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Abstract The effect of surface deformation on selective oxidation is studied
on a Ni-30Cr alloy prepared by grinding (SiC paper) vs. polishing (diamond
suspensions), and oxidized in air at 340-600 °C. Imaging and subsurface
composition profiling by transmission electron microscopy are combined to
investigate the relationships between microstructure, diffusion and oxidation.
The depth of deformed material is found to be critical to selective oxidation.
Atypical Cr depletion profiles reflect an abrupt change in diffusion properties
between the severely deformed subsurface and the bulk. The relative contri-
butions of grain boundary, dislocation and bulk diffusion to the Cr flux are
examined based on short-circuit diffusion theory.

Keywords Ni-based alloys; cold work; selective oxidation; diffusion; disloca-
tions; grain boundaries

1 Introduction

Heat-resisting austenitic steels and a number of Ni alloys rely on Cr-rich oxide scales
for protection against various forms of high-temperature corrosion. Component
surfaces are typically cold-worked during manufacturing, by a variety of techniques
such as grinding, shot-peening or grit-blasting; this has been observed (and used) to
improve their corrosion resistance. Surface cold working proceeds from a local form
of severe plastic deformation. It produces a layer of nanocrystalline (also referred to
as ultrafine-grained or UFG) material, with high dislocation densities [1-3]. Upon
subsequent heating, the stored energy drives recovery and recrystallization, whereby
dislocations rearrange to form subgrain and grain boundaries, and grain growth [4].

The general principle of the effect of cold work is that dislocations and grain
boundaries in the deformed region act as fast diffusion paths, which increases the
Cr flux to the surface and favors its selective oxidation. This effect is temperature-
dependent. Three regimes are distinguished here: high (700-1000 °C), intermediate
(400-700 °C) and low (250-400 °C) temperatures — this subdivision is arbitrary
but would roughly cover cases ranging from mixed gas atmospheres in the chemical
industry to steam and supercritical water or COs in fossil power to pressurized water
in nuclear power applications, respectively.
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At high temperatures, cold work has generally been found to promote CrsOg
formation [5-12] (although opposite results have also been reported [13]). This
has been associated with accelerated Cr diffusion in the fine-grained zone resulting
from recrystallization of the cold-worked material (in austenitic steels, deformation-
induced martensite can also contribute). It has also been suggested that dislocations
in the as-deformed microstructure play an important role in the early stages of
oxidation at 900 °C, even as they are being annealed out [7]. This effect is necessarily
short-lived, as recrystallization of austenitic alloys is rapid at these temperatures
(in the order of minutes). In a study of NiCr oxidation in Oz at 900-1100 °C,
Giggins and Pettit [5] found that the oxidation behavior of grit-blasted specimens
was the same whether or not they were annealed to induce recrystallization prior
to oxidation. The role of cold work may then be viewed as akin to that of grain
refinement — which is also known to promote CroOg3 formation at high temperature
[14-17].

At intermediate temperatures, recrystallization is slower (minutes to months),
and the as-deformed microstructure has a longer lasting influence on the oxida-
tion process. Depending on the conditions of interest, both the dislocations in
the as-deformed state and the recrystallization-induced grain boundaries have been
suggested to contribute to accelerated Cr diffusion [7,18-20]. Another significant
aspect is that Cr-containing alloys tend to be more prone to internal and intergran-
ular oxidation at these temperatures. Reducing the grain size may then have adverse
consequences, as grain boundaries are fast diffusion paths for O as well as for Cr.
In these conditions, grain refinement and cold work have generally been found to be
beneficial to higher Cr grades, and to have either little effect or some detrimental
effect on lower Cr grades [18,21-23].

At low temperatures, reports on the effect of cold work have shown significant
variance even for similar conditions. While beneficial effects have been reported
[24-28], a number of studies have found that cold-worked surfaces produced scales
with lower Cr concentrations or higher growth rates than scales grown on their
electropolished counterpart (see for instance [3,29,30] and refs. therein). In Refs.
[31,32], oxide intrusions were observed below the surface scale of cold-worked steels,
which the authors attributed to accelerated O diffusion along dislocations in the de-
formed microstructure. The role of grain boundaries is composition-dependent, as
noted above for intermediate temperatures. In Ref. [33] for instance, grain bound-
aries were found to favor external CroOjs formation in alloy 690, and to promote
intergranular oxidation in alloy 600. At low temperatures, recovery and recrystal-
lization are so slow that the as-deformed microstructure may subsist for years. It is
therefore expected to have a predominant role in selective oxidation. The specifics
of this role are, however, not well documented.

The variability of the experimental observations regarding the role of cold work,
especially at low and intermediate temperatures, points to a need for detailed in-
vestigations of cold-worked microstructures, and of the role of these microstructures
on diffusion in the subsurface zone and consequently on selective oxidation. The
present paper examines these questions based on the study of a model Ni-30Cr al-
loy, polished or ground, and oxidized in air at 340-600 °C. The particularity of the
paper is the use of subsurface composition profiles measured by transmission elec-
tron microscopy (TEM) to study the relationships between microstructure, diffusion
and oxidation.
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2 Materials and methods

2.1 Materials

The experiments were run using a Ni-30Cr (wt. %) ingot, received in as-cast con-
dition from Ugine-Savoie Imphy (supplier analysis: 30.4 wt. % Cr, main impurities
(ppmw): 20 C, 2500 Fe, 200 Mn, 100 N, 9 S, 1000 Si). Plates cut from the ingot
were subjected to cold-rolling and annealing to induce recrystallization and produce
equiaxed microstructures. Two procedures, yielding finer and coarser grains, were
used:

e rolling with 90 % reduction (¢ = 2.3) followed by 20 h annealing at 725 °C,
which produced 6 + 3 pm grains (referred to as annealed, fine-grained);

e rolling with 56 % reduction (¢ = 0.8) followed by 18 h annealing at 1075 °C,
which produced 67 £+ 39 pm grains (referred to as annealed, coarse-grained).

