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Abstract

Surface hardening treatments offer promise of mitigating the threat of liquid cavitation pitting erosion at the interior
surfaces of the austenitic 316 stainless steel vessel that will hold the liquid mercury target of the Spallation Neutron Source.
One treatment is a commercial carburization process in which carbon is impregnated at low temperature at concentrations
up to 6 wt% in supersaturated solid solution to depths of about 33 lm. The surface hardness of 316L steel is raised from
150 to 200HV0.05 (micro-Vickers hardness number at a 50 g load) to 1000–1200HV0.05. It is shown that during subsequent
electron beam welding the supersaturated carburized layer in the heat affected zone decomposes to a tiered microstructure
of carbide phases in austenite. The hardness of this complex decomposition microstructure is in the range 530–1200HV0.05,
depending on the exposure temperature, the local carbon level, and the size of the carbide particles. To test whether the
carburized solid solution layer would break down under atomic displacements from proton and neutron irradiation in
service, specimens of annealed and 20% cold-rolled 316LN steel were neutron irradiated to 1 dpa at 60–100 �C. No soft-
ening of the layer was detected. Rather, the hardness of the layers was increased by 2–12%, compared to increases of 81%
and 43% for the annealed and 20% cold rolled substrate materials, respectively. Optical microscopy examinations of the
surfaces of the as-carburized-and-irradiated specimens revealed no sign of decomposition attributable to irradiation.
Published by Elsevier B.V.
1. Introduction

The Spallation Neutron Source (SNS) under con-
struction at the Oak Ridge National Laboratory
(ORNL) [1,2] will be driven by a high energy pulsed
proton beam striking a liquid mercury target. The
target vessel will be constructed from 316LN
austenitic stainless steel. This steel is known to have
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excellent resistance to general corrosion and to
retain satisfactory ductility after irradiation. It is
also quite compatible with mercury, and limited
irradiation tests at low doses in contact with mer-
cury have shown no signs of enhanced corrosion.
Of greater concern for the SNS target is the threat
of cavitational pitting erosion. This type of pitting
might occur at the interior surfaces of the vessel
due to collapse of cavities created in the mercury
from stress waves generated by the proton beam
pulses [1]. A similar type of liquid cavitation erosion
is well known in hydraulic systems involving hydro-
foils, pipelines, pumps and valves where perturbed
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water flow occurs [3,4]. In general, the greatest resis-
tance to cavitation pitting is shown by those alloys
that offer a combination of corrosion resistance,
high strength (hardness), and toughness [3]. For
the SNS, several techniques have been considered
to mitigate the expected erosion. One technique that
has shown good promise is a surface hardening
treatment known as Kolsterising� [5].

Kolsterising� is the registered trade name of a
proprietary surface carburization treatment for
austenitic alloys provided by Bodycote Metal Tech-
nology Group. It is a process in which carbon is dif-
fused into the surface of an annealed austenitic alloy
at low temperature. Details of the process are not
available, but according to Bodycote’s promotional
information the carbon penetrates to a depth of
about 33 lm during a regular treatment. For conve-
nience hereon we will refer to this treated region as
the Kolsterised layer, or K layer. Within this layer,
the infiltrated carbon is purportedly incorporated in
supersaturated interstitial solid solution in the aus-
tenite phase of the steel, with a concentration of
6–7 wt%C at the surface, decreasing to the substrate
value of about 0.05%C at 33 lm depth [5]. The lat-
tice parameter of the affected austenite is markedly
expanded at the surface and to a diminishing degree
with depth, following the carbon concentration pro-
file [5,6]. An expanded lattice will put the surface in
a state of compressive stress and increase its hard-
ness. Bodycote attributes the high hardness and
toughness of the K layer to the lattice expansion.
Many of the features of the Kolsterising� treatment
claimed for 316 stainless steel and other austenitic
alloys have recently been confirmed for the heat of
316LN steel intended for use as the SNS mercury
vessel [6]. Exceptions were that some iron carbide
phase was found at the immediate surface, and the
lattice expansions and carbon concentrations in
the austenite phase of the K layer were not as large
as those claimed for other grades of austenitic steels.
Nevertheless, the surface hardness and hardness-
depth profiles were the same as those reported for
Bodycote’s austenitic materials.

