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ABSTRACT

A nitro-carburizing surface treatment known domestically as the Melonite® process was
applied to type 316LN stainless steel test pieces and exposed to sonication conditions in
mercury using a vibratory horn technique. Cavitation-erosion damage was evaluated for
extended exposures and compared to other surface treatments on the same substrate alloy.
The results indicate that the Melonite® process substantially retards weight loss and crater
development for extended periods, but gradually is eroded/destroyed leading to exposure of
the substrate and cavitation-erosion behavior similar to untreated specimens.

Compared with other surface treatments, cavitation-erosion results indicate that
specimens treated with Melonite® perform similarly to specimens treated with a simple
nitriding process. Neither the simple nitriding nor the Melonite® treatment is quite as
effective as a previously evaluated low temperature carburizing treatment, the latter being
about a factor of three better than Melonite® in terms of weight loss during sonication in

mercury.






1. INTRODUCTION

Thermal-shock induced pressure waves are expected within the Spallation Neutron
Source (SNS) target vessel due to the interaction between the incoming pulsed proton
beam and the liquid mercury target. After reflection of the pressure waves from the
containment surfaces, negative pressure transients sufficient to cavitate the liquid mercury
are anticipated. Some of the energy released during the collapse of cavitation voids will
result in a jetting action of liquid mercury at extreme velocity that — for events relatively near
containment surfaces — can potentially reduce wall thickness to unacceptable values via
cavitation-erosion or pitting.

Type 316L/316LN stainless steel was selected as the target containment material for the
SNS due to a combination of well-characterized behavior in a neutron radiation
environment, including absence of a ductile-brittle transition, and good compatibility with
mercury over a range of conditions. However, annealed 316/316LN has been shown to be
susceptible to potentially significant pitting and erosion damage due to cavitation in mercury
in laboratory tests using a split Hopkinson pressure bar apparatus,’ in-beam exposures®?
and a vibratory horn.*” A variety of surface treatments for 316LN intended to improve
resistance to cavitation have also been evaluated and, based on vibratory horn testing, the
most successful of these examined to date has been a low-temperature gas carburizing
treatment termed Kolsterising® (trademark of the Bodycote Company, Apeldoorn,
Netherlands). In this treatment, several weight percent carbon is diffused into the substrate
stainless steel to a depth of nominally 33 um. Because the carburizing is accomplished at a
temperature well below that associated with precipitation of chromium carbides (occurs
rapidly at 550-750°C), the carbon remains in solid solution resulting in a significantly
hardened surface that simultaneously retains good toughness. Further, because the
hardened surface results in a diffusion gradient into the substrate, there is no distinct
interface at which properties change in step-function fashion. Thus, there is no discreet
initiation point for failure (via loss of adhesion and cracking/spalling) as might be the case
for surface coatings that do not penetrate and/or intimately bond with the substrate. As
measured by weight loss and surface profile development of specimens tested for extended
sonication times with a vibratory horn in mercury, Kolsterizing® substantially improves
cavitation resistance of annealed 316LN.**°

Recently, a proprietary surface hardening process termed Melonite® (trademark of

Durferrit GmbH, Mannheim, Germany; the same process is also known as Tenifer® and



Tufftride® in other worldwide markets) that is potentially suitable for stainless steels has
come to the attention of the SNS staff. The process involves nitro-carburizing — primarily
diffusion of nitrogen and lesser amounts of carbon and oxygen into the substrate in a salt
bath at temperatures near 500-550°C — to generate a surface layer of primarily single phase
epsilon iron nitride above a diffusion layer with elevated solid solution nitrogen content. The
primary (advertised) purpose of the Melonite® treatment is to improve corrosion and wear
resistance, but its apparent similarities to the Kolsterizing® process suggest potential
improvement of cavitation-erosion resistance as well. As a result, test pieces of 316LN
identical to those used in many previous experiments for SNS were treated with the
Melonite® process and sonicated in mercury with the vibratory horn for direct comparison
with Kolsterizing® and other surface treatments.



2. EXPERIMENTAL PROCEDURE

The composition of the mill-annealed type 316LN stainless steel used in this
investigation — identical to that used for previous cavitation-erosion experiments in mercury
for the SNS — is reported in Table 1. As in previous sample fabrication, the test face of
each specimen was machined parallel to the rolling direction of the original plate material to
limit the number of inclusion stringers — relatively few in any case — intersecting the

specimen surface and potentially giving rise to atypical cavitation response.

