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Abstract.

Using a correlated diffusion study applying secopdan mass spectroscopy (SIMS) and
radiotracer analyses, the co-existence of bothraefton-modified non-relaxed and relaxed
high-angle grain boundaries (GBs) in ultrafine-geai Ni of 2N6 purity processed by equal
channel angular pressing (ECAP) is clearly reveal®de to different depth and lateral
resolutions andusing experimentally accessible diffusion tim&MS provides a direct
access to the properties of relaxed “slow” GBs qabrt penetration depths) while the
radiotracer measurements/eal simultaneously the contributiontbe deformation-modified
“fast” GBs (at large penetration depths). The terapmge stability of ultrafine-grained
structure of 2N6 Ni is investigated using electimack-scatter diffraction after annealing
treatments corresponding to the diffusion experisieNo changes of the ECAP-produced
microstructure occur at 403 K, while the ultrafigpiined structure is remarkably evolving to
a coarse-grained one at 603 K. The knowledge ofntieostructure evolution is used to
quantify the diffusion data. The combination of th® complementary techniques allows not
only to perform a cross-scale analysis of the ni@sssport, but also to probe consistently the
existence andinetic properties of different multi-level hierarchic mostructure features.
Therefore, the results obtained is a step forward better understanding of the physics of
ultra-fine-grained materials (UFG). For the finrsheé in the case of UFG materials, the SIMS

technique is used in a mode with lateral resolutitiich is correlated with the microstructure
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characteristics resolving a multi-level hierarchydiffusion properties of short circuits in

severe plastically deformed materials.

Keywords: Diffusion, ultrafine-grained materials, grain baoanies, EBSD, geometrically

necessary dislocations.

1. Introduction

The faster diffusivity of substitutional atoms ajpthe grain boundaries (GBs) than through
the crystal lattice has been clearly demonstratethg the last few decades [1-7]. GBs can
consequently play the role of atom sources andssinkich can alter the properties of a
polycrystalline material. Indeed, atom mixing andss transport govern physical phenomena
such as phase transformation, high temperatureataig recrystallization, grain growth or
creep that underpin the manufacturing, joining aamgeing of a slew of important
technologies [8-10]. These short-circuit diffusipaths were largely studied especially in
ultrafine-grained (UFG) materials [11-13] whichsed much interest since the first concepts
of nanocrystalline materials were proposed [14,T%le use of severe plastic deformation
(SPD) techniques [16] to produce nanostructuredenads$, such as equal-channel angular
pressing (ECAP), as an alternative to nanopowderpeation [17-19], has been intensively
increased to enhance their properties [20—-24].oredde ductility, high strength, toughness,
fatigue life and wear resistance [25-28]. As-pratloanomaterials are dense, even though
micropores and cracks may also be present [29].ekqgtating porosity can enhance the
atomic transport especially at low temperaturesreagaled by the radiotracer diffusion
measurements [30,31]. For instance, self- and Ques&B diffusion in SPD-processed Ni
have previously been demonstrated to be signifigarthanced with respect to those in the

corresponding coarse-grained materials [32].

The ultra-fast diffusion rates measured in SPD-@ssed materials were explained by
formation of specific GBs exhibiting an increasagef energy and significant residual
microstrains [33]. These non-relaxed high-angle GBe called "deformation-modified"
GBs [33] in order to avoid previously suggested] [84d ambiguous term “non-equilibrium”
interfaces. They have been reported as sinks fticdadislocations [35] as evidenced by in
situ transmission electron microscopy (TEM) [36—388H lead to the disordering of networks
of grain boundary dislocations (GBDs) [34]. ThedBs@xhibit higher diffusion coefficients

of one to several orders of magnitude as well ghédri sliding and migration rates than



relaxed GBs [39]. Note that GB migration enhandes tbtal flux of diffusing atoms in a
material, as demonstrated by Glaeser and Evans [Bi%grefore, non-relaxed GBs in
nanostructured metallic alloys obtained by highrgpaleformation processes are suspected

to be responsible for a higher GB diffusivity [41].