The expanded lattice and large supersaturation
of carbon in the Kolsterised surface, assumed to
be responsible for the remarkable hardness of the
K layer, will not be in equilibrium outside the
Kolsterising� environment. Conditions encountered
during subsequent processing or in service that
could cause atomic movements in the layer, such
as heat from fabrication welding or the atomic dis-
placements caused by irradiation with high energy
protons and spallation neutrons, might induce the
layer to decompose and lose its hardness and, pre-
sumably, its resistance to cavitation pitting. Indeed,
Bodycote cautions against exposing Kolsterised
parts to temperatures >500 �C and recommends
that any welding should be done prior to the surface
hardening treatment [5]. Thermal decomposition of
the K layer will undoubtedly occur in the vicinity of
fusion welds where the temperatures in the weld
metal and the immediate heat-affected zone (HAZ)
will certainly exceed the Kolsterising� temperature.
But published information does not seem to be
available on details of the thermal decomposition
and it is not known to what extent such thermal
decomposition will affect the desired high hardness.
During fabrication of the SNS target vessel some
welds will need to be made after the Kolsterising
treatment, so it is essential to explore the welding
response of a K layer.

Radiation-induced instability is more subtle than
thermal decomposition, and because of the high
concentrations of vacancies introduced by the irra-
diation it can occur at lower temperatures. Nor-
mally at the operating temperature of the mercury
target, about 100 �C, irradiation with protons or
neutrons will be expected to cause hardening of
the stainless steel vessel. But irradiation can soften
a material that has previously been hardened by
other mechanisms [7–9]. Irradiation may cause
stress relief, decomposition of metastable solid solu-
tions, and changes in the nature of second phases.
To determine whether these instability concerns
are warranted for a K layer on the SNS target ves-
sel, and to gauge the degree of any associated
surface softening, the effects of welding and neutron
irradiation have been investigated in Kolsterised
specimens of 316L and 316LN stainless steels and
are reported herein.

2. Experimental

Two sets of experiments were made, one on weld-
ments and the other on irradiated specimens. For
the welds, strip specimens 75 mm long · 25 mm
wide, were cut from 2.5 mm and 3.2 mm thick walls
of the channels in a full-size prototype of the nose of
the SNS target vessel that had been Kolsterised by
Bodycote in a regular 33 lm treatment. This proto-
type was machined from a mill-annealed block of
316L stainless steel. It was Kolsterised on all
exposed surfaces, including open-ended internal
channels. For welding, each strip was clamped
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between tungsten blocks set about 13 mm apart in
the vacuum chamber of an electron beam (EB)
welder, and a penetration weld bead was made in
a single pass along the center line between the
blocks. Details of the weld procedure, and a broader
description of the findings for the welds, are avail-
able in Ref. [10]. In the present paper, the micro-
structural changes and associated hardness
changes in the K layer are summarized for a weld
made in a 3.2 mm thick plate. The voltage was
125 kV and the current was started at 7.0 mA,
which gave about 90% penetration, and was shortly
raised to 7.3 mA to give full penetration for a while
then reduced to 7.0 mA for the remainder of the
weld bead. The travel speed was 4.2 mm/s. The vac-
uum was better than 10�4 Torr. These weld param-
eters are typical of those normally used for stainless
steel of this thickness.

Microstructures were examined on polished-and-
etched cross-sections through the weld. Hardness
tests were made on the as-welded plate surfaces with
no further preparation. To determine the hardness
of a 33 lm thin layer, diamond indentation hard-
ness measurements must be made at low load
(50 g) to avoid the indenter protruding through
the hardened skin into the softer substrate. At
50 g the diagonal lengths of the Vickers pyramidal
impressions on as-Kolsterised surfaces are about
10 lm, which is less than one third of the thickness
of the K layer. Therefore, the measured hardness
values of about 1000–1200HV0.05 are believed to
be closely representative of the strength of the hard-
ened surface layer.

In cross-sections through the skin the hardness
declines to <200HV0.05 at 35–40 lm depth, consis-
tent with that of the untreated annealed austenite
substrate. The hardness measurements were made
manually with a Vickers diamond indenter at 50 g
load and 15 s dwell time in a LECO M400-H2
machine.

