to 53 

 Test No. 1 
Disk-Pin: 

316L-316L 

Test No. 4 
Disk-Pin: 

316L-A286 

Test No. 5 
Disk-Pin: 

AUM10-316L 

Test No. 7 
Disk-Pin: 

AUM10-A286 
Disk Wear Track 

Optical 
Figure 10 Figure 21 Figure 32 Figure 43 

Disk Wear Track 
Profilometer 

Figure 11 Figure 22 Figure 33 Figure 44 

Pin Wear Area 
Optical 

Figure 12 Figure 23 Figure 35 Figure 45 

Pin Wear Area 
Profilometer 

Figure 13 Figure 24 Figure 35 Figure 46 

Disk Wear Track 
SEM 60X 

Figure 14 Figure 25 Figure 36 Figure 47 

Disk Wear Track 
SEM Detailed 

Figure 15 Figure 26 Figure 37 Figure 48 

Disk Wear Track 
SEM 500X 

Figure 16 Figure 27 Figure 38 Figure 49 

Disk Wear Track 
SEM 1000X 

Figure 17 Figure 28 Figure 39 Figure 50 

Pin Wear Area 
SEM 20X 

Figure 18 Figure 29 Figure 40 Figure 51 

Pin Wear Area 
SEM 60X 

Figure 19 Figure 30 Figure 41 Figure 52 

Pin Wear Area 
SEM Detailed 

Figure 20 Figure 31 Figure 42 Figure 53 
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Table 4  Selected Hydrogen (13.8 MPa or 2000 psi) tested surface characterization – 
Guide to Figures 54 to 97 

 Test No. 22 
Disk-Pin: 

316L-316L 

Test No. 25 
Disk-Pin: 

316L-A286 

Test No. 27 
Disk-Pin: 

AUM10-316L 

Test No. 30 
Disk-Pin: 

AUM10-A286 
Disk Wear Track 

Optical 
Figure 54 Figure 65 Figure 76 Figure 87 

Disk Wear Track 
Profilometer 

Figure 55 Figure 66 Figure 773 Figure 88 

Pin Wear Area 
Optical 

Figure 56 Figure 67 Figure 78 Figure 89 

Pin Wear Area 
Profilometer 

Figure 57 Figure 68 Figure 79 Figure 90 

Disk Wear Track 
SEM 60X 

Figure 58 Figure 69 Figure 80 Figure 91 

Disk Wear Track 
SEM Detailed 

Figure 59 Figure 70 Figure 81 Figure 92 

Disk Wear Track 
SEM 500X 

Figure 60 Figure 71 Figure 82 Figure 93 

Disk Wear Track 
SEM 1000X 

Figure 61 Figure 72 Figure 83 Figure 94 

Pin Wear Area 
SEM 20X 

Figure 62 Figure 73 Figure 84 Figure 95 

Pin Wear Area 
SEM 60X 

Figure 63 Figure 74 Figure 85 Figure 96 

Pin Wear Area 
SEM Detailed 

Figure 64 Figure 75 Figure 86 Figure 97 

 
 
All the wear surfaces exhibit typical adhesive wear and galling features that include 
indication of material transfer, plastic deformation, and excrescence resulting from metal-
to-metal sliding, scoring and scuffing.  The observation is consistent with the wear 
characteristics of stainless steels [1-3]. 
 
 
Air Test Surfaces 
 
SEM images of the wear scar surfaces for disk and pin samples tested in air are displayed 
in Figures 10 to 53.  Examination of the wear scar surface images for the 316L and 
AUM10 disk materials tested in air indicates the following: 1) for the 316L and AUM10 
disk materials tests conducted using both a 316L and A286 pin materials, evidence of 
surface roughening and protrusion in addition to evidence of surface fragmentation is 
observed, 2) surface roughening, protrusion development and fragmentation in the wear 
scar area is increased for the 316L disk materials when tested with the A286 pin material 
compared to the 316L pin material, and 3) testing for the AUM10 disk materials with 
both the 316L and A286 pin materials displays moderate protrusion development and 
evidence of void formation and fragmentation. 
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Figure 10  Wear track on the disk under optical microscope (Test No. 1). 
 