Table 1. Composition (wt %) of type 316LN stainless steel
used as a substrate alloy in this investigation. Values taken
from certified mill report.

Element 316LN (wrought)
C 0.009
N 0.11
Cr 16.31
Ni 10.2
Mo 2.07
Mn 1.75
Cu 0.23
Co 0.16
P 0.029
Si 0.39
S 0.002
Fe balance

Test specimens machined from mill-annealed 316LN were subjected to the Melonite®
QPQ treatment in a domestic commercial facility. The process involves immersion in a salt
bath at 500-550°C for typically 1-2 h to enrich the surface of the component with nitrogen
and, to a lesser extent, carbon. The near-surface layer formed by this high-temperature
diffusion process is typically termed the compound zone or the “white layer” in Melonite®
literature, and according to the developers it consists of essentially single phase epsilon iron
nitride 10-25 um thick and a composition of up to 8-9% nitrogen and 1% carbon. Beneath
the compound zone (that is, deeper into the work piece), a diffusion zone enriched in

nitrogen forms. Depending on the specific alloy composition, salt bath time and



temperature, and cooling rate following treatment, the diffusion zone may approach 1 mm in
thickness in low alloy materials but it is typically much thinner in stainless alloys. The
nitrogen content of the diffusion zone is lower than that in the compound zone, with the
nitrogen primarily present in solid solution or as fine nitride precipitates.

The specific designation “QPQ” associated with the treatment indicates the procedure
follows a quench-polish-quench sequence. Although specific details are not known to the
author, the Melonite® literature indicates that following initial salt bath treatment, the
component is quenched (quickly cooled) and then the surfaces of interest are polished
followed by reheating and quenching. In general, this procedure results in a very uniform
black surface coloration with maximum surface finish and low coefficient of friction (required
for wear applications).

Like all previous evaluations in this program, cavitation-erosion tests were performed
using a titanium vibratory horn and the general test methodology described in ASTM G-32."°
Each test specimen had a surface area of 180 mm? exposed to cavitation conditions (other
specimen details previously reported,” and was attached to the vibratory horn tip via a
threaded shank. In each test, the horn tip oscillated at a fixed frequency of 20 kHz with a
peak-to-peak vibrational amplitude of 25 ym. The test specimen surface on the horn tip
was immersed about 2 mm into the pure mercury pool in the center of a jacketed stainless
steel container (about 10 cm diameter, 11 cm depth of mercury). A water/glycol mixture
was circulated through the jacket to maintain a constant temperature of 25-26°C during
sonication. Periodically, cheesecloth was used to skim the mercury surface to remove
floating oxide and/or test debris.

A total of four cavitation specimens were treated with the Melonite process. Based on
comparison of pre- and post-process specimen weight, two specimens were found to gain a
modest amount (1 to 1.5 mg) and two were found to lose a modest amount of weight (about
1 mg). Since the overall treatment process is a balance of weight loss associated with the
cleaning step(s) and weight gain associated with the uptake of nitrogen and carbon, it is not
practical to attempt to assign significance to a particular weight gain or loss. However, the
ostensibly duplicate specimens chosen for evaluation were selected to be the specimens
exhibiting the greatest net wet gain and loss, respectively. As will be seen in the next
section, the cavitation-erosion results for these two specimens were indistinguishable, and
thus no impact of the range of weight change was associated with these specimens and

only these two were included in the testing.



Following sonication, the test specimens were ultrasonically cleaned sequentially in
(1) a commercial aqueous solution containing dissolved sulfur species to chemically bind
residual mercury, (2) distilled water, and (3) acetone, followed by forced air drying after
each step. Specimens were then weighed and subsequently examined with an optical
microscope to assess the cavitation-erosion surface profile and any pitting damage. In both
cases, the calibrated fine focus feature of the microscope stage was used to estimate the
distance between high and low points in a given field of view to evaluate relative surface
profile and pit depth. Periodically, specimens were also examined with the scanning
electron microscope (SEM) and eventually (at the end of total intended test duration)

sectioned for metallographic evaluation of the cross section.