For the irradiation tests, the specimens consisted
of a number of disks 3 mm diameter · 0.25 mm
thick intended for transmission electron microscopy
and on-face hardness tests, and 1 mm wide slivers
cut from TEM disks for use in optical metallogra-
phy and through-section hardness tests. These spec-
imens were prepared from 316LN steel in an
annealed condition and in a 20% cold worked
(20% CW) condition. Annealing treatments were
performed at 1050 �C for 30 min in a vacuum
furnace, and samples were furnace cooled after the
annealing. All samples were mechanically polished
on one surface to a mirror finish with a 0.25 lm dia-
mond slurry and were Kolsterised on all surfaces in
a regular 33 lm treatment. The disk and sliver spec-
imens, including non-Kolsterised ones, were irradi-
ated in the High Flux Isotope Reactor (HFIR) at
ORNL to a fast neutron fluence of 1.2 · 1025 n/m2

(E > 0.1 MeV), corresponding to a displacement
dose of about 1 dpa. During irradiation the test
pieces were contained in aluminum capsules that
were perforated to admit flowing water coolant in
contact with the specimens and keep them at a
temperature of 60–100 �C.

The irradiated specimens were tested in a hot cell
using an automatic micro-Vickers hardness testing
system (Mitsutoyo AAV-500) at 50 g load and 10 s
dwell time. Five or six hardness measurements were
made for each specimen, and the duration time at
constant load in each test was 10 s. Optical surface
microstructures were observed on the irradiated
specimens using the microscope of the hardness test-
ing system, and the images were saved to electronic
files. To date, hardness tests and metallographic
examinations have been made only on the originally
polished surfaces of the irradiated disk specimens
with no further surface preparation for the tests.

3. Results

3.1. Welded specimens

Usually no structure is visible in a polished-and-
etched cross-section of a K layer because it is highly
resistant to etching; normally it is revealed as a
featureless (white) band in contrast to the darkened,
etched substrate. That etching response was
reversed after the welding treatment, as shown in
Fig. 1(a)–(c), which depict cross-sections at the top
surface of the plate. The white arrows indicate the
33 lm depth of the original K layer. It is clear that
the formerly plain white Kolsterised region was
etched before any structure was visible in the sub-
strate. Such speedy etching indicates reduced
resistance to acid corrosion, consistent with ther-
mally-induced decomposition of the layer. The
microstructures in the layer varied considerably
with degree of heating. They are described in detail
in Ref. [10]. For the present purposes of demon-
strating thermal decomposition of the K layer dur-
ing welding, and investigating whether it reduces
surface hardness, the example microstructures in
Fig. 1 are sufficient to illustrate the range of decom-
position structures encountered in the heat affected



Fig. 1. Microstructures of cross-section through the weld and HAZ at the top of welded Kolsterised plate; (a) at the fusion line, (b) at
about 2 mm to the left of the fusion line, and (c) at about 3 mm from fusion line.
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zone (HAZ). In the weld bead, no signs of the for-
mer K layer were seen and the hardness was 150–
200HV0.05, the same as the substrate hardness.