 

 
Figure 11  Profilometer trace and measurement across the wear track on the disk  

(Test No. 1). 
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Figure 12  Wear area on the spherical surface of the pin under optical microscope (Test 

No. 1). 
 
 

 
 
Figure 13  Profilometer trace and measurement across the wear area on the pin  

(Test No. 1). 
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Figure 14  Wear track on the disk under SEM at 60X (Test No. 1). 
 
 

 
 

Figure 15  Detailed characterization of wear track on the disk with SEM (Test No. 1). 
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Figure 16  Wear track on the disk with SEM at 500X (Test No. 1). 
 
 

 
 

Figure 17  Wear track on the disk under SEM at 1000X (Test No. 1). 
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Figure 18  Wear area on the spherical surface of the pin under SEM at 20X (Test No. 1). 
 
 

 
 

Figure 19  Wear area on the spherical surface of the pin under SEM at 60X (Test No. 1). 
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Figure 20  Detailed characterization of wear area on the pin with SEM (Test No. 1). 
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Figure 21  Wear track on the disk under optical microscope (Test No. 4). 
 
 

 
 
Figure 22  Profilometer trace and measurement across the wear track on the disk  

(Test No. 4). 
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Figure 23  Wear area on the spherical surface of the pin under optical microscope (Test 

No. 4). 
 
 

 
 
Figure 24  Profilometer trace and measurement across the wear area on the pin 

(Test No. 4). 
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Figure 25  Wear track on the disk under SEM at 60X (Test No. 4). 
 
 

 
 

Figure 26  Detailed characterization of wear track on the disk with SEM (Test No. 4). 
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Figure 27  Wear track on the disk with SEM at 500X (Test No. 4). 
 
 

 
 

Figure 28  Wear track on the disk under SEM at 1000X (Test No. 4). 
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Figure 29  Wear area on the spherical surface of the pin under SEM at 20X (Test No. 4). 
 
 

 
 

Figure 30  Wear area on the spherical surface of the pin under SEM at 60X (Test No. 4). 
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Figure 31  Detailed characterization of wear area on the pin with SEM (Test No. 4). 
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Figure 32  Wear track on the disk under optical microscope (Test No. 5). 
 
 

 
 
Figure 33  Profilometer trace and measurement across the wear track on the disk  

(Test No. 5). 
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Figure 34  Wear area on the spherical surface of the pin under optical microscope (Test 

No. 5). 
 
 

 
 
Figure 35  Profilometer trace and measurement across the wear area on the pin  

(Test No. 5). 
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Figure 36  Wear track on the disk under SEM at 60X (Test No. 5). 
 
 

 
 

Figure 37  Detailed characterization of wear track on the disk with SEM (Test No. 5). 
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Figure 38  Wear track on the disk with SEM at 500X (Test No. 5). 
 
 

 
 

Figure 39  Wear track on the disk under SEM at 1000X (Test No. 5). 
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Figure 40  Wear area on the spherical surface of the pin under SEM at 20X (Test No. 5). 
 
 

 
 

Figure 41  Wear area on the spherical surface of the pin under SEM at 60X (Test No. 5). 
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Figure 42  Detailed characterization of wear area on the pin with SEM (Test No. 5). 
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Figure 43  Wear track on the disk under optical microscope (Test No. 7). 
 
 

 
 
Figure 44  Profilometer trace and measurement across the wear track on the disk  

(Test No. 7). 
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Figure 45  Wear area on the spherical surface of the pin under optical microscope (Test 

No. 7). 
 
 

 
 
Figure 46  Profilometer trace and measurement across the wear area on the pin  

(Test No. 7). 
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Figure 47  Wear track on the disk under SEM at 60X (Test No. 7). 
 
 

 
 

Figure 48  Detailed characterization of wear track on the disk with SEM (Test No. 7). 
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Figure 49  Wear track on the disk with SEM at 500X (Test No. 7). 
 
 

 
 

Figure 50  Wear track on the disk under SEM at 1000X (Test No. 7). 
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Figure 51  Wear area on the spherical surface of the pin under SEM at 20X (Test No. 7). 
 
 

 
 

Figure 52  Wear area on the spherical surface of the pin under SEM at 60X (Test No. 7). 
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Figure 53  Detailed characterization of wear area on the pin with SEM (Test No. 7). 
 