3. RESULTS AND DISCUSSION

Weight loss as a function of sonication time for two annealed 316LN specimens that
received the Melonite® QPQ treatment (hereafter referred to as the M-layer) is shown in
Fig. 1. Results for the two specimens are very similar, and the average weight loss rate is
roughly constant near 2.5 mg/h over the first 12-14 h exposure, after which weight loss
accelerates as the protective quality of the M-layer fails over an increasingly larger
specimen area. As a point of comparison, identical specimens treated via Kolsterising®
(hereafter referred to as the K-layer) exhibited an approximately constant weight loss rate of
0.8 mg/h over periods of at least 20 h exposure under these cavitation conditions.

Additional comparison of the M-layer with other surface treatments appears later within this
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Fig. 1. Weight loss as a function of sonication time in mercury at 25°C for
annealed 316LN following the Melonite® QPQ treatment.

Figure 2 shows a cross section of a portion of a treated sample (taken from the side of
the specimen, which is unaffected by the sonication exposures), and it reveals some key
features of the M-layer. The total M-layer thickness — made evident by the different etching
characteristics of the nitrogen-doped area compared to the base metal — is about 32 um in
the view shown here. This value was found to be consistent among the unexposed portions
of each specimen, so it seems reasonable to assume a similar thickness on the as-treated

test face of each specimen as well. Although not analytically confirmed in this investigation,



the outermost portion of the M-layer that etched relatively dark in Fig. 2 is about half

(16-20 um) of the total M-layer thickness and corresponds to the so-called compound zone
that is primarily epsilon iron nitride. (Melonite® literature also refers to this as a “white
layer” which, if etched differently, might well be a descriptive characteristic of this relatively
corrosion-resistant layer.) The remainder of the M-layer — not as heavily etched here —is
likely to be the diffusion zone where there is an elevated nitrogen content but not sufficiently
high to form the iron nitride. Note also in Fig. 2 the slip lines within the M-layer material and
(fewer) in the substrate immediately adjacent to the M-layer; these suggest significant lattice
deformation/stress and hardening associated with grossly exceeding the equilibrium
solubility of nitrogen within the austenite lattice. The remainder of the 316LN stainless steel
substrate is comprised of equiaxed austenite grains with little evidence of grain boundary

precipitation resulting from the heat treatment associated with M-layer application.
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Fig. 2. Cross-section of the side of a 316LN
cavitation specimen following M-layer treatment. This
particular specimen was sonicated for 12 h in mercury, but
the side of the specimen is unaffected by the exposure and
represents the as-treated specimen surface. Etched with
glyceregia. (Met. photo 09-1020-16.)

For total sonication periods less than about six hours, the primary visual result on the
specimen test surface is the appearance of scattered shallow craters such as those

depicted in Fig. 3. While the craters are generally circular in shape, they are different than



typical craters observed on untreated 316LN specimens in that they are essentially flat-
bottomed (instead of hemispherical and very rough) and each one is approximately the
same depth — about 20 ym — upon initial formation. Based on the metallographic result
shown in Fig. 2, it would appear that the outer portion of the M-layer — about 20 um thick —
is the first to fail and that the failure occurs at least in part by loss of adhesion between the
compound layer and the diffusion layer. It is possible that a complex residual stress pattern
across this apparent interface contributes to failure at this location. The remainder of the
test surface — the bottom of any shallow craters as well as the uncratered surfaces —

exhibited a profile of only about 5-6 um.

Fig. 3. Continued on next page.
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Fig. 3. SEM images of the 316LN + M-layer test surface
following 1 h sonication in mercury. Black highlight boxes
denote area viewed at higher magnification in the following
photo in the series. (Met. photos VP2522 -01, -03, -05, -07.

In addition to the development of shallow flat-bottomed craters relatively early in the
total sonication exposure, the dark brown or black surface coloration of the test piece was
quickly lost from the sonicated surface. Figure 4 is representative of this observation, which
shows a substantial change within the first hour of sonication. In addition, the photograph
shows the substantial increase in the number of shallow craters (relatively shiny spots on

the somewhat darker test surface) observed upon increasing total exposure from 1 to 3 h.
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Even after 3 h exposure, however, no large hemispherical craters have completely

penetrated the M-layer.

as-treated
(unexposed)

sonhicated
1hinHg

Fig. 4. As-treated (unexposed M-layer) test surface
compared to surfaces following 1- and 3-h sonication
exposures in mercury. For scale, note that the full
diameter of the test button surface is 16 mm.

