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8 Abstract: This study applies atom probe tomography (APT) to analyze the oxide scales formed onmodel NiAlCr
9 alloys doped with Hf, Y, Ti, and B. Due to its ability to measure small amounts of alloying elements in the oxide
10 matrix and its ability to quantify segregation, the technique offers a possibility for detailed studies of the dopant’s
11 fate during high-temperature oxidation. Three model NiAlCr alloys with different additions of Hf, Y, Ti, and B
12 were prepared and oxidized in O2 at 1,100°C for 100 h. All specimens showed an outer region consisting of
13 different spinel oxides with relatively small grains and the protective Al2O3-oxide layer below. APT analyses
14 focused mainly on this protective oxide layer. In all the investigated samples segregation of both Hf and Y to the
15 oxide grain boundaries was observed and quantified. Neither B nor Ti were observed in the alumina grains or at
16 the analyzed interfaces. The processes of formation of oxide scales and segregation of the alloying elements are
17 discussed. The experimental challenges of the oxide analyses by APT are also addressed.
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20
INTRODUCTION

21 Today, the most important life-limiting factor of advanced
22 alloys for many high-temperature applications is their limi-
23 ted oxidation/corrosion resistance and not their mechanical
24 degradation.
25 Essentially all potential metallic materials are unstable in
26 high-temperature environments and the various oxidation
27 processes are highly exothermic. The only reason it is
28 possible to have materials that can be used at all is that the
29 reaction product, the oxide, may form a protective layer on
30 the component surface (Kofstad, 1966).
31 Thus, the development of methods for surface protection
32 against corrosion and oxidation of high-temperature materi-
33 als has become an important area in modern material science.
34 The basic principle is to raise, at the surface of an actual
35 component, the amount of that element that forms a protec-
36 tive oxide scale. The oxidation resistance of such an enriched
37 layer (often existing as a coating) is then dependent of its
38 ability to maintain a continuous surface layer of the oxide,
39 which serves as a diffusion barrier and reduces the rate of
40 reaction between oxygen and the underlying metal. In the
41 case of Ni-base superalloys, developed for various high-
42 temperature applications (e.g., turbine blades for aircrafts),
43 the most successful oxidation protection is obtained by the
44 formation of an Al-enriched intermetallic outer layer. During
45 high-temperature exposure in air this layer creates, a protec-
46 tive Al2O3-oxide layer, an alumina scale. Alumina is protec-
47 tive as it is dense, slow-growing, well-bonded to the metal and
48 resistant against cracking and spallation (Young, 2016).

49Diffusion along alumina grain boundaries (GBs) is
50recognized to be the rate-controlling transport mechanism
51that might be altered by the presence of alloying elements,
52but the exact mechanisms affecting diffusional fluxes still
53remain not entirely understood. One of the important issues
54is the fate of the base metal elements, most commonly Ni or
55Cr, in the oxide as solubility of these elements in alumina is
56quite low. Another is segregation of reactive elements (RE)
57Zr, Y, Hf, Ce, etc., from the alloy to the alumina GBs [often
58observed using analytical transmission electron microscopy
59(TEM)], that is known to influence growth of this oxide.
60However, the complex interplay between the oxide micro-
61structure, ionic transport, and oxidation kinetics is still not
62completely understood to large extent due to the lack of
63atomic scale information (Pint, 1996; Haynes et al., 2002;
64Naumenko et al., 2016).
65The latest development of laser-assisted atom probe
66tomography (APT) and new specimen preparation methods
67using focused ion beam (FIB) milling (Larson et al., 2008)
68opened the possibility for characterization of the thermally
69grown oxide scales with high sensitivity and nearly atomic
70spatial resolution. During the last decade, several successful
71APT investigations of oxides have been reported (Larson et al.,
722008; Lozano-Perez et al., 2009; Marquis et al., 2010; Hono
73et al., 2011; Chen et al., 2012; Stiller et al., 2012; Dong et al.,
742013; Viskari et al., 2013; Chen et al., 2014; Stiller et al., 2016).
75However, APT analyses of thermally grown oxides are far from
76being routine and there are still many challenges to overcome.
77This article concerns APT investigations of oxidation of
78three NiAlCr alloys with different additions of RE that are
79mimicking the most commonly used coatings for protec-
80tion against oxidation at high temperatures in Ni-based*Corresponding authors. torben.boll@kit.edu; stiller@chalmers.se
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81 superalloys (Goward, 1998). The purpose of the work was
82 dual: (1) to demonstrate feasibility of APT studies of grain and
83 phase boundaries of the oxides; (2) to provide detailed infor-
84 mation about the chemistry of the investigated interfaces in
85 the studied alloys. Major focus was directed toward analysis of
86 interfaces in the inner part of the oxide scales, i.e., below the
87 outermost region formed during the initial oxidation. This
88 part of the oxide is most important for the protection of the
89 alloy against degradation. The work is a first step in a larger
90 project, aimed at a better understanding of transport pro-
91 cesses in alumina, here coupling between the amount of seg-
92 regating dopants and the oxidation rate is of great interest.