 
Hydrogen Test Surfaces 
 
The analysis of the post-test characteristic wear scar surface images (Figs 54 to 97) 
indicates that disk wear for both the 316L and AUM10 disks by an A286 pin appears to 
have a less roughened/fragmented surface most similar to a harder object wearing against 
a softer material.  Results, in comparison, for both the 316L and AUM10 disks tested 
with a 316L pin, display more evidence of surface protrusions and fractures in the wear 
scar area.  In addition, of the two disk materials evaluated in this study (316L and 
AUM10), analysis of the surface images of the wear scar presented in the figures above, 
the AUM10 displays the most surface damage as indicated by the increased occurrence of 
surface asperities/protrusions and fractures. 
 



SRNS-STI-2008-00100  page 39 of 125 

  

 
 

Figure 54  Wear track on the disk under optical microscope (Test No. 22) 
 
 

 
 
Figure 55  Profilometer trace and measurement across the wear track on the disk  

(Test No. 22) 
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Figure 56  Wear area on the spherical surface of the pin under optical microscope (Test 

No. 22) 
 

 
 
Figure 57  Profilometer trace and measurement across the wear area on the pin  

(Test No. 22) 
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Figure 58  Wear track on the disk under SEM at 60X (Test No. 22). 
 
 

 
 

Figure 59  Detailed characterization of wear track on the disk with SEM (Test No. 22) 
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Figure 60  Wear track on the disk with SEM at 500X (Test No. 22) 
 

 
 

Figure 61  Wear track on the disk under SEM at 1000X (Test No. 22). 
 
 
 



SRNS-STI-2008-00100  page 43 of 125 

  

 
 

Figure 62  Wear area on the spherical surface of the pin under SEM at 20X (Test No. 22). 
 
 

 
 

Figure 63  Wear area on the spherical surface of the pin under SEM at 60X (Test No. 22). 
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Figure 64  Detailed characterization of wear area on the pin with SEM (Test No. 22). 
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Figure 65  Wear track on the disk under optical microscope (Test No. 25). 
 
 

 
 
Figure 66  Profilometer trace and measurement across the wear track on the disk  

(Test No. 25). 
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Figure 67  Wear area on the spherical surface of the pin under optical microscope (Test 

No. 25). 
 
 

 
 
Figure 68  Profilometer trace and measurement across the wear area in the pin  

(Test No. 25). 
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Figure 69  Wear track on the disk under SEM at 60X (Test No. 25). 
 
 

 
 

Figure 70  Detailed characterization of wear track on the disk with SEM (Test No. 25). 
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Figure 71  Wear track on the disk under SEM at 500X (Test No. 25). 
 
 

 
 

Figure 72  Wear track on the disk under SEM at 1000X (Test No. 25). 
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Figure 73  Wear area on the spherical surface of the pin under SEM at 20X (Test No. 25). 
 
 

 
 

Figure 74  Wear area on the spherical surface of the pin under SEM at 60X (Test No. 25). 
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Figure 75  Detailed characterization of wear area on the pin with SEM (Test No. 25). 
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Figure 76  Wear track on the disk under optical microscope (Test No. 27). 
 
 

 
 
Figure 77  Profilometer trace and measurement across the wear track on the disk  

(Test No. 27). 
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Figure 78  Wear area on the spherical surface of the pin under optical microscope (Test 

No. 27). 
 
 

 
 
Figure 79  Profilometer trace and measurement across the wear area in the pin  

(Test No. 27). 
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Figure 80  Wear track on the disk under SEM at 60X (Test No. 27). 
 
 

 
 

Figure 81  Detailed characterization of wear track on the disk with SEM (Test No. 27). 
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Figure 82  Wear track on the disk under SEM at 500X (Test No. 27). 
 
 

 
 

Figure 83  Wear track on the disk under SEM at 1000X (Test No. 27). 
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Figure 84  Wear area on the spherical surface of the pin under SEM at 20X (Test No. 27). 
 
 

 
 

Figure 85  Wear area on the spherical surface of the pin under SEM at 60X (Test No. 27). 
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Figure 86  Detailed characterization of wear area on the pin with SEM (Test No. 27). 
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Figure 87  Wear track on the disk under optical microscope (Test No. 30). 
 