Figure 5 is representative of the observation that grain boundaries of the M-layer
surface — which become distinguished during total exposures in the range of 3-9 h by
grooving/cracking — appear to be more susceptible to cavitation-erosion damage than the
bulk surface. The reason perhaps relates to more rapid precipitation kinetics (for nitrides or
carbides or both) at grain boundaries compared to the grain interior, thus tending to form
relatively brittle precipitate interfaces during the treatment procedure.

Hemispherical craters of sufficient depth to penetrate the full thickness of the M-layer
were first observed after 4.5 h exposure on one specimen and after 7.5 h exposure on the
other. Only modest numbers (6-10 on each specimen) of large hemispherical craters were
apparent until about 12 h exposure, at which point they were observed in numbers sufficient
to make tracking the advance of individual craters very difficult. Figure 6 shows a
representative specimen surface following 12 h total sonication time. At this pointin the
cavitation-erosion process, craters that develop are roughly hemispherical with surfaces that

are substantially rougher than those observed earlier in the cavitation process (contrast to

11



Fig. 3) and indeed are comparable to surfaces observed when craters develop on annealed
and untreated 316LN specimens.”® Also at about 12-14 h total exposure time, relatively

little of the initially smooth (~5 ym) and protective M-layer was observed remaining on the

test surfaces.

crater

bulk jU-8 floor
surface

Fig. 5. SEM images of the 316LN + M-layer test surface
following (a) 3 h and (b) 6 h sonication in mercury. (Met.
photos VP2530-11 and VP2544-15.)

Following exposures in which the original M-layer (at full thickness, or after partial failure
that resulted in flat-bottom craters with about 15 ym of M-layer remaining) had not been

removed from the test surface, it was observed that mercury did not remain wetted to the

12



post-test surface for more than a few minutes when exposed to air. However, mercury was
found to tenaciously wet (and remain wetted for extended times) the surfaces of the
hemispherical craters in which substrate 316LN was exposed. Figure 7 is representative of
this observation, which shows a post-test surface (prior to cleaning) following 12 h
exposure. The mercury remained adherent to essentially all of the deep crater surfaces but

no longer wet any other surfaces.

Fig. 6. Continued on next page.
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Fig. 6. SEM images of the 316LN + M-layer test surface
following 12 h sonication in mercury. White highlight boxes
denote area viewed at higher magnification in the following
photo in the series. (Met. photos VP2563-01, -03, -05, -06.)
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shortly after terminating 12 h exposure
(specimen has not yet been cleaned)

Fig. 7. Cavitation test surface showing mercury
remaining at locations sufficiently cratered to
penetrate the M-layer and expose substrate 316LN.
This test button was photographed a few moments after
terminating the exposure in which the total sonication time
was increased to 12 h.

Figure 8 is a series of SEM photographs of the test surface of a specimen following 20 h
sonication. Relatively deep craters cover the test surface and in some cases overlap
slightly. At this point in the exposure process, the weight loss per hour has accelerated
from approximately 2.5 mg/h (observed until large craters became dominant on the test
surface) to approximately 5.5 mg/h. This value is still substantially less than that observed
for annealed and untreated 316LN (near 12 mg/h). The reason relates to the fact that some
fraction of the surface area remains partially protected by residual M-layer and that nitrogen
diffusion into the substrate perhaps slightly hardens and thus improves cavitation-erosion
resistance even deeper into the specimen than the apparent extent of the M-layer based on

metallography.
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Fig. 8. SEM images of the 316LN + M-layer test
surface following 20 h sonication in mercury.
(Met. photos VP2632-01, -07, -23.)
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Figure 9 is a polished and etched cross section representing the specimen sonicated for
12 h prior to being sectioned for metallography. At the left end of the photograph, the side
of the specimen is visible. Although the entire specimen surface received the M-layer
treatment, the sides are not affected during sonication and thus represent the “as
deposited” condition of the M-layer. A higher magnification of the highlighted area on the

side appeared in Fig. 2, which showed the structure and thickness of the original M-layer.

}‘— test surface ———

Fig. 9. Cross section of test specimen following
12 h sonication in mercury. Etched with glyceregia.
(Met photo 09-1020-12.)