The grain sizes were measured by the intercept method from optical micrographs
of cross-sections etched with a 1 HNO3 — 1 HCI — 1 H5O solution.

To produce oxidation specimens, the plates were first cold-rolled, then cut into
10 x 15 mm coupons, and suspension holes drilled. The coupons were then vac-
uum heat treated as indicated above. This procedure minimized cold-work due to
machining. A series of coupons were also used in the as-rolled condition. These
presented heavily deformed, elongated grains.

2.2 Surface preparation

Two surface preparation procedures were used, yielding heavier or lighter surface
deformation. The specimens were either:

e ground with P500 grade SiC paper for 20 s (referred to as ground);

e or ground with P500, P1200 and P2000 SiC paper for 30 s each, and then
polished with 9 pm, 3 pm and 1 pm diamond suspensions for 2, 4 and 6 min,
respectively (referred to as polished).

The preparation was done using automatic polishing machines so as to ensure
that the experimental conditions (load and duration) were kept constant. Specifi-
cally, the 20 s P500 SiC grinding step was done with an Abramin machine (Struers),
applying a 120 N force to 3 specimens at a time (0.27 MPa), while the polishing
steps were done with a Tegramin machine (Struers), applying a 20 N force on each
specimen individually (0.13 MPa). For the polished specimens, the grinding steps
were done manually.

Some of the specimens were analyzed by laser interferometry (Bruker Contour
GT-K) at successive steps of the surface preparation process in order to monitor
the evolution of the surface roughness. Values of the arithmetic mean roughness
Ra were about 100-200 nm for the ground surfaces and 1-5 nm for the polished
surfaces.

2.3 Oxidation experiments

The oxidation experiments were conducted in a tube furnace, with flowing dry (syn-
thetic) air, at temperatures in the range 340-600 °C, for various durations (Table 1).
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Table 1: Duration of the oxidation tests (in h).

Microstructure  Annealed, fine-grained Annealed, coarse-grained  As-rolled

T ( °C)\Surface ~ Ground Polished  Ground Polished Polished

340 575 575 575
400 20 and 48 20 and 48 20 20 48
500 2 2 2 2 2

550 789 789

600 1 1 1 1

The durations were initially chosen so as to have comparable extents of oxidation at
different temperatures, with little or no recrystallization. A longer run was added
at 550 °C so as to study the alloy subsurface after significant recrystallization.

The furnace was calibrated with a type K thermocouple. The gas flow rate was
30 ml/min (0.6 mm/s at 500 °C). To start the experiments, the furnace was first
stabilized at the desired temperature. The specimens were suspended to a quartz
holder using quartz hooks, and placed into a cold zone of the furnace tube. The
tube was flushed with dry air for 2 h. The sample holder was then pushed into the
hot zone using a rod passing through a polymer end-cap. This allowed rapid heating
of the specimens. At the end of the experiment, the sample holder was pulled back
to the cold zone. Heating and cooling rates were not specifically measured for these
experiments, but based on previous measurements in a similar configuration, they
are estimated to be about 3 K/s on average.

Oxide thickness and composition were analyzed by glow discharge optical emis-
sion spectroscopy (GDOES) on all oxidized specimens, while in-depth analysis by
TEM was conducted on selected specimens, due to practical constraints.

2.4 GDOES analysis

Composition-depth profiles were measured in the oxidized specimens by GDOES
using a GD-Profiler 2 from Horiba Jobin-Yvon. The profiles were recorded by sput-
tering from the specimen surface through the oxide scale, into the substrate. The
signal was collected from a 4 mm diameter area. The sputtering rate was found to
vary significantly depending on the grain orientation. This was a problem in the
metal, even for the fine-grained specimens, as the variable sputtering rate gener-
ated important roughness at the bottom of the sputtering crater, and resulted in
poor depth resolution (> 100 nm). As a consequence, GDOES could not be used
to study Cr depletion in the metal, and was only used to measure the composition
and thickness of the oxide layers. The oxide thickness was subject to important
local variations, as shown subsequently in TEM observations. The GDOES values
represent an average over a large sampling area (4 mm diameter). The associated
uncertainty depends on the thickness variations more than on the technique itself,
and could not be quantified. These results should thus be considered approximate.
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Figure 1: Examples of TEM images used for dislocation density measurements. (a) High
dislocation density; (b) intermediate dislocation density; (c) low dislocation density.

2.5 TEM analysis

As-prepared polished and ground specimens, as well as selected oxidized specimens,
were analyzed by TEM. Electron-transparent foils were prepared by focused ion
beam milling with a FEI Strata Dual Beam 400, and TEM analysis was conducted
on a FEI Tecnai Osiris equipped with ChemiSTEM EDS detector and ASTAR, pre-
cession diffraction system from Nanomegas. The TEM specimen preparation and
analysis were carried out by SERMA Technologies in Grenoble, France.

In order to study the relationships between microstructure and oxidation, bright
field and dark field images, as well as EDS analyses and precession diffraction, were
combined. Composition profiles were measured by EDS with a step size of 0.5
to 5 nm. Dislocation densities (p) were measured from images obtained in weak
beam mode: their length was measured in an image processing software, and for
each image the cumulated length was divided by the corresponding volume (average
foil thicknesses were determined by SEM at the end of the milling process). In
the dislocation density profiles presented in the paper, each point corresponds to
one image. Two main difficulties were encountered: in strongly deformed zones
(p > 10 m2), dislocations were numerous and difficult to distinguish, and had
to be observed with high magnification (see Fig. la), which reduced the volume
sampled in one image. In zones with small dislocation densities (p < 10'® m™),
lower magnification images were used, but the number of dislocations sampled in
one image was also limited (Fig. 1c). For these reasons, the p values given in the
paper should be considered approximate.