 

 
 
Figure 88  Profilometer trace and measurement across the wear track on the disk  

(Test No. 30). 
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Figure 89  Wear area on the spherical surface of the pin under optical microscope (Test 

No. 30). 
 
 

 
 
Figure 90  Profilometer trace and measurement across the wear area in the pin  

(Test No. 30). 
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Figure 91  Wear track on the disk under SEM at 60X (Test No. 30). 
 
 

 
 

Figure 92  Detailed characterization of wear track on the disk with SEM (Test No. 30). 
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Figure 93  Wear track on the disk under SEM at 500X (Test No. 30). 
 
 

 
 

Figure 94  Wear track on the disk under SEM at 1000X (Test No. 30). 
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Figure 95  Wear area on the spherical surface of the pin under SEM at 20X (Test No. 30). 
 
 

 
 

Figure 96  Wear area on the spherical surface of the pin under SEM at 60X (Test No. 30). 
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Figure 97  Detailed characterization of wear area on the pin with SEM (Test No. 30). 
 
 
A comparison of the SEM wear scar surface images for the disk and pin materials tested 
in air and hydrogen indicates an increase in the overall roughening, protrusion 
development, and fragmentation for the AUM10 disk material tested in hydrogen.  
Results for the 316L disk material indicate minimal change or a reduction of the wear 
scar surface roughening and fragmentation in hydrogen. 
 
 
RESULTS  
 
Weight Change 
 
As discussed in a previous section, the weight change of the samples was obtained 
independently by (1) weighing the sample with a five-place balance before and after the 
test, and (2) using profilometer to trace the surface roughness with a planimeter to 
estimate the area of wear and with integration along the wear path (for disks), or over the 
wear region (for pins) to estimate the volume change due to wear.  The weight changes 
are shown in Tables 5 and 6, respectively, for the disks and for the pins.  The results are 
shown graphically in Figures 54 to 55.  The results show the AUM10 disk material to 
have a slightly higher wear rate than the 316L disk materials in air, and a significantly 
higher wear rate in hydrogen.  Additionally, results from this initial dataset do indicate a 
small trend of increased wear in the gaseous hydrogen environment for both AUM10 and 
316L materials. 
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Table 5  Test results for disks – wear track measurement and weight change 
 

Test 
No. 

Disk 
Material 

Pin 
Material 

Amb. 
Gas 

Ambient 
Pressure 
(psig) 

Disk 
Track 
Width 
(in) 

Disk 
Track 
Finish 
(µ−inch) 

Calculated 
Disk Vol. 
(in3) 

Calculated 
Disk Wt. 
Loss (g) 

Measured 
Disk Wt. 
Loss (g) 

1 316L 316L Air 0 0.030 64 4.00E-06 0.00052 0.00070 
3 316L 316L Air 0 0.039 78 1.70E-06 0.00022 0.00097 
2 316L 316L Air 0 0.015 11.7 n.m. n.m. 0.00021 
21 316L 316L Air 0 0.015 11.7 n.m. n.m. -0.00036* 
9 316L 316L H2 1000 0.013 21 4.00E-06 0.00052 0.00034 
11 316L 316L H2 1000 0.010 6.03 1.40E-05 0.00183 0.00002 
12 316L 316L H2 1000 0.046 33.2 5.30E-05 0.00693 0.00092 
13 316L 316L H2 1000 0.042 38.3 1.00E-06 0.00013 0.00040 
20 316L 316L H2 2000 0.045 53.3 2.50E-05 0.00327 0.00156 
22 316L 316L H2 2000 0.039 157 9.00E-06 0.00118 0.00061 
23 316L 316L H2 2000 0.048 38.4 1.10E-05 0.00144 0.00042 
24 316L 316L H2 2000 0.046 26.6 9.00E-06 0.00118 0.00021 
4 316L A286 Air 0 0.034 22.4 2.70E-05 0.00353 0.01406 
6 316L A286 Air 0 0.030 57 gain gain n.m. 
14 316L A286 H2 1000 0.018 23.3 1.00E-06 0.00013 0.00097 
15 316L A286 H2 1000 0.040 63.2 1.40E-05 0.00183 0.00046 
25 316L A286 H2 2000 0.039 95.4 4.00E-06 0.00052 0.00106 
26 316L A286 H2 2000 0.008 27.3 0.00E+00 0 -0.00101* 
5 AUM10 316L Air 0 0.031 28.5 3.00E-06 0.00039 0.00088 
8 AUM10 316L Air 0 0.027 14 5.50E-04 0.07193 -0.00006* 
16 AUM10 316L H2 1000 0.015 32.5 n.m. n.m. 0.00005 
17 AUM10 316L H2 1000 0.057 88.6 6.30E-05 0.00824 0.00578 
27 AUM10 316L H2 2000 0.055 100 8.30E-05 0.01085 0.00943 
28 AUM10 316L H2 2000 0.031 32.6 n.m. n.m. 0.00064 
7 AUM10 A286 Air 0 0.020 14.7 4.00E-06 0.00052 0.00014 
10 AUM10 A286 Air 0 0.044 51 7.00E-06 0.00092 0.00032 
18 AUM10 A286 H2 1000 0.061 129 2.82E-03 0.36879 0.01156 
19 AUM10 A286 H2 1000 0.002 14.4 3.10E-04 0.04054 0.00027 
29 AUM10 A286 H2 2000 0.056 94.2 4.40E-05 0.00575 0.00185 
30 AUM10 A286 H2 2000 0.05 135.7 1.04E-04 0.01360 0.00888 
Note - n.m.: Not Measurable 
 gain: Profile of surface roughness in the wear area (wear track) showed more material above the 