93
MATERIALS

94 Three different alloys with different amount of REs were
95 selected. The compositions, as determined by inductively
96 coupled plasma atomic emission spectroscopy, of the alloys
97 are (in at%)

98 ∙ YHf: Ni62.3Cr15.1Al22.5Y0.03Hf0.04C0.024

99 ∙ YHfTi: Ni61.9Cr15.2Al22.6Y0.020Hf0.043Ti0.31C0.017

100 ∙ YHfB: Ni60.6Cr16.8Al22.2Y0.015Hf0.037B0.33C0.028

101 The oxidation kinetics of these alloys in the dry air is very
102 similar, but addition of Ti did reduce the depth of internal
103 oxidation (Unocic & Pint, 2013). In the case of the B-doped
104 alloy, better oxide adhesion was achieved (Unocic et al., 2014).
105 Still, the question was whether, and if so how, B and Ti are
106 incorporated into the protective Al2O3-oxide layer.
107 In the following text, we will refer to the samples as YHf-,
108 YHfTi-, and YHfB-sample.

109
EXPERIMENTAL PROCEDURES

110 To achieve the formation of an oxide layer all samples were
111 exposed isothermally in O2 for 100 h at 1,100°C. High-angle
112 annular dark field scanning transmission electronmicroscopy
113 (HAADF-STEM) and energy-dispersive X-ray spectroscopy
114 were performed using a Phillips CM 200Q4 in Oak Ridge.
115 To prepare the needle shaped samples required for APT
116 studies, a FEI VERSA 3D FIB milling station was utilized.
117 APT needles containing two different oxide regions, the out-
118 ermost part close to the surface and the inner oxide, were
119 prepared with the FIB standard method (Larson et al., 2013).
120 To produce APT specimens containing near-surface oxide,
121 a magnetron sputtered Au-coating was applied. The samples
122 were then coated with a 1 µm thick, 1 µm wide, and 15 µm
123 long strip of Pt. After this, the sample was cut free with the ion
124 beam and attached to an omniprobe needle. As the GBs inside
125 the protective alumina are not visible during the preparation,
126 the omniprobe was, rotated by 180°. Because the sample is
127 connected to the omniprobe at an angle of 30°–50°, the pro-
128 cedure results in a lift-out sample produced roughly perpen-
129 dicular to the surface. Subsequently, the sample was attached
130 by Pt-deposition to a Cameca microtip flattop tip and a 1 µm
131 thick part was cut off with the ion beam. Before the annular

132milling a Pt cylinder was deposited on the attached piece on
133top of the desired interface. By selecting this orientation, the
134chance of hitting a GB in the elongated samples (Fig. 1) is
135increased by a factor of 2. However, the final APT specimens
136using this procedure usually contained more Ga contamina-
137tion than one prepared using the standard method. Thus, for
138the preparation of the outer oxide the sample pieces were
139attached without rotation of the omniprobe.
140Analysis of the oxides with APT proved to be difficult
141both in terms of success rate (in our case <25%) and in terms
142of choice of suitable analysis parameters. Thus, the mea-
143surement parameters were studied to obtain a suitable
144compromise. Two different atom probes, the LEAP 3000HR
145at Chalmers with a green laser and the LEAP 4000HR in
146Karlsruhe with a UV-laser were used for the APT analyses.
147Generally, the LEAP 4000HRmass spectra were less complex
148and the peaks had smaller thermal tails (Fig. 2). In addition,
149the success rate of the measurements using LEAP 4000HR
150appeared to be higher by a factor of at least 2.
151To reduce possible surface migration of mobile elements
152like B or C, and also to reduce differences in evaporation at
153phase boundaries, the measurements were performed at 25 K
154even though higher temperatures give alumina compositions

Figure 1. High-angle annular dark field scanning transmission
electron microscopy of the YHfTi sample. Large grains of α-alumina
form a protective inner oxide layer on top of the metal. These grains
are elongated perpendicularly to the metal-oxide interface. Between
them and the Pt-cover (from the preparation), the outer oxide layer,
with smaller grains of alumina spinels (brighter) and the very bright
HfO2, is observed. Dark appearing voids are found between these
two regions. GBs, grain boundaries.