In the HAZs at the top surface of the plate the
microstructures were identical for the partial pene-
tration weld and the full penetration weld. The field
of Fig. 1(a) is located immediately to the left of the
fusion line; here the vague cellular structure running
from top to bottom at the right hand side of the
photograph is the partially etched weld metal. This
light etching in the weld metal is due to the presence
of a small quantity of d ferrite phase which is a
normal component in autogenous welds made in
austenitic stainless steel, and is more prone to etch-
ing than its matrix c austenite phase. No structure
corresponding to residue of a K layer was found
at the surface layer of the weld metal. In the HAZ
to the left of the fusion line, the K layer on the
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substrate is seen as two tiers consisting of an outer
tier of a somewhat cellular duplex structure with a
cell size of 3–5 lm stretching from the surface to a
depth of about 25 lm at which it terminates rather
abruptly. Underlying this tier of fine cells, and
partially obscured by it, are filaments of a coarser
cell structure of 16–20 lm diameter, penetrating to
a depth of about 60 lm. Deeper etching to expose
the substrate reveals that the coarse cell structure
lies on the parent metal austenite grain boundaries.
This two tier arrangement of the K layer persists to
a distance of several mm perpendicularly from the
fusion line where it changes to a three-tier arrange-
ment, as shown in Fig. 1(b). The change involves
primarily the 25 lm thick tier which divides into
an outer tier of very small cells and an under layer
of a lamellar structure. The lamellar structure
reaches a depth of about 25 lm and it changes ori-
entation at the austenite grain boundaries. At a dis-
tance of about 3 mm from the fusion line, Fig. 1(c),
the outer layer of fine cell structure was reduced to a
crust about 3 lm deep in which the cells were fur-
ther reduced and were barely discernable at the res-
olution limit of about 1 lm in these observations.
The lamellar structure was more prominent and
remained confined to a depth of about 25 lm. The
penetration depth of the coarse cell structure was
less than 50 lm. An inclusion stringer encompassed
in the K layer at the upper right side of the field was
deeply etched, as were other stringers elsewhere in
the K layer. Stringers in the substrate were just
barely visible. The structures in Fig. 1(c) were con-
tinuous across the top surface of the plate to a dis-
tance of 6.5 mm from the weld centerline at which
the clamp blocks were located and where observa-
tions were considered to be compromised by the
blocks.
Fig. 2. Cross-section through the HAZ
On the underside of the full penetration portion
of the weld, the decomposition microstructures were
generally similar to those on the top face, except at
the fusion lines on the bottom surface where the
dripping weld bead tended to spread over the sur-
face (see Ref. [10] for details of this enhanced
wetting). On the underside of the partial penetration
portion of the weld there was no fusion line and the
microstructures in the K layer consisted of the
25 lm deep tier of 3–5 lm size duplex cell (austenite
plus carbide) structure in the hottest regions directly
below the base of the weld metal. Only a few traces
of lamellar structure were seen, just below the 25 lm
depth. In the cooler regions farther from the weld, a
heavily dotted structure prevailed from which
poked fingers of lamellar structure. An additional
feature consisting of linear clusters of black, oval-
or lenticular-shaped particles or cavities was found
lying on the interior front of the 3–5 lm cell tier.
These clusters occurred discontinuously and were
seen only in the hotter regions below the weld. They
are shown in Fig. 2 and are discussed in detail in
Ref. [10].

Hardness values from traverses made on the K
surfaces at three locations are displayed in Fig. 3.
Traverse A was made on the top surface of the full
penetration portion of the weld. Traverse A begins
at the terminus pool of the weld bead and runs in
the direction of the weld axis but away from the
weld pool into unwelded metal. At this location
the heat from the weld is the least because there
was no weld pass and no plasma. The traverse A
hardness data show that in the immediate HAZ at
the pool fusion line the hardness has fallen from
the as-Kolsterised value of 1000–1200HV0.05 to
about 600HV0.05. At an axial distance of approxi-
mately 1 mm from the pool, the hardness is almost
below a 90% penetration weld.
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within the scatter band for the as-Kolsterised condi-
tion, and it is certainly within the band at 2 mm dis-
tance. Efforts to obtain reliable hardness data within
the frozen pool metal were defeated by the sunken
and rippled surface. However, the hardness values
in the pool are presumably the same as those illus-
trated for the weld metal region of traverse B, which
fall in the band of 150–200HV0.05 for non-Kolster-
ised weld metal and parent metal.

The region of traverse B received the largest heat
input of all three traverses. Traverse B is made on
the top surface of the partial penetration portion
of the weld. It begins at the center of the weld bead
and runs across it perpendicular to the bead axis,
towards the clamps. Although the weld in traverse
B was made with slightly less current than the full
penetration portion of the weld, it certainly saw
more power input, and thus more heat, than the
route of traverse A, which saw no current. Addi-
tionally, it was preheated by the approaching weld
spot, received reflected heat from the clamps, and
inherited some tailgate heat from the heated clamps.
The weld metal part of traverse B shows no residual
hardness effects of the K treatment; the hardness of
the weld is 150–200HV0.05, which is the same as that
for the non-Kolsterised parent metal. In the far
HAZ regions of traverse B at distances beyond
about 1 mm from the bead fusion line out to the
clamp location the hardness of the K layer is
reduced to about 700HV0.05. In the near HAZ at
distances <1 mm from the line, the hardness falls
to <200HV0.05.