undisturbed  surface baseline. 
 * (negative): Possibly due to measurement error or material transferred from the pin. 
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Table 6  Test results for pins – wear area measurement and weight change 
 

Test 
No. 

Disk 
Material 

Pin 
Material 

Amb. 
Gas 

Ambient 
Pressure 

(psig) 

Pin 
Wear 
Finish 
(µ-inch) 

Pin 
Wear 
Width 
(inch) 

Pin 
Wear 

Length 
(inch) 

 
Calculated 

Pin Wt. 
Loss (g) 

 
Measured 
Pin Wt. 
Loss (g) 

1 316L 316L Air 0 74 0.031 0.058 0.00013 0.00003 
3 316L 316L Air 0 21 n.m. n.m. 0.00000 gain § 
2 316L 316L Air 0 3.4 0.017 0.024 0.00000 0.00003 

21 316L 316L Air 0 17.8 0.028 0.036 0.00006 gain § 
9 316L 316L H2 1000 1 0.021 0.015 0.00000 0.00000 

11 316L 316L H2 1000 4 0.014 0.015 0.00005 0.00002 
12 316L 316L H2 1000 42.1 0.053 0.058 0.00018 -0.00014 § 
13 316L 316L H2 1000 29.4 0.0429 0.0475 0.00010 0.00017 
20 316L 316L H2 2000 72.6 0.031 0.065 0.00006 0.00011 
22 316L 316L H2 2000 103 0.0374 0.058 0.00013 -0.00020* 
23 316L 316L H2 2000 63.6 0.052 0.059 0.00029 0.00018 
24 316L 316L H2 2000 32.1 0.0474 0.053 0.00025 0.00036 
4 316L A286 Air 0 104 0.032 0.056 0.00010 0.00059 
6 316L A286 Air 0 30 0.011 0.06 0.00001 gain § 

14 316L A286 H2 1000 30.3 0.014 0.052 0.00000 0.00097 
15 316L A286 H2 1000 74.4 0.036 0.063 0.00010 0.00026 
25 316L A286 H2 2000 85.2 0.328 0.033 0.00060 -0.00045 § 
26 316L A286 H2 2000 1.6 0.018 0.016 0.00000 0.00046 
5 AUM10 316L Air 0 61.6 0.032 0.036 0.00006 0.00030 
8 AUM10 316L Air 0 5.3 0.023 0.0102 0.00000 gain § 

16 AUM10 316L H2 1000 5 0.0235 0.029 0.00001 0.00005 
17 AUM10 316L H2 1000 72.1 0.061 0.76 0.00023 0.00049 
27 AUM10 316L H2 2000 108 0.058 0.0737 0.00051 -0.00004 § 
28 AUM10 316L H2 2000 60.7 0.033 0.044 0.00006 0.00060 
7 AUM10 A286 Air 0 12.1 0.019 0.027 0.00001 0.00014 