Figure 2. Mass spectra of (a) the LEAP 3000 with green and
(b) the LEAP 4000 with ultraviolet (UV) laser. Typically, the
thermal tails are smaller in the LEAP 4000 measurements.
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155 closer to the stoichiometric value. The laser pulse energy
156 was typically 200 pJ for the LEAP 3000 and 20 pJ for the
157 LEAP 4000. The laser of the LEAP 4000 has a smaller focal
158 point, which allows lower pulse energies. Pulse frequencies
159 between 100 and 250 kHz were used depending on the
160 applied voltage to avoid a mass cutoff below 300Da. For the
161 APT reconstructions with IVAS 3.6.12 we used SEM images,
162 if possible. Otherwise the reconstruction was based on the
163 reconstruction parameters (evaporation field of 25.6 V/nm,
164 image compression factor of 1.65, k-factor of 3.3) obtained
165 for a reference measurement of pure alumina at 25 K
166 with 20 pJ in the LEAP 4000, in which plane distances could
167 be identified by using cross-correlated spatial distribution
168 maps (SDM) (Boll et al., 2012), which the paper refers to
169 as AtomVicinity (Boll et al., 2007), an algorithm almost
170 identical to SDM (Geiser et al., 2007).

171
RESULTS

172 Figure 1 is a STEM-HAADF micrograph showing the oxide
173 structure typical for all the investigated samples. It consists of
174 α-alumina grains that form a protective layer on top of the
175 bright imaging metal. The grains are elongated in their growth
176 direction, i.e., perpendicular to the metal surface. They are
177 typically about 2 µmhigh and 1 µmwide. On top of this region,
178 a more finely grained region with equiaxed oxide is visible.
179 This part of the scale originates from the oxide formed during
180 initial oxidation and has been transformed during subsequent
181 exposure. It consists of a mixture of alumina and spinel grains.
182 The region also contains dark imaging voids and bright
183 imaging small precipitates of heavy metal (Y or Hf) oxides.
184 Acquisition of APT data from the oxidized samples
185 proved to be difficult. Although α-alumina itself runs quite
186 well and measurements with several 100 millions of collected
187 atoms were easily attainable, the successes rate of analysis of
188 the specimens containing oxide phase or GBs was below 25%
189 due to the early specimen fracture. Furthermore, it appeared
190 that premature fractures of the specimens containing the
191 outermost part of the oxide were more frequent than for
192 the specimens containing the inner parts. This was most
193 probably due to the presence of voids at this part of the oxide
194 (see Fig. 1). On the other hand, it was more difficult to
195 prepare samples containing oxide GBs in the inner part of
196 the oxide as the oxide grain size is larger there.
197 Initially analyses were performed at 60K, which gave a
198 composition of α-alumina much closer to the stoichiometric
199 value than the 25K runs. However, as the lower temperature
200 reduces the differences in evaporation fields, the local magni-
201 fication effect and possible surface migration of elements like B
202 or C, the majority of experiments was performed at 25K.

203 APT Mass Spectra
204 The APT mass spectra collected with the LEAP 4000
205 are typically easier to interpret, showing smaller peak
206 tails (Fig. 2). Concerning Hf-molecules, the spectrum is
207 also much simpler. However, usually more hydrides were

208observed in the measurements, which counteracted this
209positive effect to some extent. The higher number of peaks
210leads to a situation where more tails overlap. This makes it
211effectively more complicated to give an exact value for the Cr
212and Ni concentration by deconvolution of the peaks. We
213decided to give these values of the oxide matrix composition
214as an upper limit as it is known that the solubility of alloying
215elements in α-alumina is extremely low (Kofstad, 1966).
216Generally, nonmolecular Hf is rarely detected, instead it
217usually field evaporates as molecular HfO+/2+/3+ ions and to
218some extent as more complex oxide molecules like HfO2 or
219Hf2O. This results in overlaps with Pt for 3 out of 4 of the
220significant isotopes, especially for the 2+ state at 97, 97.5, and
22198 Da. This is problematic only when plotting the Hf signal
222close to the protective Pt cap deposited during specimen
223preparation by FIB. Y has only one significant isotope, for Y2+