3 Experimental results

3.1 Initial surface microstructures
Polished specimen

Polishing the annealed alloy produced surfaces with very little deformation, as shown
in Fig. 2a. However, close examination shows a row of elongated grains about 100 nm
wide and 30 nm deep directly below the surface (Fig. 2b and c). Dark field imaging
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surface

100 nm

Figure 2: Bright field TEM images of the near-surface microstructure of Ni-30Cr (annealed,
fine-grained) after 1 pm polishing. (a) Overview; (b) and (c) zoomed view of boxed areas
in (a) showing the surface deformed layer.

a surface
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zone

200 nm to bulk

100 nm
em—

Figure 3: TEM observation of the near-surface microstructure of Ni-30Cr (annealed,
coarse-grained) after P500 SiC grinding. UFG: ultrafine-grained. (a) Bright field overview;
(b) bright field image of UFG zone; (c) orientation map in UFG zone obtained by PED.

with varying tilt angles (not shown here) indicated that these were indeed grains
with crystallographic orientations distinct from that of the underlying alloy.

The dislocation density was found to be much larger in these surface grains than
in the bulk (on average 4 x10'* m2 vs. 2x10'2 m™ in the bulk). In summary,
mechanical polishing with 1 pm particles produced a shallow but distinctive cold-
worked region at the specimen surfaces.

Ground specimen

Grinding produced more extensive deformation, as shown in Fig. 3. A zone about
300 nm deep made of 10-30 nm grains is found immediately below the surface
(referred to as ultrafine-grained, or UFG zone). Further down, the microstructure is
lamellar, with larger and elongated grains, over a depth of about 0.5-1 pm. Deeper
still, the grain morphology is visibly less affected by the grinding treatment.
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Figure 4: Dislocation density-depth profile measured in annealed (coarse-grained), ground
Ni-30Cr specimen.

The ground surface was analyzed by precession electron diffraction (PED, Fig. 3c),
which confirmed that the UFG zone was indeed made of distinct grains formed by
nanocrystallization during the grinding treatment. Dislocation densities measured
at varying depths are presented in Fig. 4. Values obtained in the UFG zone are high
(10*-10'® m2), similar to those measured at the surface of the polished specimen.
Deeper in the specimen, p values remain large: about 104 m in the lamellar and
equiaxed zones, which is 50 times higher than in the bulk of the polished specimen
(2 x10'2 m2) — grinding affected the alloy microstructure over a depth larger than
that of the TEM foil (5 pm).

3.2 Oxidation results
General oxidation behavior

Depth profiling by GDOES was used to measure the approximate composition and
thickness of the oxide scales formed in the oxidation experiments. The specimens
formed two-layer scales, with Cr-rich oxide at the alloy-scale interface and Ni-rich
oxide at the scale-gas interface. At a given temperature, the microstructure and
surface preparation did not significantly influence the total scale thickness, but did
have an effect on the relative thicknesses. On the ground specimens, the Ni oxide
was 1-2 nm thick, which made up less than 10 % of the total thickness: the scale was
essentially Cr oxide. On the polished specimens, however, the proportion of Ni oxide
was between 1/4 and 1/2 of the total. These trends are illustrated in Fig. 5, which
shows the thicknesses obtained for a series of fine-grained and as-rolled specimens
after oxidation at 340, 400 and 500 °C.

The oxide scale and underlying metal were studied by TEM on three specimens:
one oxidized 48 h at 400 °C, which showed little recrystallization, and two oxidized
789 h at 550 °C, which were subject to significant recrystallization. This is presented
in the next Sections.
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Figure 5: Oxide layer thicknesses estimated from GDOES composition profiles after ox-
idation of Ni-30Cr in dry air in the indicated conditions. AG: annealed (fine-grained),
ground; AP: annealed (fine-grained), polished; RP: as-rolled, polished. Each bar represents
one specimen. Note that the values reflect signal collected over a large analysis area (4 mm
diameter); as shown subsequently, the oxide layers had uneven thicknesses.

Polished specimen oxidized at 550 °C

Oxidation of the polished alloy at 550 °C produced two-layer scales (Fig. 6). No
internal oxidation was observed. Analysis by EDS indicated that the oxides in the
outer and inner layer had the composition of NiO and CrsQOg, respectively. Both
layers were found to have highly variable thicknesses, with values ranging from 10
to 300 nm. The inner layer had a variable morphology, from thin and dense to thick
and highly porous, as shown in Fig. 6a and b. Some of the pores in the CrsOs
layer contained Ni-rich oxide. This is illustrated in the EDS maps of Fig. 6¢, where
Ni-rich oxide particles are seen on the walls of the pores.

Figure 7 shows a bright field image and associated phase map obtained by PED,
which confirmed the crystallographic nature of the oxide phases. Both NiO and
NiCroQOy4 spinel are identified around pores in the CroOg3 layer. Examination of the
PED results confirmed the high variability of the oxide grain size, from less than 10
nm to 200 nm.

Composition profiles were recorded by EDS across and below the oxide scale in 6
different zones of the specimen. All profiles showed Cr depletion in the metal, with
a shape typical of selective oxidation, as shown in Fig. 8.

The dislocation density measured immediately underneath the scale was similar
to that in the bulk of the specimen, about 4 x10'2 m™ on average, which is similar
to the value measured in the bulk before oxidation.