The specimen test surface is shown along the top of Fig. 9. After 12 h sonication, it is
readily apparent that the M-layer has been breached to expose the substrate in some areas.
In particular, in the highlighted area on the specimen surface, note the shape of a roughly
hemispherical crater approximately 60 um deep in this view. At higher magnification
(Fig. 10), it can be seen that the residual M-layer thickness adjacent to the crater is about
16 um and still apparently protective (no change in the substrate), while the bottom surface
of the crater reveals slip lines deep within the substrate indicative of substantial plastic
deformation associated with the cavitation-erosion process. Note that slip lines associated
with application of the M-layer are routinely limited to the M-layer itself and are periodically
observed (e.g., see Fig. 2) penetrating a few pm into the underlying substrate. Slip lines

associated with the cavitation process appear much deeper into the substrate and tend to

17



surround craters in the test specimen surface, but are rarely observed in areas without

craters.

treatment layer thickness (~ 16 Jm)

slip lines resulting
from cavitation impact

Fig. 10. Higher magnification view of the surface
crater indicated in the white highlight box from Fig. 9.
(Met. photo 09-1020-22.)

Figure 11 is a view of another surface location on the specimen sonicated for 12 h.
Here, the M-layer has been breached, exposing the substrate to mercury but this location
may represent the extreme edge of a crater or a crater may not have formed (yet) at this
location. In any case, this view serves to further associate a relatively high concentration of
slip lines in the substrate (compared to the modest concentration beneath the remaining M-
layer) with the physical deformation of breaching the M-layer and incipient crater formation,
while the remaining M-layer itself is relatively resistant to the forces associated with
cavitation void collapse. A further testament to the violence of the cavitation-erosion
process appears in Fig. 12, which shows yet another location on the surface of the
specimen sonicated 12 h and reveals — in addition to a high concentration of slip lines — an
M-layer eroded to variable degree, a highly twisted/deformed surface (yet no cracks form
along the interface between substrate and M-layer), and cracks in both the M-layer and
substrate. The latter observation suggests the mechanism of material removal during

sonication is related to initiation and coalescence of microcracks.
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slip lines concentrated
at “breach” of layer

I
10 pm

Fig. 11. Cross section of test specimen following
12 h sonication in mercury — a different area on the
same test surface depicted in Figs. 9 and 10. Etched
with glyceregia. (Met. photo 09-1020-24.)

10 pm

Fig. 12. Another cross section of the test specimen
surface following sonication for 12 h in mercury. This
view reveals more surface distortion resulting form the
cavitation process. Etched with glyceregia. (Met. photo
09-1020-18.)
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Figure 13 includes two cross sections of different areas of the specimen sonicated 20 h
in mercury. These photographs are representative of the observation that the primary
changes in the surface as sonication time is extended are that the craters get deeper (also
see Fig. 14) and sufficiently numerous that they frequently overlap, and the fraction of the
test surface with any remaining M-layer decreases rapidly. The latter observation accounts
for the gradual increase in weight loss per unit time associated with the sonication process,
with eventually a complete transition from M-layer properties to untreated 316LN when all of
the residual M-layer has been eroded/removed from the surface.

Once the M-layer is sufficiently compromised that craters can progress into the
substrate 316LN, the craters increase in depth relatively rapidly as shown in Fig. 14, which
records the depth of eight specific/individual craters on two different specimens beginning at
the end of the exposure period in which they were first observed on the post-test surface.
The range of crater depth at first observation was 34-90 ym, which no doubt depends
primarily on whether the M-layer was breached early or late within a particular exposure
interval. The average rate of increase in crater depth (the slope of the dotted line in Fig. 14)
is about 11 pm/h, which is somewhat less than the value of 15-20 ym/h associated with
untreated 316LN.® The slightly lower rate of crater growth in the nitro-carburized material
might be related to modest hardening resulting from interstitial diffusion deep into the
material (considerably deeper than is apparent from the metallographic extent of

penetration).
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residual protective layer

trace amounts of
protective layer?

Fig. 13. Cross sections of test specimen following
20 h sonication in mercury. Etched with glyceregia and

viewed with differential interference contrast light. (Met
photo 09-1405-16, -19.)
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Fig. 14. Depth as a function of sonication time in mercury for eight
individual craters.

