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Abstract

The galling behaviour of 316L stainless steel was investigated in both the non-oxidised and oxidised states,
after exposure in simulated pressurised water reactor (PWR) water for 850 h. Galling testing was performed
according to ASTM G196 in ambient conditions. 316L was found to gall by the wedge growth and flow
mechanism in both conditions. This resulted in folds ahead of the prow and adhesive junction, forming a
heavily sheared multilayered prow. The galling trough was seen to have failed through successive shear failure
during wedge flow. Immediately beneath the surface a highly sheared nanocrystalline layer was seen, termed
the tribologically a↵ected zone (TAZ). It was observed that strain-induced martensite formed within the TAZ.
Galling damage was quantified using Rt (maximum height - maximum depth) and galling area (the proportion
of the sample which is considered galled), and it was shown that both damage measures decreased significantly
on the oxidised samples. At an applied normal stress of 4.2MPa the galled area was 14% vs. 1.2% and the
Rt was 780 µm vs. 26 µm for the non-oxidised and oxidised sample respectively. This trend was present at
higher applied normal stresses, although less prominent. This di↵erence in galling behaviour is likely to be a
result of a reduction in adhesion in the case of the oxidised surface.

1. Introduction

Cobalt-based hardfacing alloys are used in nu-
clear applications on account of their high wear and
galling resistance. Under the ALARA (as low as rea-
sonably achievable) principle [1], cobalt must be re-5

moved from nuclear applications. Cobalt is not used
in the reactor pressure vessel (RPV) and so compo-
nents do not undergo direct irradiation. However,
after extended use, components wear, with wear de-
bris travelling into the RPV, becoming irradiated and10

transmutating from 59Co to 60Co, which is a gamma
radiation source. Since the wear debris will continue
to travel around the primary circuit, it may cause
additional doses to personnel working on and around
the primary circuit, including during shutdowns. As15

such, alternative Co-free materials are desired for tri-
bologically sensitive components such as valve seats.

Austenitic stainless steels containing hard parti-
cles have been suggested for some time as replacement
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materials for the StelliteTM family of alloys (Co-Cr-20

W with W- and Cr-carbides), which are currently the
most widely used cobalt alloys used in nuclear appli-
cations. In both cases, the alloy matrix is fcc austen-
ite, with the ability to form strain-induced martensite
(hcp ✏-martensite in StelliteTM and bct ↵0-martensite25

in austenitic stainless steels). A number of galling re-
sistant stainless steel alloys have been developed over
the past four decades which incorporate martensite
formation during wear [2–7]. However, none have
been considered suitable for wide-scale use in reac-30

tors, owing to their reduced galling resistance at ele-
vated temperature, such as those seen in light water
reactors. Further work is therefore necessary to de-
velop a stainless steel which is galling resistant at
elevated temperatures.35

The ASTM G40-15 definition of galling is as fol-
lows [8]:

galling, n – a form of surface damage
arising between sliding solids, distinguished
by macroscopic, usually localized, rough-40
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ening, and the creation of protrusions above
the original surface; it is characterized by
plastic flow and may involve material trans-
fer.

Galling can therefore be understood to be an ad-45

hesive wear mechanism and is most active at slow slid-
ing speeds and relatively high compressive stresses.
Gross plastic deformation of mated surfaces is partic-
ularly seen to occur when their movement is bound
[9].50

A number of works have investigated the mech-
anisms of galling and their relation to surface defor-
mation. Some concluded that adhesion and galling
occurs primarily through the agglomeration of wear
particles and that these heavily work-hardened par-55

ticles adhere to one surface and gouge the opposing
surface [10–13]. Other works have concluded that
galling appears to occur through the adhesion of op-
posing asperities which shear to failure, and may also
result in the formation of peaks and troughs [14, 15].60

Through this mechanism, layering of material has
been observed to occur, resulting in the formation of
the peaks and the formation of ‘lips’ in subsequently
formed troughs [16–18].

Although work has predominantly been focussed65

upon the mechanism of surface deformation and fail-
ure, some work has also been carried out on the sub-
surface changes observed after adhesive wear and galling.
A number of authors have reported the formation of
a heavily sheared sub-surface region [9, 19] which,70

for austenitic stainless steels has been found to con-
tain strain-induced ↵0-martensite (SIM) [19, 20]. As
such, martensite is widely considered to be a source of
galling resistance in stainless steels since the reduc-
tion in galling resistance correlates with the reduc-75

tion in SIM formation at elevated temperatures [20].
This heavily sheared region is similar in appearance
to the sub-surface microstructural changes observed
after fretting, termed the white layer [21, 22].