Ground specimen oxidized at 550 °C

Oxidation of the ground alloy at 550 °C produced a single oxide layer, shown by EDS
to be Cr203. The scale thickness was found to vary between 100 and 300 nm (except
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200 nm

Figure 6: Annealed (coarse-grained), polished Ni-30Cr coupon after 789 h at 550 °C in
dry air. (a, b) Dark field STEM images, showing varying extents of porosity in the inner
layer; (c¢) EDS maps from the boxed area in (b).
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B nicr,0,

Cr,04

. fee-Ni

Figure 7: Annealed (coarse-grained), polished Ni-30Cr after 789 h at 550 °C in dry air.
(a) Bright field TEM image; (b) composite phase and index map of (a) obtained by PED.
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Figure 8: (a) Dark field STEM image of annealed (coarse-grained), polished Ni-30Cr after
789 h at 550 °C in dry air; (b) concentration profiles measured by EDS along line in (a);
(c) Cr concentration profiles measured along line in (a) and in 5 other locations of the same
specimen, with fitted profile superimposed (see Section 4.1).
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Figure 9: Bright field TEM image of annealed (coarse-grained), ground Ni-30Cr after
789 h at 550 °C in dry air, showing recrystallized zone below CryO3 scale.

for a few larger oxide grains). The oxidation heat-treatment caused recrystallization
in the grinding-induced deformed zone, as shown in Fig. 9. The new grains are
between 300 nm and 1.5 pm large and have a relatively low dislocation density
(similar to the annealed material). Remarkably, the dislocation densities measured
immediately below the annealed zone are still quite high, and values typical of the
annealed material are only recovered at depths over 15 pm, as shown in Fig. 10.

Composition profiles were measured by EDS across and below the oxide scale
in 4 different zones of the specimen. All profiles showed Cr depletion in the metal,
albeit with an unusual shape: the Cr concentration is constant, at 22-26 at. %, over
some depth, and then steeply returns to the bulk value. The Cr-depleted plateau
was found to coincide with the recrystallized zone, as illustrated in Fig. 11.

Polished specimen oxidized at 400 °C

Oxidation of the polished alloy at 400 °C produced two-layer scales, as shown in
Fig. 12. Analysis by EDS indicated that the oxides had the composition of NiO
and Cry03. The CryO3 layer had a relatively constant thickness of about 10 nm,
while the NiO layer thickness was highly variable, from 3-4 nm in general to 50
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Figure 10: Dislocation density-depth profile measured in annealed (coarse-grained), ground
Ni-30Cr specimen after 789 h at 550 °C in dry air. The value representative of annealed
material is indicated by the dashed line. The values measured before oxidation (Fig. 4) are
included for comparison.
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Figure 11: (a) Dark field STEM image of annealed (coarse-grained), ground Ni-30Cr after
789 h at 550 °C in dry air; (b) concentration profiles measured by EDS along line in (a).
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Figure 12: Observation of annealed (fine-grained), polished Ni-30Cr after 48 h at 400 °C
in dry air. (a) bright field TEM image showing large cavity and partially recrystallized
substrate below the oxide scale; (b) dark field STEM image of the same area, showing
Cry03 and NiO layers.

nm locally. Contrary to what was observed after oxidation at 550 °C, the CrsOg
layer appeared to be dense. However, pores about 50 nm deep and 200 nm long
(see Fig. 12) were found all along the metal/oxide interface, with an average inter-
pore spacing of 1.5 pm. The pores were either empty or partially filled with oxide.
Some oxide regions were observed below the CroO3 layer with shapes and dimensions
similar to those of the pores, suggesting that some pores had been fully filled with
oxide. Fig. 13 shows EDS maps recorded in a zone with a partially filled pore. The
material inside the pore is seen to be mostly Ni oxide, with some Cr oxide at the
alloy surface.

The Cr signal below the oxide scale in the EDS map of Fig. 13 shows variations
along the interface. Chromium depletion was further investigated using composition
profiles — three examples are shown in Fig. 14. Out of 12 recorded profiles, 8 showed
no or very little Cr depletion (as in Fig. 14d), while 4 had a tub-shape similar to
that observed in the 550 °C ground specimens, with a more or less flat zone of heavy
Cr depletion (as in Fig. 14b and c¢). In these profiles, the size of the Cr-depleted
zone was about 30 nm, similar to the depth of the deformed grains. However, some
of the tub-shaped profiles were recorded in zones with no visible deformation.

The ultrafine, highly deformed grains created by polishing were mostly still visi-
ble after oxidation, although part of the subsurface appeared to be deformation-free,
suggesting that some had recrystallized and merged with the underlying substrate
grains (compare Figs. 12a and 14a with Fig. 2). In the remaining deformed grains,
however, the dislocation density was about 3 x10'* m™ on average, close to the
values measured before oxidation (see summary in Table 2).
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Figure 13: HAADF STEM image and corresponding EDS maps (O, Ni and Cr) of annealed
(fine-grained), polished Ni-30Cr after 48 h at 400 °C in dry air.

Table 2: Average dislocation densities (p, m™?) measured in the cold-worked and bulk
regions of Ni-30Cr specimens.

Annealed, polished Annealed, ground

UFG zone bulk UFG zone bulk

(< 30 nm) (< 300 nm)
As-prepared 4x10™  2x10'2 3 x10M n/a?
Oxidized
48 h at 400 °C 3 x104 3 x1012
789 h at 550 °C n/ab 4 %102 n/a 3 x1012

aBulk zone not present in TEM foil
PUFG zone consumed by oxidation
°Too small to be measured
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Figure 14: Analysis of Cr depletion in annealed (fine-grained), polished Ni-30Cr after
48 h at 400 °C in dry air. (a) Bright field STEM images; (b), (c), (d) and (e) concentration
profiles measured by EDS along the arrows in (a).

4 Discussion

The microstructures produced by either polishing or grinding contain a UFG zone
with ~ 20 nm grains and large dislocation densities (Table 2). The formation of the
UFG zone results from surface nanocrystallization during the surface preparation;
it can be seen as a type of dynamic recrystallization. As the process continuously
generates new dislocations, the dislocation density remains large in the new grains.