224a peak is found at 44.5 Da that unfortunately is located in the
225thermal tail of AlO, which induces a high noise level in the
226corresponding atom maps. The only other significant peak
227found is YO2+ at 54.5 Da. Nonmolecular B can be easily
228identified, but most of the more complex ions show overlaps.
229A possible BO+ main peak overlaps with Al at 27 Da, BO2

+

230would overlap likewise with AlO at 43 Da. There are also
231overlaps of the second highest BO+ peak at 26 Da with Cr. As
232there was no peak for mono-atomic B present, we think it is
233unlikely that these overlaps are relevant. Ti and its oxides have
234a typical pattern of five isotopes, which would be easy to
235recognize, if present. The possible presence of an extremely
236small number of atoms that do not show up as a peak in the
237mass spectrum, was considered by looking at the distribution
238of the atoms at the peak positions. No indication of enrich-
239ment in GBs or phase boundaries was found for B or Ti.

240The Outermost Part of the Oxide Scale
241(YHf-Sample)
242For the reasons described above, the outer oxide’s surface
243was successfully analyzed only in a YHf-sample (Fig. 3)
244below the protective Au-capping deposited on the sample
245surface. The local magnification effects, expected from the
246high evaporation field of Au, were successfully reduced using
24725 K during analyses.
248APT revealed many more features compared to STEM
249analysis such as small, <5 nm in diameter, Ni-rich grains
250observed at the very topmost oxide layer, i.e., below the
251Au-cap (Figs. 4b–4d). The grains were only found on a small
252fraction of the surface, accounting for about 30% of the area of
253the APT measurement when viewed from the top. They were
254surrounded by a Ni-rich spinel containing aluminum. Some
255enrichment of C and maybe Cr could be found in or around
256some of these particles (Fig. 4d). Using the isosurface of 32 at
257% Ni as the boundary of the particles their average composi-
258tion is Ni48.8Al17.0Cr1.4C1.1Hf0.3O31.3. The compositions are
259also given in Table 1. The area around this region 1 in Figure 4
260has a composition of Ni16.6Al32.3Cr0.8C0.3Hf0.2O49.8. Below
261region 1, one finds in region 2 a composition of Ni17.2Al30.7

Cr0.3Y0.1Hf0.1O51.6. There are two kinds of GBs between
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262 different grains with this composition. One, going vertically, is
263 heavily enriched in Hf, Y, and Al, with Gibbsian excesses of
264 ΓHf= 1.6 nm− 2, ΓCr= 1.5 nm−2, ΓY= 0.1 nm−2, ΓAl= 1.3 nm−2,

265and ΓO= 2.8 nm−2 (Table 2). Two other GBs, which are
266oriented at an angle of 60° to the vertical one, are parallel to
267each other and seem to contain less Hf , almost no Y, but do

Figure 4. a: Several regions identified in the Ni-rich part of the YHf-sample presented in Figure 3. b: Magnification of
the upper region containing Ni-rich particles. c: A proxigram of the major elements through the 32 at% Ni isosurface of
the marked (red arrow) particle. Note the low O-concentration in the particle core. d: Same as for (c) but for the minor
elements. Carbon is enriched in the particle in comparison with the surrounding material. Cr and Hf are depleted in the
particle core. e: A closer look at region 3b with a green isosurface for Ni >10 at% and the pink isosurface for Cr >7 at%.
f: The proxigram of the marked [arrow in (e)] Cr particle reveals that the precipitate follows the M2O3 composition.Q5

Figure 3. Atom probe tomography of a YHf-sample, prepared at the outermost part of the oxide. In the heat maps red
indicates a high, and blue a low concentration. A protective Au-coating is still present on top of the oxide. The Hf at
the top is incorrectly assigned Pt. Ni-spinel can be identified by observing the Ni concentration. One can see enrich-
ment of Y and Hf at most oxide grain boundaries (GBs) and phase boundaries (PBs). In the spinel-GBs Al is enriched.
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268 contain Al. Below this spinel region, small aluminum rich
269 grains with Ni0.1Al42.6Cr1.0O56.3 are present in area 3a, but also
270 Cr-enriched areas with Ni0.7Al34.7Cr9.3O55.0 are present in
271 region 3b. A closer look at this region is presented in Figure 4e,
272 where an isosurface for Cr >7 at% is plotted. This shows that
273 this Cr-enriched region indeed is not homogeneous, but con-
274 tains several precipitates. In Figure 4f the proxigram for the
275 marked precipitate is given. The oxygen content is the same as
276 in the matrix, but the Al-content is lower. No enrichment of
277 other elements was found.