Traverse C was also made in the partial penetra-
tion portion of the weld in the same direction as B
but on the underside of the plate. Here, the surface
beneath the weld was not melted. The area of
traverse C saw less heat input than traverse B, but
more than traverse A. The zero distance position
for traverse C corresponds to the projected center
line of the weld bead directly below the weld root.
There, the hardness of the K layer was reduced to
530HV0.05. It rose to 1000HV0.05 at a distance of
about 2 mm from the zero position.

A hardness trace was also made through the
thickness of the K layer on a polished-and-etched
cross-section of the weld bead at a distance of
5mm from the center line of the weld. At that posi-
tion, the on-surface hardness was taken to be
700HV0.05, corresponding with the 5 mm value for
traverse B in Fig. 3. The results are presented in
Fig. 4 where they are compared with cross-section
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data measured on a Kolsterised unwelded plate cut
from the same nose piece [6]. At shallow depths,
within the carbon-rich region, the hardness values
of the heat-affected K layer are less than those of
the as-Kolsterised layer. At depths of 25 lm and
beyond, the two curves merge.
Fig. 6. Comparison of micro-hardness data for different material
and surface conditions.
3.2. Irradiated specimens

Optical metallographic examinations of the irra-
diated specimens were made in conjunction with
hardness testing. It was noted that some patches
of rust or surface contamination had occurred dur-
ing irradiation or storage. Otherwise, no evidence of
surface modification or breakdown of the K layer
was found. At the hardness impressions, which ran-
ged in diagonal length from about 25 lm in the
as-annealed condition to about 9.5 lm in the Kol-
sterised conditions, Fig. 5, considerable plastic
deformation occurred during indentation without
causing cracking or flaking, indicating that the K
layer remained tough despite irradiation.
Fig. 5. Microstructures and indentation impressions in the anneal
annealed + Kolsterised, and (d) annealed + Kolsterised + irradiated co
On-face hardness values for the irradiated
specimens are summarized in Fig. 6. Irradiation
ed materials in (a) as-annealed, (b) annealed + irradiated, (c)
nditions.
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increased the hardness for all the starting condi-
tions. The annealed material without Kolsterising�

treatment showed the biggest increase in hardness
by irradiation, about 81% increase from 162HV0.05

before irradiation. The hardness of the K layer on
the annealed substrate was 939HV0.05 before irradi-
ation, which is 5.8 times higher than that of the as-
annealed surface. After irradiation, the K layer was
hardened by about 11% to 1043HV0.05. In the 20%
CW material, the hardness before irradiation was
already about 80% higher than the annealed mate-
rial, and it increased about 43% to 417HV0.05 after
irradiation. The hardness in the as-Kolsterised
20% CW material was 983HV0.05, which was
increased a mere 2% to 1002HV0.05 by the irradia-
tion. This small increase is within the experimental
error bounds for the Kolsterised 20% CW material
before irradiation.

4. Discussion

4.1. Welded specimens

The hardness measurements and metallographic
studies of the welded Kolsterised plate demonstrate
unequivocally the thermal instability of the K layer.
The degrees of softening shown in Fig. 3 are quali-
tatively consistent with the expected degrees of heat
input at the locations of the various hardness traces.
But the metallographic examinations show that
hardness changes alone are not a sufficient indicator
of decomposition of the K phase.

From Fig. 3 it is clear that all signs of the for-
merly high hardness of the K layer were erased in
the molten weld metal portion of the weld pass.
On the upper surface of the plate, in the immediate
HAZs of traces A and B closest to the fusion line,
the hardness is markedly reduced, more so in B than
in A. At distances beyond 1–2 mm from the line,
trace A which represents the least heat input dis-
plays no loss in hardness. Trace B, which represents
the most heat input, portrays reduced hardness of
about 750HV0.05 out to distances of about 6 mm
where the clamp is positioned. Trace C, made on
the bottom surface of the plate below the non-pene-
trating portion of the weld, is expected to have a
heat input closer to that of trace A than that of trace
B. In trace C, the 0–2 mm region below the weld
root is the effective near-weld HAZ. There, the
reduced hardness is 500–700 HV0.05, which is com-
parable with that of the immediate HAZ of trace
A. At distances in trace C beyond 2 mm the hard-
ness is perhaps a little less than at comparable dis-
tances in trace A, and both fall in the scatter band
for the as-Kolsterised condition. Metallographic
observations reveal no evidence of the former K
layer in the molten weld metal. They verify the
expected thermal decomposition of the K layer in
the high temperature regions of the HAZ closest
to the fusion line, where large decreases in hardness
were found. They also show that considerable fine-
scale thermal decomposition occurs in the cooler
regions of trace C at distances >2 mm from the pro-
jected weld center where no significant decreases in
hardness are found. Obviously, a surface hardness
measurement is not a reliable indicator of thermal
decomposition of the K layer. The nature, and par-
ticularly the size, of the decomposition products are
thought to be controlling factors, as discussed
shortly.