10 AUM10 A286 Air 0 39 0.033 0.056 0.00018 0.00018 
18 AUM10 A286 H2 1000 52 0.051 0.084 0.00004 0.00045 
19 AUM10 A286 H2 1000 3.1 0.0207 0.023 0.00001 0.00006 
29 AUM10 A286 H2 2000 69.6 0.05 0.091 0.00054 0.00057 
30 AUM10 A286 H2 2000 142.9 0.056 0.073 0.00030 0.00037 

Note - n.m.: Not Measurable 
gain: Profile of surface roughness in the wear area showed more material above the undisturbed  

surface baseline. 
§: (negative): Possibly due to measurement error or material transferred from the disk track. 
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Figure 98  Disk weight change (loss) after 500 m of travel distance and under a pin load 
of 45.4 g (0.1 lb). 
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Figure 99  Pin weight change (loss) after 500 m of disk travel distance and under a pin 
load of 45.4 g (0.1 lb). 
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Wear Coefficient (KW) 
 
A wear coefficient was calculated based on the Archard Equation [3-6] for each test 
where the volume loss took place by the wear.  This coefficient is the proportionality 
between the wear rate (volume loss per unit sliding distance) and the ratio of the external 
load to the flow pressure of the material.  Mathematically, it can be regarded as the 
probability of any material surface junctions leading to transferred fragments [3].  The 
majority of the wear coefficients based on the SRNL test data are within the range of 
those for the stainless steels as reported in the literature, on the order of 0.01 [3]. 
 
A wear equation was proposed by Holm in 1946 [4] and later was derived analytically by 
Archard in 1953 [5,6] as 
 
W=kL/3p, 
 
where W is the wear rate (volume loss per unit sliding distance), L is the external load 
acting on the flat plate, p is the flow pressure of the metal (the Brinell Hardness can be 
used as an approximation), the “3” in the denominator is a shape factor for the assumed 
circular junctions and hemispheric fragments or debris (for a square junctions and cubical 
fragment, the factor would be 1), and k is the probability of any material surface 
junctions leading to transferred fragments [3]. 
 
The above Archard Equation is rearranged to incorporate the test data for calculation the 
wear coefficient Kw, in which the shape factor has been absorbed: 
 

(kg) Load Normal Total
)mm Distance, Slidingunit per  Volume(Wear )(kg/mm Hardness

K
22

w

×
=  

 
The wear coefficient for each of the test case is shown in Figure 56.  About one-half (16) 
of the tests resulted in Kw<0.001, which is consistent with the observation by Robinowicz 
(Table 6.1 of Ref. 3), in which he reported that k= 21×10-3 (equivalently, Kw=7×10-3).  
Robinowicz also reported that the values of k above 0.1 are very rare in his 172 data 
points, with most of them are in between 10-4 and 10-2 (Figure 6.15 in Ref. 3). 
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Figure 100  The wear coefficients calculated for all wear test cases. 

 
 
Examination of the wear coefficient data displayed in Figure 56 indicates that the 
AUM10 disk material exhibits more wear in comparison to the 316L disk material in all 
conditions tested in this initial study (air and hydrogen).  This result trend is consistent 
with the other previously shown data for weight change and wear scar surface analysis 
that also indicated increased wear for the AUM10 material. 
 
 
CONCLUSIONS 
 
Based on the current data collected for a travel distance of 500 m and a  load of 45.4 g, 
the tribological effects of the stainless disks (316L and AUM10) and the pins (316L and 
A286) are not significant.  However, the results do show a tendency for higher wear of 
materials sliding against each other in a gaseous hydrogen environment.  The effect on 
wear in gaseous hydrogen appears to be more pronounced for the AUM10 disk alloy. 
 
The lack of overall significant wear in terms of weight loss for the testing may be due to 
the combination of low test loads in conjunction with relatively short travel distances.  It 
may also be attributed to the nature of adhesive wear, which is characterized by 
macroscopic plastic deformation such as scoring, scuffing, and galling - to form 
excrescences (bulging and protuberating) until the local strain limit is reached and the 
debris breaks away from the surface.  Material transfer between the stationary pin and the 
rotating disk may also be likely.  All these factors will affect the weight change 
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assessment by weighing the pre/post-testing specimens or by integrating the area based 
on profilometer tracing. 
 