278 The Inner Oxide (YHfB, YHfTi, and YHf Samples)
279 In this part of the oxide, the alumina GBs are relatively
280 sparsely distributed so that in several APT analyses the GB
281 was missed (despite site-specific sample preparation). These
282 measurements could be up to several 100 nm long and the
283 average composition of the oxide obtained using specimen
284 temperature of 25 K was Ni< 0.1Al43.6Cr< 0.2O55.9.
285 In YHfB samples no GB between the alumina grains was
286 successfully investigated and no B-signal was found in the
287 oxide mass spectra. Instead Hf-rich oxide particles have been
288 encountered (Fig. 5). The composition of the particles is
289 Hf32.4Y0.2Zr1.0O66.4, i.e., very close to the stoichiometric
290 value of HfO2. The presence of Zr in the particles is not
291 expected from the nominal composition of the alloy.
292 Furthermore, a Y-enriched area is visible at the interface to
293 the alumina (Al37.8O62.2). This enrichment appears rather as
294 a Y-enriched part of the HfO2 grain than as a mono-atomic

295layer GB segregation. No enrichment of Ni, Cr, or B at the
296interface was found. In addition, YHfB samples containing
297only oxide matrix without any interfaces were analyzed.
298In these measurements the composition of alumina was
299Ni< 0.1Al41.7Cr< 0.2O58.0 (see Table 1).
300Figure 6 represents the heat map of the inner alumina
301region (but still close to the outer oxide) in a YHfTi sample.
302GBs between three different alumina grains (1, 2, and 3) are
303present in the analyzed volume and segregation of Hf, Ni,
304and Cr is apparent. However, no Ti was found at this inter-
305face. The Gibbsian excesses of the GB between grain 1 and 3
306were calculated as ΓHf= 1 nm−2, ΓCr= 6.3 nm−2, ΓY=
3070.1 nm−2. Apparently the Y, which is not easily visible in
308Figure 6, is present, but Ni is not enriched in this part.
309However, the presented Gibbsian excesses have to be inter-
310preted with caution as a Cr- and Ni-enriched region is
311nearby. Furthermore, the Cr content is so high that this
312region could be considered a precipitate. An analysis of the
313Gibbsian excesses of the other GBs was not possible as they
314are too close to each other and the analyzed GBs too small.
315In Figure 7, a GB region between the α-alumina grains
316far away from other interfaces is analyzed for YHf. The
317concentration profile through the GB reveals the presence of
318several elements at the interface. The concentrations of other
319elements but Al and O in the matrix is 0 within the margin of
320error. To improve the visibility of the peaks, the profiles are
321shifted along the y axis. Again, the Gibbsian excess was
322calculated as ΓHf= 1.5 nm−2, ΓCr= 1.4 nm−2, ΓY= 0.64 nm−2

323and ΓNi= 0.07 nm−2.

324
DISCUSSION

325Determination of the Oxygen Content by APT
326The observed deficit of O in the APT analysis of oxides is
327an issue discussed within the atom probe community as
328analyses of ceramics using APT have become possible. Until
329quite recently the reasons behind the missing oxygen ions

Table 1. Measured Compositions of Oxides.

Samples Composition

YHf (Figs. 3, 4)
Region 1: particles Ni48.8Al17.0Cr1.4C1.1Hf0.3O31.3

Region 1 matrix Ni16.6Al32.3Cr0.8C0.3Hf0.2 O49.8

Region 2 Ni17.2Al30.7Cr0.3Y0.1Hf0.1O51.6

Region 3a Ni0.1Al42.6Cr1.0O56.3

Region 3b Ni0.7Al34.7Cr9.3O55.0

YHfB (Fig. 5)
Al2O3 Al37.8O62.2

HfO2 Hf32.4Y0.2Zr1.0O66.4

YHfB Al2O3 (no figure) Ni< 0.1Al41.7Cr< 0.2O58.0

YHfTi (Fig. 6) average Ni< 0.1Al43.6Cr< 0.2O55.9

Table 2. Gibbsian Excess Values Measured at Grain Boundaries.