No attempt was made to identify the decomposi-
tion products by in situ chemical analysis tech-
niques. However, in Ref. [10] phase equilibria
calculations indicate the most likely products will
be carbon-depleted austenite and two carbide
phases, M23C6 and M7C3. Some iron carbide may
intrude at carbon concentrations above 4% and
temperatures below 800 �C. The relative portions
of these phases vary with carbon content and tem-
perature and will therefore be different in a complex
manner at the different carbon concentrations
through the carbon gradient of the K layer and
within the temperature gradients surrounding the
weld. The M7C3 phase is expected to be most prom-
inent at the higher temperatures and higher carbon
levels. Of course, in the short time frame of a weld
pass, thermal equilibrium will not be obtained over
the whole heated area. Nevertheless, the phase cal-
culations provide a reasonable guide to the nature
of the thermal decomposition products. The calcu-
lations also indicated that the high carbon levels
in the K layer will reduce the melting point of the
layer by 200–300 �C.

The experimentally observed morphologies and
spatial distributions of the decomposition products
in the K layer are associated not only with the car-
bon gradient and the local temperature but also
with microstructural features that existed in the
layer before welding. Addressing first the spatial dis-
tribution; the decomposition products are found to
be arranged in one to three overlaying strata lying
parallel to the surface and, therefore, they probably
correspond to different concentrations of carbon in
the carbon depth profile. Stratum #1 is the duplex
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cellular microstructure with a cell size that changes
from about 5 lm in the hotter regions of the HAZ
to �1 lm in the cooler regions. In the hottest
regions of the HAZ it is the dominant structure.
In cooler regions it lies only in a 3 lm thin crust
at the outer surface where the carbon concentration
is highest. Stratum #2 is the lamellar structure that
penetrates to a uniform depth of 25–30 lm and is
relatively insensitive to heat level. The lamellar
structure exists in the cooler parts of the HAZ,
and is not found in association with the 3–5 lm cells
of stratum #1. This lamellar structure has the char-
acteristics of slip lines from plastic deformation. The
lines change orientation at the austenite grain
boundaries. It is known that the Kolsterising� treat-
ment causes plastic deformation of the surface of
stainless steel, as evidenced by the formation of slip
lines on the surface [6,10]. These slip lines are not
visible in cross-sections cut through the as-Kolster-
ised layer because the layer does not etch easily.
Therefore, it was not known how deep the lines pen-
etrated below the surface. In the present work they
are revealed because of decoration by small carbides
under the influence of heat from the weld. Gener-
ally, these slip lines do not penetrate the full depth
of the former 33 lm K layer, but occasionally a
few are seen below the 33 lm depth in large grains
that span the K layer and the immediate substrate.

Stratum #3 is the coarse network structure that
lies on the parent austenite grain boundaries and
penetrates to about twice the depth of the former
K layer. At depths within stratum #3 beyond the
lamellar band there are no visible decomposition
products inside the austenite grains and, as seen in
Fig. 3, the hardness is the same as for the substrate.
Hence, the decorated austenite grain boundaries of
stratum #3 do not contribute to surface hardness.
The depth of stratum #3 indicates preferred pene-
tration of carbon along the austenite boundaries
to approximately twice the depth of the main K
front. Such advanced infiltration has not been
reported hereto for the Kolsterising� treatment.
No effort was made to determine unambiguously
whether it occurred during the Kolsterising� treat-
ment or during heating from the weld. However,
the position of the front of stratum #3 was seem-
ingly independent of heat level in the HAZ, which
would imply that the preferred penetration of car-
bon along the grain boundaries occurred during
the K treatment.