Much of the work on galling in the literature has80

been concerned with the qualification of galling, with
little work being produced on the quantification of
galling. Examples of this include the ASTM G98 and
G196 galling tests which state whether a sample has
or has not galled at a given load, in order to find a85

threshold galling load, ASTM G98 [23], or the pro-
portion of samples which gall at a given load (galling
frequency), ASTM G196 [24]. Budinski and Budinski
sought to improve the recording of results for these

tests by introducing a scoring system, corresponding90

to the type of damage seen e.g. burnishing, adhesive
transfer and incipient galling, however, these results
are not strictly speaking quantitative [25]. Ives et al.
significantly developed the quantification of galling,
using the average maximum peak-to-valley height,95

root-mean-square of Rt, displaced volume and dam-
age aspect ratio to quantify a single galled sample
[26].

An area of research which has not been widely ex-
plored is the galling behaviour of an oxidised metal100

substrate, despite observations which suggest signif-
icant improvement of galling resistance in simulated
light water reactor conditions, or when sample sur-
faces have a passive oxide layer [20, 27]. This knowl-
edge gap is addressed in this work.105

Many galling resistant stainless steels were devel-
oped from a base composition of 316 or 304 stainless
steel, with the addition of large volume fractions of
hard phases (carbides, nitrides or silicides). Here,
316L stainless steel is used to investigate the galling110

behaviour of a stainless steel matrix material in both
the bare-metal and oxidised states, without the com-
plication of ceramic hard phase additions.

2. Method

316L bar, supplied by Goodfellow, was manufac-115

tured into ASTM G196 specimens with Rt = 10 µm
(maximum height - maximum depth), and machined
with the surface lay circumferential.

An autoclave was used to produce a representa-
tive pressurised water reactor (PWR) environment,120

enabling a representative oxide to be formed on galling
specimens before testing. 316L stainless steels were
oxidised at 300 �C for 850 h in a static autoclave, with
a water pressure of 120 bar. The water chemistry was
controlled to contain 2 ppm Li, which was added as125

LiOH,10.5 pH, 4 ppm dissolved H2 and less than 5
ppb of O2.

An ASTM G196 rig, Figure 1, was used to per-
form the galling tests. The primary reason for using
the ASTMG196 rig was that the ASTMG196 test ge-130

ometry has a uniform stress distribution and does not
contain a dead zone (region of zero sliding distance),
which is present in the centre of ASTM G98 tests [28].
As a result of the large number of samples required
to perform a full ASTM G196 test and the availabil-135

ity of autoclave time to oxidise a su�cient number
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Figure 1: (a) ASTM G196 galling rig, redrawn from [24]; (b)
ASTM G196 galling sample, with a section removed to an en-
able a view of the radial cross-section; (c) top view of an ASTM
G196 galling sample.

of samples for this, only the ASTM G196 testing ar-
rangement has been used in this experiment.

All tests were self-mated, in either the oxidised or
non-oxidised state, and performed at ambient tem-140

perature and pressure. A torque of 350Nm was ap-
plied using a torque wrench, taking approximately
60 s to complete a single revolution. The torque wrench
did not have a speed setting and could only per-
form partial revolutions, therefore requiring regrip-145

ping during each test. For these reasons the test
time is longer than that specified in the ASTM G196
standard. The normal stress was applied using a hy-
draulic loading cylinder, controlled to 4MPa – 103MPa
(the lower limit of the equipment, and a representa-150

tive contact stress for gate valves in nuclear power
plant, respectively [29]). If a test pair seized, the
test was finished when seizure occurred. If seizing oc-
curred, the adhesive junction was broken before the
mating surfaces could be observed.155

Before testing, the mating surfaces were cleaned
using propanol. After testing, surfaces were left undis-
turbed.

A white light interferometer and confocal micro-
scope were used to detect surface topography and160

generate sample surface reconstructions.
Post-processing was employed to remove surface

artefacts, sample edges and to generate data which
was missing due to a lack of light detection. Linear in-
terpolation of nearest neighbours was used to remove165

sample artefacts and reconstruct the full sample sur-
face. In addition, surfaces were translated such that
the minimally worn and ungalled regions were con-
sidered flat and at the zero plane (0 µm in height).