Polishing and grinding produced UFG zones with similar grain sizes and dislo-
cation densities (compare Figs. 2 and 3, see Table 2). The UFG zone extends much
deeper in the ground specimens, however. This provides a much larger volume of
high-diffusivity material. In addition, ground surfaces are rougher than polished sur-
faces, which may also affect selective oxidation, in particular in its early stages. The
beneficial consequence of grinding is evident in the 550 °C experiment: the ground
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specimen formed a CryO3 scale (Fig. 11), while the polished specimen formed a two-
layer NiO / Cry0O3 scale (Figs. 6 and 7). A detailed analysis of the ground specimen
oxidized at 400 °C is not available, but the GDOES results indicate that grinding
also led to a slight reduction of NiO thickness at this temperature, compared to
polishing (Fig. 5). Nevertheless, upon oxidation of the polished specimen at 400 °C,
diffusion was accelerated in the shallow UFG zone (at least locally, see Fig. 14) and
the scale was predominantly CroO3 (Figs. 12-14). Although we do not know how a
deformation-free surface would have oxidized, accelerated Cr diffusion in the shallow
UFG zone presumably helped produce a quasi-exclusive CraO3 scale in the polished
specimen at 400 °C.

The following Sections examine the role of the deformation-induced microstruc-
ture in diffusion and selective oxidation, based on the measured composition profiles
and on the classical theory of grain boundary and dislocation diffusion, starting with
the 550 °C specimens. The discussion then addresses some peculiar aspects of the
oxidation mechanism.

4.1 Microstructure and shape of the Cr depletion profiles at 550°C

In his analysis of selective oxidation, Wagner showed that selective oxidation, i.e.,
the formation of an external oxide scale of the less noble element with no oxidation
of the base metal, is achieved when the outward flux of the less noble element
(i) overcomes the inward O flux, thereby avoiding internal oxidation [34], and (ii)
matches the flux required for scale growth, thereby avoiding the oxide reduction by
the base metal [35]. As shown in the Appendix, if only bulk diffusion is considered,
a Ni-30Cr alloy is far from meeting either of these two criteria at the temperatures
of interest (300-600 °C), and is thus expected to undergo non-selective oxidation.

The polished 550 °C specimen provides an illustration of this, as it formed signif-
icant amounts of NiO alongside Cry03. The role of the microstructure in the failure
to avoid NiO is reflected in the Cr depletion profiles measured underneath the 2-layer
scale. Assuming that (i) the specimen is semi-infinite, (ii) the alloy composition at
the metal/oxide interface remains constant throughout the oxidation, (iii) the diffu-
sion coefficient of Cr and the molar volume of the metal are composition-invariant,
and (iv) neglecting the recession of the metal, the solution of the diffusion equation
in a single-phase medium is written [36]:

N(m,t)—Nb_erf( :c~> 1)
Ni — Ny 2/ Dt

where N is the Cr atom fraction, 7 and b denote the interfacial and bulk values,
respectively, z is the distance into the alloy from its original surface, ¢ is the time
and D is the interdiffusion coefficient. Equation (1) was fitted to the experimental
profiles in Fig. 8¢ by adjusting D and N;, with a least-squares method. (Note that
this use of Eq. (1) is by no means predictive: N; depends on the NiO and CryO3
thicknesses, which are not predicted here. The Eq. is only used to estimate the rate
of Cr diffusion in the alloy.) This yielded an average D = (5.0 & 2.9) x 107! cm? /s
(£ one standard deviation on 6 profiles). This value is close to the expected D in
7-NiCr solid solutions at 550 °C, about 4 x107® ¢cm?/s in the range 10-30 at. %
Cr, calculated using Thermo-Calc [37] and the TCNI8 and MOBNI5 databases.




Corrosion Science 173 (2020) 108805 16

Table 3: Summary of defect diffusion regimes [39,40]. D,: volume diffusion coefficient;
Ai: average spacing for defect ¢ (i = gb for grain boundaries or d for dislocations): A\ = g
(grain size) and Ay = 1/,/p, with p the dislocation density; €;: defect size: £, = J (grain
boundary width) and e4 = a (dislocation core radius) — both § and a are assumed to be
0.5 nm, as customary in fcc metals [39,40].

Regime Condition Parameters Physical description Diffusion properties
A VDt >\ High temperature Atoms visit many grains Effective diffusion coefficient
Long time and gb’s/dislocations; quasi- (weighed average of volume
uniform diffusion front, as in and gb/dislocation diffusion
homogenous media. coefficients).
B € € /Dyt < X\; Intermediate Atoms diffuse along Non-uniform.
temperature gb’s/dislocations and  into
Intermediate volume, but diffusion fringes
time due to neighboring defects do
not overlap.
C Dyt < ¢ Low temperature Bulk diffusion is insignifi- Gb/dislocation diffusion co-

Short time cant; diffusion occurs along efficient

gb’s/dislocations.

The assumptions made in using Eq. (1) are not quite met in practice, but the
conclusion is clear nonetheless: the profiles measured in the polished specimen reflect
bulk diffusion. At 550 °C, the shallow UFG zone produced by polishing is quickly
consumed by oxidation, bulk diffusion prevails and selective oxidation cannot be
achieved.

On the contrary, Cr depletion in the ground 550 °C specimen does not conform
to the typical error function shape, and it extends much deeper into the alloy —
much deeper than bulk diffusion would allow. The fact that the Cr depletion plateau
coincides with recrystallized grains further indicates that Cr diffusion was acceler-
ated by defects in the cold-worked zone. Questions of interest, then, concern the
nature of the predominant defect (dislocations vs. grain boundaries) and the type
of contribution these defects have on diffusion (localized vs. uniform).