The interpretation of the morphologies of the
decomposition products is limited by the resolution
limit of about 1 lm in these optical examinations at
which a particle could be discerned as a dot, but
below which the particles were a just a grayish haze.
The decorations on austenite grain boundaries and
slip lamellae were hazy. In the small cells of 3–
5 lm size the cells were mostly contiguous and their
boundaries were quite thick. Islands were present in
the larger ones. Because these cells are associated
only with the hottest regions of the HAZ and they
lie in the higher carbon regions of the K layer where
the phase equilibrium calculations identified M7C3

phase as the major decomposition product, it is pre-
sumed that they are a mix of M7C3 phase and aus-
tenite. A noteworthy feature of these 3–5 lm cells is
that although they overlap the 25 lm deep plasti-
cally deformed band of the K layer the cells contain
no evidence of slip lines. The implication is that the
former slip bands from the K treatment were erased
by thermally-induced formation of the cells during
welding. It is proposed that the cellular morphology
of the cells might be due to local recovery and
recrystallization in the former slipped region of the
heated K layer. The cell boundaries and islands
are assumed to be M7C3 phase. Such local recrys-
tallization could be aided and abetted by the
carbon-reduced melting temperature of the most
carbon-rich regions of the K layer. In the very-near
HAZs momentary melting and freezing of the most
carbon-rich regions could occur at temperatures too
low to melt the substrate but above the reduced
melting temperature of the K layer. Elsewhere, in
the unmelted regions, the reduced melting tempera-
tures of the carbon rich layer will favor solid state
thermal recovery and recrystallization and the for-
mation of carbides in the hotter regions. These
processes are assisted by vacancies. Since the ther-
mal vacancy concentration scales with the ratio of
the actual temperature to the melting temperature,
a carbon-reduced melting temperature will cause
more vacancies to be produced at a given actual
temperature. In cooler regions of the HAZ where
the fine, hazy structure dominates, the lamellar
structure is probably not destroyed but is largely
hidden by the high density of fine carbides.

The final consideration for the welds, and per-
haps the most important one, is the relationship
between weld-associated thermal decomposition of
the K layer and surface hardness. A conclusion
from this work is that hardness measurements alone
are not a satisfactory means of determining whether
decomposition has occurred. It is found that the
hardness of the K layer can be totally eliminated,
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partially reduced, or not affected, depending on the
nature and scale of the decomposition. At the sur-
face of the weld metal bead, where no signs of the
former K layer remain, all the increase in hardness
imparted by the former K layer is erased. In the
hottest portions of the HAZ, where estimated
temperatures [10] reached above about 1200 �C the
decomposition structure is comprised of the
3–5 lm size cells which are supposedly a mix of
coarse M7C3 particles and carbon-depleted austenite,
the hardness is reduced to 500–800HV0.05. In the
cooler regions of the HAZ, decomposition of the K
layer occurs on a much finer scale and the micro-
structures consist of a <3 lm thin layer of <1 lm size
cells or particles overlaid on a 25–30 lm depth of dec-
orated slip lines and hazy, submicron size particulate
structure, presumably largely M23C6. For this fine
decomposition structure, the surface hardness
can remain unchanged at 1000–1200HV0.05, as in tra-
verses A and C, or can be reduced to 700–800HV0.05,
as in traverse B. Traverse B was in a hotter region
and its carbide particles might be a little larger. At
30–70 lm depths, where the decorated austenite
grain boundaries reign, the hardness is about
200HV0.05, the same as that for the annealed base
alloy. It is cautioned that these hardness data are
qualitative, and those for the 3–5 lm cell structure,
although reproducible, are somewhat less reliable
than those for the finer structures and the undecom-
posed layer. The measured hardness value of a com-
posite of hard carbide particles in a soft austenite
matrix will be affected by the number of particles in
the small volume probed by the indenter. Because
of the need to use small indentations of less than
about 15 lm diagonal width to stay within the K
layer, relatively few carbide particles are involved in
the tests on the 3–5 lm cell structure.