Radiotracer measurements of Ni GB diffusion in SBlDand Cu-based alloys revealed that
not all grain boundaries feature “deformation-miadif state. Indeed, a majority of high-
angle GBs are characterized by “normal” diffusieates which are characteristic for well-
annealed polycrystalline materials [31,42]. A hiehy of short-circuit diffusion paths has
been suggested [43], with the “deformation-modifi@&Bs topping the whole spectrum of
interfaces. While in ultrafine-grained Cu it wasspible to measure the two different diffusion
rates in a single radiotracer diffusion experimgdit,42], it was impossible to observe
simultaneously these contributions in, e.g., UFGimNwhich several orders of magnitude
difference between the diffusion rates has beemesigd [32]. Ideally, both short (about
100 nm) and large (significantly above @) penetration depths have to be simultaneously
resolved in a single experiment, which is hardlgessible for any method. The basically
different enhancements of diffusion along the defation-modified GBs with respect to
those in coarse-grained counterparts in Cu andré&lipsobably explained by the distinctly
different homologous temperatures of plastic defdrom in these two materials, O7and
0.20Tm, respectively (whereTm is melting temperature). Correspondingly, relaati
processes by room-temperature plastic deformationmiakel are significantly retarded with
respect to those in copper. Are the slow-diffusbmundaries in ECAP-processed nickel
similar to those in coarse-grained polycrystallmaterial? Their existence has been proven
by the previous self-diffusion measurements usimg tadiotracer technique [32], but the

diffusion properties were not quantified.

Furthermore, the determination of the diffusionftioient of a species should be carried out
by taking into account the potential changes oaegrin the microstructure (recrystallization,
grain growth) during diffusion annealing, as peried in [44,45]. A GB self-diffusion study
recently conducted at 423 K using radiotracer tegleon two UFG Ni prepared by high-
pressure torsion (HPT) and with different purifié6] reported a two-stage penetration
(branches | and 1) in the profile measured for 4heNi while a single-stage penetration was
observed for the less pure 2N6 Ni (only branchThe branch II, at higher depths, exhibiting
a lower slope is associated with fast GB diffusadong GBs that did not relax after being

modified by the deformation. The steep slope pérthe penetration profile (branch I, at
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lower depths) is only present in the 4N UFG-Ni matevhere a pronounced recrystallization
took place at 423 K when compared to the less PN@&Ni (no recrystallization). This branch
is attributed to the recrystallization front thaparates the recrystallized areas from the
remaining UFG areas as well as to relaxed highea@s which contribute to a negligible
extent to the total diffusion flux [46]. The reaséor such difference in microstructure
evolutions in the 4N and 2N6 UFG-Ni, investigatedttier in [47], put forward the role of
impurities in the slowdown of the recrystallizatifsant, causing the survival of the remaining
UFG areas which act as ultrafast diffusion pathsthbt case, penetration profiles obtained
during diffusion experiments revealed critical imf@tion on existing and newly formed
interfaces and microstructural features, suggeshagossibility for diffusion experiments to
be considered as a valuable tool to investigaterticeostructure evolution under sufficiently

high temperature.

The previously reported results on UFG Ni were lgiéh using the radiotracer technique,
which is the standard method for studying self- aotute diffusion in solids [48]. This

method enables one to detect tiny concentrationdifafsion species, being much smaller
than the ones detected through other means (chlergreaimetric, dimensional analyses).
The mechanical sectioning employed during radietragnalysis limits the profile depth
resolution, thereby setting a lower limit on thdfulion distances, i.e. on the diffusion
temperatureslf one usesion-beam sputtering, nanometer-large penetratiggthdecan be

measured, while deep tracer penetratibihremains unresolved.