4.2 Contributions from grain boundaries and dislocations at 550 °C

These questions can be addressed on the basis of the kinetic regimes introduced by
Harrison for dislocation pipe diffusion [38] and later extended to grain boundary
diffusion [39,40]; these are summarized in Table 3. Subregimes have been devised
for grain boundary diffusion in coarse and finer polycrystals [39-41], but the general
principles remain unchanged. Two major approximations are made here: Cr segre-
gation in grain boundaries and dislocations is neglected, and all diffusion coefficients
are treated as composition-invariant.

Using tracer diffusion data for Cr in Ni-20Cr from Ref. [42], v/D,t is calculated
to be 20 nm after 789 h at 550 °C. In the UFG zone of the ground specimen, the
grain size is initially 20 nm on average, and reaches about 1 pm after 789 h at 550 °C
(Fig. 9). It follows that /Dyt < Ag, from the beginning to the end of the experiment
(Agp denotes the average defect spacing, approximated by the grain size), and it is
concluded that grain boundary diffusion exceeds the C regime at some point but

(weighed by cross-
sectional area fraction).
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(a) Grain boundary diffusion (b) Dislocation pipe diffusion
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Figure 15: Comparison of the characteristic bulk diffusion distance with the defect size and
the average defect spacing in the cases of (a) grain boundary diffusion and (b) dislocation
pipe diffusion, at 550 °C. The A regime is not reached in either case within 1000 h. See
text for details.

does not reach the A regime during the experiment, i.e., diffusion fringes from two
neighboring grain boundaries do not overlap. If, for the sake of illustration, grain
growth is modeled using parabolic kinetics: g% — gg = kyt, and go and kg4 are adjusted
to match the observed grain sizes in the UFG zone, the time evolution of the bulk
diffusion distance and grain size can be compared; this is done in Fig. 15a.

The same approach is now applied to dislocation diffusion. The dislocation den-
sity (noted p) in the UFG zone of the ground specimen is initially about 3 x10'* m™2,
which corresponds to Ay = 1/,/p = 60 nm. A p value could not be obtained after
oxidation because the number of dislocations was too small in the surface grains,
but using the bulk value of 3 x10'2 m™ (Table 2), one obtains Ay = 600 nm. It
follows that v/D,t < \g, which indicates that dislocation diffusion operates in the
B regime, i.e., dislocations act in an isolated manner. Again for the sake of illustra-
tion, recovery kinetics are described with a model of shape p~3/2 ¢ [4], adjusted
to match the p values measured at 550 °C; the time evolution of v/D,t and \g are
compared in Fig. 15b.

It is of interest to compare the contributions of grain boundaries and dislocations
to the diffusion process. From the above estimations, it appears that in the UFG
zone of the ground specimen, the average defect spacing for grain boundaries and
dislocations are of similar magnitudes: Ay, ~ Ag, both in the as-deformed state and
after 789 h at 550 °C. This is illustrated in Fig. 16a, which maps the Ay /Aq ratio in
the (g, p) space. The ratio is seen to tend toward values larger than 1 as recovery,
recrystallization and grain growth proceed (i.e., diffusing atoms become more likely
to encounter a dislocation than a grain boundary).

It is noted that although we consider time-dependent defect densities, this de-
scription remains static, in the sense that defect mobilities are not taken into ac-
count. The movement of dislocations and grain boundaries during recovery, recrys-
tallization and grain growth may influence diffusion, both because it affects the rate
at which diffusing atoms encounter defects, and via drag effects.

Furthermore, the Ag/Aq ratio does not quite capture the relative contributions of
the defects to diffusion, as it does not factor in the diffusivity associated with each
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Figure 16: Maps of (a) A\gp/Aq and (b) (faDa) /(fgpDgs) as a function of grain size and
dislocation density, reflecting the relative contributions of grain boundaries and dislocations
to defect density and defect diffusion, respectively. The diffusion data corresponds to 1" =
550 °C. The greyed areas correspond to grain sizes and dislocation densities measured in
the UFG zone of the ground Ni-30Cr specimen, in the as-deformed state and after 789 h at
550 °C. See text for details.

type of defect. This can be estimated by considering the (fqDq) /(fgDgp) ratio,
where f; is the cross-sectional surface area fraction (normal to the main diffusion
direction) of defect i: fy, = 6/g and f; = ma’p, with § the grain boundary width
and a the dislocation core radius (different variants exist for fy;, depending on the
grain morphology [39,40], but this level of detail is not useful here). Grain boundary
diffusion data for Cr in various NiCr alloys reported in Ref. [43] are used to calculate
Dy = 1.8 x1071! em?/s at 550 °C and 25 at. % Cr (center of the composition range
of interest, see Fig. 11b). Dislocation diffusion data for Cr in Ni are not available,
to the best of our knowledge; instead, Ni dislocation self-diffusion data from the
assessment in Ref. [44] are used, which yields Dy = 5.6 x10712 ¢cm?/s at 550 °C.
These coefficients are used to calculate the (f4Dg) /(fgDgp) ratio, shown in Fig. 16b.
The ratio is smaller than one in the conditions of interest, which indicates that grain
boundary diffusion predominates.