4.2. Irradiated specimens

The above discussion of thermal decomposition
and softening of the K layer, particularly the effects
of size of the decomposition products, is relevant to
the findings for the irradiated specimens where no
radiation-induced softening was found. The irradia-
tion temperature of 60–100 �C is quite low in terms
of the absolute melting temperature of the steel, and
if any irradiation-induced decomposition products
were created from the carbon-supersaturated aus-
tenite they would be very small, much less than
1 lm. Depending on the degree of decomposition,
some carbon might remain in supersaturated solid
solution. Such a very fine decomposition micro-
structure might not show much, or any, change in
hardness. Therefore, the fact that no irradiation
softening was detected in the hardness tests is
ambiguous. It could mean that no significant
decomposition of the K layer occurred or decompo-
sition did occur but the products were too small to
measurably reduce the hardness value. The results
are further confounded by the conflicting involve-
ment of irradiation hardening which is strongly evi-
dent in the non-Kolsterised specimens, and which
seemingly contributes to the hardness of the K
layer, too. Irradiation hardening would tend to
camouflage any radiation-induced softening.

This irradiation exposure of 1 dpa is shorter than
the lifetime exposure of 5 dpa planned for the SNS
target vessel. Nevertheless, a dose of 1 dpa is mean-
ingful in terms of the vessel lifetime because the
effects of irradiation on mechanical properties of
austenitic stainless steels tend to saturate at doses
above about 0.1 dpa [11,12]. The tensile yield
strength at 1 dpa is little different from that at
5 dpa. Since hardness scales with yield strength, it
is reasonable to suppose that the hardnesses mea-
sured in the present work are reasonably close to
those for a 5 dpa exposure. Therefore, the absence
of radiation softening of the K layer after a 1 dpa
exposure will imply little or no softening at 5 dpa.
The present irradiation was conducted in a steady
mode, not in a pulsed mode that would more closely
simulate a SNS exposure, and it does not include the
generation of high helium and hydrogen contents
expected in the SNS target vessel. However, the irra-
diated properties data bases do include data for
pulsing and high gas contents, gathered for fusion
reactor applications. Their effects are small com-
pared to the dose effects. From the bulk radiation
effects aspect, irradiation of the vessel to doses of
1 dpa and 5 dpa portends no fatal problems. Unfor-
tunately, what is not covered in the fusion reactor
program data base, and is not addressed in the pres-
ent paper, is the question of liquid cavitational pit-
ting at 5 dpa under high energy pulses. That could
be a life-limiting problem. It requires further labora-
tory experiments or, more desirably, post-irradia-
tion studies of retired target vessels.

4.3. General

These experiments show clearly that when the
decomposition products from a carbon-supersatu-
rated austenite layer on stainless steel occur on a
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submicron scale the hardness of the aggregate may
remain equivalent to that of the undecomposed
layer. Whether such a decomposed K layer will
retain the same resistance to cavitation pitting as
the pristine layer remains to be seen. The answer
will require cavitation experiments on K layers that
have been decomposed under controlled thermal
treatments and are characterized in more detail.
For fabrication of the SNS target vessel, most of
the welds will be made before the Kolsterising�

treatment is applied. In which case, no decomposi-
tion products will be involved and the hardness of
the K layer on the welds will be the same as on
the non-welded parts, as demonstrated in [6]. How-
ever, some welding is unavoidable on Kolsterised
surfaces in the front end assembly; to reinstate some
pitting protection in this region it will be re-Kolster-
ised after welding.

5. Conclusions

The effects of electron beam welding and neutron
irradiation on structural stability and related hard-
ness changes in the surface layer of 316 austenitic
stainless steels that was solution hardened by a
commercial carburization treatment are described.
In welded specimens of 316L steel, the former car-
burized layer and its high hardness are eliminated
in the weld metal. In the weld HAZ, thermal
decomposition of the layer occurs. The hardness
of the layer in the HAZ depends on the heat distri-
bution and the size of the thermally-formed carbide
particles. When the particles are of submicron size
the hardness is not reduced. In carburized speci-
mens of annealed and 20% cold-rolled 316LN steel
that were neutron irradiated to 1dpa at 60–100 �C,
no softening of the K layers was found. Instead,
the hardness of the K layers was increased by 2–
12%, compared to increases of 81% and 43% for
the annealed and 20% cold-rolled substrate materi-
als, respectively. Optical microscopy examinations
of the surfaces of the as-Kolsterised-and-irradiated
specimens revealed no signs of decomposition
attributable to irradiation. The resistances of a
decomposed K layer and a re-Kolsterised decom-
posed K layer to liquid cavitation pitting remain
to be demonstrated.
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