The second technique, widely used to trace imgritn materials is the secondary-ion mass
spectrometry (SIMS). Here, non-radioactive tracans be deposited. The popularity of SIMS
also stems from its ability to identify elementdiwa spatial resolution of tens of micrometers
and a depth resolution of few nm. Therefore, thighud enables to collect an impurity signal
over short distances with a good accuracy, makinregeby possible the measurement of

diffusion coefficients obtained at low temperatures

In this work, both radiotracer and SIMS techniqgaes combined to study Cr diffusion in
UFG nickel at low temperatures ranging from 40%®3 K and trace the whole spectrum of
possible GB diffusion rates. For a first time, aeststence of relaxed and deformation-
modified grain boundaries in UFG Ni is directly obsed, their basic diffusion properties are
guantified and the relaxation of GB-induced stateinberfaces is traced in detaibuch

microstructure features in UFG Ni were anticipatedhe previous studies available in the



literature but no direct experimental evidence basr been provided. The reason was the
application of a single technique in one investgathat is intrinsically limited with respect
to the range of the diffusion coefficients whichuttbbe simultaneously measured at the given
temperature using accessible diffusion times (r@pgiommonly from minutes to months). A
combination of two complementary techniques witfiedent ranges of accessible diffusion
coefficients, viz. radiotracer and SIMS, allowedstave the problem. Therefore, the results
obtained is a step forward in a better understanaihthe physics of ultra-fine-grained
materials. Moreover, for the first time in the cagseJFG materials, the SIMS technique is
used in a mode with lateral resolution which is reated with the microstructure
characteristics. A solution regarding the uncetiasnrelated to the lateral resolution in SIMS
is applied. Indeed, one should consider the se&itgiteached by SIMS which is proportional
to the amount of sputtered material (within accleletacan times), but also gets worsened as
the probe size is reduced. Here, by selecting tba af interest with still a sufficient signal
(sensitivity), we could be able to investigate tnerostructural features on the extreme
surface that could have never been looked intooupotv due to experimental artefacts. This
methodology gives access to the investigation arostructural features/defects right below
the surface, which was previously not possible, thedeby brings new insights into the use of
this technique, as a way to analyze the chemicahposition but also the type of

microstructural features.

Cr is chosen as a suitable element to trace GBigitfh properties of pure Ni using SIMS.
Hypothetically, one may use highly enrich¥ili isotope to probe Ni self-diffusion and not
be biased by any segregation tendency of the dhijuslement. However, the background
signal would be too high due to the natural abunedanf®Ni, about 1%. Note that this level
is small enough to enable measurements of volurfiesatin, but it is too high to facilitate
grain boundary diffusion measurements. Hence, déifusion had to be considered and, in
order to limit the effect of the solute on grainubdaries, this has to be a non-segregating
solute. Chromium appeared as the ideal elementebhdas being a non-segregating element,
the analysis of diffusion results was quite strifmfward and the microstructure features in
UFG Ni were easily revealed. In the case of sedmegapecies, like Ag, the analysis would
have been biased and much more complex since aarurhimon-linear effects and different
segregation structures (or complexions) could hEeeeted. Moreover, we can emphasize that
a study of diffusion of not segregating solute ismandatory stage before taking into
consideration a strong segregating solute. The @asgongly segregating solute is still open



and can now be studied thanks to the contributfayuo current resultsThe activation energy
of GB diffusion of Cr in Ni is known to be lowerah that of lattice diffusion. The first values
were reported by Pruthi et al. [49] in 1977 in alSiCr-6Fe (wt.%) alloy in the temperature
range from 673 to 1073 K. The corresponding Arrhsrplot suggested the GB activation
energy for Cr diffusion of 179.54 + 3.60 kJ.rhelhereas a value of 277.67 + 4.21 kJ.fol
was determined for Cr lattice diffusion.ermak [7] observed the same tendency and
demonstrated a strong dependence of the Cr GBsuliffy in polycrystalline Ni-Fe-Cr alloys
(with different content in Fe and Cr) on the Cr cemtration in the alloys, with a minimum at
10 wt.% Cr [7], which was first investigated by feaix et al. [50]. A number of similar
studies have been conducted in Ni-Cr-Fe alloysl|3%, pure Ni and Ni-Cr alloys [7,53-55]
but diffusion experiments performed at temperatlweger than 873 K are scarce. Yet, such
experiments are imperative to characterize thexagélan of deformation-modified state of
GBs.