It is also noted that the Ay, /Ag and (fqDq) /(fepDgy) ratios represent relative
contributions to defect density and defect diffusion; these become less relevant as
time progresses, since bulk, rather than defect diffusion, will eventually predominate
in the overall Cr flux. The amount of Cr that has diffused directly to the surface
via the bulk exceeds the amount that has diffused via grain boundaries when the
grain size becomes larger than the characteristic grain boundary diffusion distance

1/4
[39,41]. In the B regime, this distance is defined as Lﬁj = /0Dy (ﬁ) [39,41].
Again using data from Refs. [42,43], Lﬁ, = & pm after 789 h at 550 °C: Lﬁ, > g,
which indicates that diffusion still mostly occurs via grain boundaries at the end of

the experiment — this will be reversed at some point if the time exponent of grain

. . . B
growth kinetics is larger than that of L gbr L /4.
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4.3 Contributions from grain boundaries and dislocations at 400 °C

The contributions to diffusion are more readily identified in the 400 °C experiment.
Indeed, v/D,t is calculated to be 0.05 nm after 48 h at this temperature [42]. It
follows that v/D,t < ¢, indicating that diffusion is in the C regime (Table 3) and
mainly proceeds along grain boundaries and dislocations, with no significant contri-
bution from the bulk. The microstructure in the UFG zone remains approximately
constant during the 48 h experiment; based on the relative roles of grain boundaries
and dislocations discussed above for the as-deformed material (¢ = 0 in Fig. 16), it is
concluded that grain boundary diffusion predominates throughout the experiment.
Furthermore, the characteristic grain boundary diffusion distance, Lg’; = /Dyt is
calculated [43] to be in the range 50-500 nm between 1 and 48 h, while the grain
size is around 20 nm: Lg} > ¢, indicating that the contribution from grain boundary
diffusion exceeds that from direct bulk diffusion in the overall Cr flux to the surface.
The quasi-absence of bulk diffusion is manifested in the flat profiles recorded in the
polished specimen, in zones where apparently no short-circuit diffusion was in effect
(Fig. 14b and e for example). In contrast, the tub-shaped profiles (Fig. 14c and d
for example), which coincide with the depth of UFG material, were caused by short-
circuit diffusion in this zone. During this experiment, the alloy formed a CrsOg
scale with a thin NiO layer on the top. It is concluded that the small amount of
UFG material at the surface of the polished specimen was effective in promoting the
selective oxidation of Cr because oxidation was much slower than it was at 550 °C,
and the shallow UFG zone was not consumed by scale growth.

The reason why short-circuit diffusion was in effect in some parts of the specimen
and not in others is not evident from the TEM examination: there was no apparent
correlation between the shape of the Cr profiles (flat vs tub-shaped) and the local
microstructure. More extensive TEM analysis should be carried out where disloca-
tion density and composition profile measurements are systematically associated —
although inherent limitations due to the use of thin foils in the TEM will remain.

Another conclusion is made from the profile shapes: lateral diffusion along the
metal-oxide interface or via the oxide grain boundaries must have played an impor-
tant role in selective oxidation. Indeed, the growth of a predominantly CroO3 scale
must be accompanied by Cr loss in the metal, in one form or another. In regions
where the composition profiles are flat, the Cr necessary for CraO3 growth must have
come from neighboring zones, via lateral diffusion. In other words, lateral diffusion
compensated the diffusivity variations associated with microstructure variations.

Mass balance calculations were done in order to verify whether the composition
change in the alloy corresponded to the composition of the oxide scale, along each
profile. This is not shown here for the sake of brevity, but we found that the amount
of Cr in the oxide and the amount missing in the metal were, in many cases, at
variance, confirming that lateral diffusion was significant. In the same way, the fact
that the Cr depletion profiles recorded in several locations of the polished specimen
after reaction at 550 °C were similar (Fig. 8c) despite large scale thickness variations
indicates that lateral diffusion must also have been significant at this temperature.
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4.4 Oxidation mechanism

A remarkable aspect of the present experiments is the presence of pores in the
polished specimens, within the scale after oxidation at 550 °C (Fig. 6) and at the
metal/oxide interface after oxidation at 400 °C (Fig. 12). Such pores have been
reported before in the literature, and attributed to the condensation of vacancies
produced by the oxidation process (both by the oxidation reaction and via the
Kirkendall effect associated with subscale interdiffusion) [45-53]. In contrast, the
absence of pores in the ground specimen oxidized at 550 °C illustrates the role of the
microstructure in oxidation-induced pore formation. The relatively deep UFG zone
in this specimen ensured that a large density of grain boundaries and dislocations
was always available near the metal/oxide interface and in the subsurface. The large
density of vacancy sinks presumably enhanced the annihilation of oxidation-induced
vacancies [54], and avoided their condensation into pores, as proposed in Ref. [51].

Oxidation-induced vacancy generation is thought to play an important role in the
formation of two-layer oxide scales observed as a result of non-selective oxidation in a
variety of experimental conditions (see [55,56] and refs. therein). In this mechanism,
vacancies are generated due to oxidation of the base metal, and oxides of the less-
noble element grow in the space made available. Here, the pores observed in the
polished specimens were mostly due to the oxidation of the less-noble element, Cr,
since the scale was predominantly CroOg3. Interfacial pores below a CroOg3 scale have
also been observed previously [57]. In Ref. [57], the authors noted that as oxidation
proceeded, Cr oxide, and later Al oxide, grew in the pores. This is consistent
with the relative stability of the oxides in the Al-Cr-O-Ni system. In the present
case, however, the pores were found to contain Ni oxide (Figs. 6 and 13). This is
particularly unexpected in the 400 °C experiment (Fig. 13), where the scale appeared
to be compact above the pores. Considering the relative stability of NiO and CrsOs
[58], a compact CraO3 scale should maintain at the metal surface a po, too low for
Ni to oxidize. The oxidation of Ni in this context remains unclear at this stage.

5 Conclusions

This work illustrates the role of the microstructure in the beneficial effect of cold
work on selective oxidation. The atypical Cr depletion profiles measured here reflect
an abrupt change in diffusion properties between the severely deformed subsurface
and the bulk, due to increased dislocation and grain boundary densities in the
former. Polishing and grinding produce similar defect densities, but the deformation
extends much deeper after grinding. The depth of deformed material is found to
be critical, as it determines the flux of Cr provided to the surface via fast diffusion
before the fast-diffusing material is consumed by oxide growth. As a result, the
depth required for surface deformation to be effective increases with the oxidation
temperature.