Samples Gibbsian excess

YHf (Figs. 3, 4)
Ni-spinel ΓHf= 1.6 nm−2, ΓCr= 1.5 nm−2, ΓY= 0.1 nm−2,

ΓAl= 1.3 nm−2, ΓO= 2.8 nm−2

YHf (Fig. 5)
Al2O3 ΓHf= 1.5 nm−2, ΓCr= 1.4 nm−2, ΓY= 0.64 nm−2,

ΓNi= 0.07 nm−2

YHfTi (Fig. 6)
Al2O3 ΓHf= 1 nm−2, ΓCr= 6.3 nm−2, ΓY= 0.1 nm−2

Figure 5. Atom probe tomography of a YHfB-sample in the
inner oxide. The interface between a Hf2O and a Al2O3 grain is
presented. Y-rich region (indicating possible precipitate) attached
to the phase boundary (PB) with segregated Y is visible. Yttrium
signal in the oxide grains originates from noise.

Interfaces in Oxides Formed on NiAlCr Doped with Y, Hf, Ti, and BQ6 5



330 were not well understood. However, it seems that there does
331 exist a good explanation for the observed nonstoichiometry
332 of many oxides at present. It is proposed, with the support
333 from density functional theory simulations for MgO, that the
334 evaporation of oxygen as neutrals is the underlying reason
335 for the observations (Karahka & Kreuzer, 2013). The basic
336 idea is that field evaporated O+ ions can recombine with
337 oxygen at the surface and are then released as a neutral O2-
338 molecules, thereby being undetected. As a consequence, one
339 may expect difficulties to differentiate between spinels, NiO,
340 and alumina based on O content. However, it is still possible
341 to identify the oxides based on their metallic content.

342 Oxide Formation
343 The results from APT analyses are in a good agreement
344 with STEM investigations showing the occurrence of

345two different layers in the oxide scale, namely, the protective
346large oxide grains in the innermost part of the scale and an
347area with smaller equiaxed grains on the top (Fig. 1). How-
348ever, APT allows for more detailed analyses with respect to
349the chemistry of the layers. Thus, it is possible to identify not
350only the Ni-rich spinel enriched in Cr (about 1 at% Cr) close
351to the surface, but also small precipitates with diameters of
352about 5 nm embedded in this spinel (see Fig. 3). Below this
353region another Ni-spinel, with practically no Cr and higher
354amount of Ni, is found. Identifying these two phases as
355Al2− xNi1+ x O4 spinels is very reasonable, considering that
356some O is lost in the APT measurement and that Al can be
357replaced by Cr in the oxide. The region containing spinels is
358followed by an alumina layer containing areas with an
359average of 9 at% Cr and <1 at% Ni.
360The above-mentioned findings can be explained by the
361oxidation process. At the very beginning, a rapid oxidation

Figure 6. Atom probe tomography of a YHfTi sample below the spinel-rich region. At the alumina grain boundaries
between the three grains 1, 2, and 3, an enrichment of Hf, Ni, and Cr is obvious. The enrichment of Y is barely visible
due to the high noise level.

Figure 7. a: Atom probe tomography of alumina grain boundary (GB) in an YHf-sample. b: Concentration profiles of
Y, Hf, Cr, and Ni through the GB. To visually separate the lines from each other all profiles except for Y are shifted
upward. An enrichment of Y, Hf, Cr, and Ni at the GBs is visible. The concentration of all the elements outside the GB
is equal to 0.
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362 takes place on the metal surface. This process favors not only
363 the formation of Ni-rich spinel, but also simultaneous
364 nucleation of various other Cr-, Ni-, and Al-oxides. After the
365 first oxide layer is formed, the oxidation process slows down
366 and the ability of Al and Cr to form oxides becomes higher
367 than for Ni and thereby an Al- and Cr-rich oxide layer is
368 formed below the Ni-rich layer. When a sufficiently thick
369 oxide scale has been formed, the oxygen partial pressure
370 (pO2) at the metal/oxide interface is so low that it prevents
371 the oxidation of elements other than Al. This results in a
372 purer alumina oxide (α-alumina) in the innermost part of
373 the scale, explaining why the Cr-enriched alumina is found
374 in the outer scale region.
375 The Ni-rich spinel is thought to be mostly outward
376 growing, i.e., it grows by outward diffusion of metal cations,
377 whereas alumina is an inward growing oxide (grows
378 by inward diffusion of oxygen through the oxide GBs),
379 which explains the formation of the line of voids visible
380 in the STEM images (Fig. 1) between these two oxide
381 regions.
382 Existence of the nanosized precipitates embedded in Ni-
383 rich spinel situated close to the oxide surface is somewhat
384 puzzling. This feature was observed occasionally, and only in
385 a limited region of the investigated sample. It is clear that the
386 precipitates must have been produced during the later stage
387 of oxidation as if they would have been created during the
388 initial oxidation when Ni-spinels start to form, they would be
389 situated close to the line of voids. One possible explanation
390 would be that the precipitates were created as a result of
391 healing of a micro crack in the mature scale when the bare
392 metal was exposed to oxygen. The APT specimen could have
393 been by chance produced so that it touches on the healed
394 region. Further investigations are needed to reach better
395 understanding in this matter.