A number of galling measures developed and used170

by Ives et al. will be used in this work; the maximum
height, depth and Rt. In addition to these, the galled
area was calculated, where the galled area is the pro-
portion of the sample which is either above or below
a threshold height value, corresponding to the initial175

surface Rt.
Samples were prepared for metallographic exam-

ination by grinding through to 4000 grit SiC paper,
using a diamond suspension as a first polishing stage,
and a final polishing stage using an OPU suspension.180

Imaging was produced using SEM’s in both secondary
(SE) and backscattered electron (BSE) modes. EDX
detectors in the SEM’s were also used for imaging, as
well as X-ray microanalysis.

In addition, a FIB/SEM was used to perform site-185

specific in-situ lift outs for observation in a TEM. The
TEM also contained STEM and STEM-EDX capabil-
ities, which were used in conjunction with an x-ray
di↵raction (XRD) system in order to investigate oxide
chemistries and structures and the fine sub-surface190

microstructural features seen as a result of galling.
Phase identification was performed using a TEM

in di↵raction mode and an XRD system.

3. Results & Discussion

3.1. Oxide Characterisation195

An in-situ lift-out was taken from an oxidised sur-
face and shows that two oxide layers are formed on
the surface of 316L after autoclaving in simulated
PWR conditions for 850 h, Figure 2. The outer oxide
layer can be seen to be made up of discrete crystal-200

lites, whilst the inner oxide was nanocrystalline and
free of pores and voids at the metal-oxide interface.

Compositional information, found using STEM-
EDX, showed that the outer oxide is Fe-rich and de-
pleted of both Cr and Ni. In contrast, the inner oxide205

is Cr-rich as well as containing both Fe and Ni, Figure
2.

Structural information was found using XRD, show-
ing that a single oxide structure was present, M3O4

(where M is a metal ion), often known as magnetite.210

The oxide peaks appeared as doublets, suggesting
that both the inner and outer oxides have the same
structure, but with di↵ering lattice parameters, likely
as a result of their di↵erent chemistries. The outer
oxide was therefore found to be Fe-rich magnetite of215

composition Fe3O4, whilst the inner oxide is a Cr-rich
magnetite of approximate composition Cr1.3Fe1.2Ni0.5O4,
in agreement with Terachi et al. [30] and Kim [31].
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Figure 2: (a) The concentration profiles produced using STEM-EDX for the four primary elements in the oxides produced through
autoclaving of 316L stainless steel. (b) A STEM image showing a cross-section of the oxides and the position of the STEM-EDX
line scan. (c) EDX elemental maps for the region shown in (b).

3.2. Macroscopic Observations

In the non-oxidised condition, 316L stainless steel220

was seen to gall at the lowest applied stresses of 3.8MPa.
As a result, it was felt that the ASTM G98 standard
concept of a threshold galling stress was not a suit-
able measure of galling, since it is a purely qualitative
measure and would not di↵erentiate between the ex-225

tent of galling damage seen across di↵erent samples.
In addition, since only three tests were performed at
5MPa and only one test at higher applied stresses, in-
su�cient samples were tested for a complete ASTM
G196 test and therefore galling frequency cannot be230

used as a measure of galling. As a result, quantitative
measures developed by Ives et al. have been used in
this work.

In the non-oxidised condition at an applied nor-
mal stress of 4.2MPa it was observed that 316L formed235

a single galling peak and trough with a sample Rt

of 780 µm and a galling area of 14%, Figure 3. It
was seen that when the applied normal stress was
increased to 50MPa the galled area was seen to in-
crease, as expected, however, the sample Rt decreased240

to 640 µm when compared with the sample tested

at 4.2MPa. Since two samples are required for the
galling tests, by observing the damage on the other
sample within the test pair, it was seen that the aver-
age Rt for the test pair galled at 50MPa was in fact245

larger than that of the test pair galled at 4.2MPa.
There was, however, large variability in the Rt in
non-oxidised samples tested across the applied nor-
mal stress range making a conclusion regarding the
e↵ect of applied normal stress on Rt di�cult.250

In contrast, the oxidised 316L stainless steel sam-
ples were seen to behave as expected, since both the
Rt and galled area were seen to increase with in-
creased applied normal stress across the full range
of applied normal stresses, Figures 3 & 4.255