Figure 15 compares the relative cavitation-erosion resistance — in terms of total weight
loss on identically sized specimens — of annealed/untreated 316LN with that of several
surface treatments, including the K-layer ®° and M-layer (both nominally 33 um in depth), a
dual treatment that incorporated adding a nitriding treatment to the K-layer (termed K+N
layer,"" and a standard nitriding treatment.’*"* Among these, the K-layer seems to provide
superior performance for the cavitation conditions of these tests in mercury, as evidenced
by a roughly linear weight loss associated with erosion that was about a factor of three
lower than that observed for the M-layer treatment. In addition, and the protective qualities
of the K-layer persisted to somewhat longer sonication treatment times than those of the
M-layer prior to gradual failure to a performance level approximating that of the untreated
material. The M-layer, while not as protective as the K-layer for the somewhat
unique/unusual sonication conditions in mercury imposed in the vibratory horn test,
nevertheless was observed to impart substantial cavitation-erosion resistance to the
untreated material and is somewhat superior to the K+N layer treatment. Note also in
Fig. 15 that the M-layer — despite designation as a nitro-carburizing treatment, implying a
mixture of nitrogen and carbon penetrating into the surface — reveals weight loss
characteristics during sonication in mercury very similar to those of a purely nitrided surface

layer examined previously.'"
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Fig. 15. Comparison of total weight loss as a function of sonication time in
mercury for bare/untreated 316LN stainless steel and for the same alloy with
different surface treatments.

The reason for the difference in performance between the M-layer (nitrogen diffused into
the substrate) and the K-layer (carbon diffused into the substrate) is not straightforward.
Figure 16 shows hardness profiles associated with the M-layer and the K-layer, and within
the scatter of the technique and ability to assess such thin layers adequately, they are very
similar. The data in Fig. 16 suggest that the K-layer is perhaps somewhat harder at the
outermost portion of the protective layer (<10 uym from the surface), but it is not clear if
limited hardness data for the M-layer contribute disproportionately to that assessment.
Further, data for nitriding following carburizing of 316LN shows the outermost surface to
have a hardness of 1000-1200 DPH."" Note hat for extended depth into the specimen
(>40 pm), there appears to be a modest hardness increase associated with application of
the M-layer. This supports previous comments associated with Fig. 14, in which it was
speculated that crater depth as a function of sonication time was impeded somewhat
(compared to untreated material) by slight hardening to an extended depth within the

material.
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Fig. 16. Diamond Pyramid Hardness (DPH) as a function of distance from
the surface for M-layer and K-layer treatments. Data for K-layer adapted from
ref. 14. Measurements with 50 g load.

Ultimately, as has been noted previously,” '® bulk hardness is not a stand-alone

predictor of cavitation-erosion resistance in mercury. A combination of toughness/ductility

as well as strength and hardness is required. It would appear that a super-saturation of

carbon in the austenite lattice near the surface is somewhat superior to a super-saturation

of nitrogen in that regard, but the details of the mechanism of relative resistance have not

been determined as yet.
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4. SUMMARY AND CONCLUSIONS

The Melonite® surface hardening process was applied to type 316LN stainless steel test
pieces which were subsequently sonicated in mercury using a vibratory horn technique.
Based on etching characteristics of the microstructure, the Melonite® treatment resulted in
the formation of a surface consisting of a distinct outer layer about 20 um thick that is
primarily iron nitride and an inner layer about 12-15 um thick substantially enriched in solid-
solution nitrogen. During sonication, the protective layer initially failed at the interface
between the outermost epsilon nitride layer and the solid-solution nitrogen diffusion zone.
Extended sonication gradually eroded the remaining protective layer which was eventually
breached, with concurrent development of roughly hemispherical craters similar in
appearance to those that form in untreated 316LN. At least initially, these craters became
deeper at a rate similar to but slightly less than for untreated material, suggesting a modest
effect of hardening due to solid solution nitrogen in the structure that was deeper than the
metallographic appearance might indicate.

Cavitation-erosion results compared with other surface treatments indicate that
specimens treated with Melonite® perform similarly to specimens treated with a simple
nitriding process. Neither the nitriding nor Melonite® treatment is quite as effective as a
previously evaluated low temperature carburizing treatment, the latter being about a factor

of three better in terms of weight loss during sonication in mercury.
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