396 Segregation to GBs and Phase Boundaries
397 Only inner parts of oxide scales formed on boron-rich YHfB
398 and Ti-containing YHfTi materials were successfully
399 analyzed by APT. No segregation of B or Ti to any of the
400 analyzed interfaces and no precipitates rich in these elements
401 were observed. This is consistent with previous TEM inves-
402 tigations (Unocic & Pint, 2013; Unocic et al., 2014), in which
403 it is proved that the addition of B to the Ni–Cr–Al alloy does
404 not affect the alumina scale microstructure and that there is
405 no Ti segregation to alumina GBs in the oxide part close to
406 the metal. Instead, TEM analyses of Ti-containing Ni-based
407 alloys often reveal existence of Ti-rich oxide grains on the
408 scale surface.
409 Contrary to boron and titanium, yttrium and hafnium
410 both segregate to GBs between spinel grains and alumina
411 grains and also to boundaries between different oxide phases
412 (see Table 3). Furthermore, segregation of Ni and Cr is found
413 at α-alumina GBs close to the surface and within the pro-
414 tective alumina oxide. Segregation of Y and Hf was pre-
415 viously reported in TEM studies (Unocic & Pint, 2013), but
416 segregation of Ni (Fig. 7) is a new finding, indicating that

417there should be some growth of the outermost spinel part
418due to the transport of Ni even when the innermost alumina
419part of the scale is well developed. This statement is also
420supported by the observation of segregation of Cr and Al to
421the Ni-spinel GBs.
422Comparison of the Gibbsian excess between GBs in the
423Ni-spinel and the α-alumina parts is noteworthy. It reveals
424that Hf and Cr populate both types of GBs to the same extent
425suggesting that the driving force for their segregation is the
426same along a net of GBs from the surface to the metal
427(Table 2). Y shows different values for different GBs leading
428to believe that its segregation may depend on local avail-
429ability of this element.

430
CONCLUSIONS

431We studied oxidation at 1,100°C of three model NiAlCr
432alloys with different additions of Hf, Y, Ti, and B using APT.
433The investigation proves the applicability of APT to oxida-
434tion issues. The efforts were directed toward analysis of the
435innermost part of the oxide scale being most responsible for
436the good resistance to the alloy degradation by oxidation.
437The segregation of Y and Hf to the grain- and phase-
438boundaries was observed confirming the importance of these
439elements on the oxidation kinetics of the alloys. Ti or B were
440found neither in the oxide matrix nor in any of the investi-
441gated interfaces. It is therefore suggested that these elements
442do not alter the inward diffusion of oxygen through the scale
443into the metal.
444Noteworthy findings are the Al enrichment at GBs of
445Ni-spinel and Ni enrichment at alumina GBs, which can be
446an indication for a small amount of outward diffusion of
447these elements through the GBs. A complete list of all
448segregations can be found in Table 3. The formation of the
449Ni-rich precipitates close to the surface is surprising
450and a complete explanation of this finding has yet to be
451developed. Nevertheless, the general structure of the oxide
452scale, especially close to the interface with the air, could be
453explained as resulting from a shift of rapid oxidation at the
454beginning to diffusion of metal ions and O ions during
455the formation of the Ni-spinel and of another shift to
456predominant inward O-diffusion during the formation of
457the α-alumina layer.

Table 3. Segregation of the Different Alloying Elements to the
Interfaces.

Al2O3–Al2O3 Al2O3–MyOx

Hf Y Y
Y Y Y
Ti N N
B N
Ni Y N
Cr Y N

Y, Yes; N, No.
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