For a given applied normal stress, the extent of
galling seen by the non-oxidised samples was consid-
erably greater than that of the oxidised samples, Fig-
ure 3. For the samples tested at a low applied stress,
the Rt was also on a di↵erent order of magnitude260

when comparing 316L in the non-oxidised and oxi-
dised conditions; 780 µm vs. 26 µm. Although a less
pronounced di↵erence was observed with regard to
Rt, at high applied stresses, there was again a sig-
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Figure 3: White light interferometry height maps of 316L sam-
ples in the non-oxidised (a) & (c), and oxidised (b) & (d) con-
ditions, with their corresponding heights and height scales.

nificant di↵erence in the galled area, with the galled265

area being considerably larger when tested in the non-
oxidised condition; 14% vs. 1.2%, Figure 4. This
is unsurprising, since it is well known that adsorbed
oxygen in ambient conditions gives rise to adhesion
resistance when compared with adhesion under vac-270

uum, and an oxide layer is a surface film which is
more wear resistant than adsorbed oxygen [32, 33].

The most crucial finding was that for one of the
non-oxidised tests at 50MPa, seizure occurred before
the end of the test, with the opposing surfaces need-275

ing to be pulled apart for observation, demonstrating
the need to research how and why galling occurs. It
is important to note that once the surface has been
disturbed, the real contact area will be significantly
reduced, resulting in a significantly increased contact280

stress. The applied stress of 50MPa is therefore only
indicative of what can occur when the applied stress
is increased.

It was also be noted that the number of galling
prows on a surface appears to be larger on the oxi-285

dised samples than the non-oxidised samples, where
typically there are only one or two galling peaks, Fig-
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Figure 4: The e↵ect of oxidation on galling for 316L stainless
steel using galled area as a measure of galling severity. Error
bars represent the di↵erence between each surface of a single
galled pair. Where these are small, the error bar is smaller than
the marker.

ure 3. This suggests that either multiple galling in-
stances take place simultaneously, or that prow growth
is interrupted by oxide, and so abrasion recommences290

until metal-metal adhesion and subsequent galling
can re-occur. The morphology of the galling scars was
consistent throughout the tests, despite the change in
damage magnitude. This behaviour suggests that the
same mechanism was active for both the oxidised and295

non-oxidised samples.

3.3. Galling Mechanisms

100 Ťm

Bulk
TAZ

Surface

Figure 5: A radial cross-section of a galling trough in a non-
oxidised 316L stainless steel sample tested at a normal load of
4.1MPa.

By sectioning galled samples radially, the subsur-
face deformation can be easily seen, Figure 5. The
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most apparent change in microstructure from the as-300

received material is the creation of a layer of mate-
rial immediately beneath the gall scar. This layer
is often referred to as the ‘white layer’, ‘tribologi-
cally transformed zone’ or ‘tribologically transformed
structure’ [9]. Since a transformation in phase or305

atomic structure may not necessarily occur, in this
paper, this region is termed the ‘tribologically af-
fected zone’ (TAZ), analogous with the heat a↵ected
zone (HAZ) in welding, and will be discussed at length
later in this paper. When viewed in a radial cross-310

section using an SEM, the structure of the TAZ is
di�cult to interpret from BSE images. The size of
the trough depth and the TAZ depth beneath, can
however be observed and noted as being 67 µm and
39 µm respectively, Figure 5, demonstrating that a315

significant damage layer is observed in galled sam-
ples.

When viewed in the circumferential plane the mech-
anism is easier to rationalise, Figure 6. Although
more obvious in the non-oxidised sample, lips are seen320

to have formed within the galling trough, Figure 6.
These lips are observed to be free of oxide. Simi-
larly, in both the non-oxidised and oxidised states a
large multilayered prow is seen. In the oxidised state,
these prows are not made of discrete layers, sepa-325

rated by a partially worn oxide surface, instead, hav-
ing regions of mechanical mixing between the oxide
layers and stainless steel substrate. This was partic-
ularly seen in radial cross-sections, where fine-scale
mechanical mixing within peaks was observed, Fig-330

ures 7 & 8. The prows are therefore unlikely to have
formed through the accumulation of plucked mate-
rial, instead, forming through shear. This is consis-
tent with the formation of the lips, which are known
to be formed through shear failure [34]. It is likely335

that as the prow grew it folded, and gave the appear-
ance of a layered prow. This is particularly evident
in the non-oxidised sample at the front of the prow,
where the surface is observed to have buckled, Fig-
ure 6(a). This can also be evidenced in the oxidised340

sample through the adhesion boundaries which are
seen to contain a relatively large proportion of oxide,
which appear not to be in intimate contact, Figure
6(b).