The grain boundary and dislocation densities generated by polishing or grinding
are not large enough for the diffusion properties to be uniform within the deformed
material either: diffusion fringes from two neighboring defects do not overlap (B
regime). It is further concluded that grain boundary diffusion predominates, both
compared to dislocation diffusion and to bulk diffusion, in the conditions of interest.
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Specifically, the amount of Cr that diffuses to the surface via grain boundaries is
larger than that supplied to the surface via the bulk only.

This work highlights the role of dislocation and grain boundary dynamics in
oxidation at intermediate temperatures. This aspect is not as relevant at low tem-
peratures, where the microstructure is essentially static in the timescale of labora-
tory testing, or at high temperatures, where dislocations are annealed out by the
time the isotherm stage is reached. In between, however, different kinetic regimes
can be in effect, and anticipating the way cold work will affect oxidation requires a
detailed knowledge of the microstructure evolution. Together with more complete
microstructure data, the present analysis can be used as a preliminary step toward
predictive oxidation models.

A major difficulty is that severely deformed microstructures produced by cold-
work are not uniform, and do not evolve in a uniform manner during recovery,
recrystallization and grain growth (see Figs. 9 and 12 for instance). This may
lead to local variations in the oxidation behavior, although the effect is mitigated
by lateral diffusion, presumably along the metal-oxide interface or via the oxide
grain boundaries. The present results suggest that defect densities and their time
evolution should be described as distributions, which would then be used to predict
the likelihood of local failure over time. Similarly, the dispersion of grain boundary
diffusivities, which is significant even in systems as simple as pure Ni [59], should
be factored in. Another aspect which has not been considered in the present paper
is the mobility of dislocations and grain boundaries, which plays a role in diffusion
[39] and is also subject to dispersion.
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Appendix

The minimum at. fraction of Cr required for the transition from internal to external
CrpO3 formation is given by [34]:

r Vi N3Do\ /2
Ny = (g 22220 Al
! <g 20 Vox  Dey > ’ (A1)




Corrosion Science 173 (2020) 108805 22

where ¢* is the critical volume fraction of internal oxide at the transition, v is the
number of O atoms per Cr atoms in the oxide (v = 3/2), V, and Vo are the alloy and
oxide molar volumes (given for one mol of metal, i.e., Vox = Vior,04/2), respectively,
Do and D¢, are the O and Cr diffusion coefficients in the alloy, respectively, and
N§ is the oxygen at. fraction in the metal at its surface.

In the literature, the calculation is mostly done using ¢g* = 0.3, after the value
measured by Rapp in Ag—In alloys at 550 °C [60]. Although volume fractions of
internal oxide higher than 0.3 are often found in NiCr alloys, this value will also be
used here, by lack of a better estimate. As is customary, it is assumed that the alloy
is covered by a NiO scale, and the po, at the metal surface is set by the Ni/NiO
equilibrium:

Ni + %OQ = NiO, (A2)

po, = (Knio)™?, (A3)

where the activity of Ni in the alloy has been approximated as 1 for simplicity. The
equilibrium constant is given by:

A G
Ko = exp (-0 ), (A2)

where A fGONiO is the standard free energy of formation of NiO. The O content at
the metal surface is then obtained from po, by Sievert’s law:

1
502 — Qa (A5)

1/2
NS = Kaiss <pp?02> . (A6)

with p® = 1 atm. The dissolution constant is calculated as:

AGY.
Kgiss = exp <_}2;11$S) ) (A7)
where AGgiSS is the standard free energy of the dissolution reaction. The tempera-

ture dependence of Dg and D¢, is modeled with an Arrhenius law. All parameters
used here are given in Table A1l.
The minimum at. fraction of Cr required to sustain external CryOj3 growth is

given by [35]:
Va |1 Kk
Ny=F |y [-=2 A8
2 <‘/OX 2DCr> ( )

where again Vi is given for one mol of metal (Vox = Vior,04/2), F' is the auxiliary
function defined by F (u) = /7u (1 — erf u) exp (u?) and k, is the parabolic constant
for oxidation, defined with the convention X? = 2k,t, with X the oxide thickness.
k, is modeled with an Arrhenius law, with values given in Table A1.

The values obtained for Ni and N» as a function of temperature are plotted
in Fig. Al. The graph indicates that using a bulk diffusion coefficient for Cr (and
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Table A1l: Parameters used in the calculation of the critical Cr content for the transition
from internal to external CryOg formation, Eq. (Al).

Parameter Value Source Comment
Va (em?/mol) 6.6 [61] Pure Ni
Vox (cm?/mol) 14.56 [61] 3Cry03
A;GOp (J/mol)  —234345+84.3-T 58]
AGY.., (J/mol) —182000 + 107.6 - T' [62] O in pure Ni
, 164000 . .
Do (cm?/s) 0.049exp | — =T [62] O in pure Ni
279000
D¢, (cm?/s) 0.74 exp <— AT [42] Cr in Ni—20Cr
_ 165000 Own assessment based on CroO3 thick-
2 6 _ —
Fp (cm®/s) 5> 107" exp < RT ) nesses in Refs. [63,64] and present work
1.0 e
0.8 Ny i
= 061 Ny I
4 =

0.0 - - - . . . :
300 400 500 600 700 800 900 1000 1100

INQa®)

Figure A1l: Minimum Cr atom fraction required for the transition from internal to external
Cry03 formation (N7) and for maintained external CraOg growth (N3). See details in text.

with a number of simplifying assumptions), both values are much higher than the
Cr concentration in a Ni-30Cr alloy at the temperatures of interest (300-600 °C).
A Ni-30Cr alloy would therefore be expected to undergo non-selective oxidation.
(Specifically, a Ni-30Cr alloy would be expected to form internal CroO3 and external
NiO; why internal CroOs was not observed here in the polished specimens is not
clear at this stage.)
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