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Renewed interest in nuclear power and more stringent safety concerns have prompted the restriction 
of certain materials. Among these are cobalt-based materials such as the Stellite™ alloys, which are 
currently used in valve seats and other tribologically sensitive components in pressurised water 
reactors (PWRs). The use of cobalt has been restricted due to its activated wear products giving 
higher doses to workers than desired [1]. As a result, iron-based hardfacings have been the subject of 
renewed interest. A key application that now requires iron-based hardfacings is as a valve seating 
material. Although empirical alloy development has taken place for some time, the fundamental 
understanding of galling, the primary wear mechanism in this application, has been furthered little. 
 
Galling is an adhesive wear mechanism which is particularly prevalent at low sliding speeds and 
relatively high compressive stresses, resulting in gross plastic deformation and the transfer of 
material between mated surfaces [2]. It has been found to occur most readily in systems which have 
limited movement perpendicular to the sliding direction such as in valves [3]. 
 
In this study a specially designed galling rig, supplied by Rolls-Royce to Manchester University, was 
used to gall annular samples in accordance with the ASTM G196 standard. Compressive stresses of 
5 – 103 MPa were applied to vary galling behaviour, whilst wear of the samples was achieved by 
rotating the top sample using a torque wrench at approximately 1 rpm. Some samples were tested in 
the unoxidized condition whilst some were tested in the oxidised conditions. Oxidation of 316 
stainless steel samples was achieved using a static autoclave under simulated water conditions for a 
PWR; 850 h at 300 °C under 120 bar water pressure, 2 ppm Li as LiOH, 4 ppm dissolved H (at 25 
°C), < 5 ppb O2 and pH 10.5. A Veeco Wyko NT9100 white light interferometer was used to scan 
the galled surface profiles, whilst Zeiss Auriga and Zeiss Sigma 300 SEM’s were used to investigate 
radial cross-sections of galled samples. A FEI Helios Ga FIB/SEM was used to perform site-specific 
in situ lift outs for observation in a JEOL 2100Plus TEM, which was also used for all STEM and 
STEM-EDX analysis. A Panalytical X’pert Pro diffraction system was used to verify oxide crystal 
structures. 
 
Figure 1(a) shows the radial cross-section of a gall scar. Immediately beneath the sample surface, a 
heavily deformed region of the microstructure can be seen, termed the tribologically affected zone 
(TAZ). TEM analysis of the TAZ has shown that it is heavily sheared, Figure 2, and has deformed 
via a number of mechanisms, most notably TRIP, as verified by XRD. TEM & STEM-EDX 
analysis, Figure 3, show that two oxide layers are seen to form on the surface of 316 stainless steel 
when subjected to the above conditions. The outer oxide is incoherent, made of discrete Fe-rich 
oxide grains. In contrast, the inner oxide is a Cr-rich oxide which is coherent to the underlying 
matrix phase and nanocrystalline in nature. The crystal structure of both oxide layers has been 
identified as magnetite through the use of XRD.  
 
The presence of the oxide layers has been found to significantly improve the galling behaviour of 
316 stainless steel [4].  
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Figure 1: (a, b) White light interferometry images of unoxidised and 
oxidised galled samples, respectively. The unoxidised sample was 

galled under a compressive stress of 5 MPa whilst the oxidised 
sample was galled under a compressive stress of 25 MPa. 

(c, d) Radial cross-sections of gall scar troughs corresponding to the 
positions shown in (a, b) and imaged using SEM. 
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Figure 3: (a) STEM-EDX concentration profiles for the four primary elements found in 316 
stainless steel oxides formed in representative PWR water conditions for 850 hours. (b) A STEM 

image showing the position of the STEM-EDX line profile. 
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Figure 2: A TEM image of a 
foil removed from the TAZ 
of a galled sample showing 

extensive deformation. 