The apparent initial impact of gaseous hydrogen on the wear of the stainless steel may be 
attributed to the hydrogen diffusivity in these materials.  The hydrogen diffusion in 
stainless steels is known to be slower [8,9] in comparison to carbon steels [10-12].  Thus, 
the hydrogen effects on wear in gaseous hydrogen are expected to be affected by 
exposure time in the hydrogen.  Testing condition options such as increased travel 
distance, increased load, and pre-charging of pin and disk samples can be explored in 
future tests. 
 
 
PATH FORWARD 
 
It has been recommended that surface deposition technologies be considered in 
improving the metal-to-metal sliding wear, in particular, by applying the amorphous 
carbon coating (i.e., the diamond-like coating or DLC) because of its superior mechanical 
and physical properties (high toughness, high elastic modulus, high electrical resistance, 
high thermal conductivities, and chemical inertness) with no post-fabrication surface 
finish.  Additional experimental techniques and characterization methodologies should be 
developed to evaluate the tribological properties of these coatings and to determine their 
optimal thickness in hydrogen [13].  The Savannah River National laboratory is currently 
in discussions with the Toyota Research Institute North America to develop a 
continuation work scope that will evaluate surface coating effects of wear properties in 
both air and hydrogen. 
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APPENDIX 
 
 
 
 

Vendor Certifications 
 
 

A. Stainless Steel Type 316L (for Disks) 
B. Stainless Steel Type 316L (for Pins) 
C. Stainless Steel Type A286 (for Pins) 
D. Stainless Steel Type AUM10 (for Disk) 
E. Additional Contact Profilometry Scan Data 
F. Additional Macrophotographs of Wear Tracks on Disk and 
Pins 
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Appendix A  Stainless Steel Type 316L (for Disks)
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Appendix B  Stainless Steel Type 316L (for Pins) 
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Appendix C  Stainless Steel Type A286 (for Pins) 
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Appendix D Stainless Steel Type AUM10 (for Disks) 
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Appendix E: Additional Contact Profilometry Scan Data 
 
 
 
 
 
 
 
 

 
      (a) 
 
 

 
      (b) 
 
 
Figure E1.  Contact Profilometry Data for Test #2 (a) Disk and (b) Pin 
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Figure E2.  Contact Profilometry Data for Test #3 (a) Disk and (b) Pin 
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Figure E3.  Contact Profilometry Data for Test #6 (a) Disk and (b) Pin 
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Figure E4.  Contact Profilometry Data for Test #8 (a) Disk and (b) Pin 
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Figure E5.  Contact Profilometry Data for Test #9 (a) Disk and (b) Pin 
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Figure E6.  Contact Profilometry Data for Test #10 (a) Disk and (b) Pin 
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Figure E7.  Contact Profilometry Data for Test #11 (a) Disk and (b) Pin 
 
 
 
 
 
 
 



SRNS-STI-2008-00100  page 89 of 125 

 

 
 
 
 
 
 
 
 

 
      (a) 
 
 

 
      (b) 
 
 
Figure E8.  Contact Profilometry Data for Test #12 (a) Disk and (b) Pin 
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Figure E9.  Contact Profilometry Data for Test #13 (a) Disk and (b) Pin 
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Figure E10.  Contact Profilometry Data for Test #14 (a) Disk and (b) Pin 
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Figure E11.  Contact Profilometry Data for Test #15 (a) Disk and (b) Pin 
 
 
 
 
 
 



SRNS-STI-2008-00100  page 93 of 125 

 

 
 
 
 
 
 
 
 

 
      (a) 
 
 

 
      (b) 
 