In order for the initial adhesion in the oxidised345

sample to take place, a metal-metal contact must first
be achieved. This is due to oxide-oxide and oxide-
metal adhesion bonds being very weak [35, 36]. This
therefore means that abrasion and removal of the ox-

ide layers on both mating surfaces must occur be-350

fore adhesion and galling may take place. The re-
moval of the oxide layers therefore occurs through
abrasion, with the abraded oxide being deposited in
valleys within the surface, or within sample folds, Fig-
ure 6(b).355

Figure 8 shows a radial cross-section of a galling
peak on an oxidised sample. The BSE image shows
that within the bulk material there is extensive twin-
ning, however, these were present in the as-received
material. Twins were identified and distinguished360

from deformation-induced ✏-martensite by EBSD anal-
ysis. Immediately beneath the sample surface, oxide
pile up as well as mechanical mixing of the surface,
including oxides, can be seen, Figure 8. By perform-
ing EDX analysis it can be observed that both ox-365

ides have been both mechanically mixed and piled
up, Figure 8. Between the region of mechanical mix-
ing and the bulk, the TAZ is observed, however, it is
di�cult to interpret the microstructure of the TAZ
using BSE in radial cross-sections. However, when370

observing the TAZ in a circumferential cross section,
flow lines can be seen. In addition, although when
viewed in radial cross-sections, carbide stringers ap-
pear unchanged from the as-received material, in cir-
cumferential cross-sections the carbide stringers are375

observed to follow flow lines, Figure 6(a). Since the
carbide stringers are arranged perpendicular to the
sample surface before-testing, by observing their post-
test positions, it can be seen that extensive sub-surface
shear has taken place, most notably by the shear lip,380

Figure 6(a).
A number of galling mechanisms have been re-

ported in the literature, however, only one of these
was observed in the galling of 316L stainless steel;
wedge formation and flow, Figure 9 [12, 15]. The385

wedge formation and flow mechanism is consistent
with the observations of galled 316L stainless steel in
the non-oxidised condition by Peterson et al. [37].

Initially, adhesion of opposing surfaces takes place,
either as two flat sections, in which case shear subse-390

quently takes place to form a wedge [12, 15], or two
asperities come into contact, essentially being pre-
made wedges, Figure 9(a). Shear then continues to
take place, causing material flow and wedge growth,
Figure 9(b). As the prow continues to grow and is395

pushed from behind, the leading face of the prow will
eventually fold over [38], causing an additional inter-
face within the prow, which, due to the compressive
stresses it is under, will likely form an adhesion junc-
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Figure 6: Circumferential cross-sections through gall scars in 316L stainless steel. (a) A non-oxidised sample tested at 3.8MPa,
where lips formed through shear failure and multiple layers within the prow are clearly visible. (b) An oxidised sample tested at
93.6MPa, where an adhesion boundary is visible due to the contrast of the oxide with the underlying stainless steel, and oxide pile-
up on the sample surface is seen. Both samples show a region immediately beneath the sample surface where the microstructure
is no longer visible; the tribologically a↵ected zone (TAZ). The scale of both images is common.

!" �d#

Figure 7: Fine scale mechanical mixing of the surface oxide
layers (dark) with the underlying austenitic substrate (light).

tion. Simultaneously, the trailing face of the prow400

continues to move, shearing the sub-surface material,
and resulting in the formation of ‘lips’ from shear fail-

ure, within the galling trough, 9(d) [34]. This then
continues such that multiple folds are formed as the
wedge grows, whilst additional ‘lips’ are seen, Figure405

9.

3.4. Tribologically A!ected Zone

Something which has been studied very little in
the literature is the sub-surface structure which re-
sults from galling. It is known that immediately be-410

neath the galling scar, the hardness of the material
is increased [20], particularly in the tribologically af-
fected zone (TAZ).

TEM imaging was used to discern the microstruc-
ture of the TAZ by removing a section of the TAZ415

from a radial cross-section with a FIB. The TAZ was
observed to be a nanocrystalline region where grains
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