 
Figure E12.  Contact Profilometry Data for Test #16 (a) Disk and (b) Pin 
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Figure E13.  Contact Profilometry Data for Test #17 (a) Disk and (b) Pin 
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Figure E14.  Contact Profilometry Data for Test #18 (a) Disk and (b) Pin 
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Figure E15.  Contact Profilometry Data for Test #19 (a) Disk and (b) Pin 
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Figure E16.  Contact Profilometry Data for Test #20 (a) Disk and (b) Pin 
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Figure E17.  Contact Profilometry Data for Test #21 (a) Disk and (b) Pin 
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Figure E18.  Contact Profilometry Data for Test #23 (a) Disk and (b) Pin 
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Figure E19.  Contact Profilometry Data for Test #24 (a) Disk and (b) Pin 
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Figure E20.  Contact Profilometry Data for Test #26 (a) Disk and (b) Pin 
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Figure E21.  Contact Profilometry Data for Test #28 (a) Disk and (b) Pin 
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Figure E22.  Contact Profilometry Data for Test #29 (a) Disk and (b) Pin 
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Appendix F: Macrophotographs of Sample Wear Areas 
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Figure F1.  Macrophotographs of Test #2 wear areas (a) disk and (b) pin 
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Figure F2.  Macrophotographs of Test #3 wear areas (a) disk and (b) pin 
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Figure F3.  Macrophotographs of Test #6 wear areas (a) disk and (b) pin 
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Figure F4.  Macrophotographs of Test #8 wear areas (a) disk and (b) pin 
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Figure F5.  Macrophotographs of Test #9 wear areas (a) disk and (b) pin 
 
 



SRNS-STI-2008-00100  page 109 of 125 

 

 
 

 
(a) 

 

 
(b) 

 
 

Figure F6.  Macrophotographs of Test #10 wear areas (a) disk and (b) pin 
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Figure F7.  Macrophotographs of Test #11 wear areas (a) disk and (b) pin 
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Figure F8.  Macrophotographs of Test #12 wear areas (a) disk and (b) pin 
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Figure F9.  Macrophotographs of Test #13 wear areas (a) disk and (b) pin 
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Figure F10.  Macrophotographs of Test #14 wear areas (a) disk and (b) pin 
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Figure F11.  Macrophotographs of Test #15 wear areas (a) disk and (b) pin 
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Figure F12.  Macrophotographs of Test #16 wear areas (a) disk and (b) pin 
 
 



SRNS-STI-2008-00100  page 116 of 125 

 

 
 

 
(a) 

 

 
(b) 

 
 

Figure F13.  Macrophotographs of Test #17 wear areas (a) disk and (b) pin 
 
 



SRNS-STI-2008-00100  page 117 of 125 

 

 
 

 
(a) 

 

 
(b) 

 
 

Figure F14.  Macrophotographs of Test #18 wear areas (a) disk and (b) pin 
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Figure F15.  Macrophotographs of Test #19 wear areas (a) disk and (b) pin 
 
 



SRNS-STI-2008-00100  page 119 of 125 

 

 
 

 
(a) 

 

 
(b) 

 
 

Figure F16.  Macrophotographs of Test #20 wear areas (a) disk and (b) pin 
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Figure F17.  Macrophotographs of Test #21 wear areas (a) disk and (b) pin 
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Figure F18.  Macrophotographs of Test #23 wear areas (a) disk and (b) pin 
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Figure F19.  Macrophotographs of Test #24 wear areas (a) disk and (b) pin 
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Figure F20.  Macrophotographs of Test #26 wear areas (a) disk and (b) pin 
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Figure F21.  Macrophotographs of Test #27 wear areas (a) disk and (b) pin 
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Figure F22.  Macrophotographs of Test #29 wear areas (a) disk and (b) pin 
 



   

 

 
 
 

SRNS-STI-2008-00100 

 
 
 

DISTRIBUTION 
 
 
 

SAVANNAH RIVER SITE 
 

N. C. Iyer, 773-41A 
R. L. Sindelar, 773-41A 
T. M. Adams, 773-41A 
T. Motyka, 719-18A 
P. S. Lam, 773-41A 
 
 
 
 
 

EXTERNAL 
 

Rana Mohtadi, Toyota Research Institute North America 
Taisuke Miyamoto, Toyota Motor Corporation 

 
 
 

 
 


	_SRNS contract no. and disclaimer
	SRNS-STI-2008-00100
	EXECUTIVE SUMMARY
	SRNS-STI-2008-00100

	SAVANNAH RIVER SITE
	EXTERNAL
	Rana Mohtadi, Toyota Research Institute North America
	Taisuke Miyamoto, Toyota Motor Corporation