2. Experimental details

2.1.Material

A Ni material of 2N6 purity (identical to that insttgated in Refs. [46,47,56]) was used in the
present study. The UFG structure was produced bs+emperature ECAP pressing in the
research laboratory of Prof. Y. Estrin (Monash Wnsity, Clayton, Australia). Four ECAP
(die angle of 90°passes were employed and the samples rotated bgf@®°each pass, as
required by the Bc4 process route. No back pressiae applied. The resulting UFG

microstructure was investigated in detail in RBT][

2.2.Diffusion study

Diffusion of Cr in UFG Ni was investigated at 4@3 and 603 K for diffusion annealing of
72 h using both radiotracer measurements and SIMBysis. The diffusion direction was

parallel to the elongation direction of ECAP praing.

Radiotracer measurements

The radioactive isotop&Cr, in the form of a highly diluted acidic solutiomas deposited on
polished disc-shaped samples of UFG Ni of 8 mm immeéter and 1 mm thickness.

Subsequently, diffusion annealing treatments weairgiexd out in sealed quartz tubes under



purified (5N) Ar atmosphere. After annealing, thandeter of the samples was reduced by

approximately 1 mm to remove the contaminant effettsurface and lateral diffusion.

The penetration profiles were determined by théakeectioning technique using a high-
precision grinding machine. Intensity ofradiations emitted by radioisotope was counted
using intrinsic Ge detector. The counting time was chosen to keeptitestical uncertainty
of the activity determination below 2%. The backgrd radioactivity was determined by
measuring the activity counts from an empty vidle Bpecific activity which is proportional
to the tracer concentration was determined by nigggthe mass reduction of the sample
after each grinding step. The initial (few) sectidmp to 1 m in total depth) are typically
influenced by the calibration procedure of a sanipteparallel grinding and/or by very fine

surface scales and, therefore, are not includéukimnalysis of the penetration profiles.

SIMS analysis

A specific experimental procedure detailed in [88s applied to study Cr diffusion in UFG
Ni using SIMS. First, 2-3 mm thick slices of UFG Were polished on one face to a mirror-
like quality by standard metallographic procedur&szone of further SIMS analysis was
delimited using a AZ50-4 PRESI microhardness tgster measurements were performed by
loading the sample with 4.9 N during a dwell tinfel® seconds). Accordingly, a rectangular
zone of 1.5x5 mm? was defined on each specimealldived as well to get the initial
hardness of as-produced UFG Ni which was equalD®+37 HV (averaged on 38 values).
The specimens were then coated with a thin Cr lijnsublimation of naturally occurring Cr
powder (99.95%, Neyco) and condensation onto thishmml surfaces in an Emitech K975X
thermal evaporator. A targeted Cr thickness of 5was reached by setting an embedded
quartz balance with an electrical current equatm@8 A. Subsequently the samples were

sealed in quartz tubes under vacuum and diffusiorealing was carried out.

After the diffusion treatment, the SIMS (Cameca IViptechnique was used to measure the
intensity profiles as a function of sputtering timestead of employing a standard SIMS
analysis method, a retrospective approach calléeécleerboard analysis” was applied [59].
Each diffusion sample was analyzed together withraesponding reference sample that has
been deposited with natural Cr simultaneously, thhe sputtering-induced profile
modifications are thoroughly accounted for. A d@sphatron (@* source was employed and
the @ leak methodology was applied to enhance the pesgecondary ion yields [60].
Primary ion energy and current were set to 5 ked 88 nA, respectively. The isotopes



whose signals were counted during the acquisitaes °Cr, >2Cr, >Cr, >8Ni, 5°Ni and 4Ni,
together with'®0O or °®Fe. In this study, the raster area equates to 1HEDxn2 while the
analysis area (or region of interest ROI), closd @10 um2, was adjusted on tH€r ion
image, as required when applying the checkerbaaatysis method [58].

To determine the sputter rate for each SIMS cratet thereby obtain the diffusion depth
profiles from the diffusion profiles over time, tldepth of the craters was estimated using a
Bruker Dektak 8 contact profiler. A mean sputteteravas calculated for each crater by
averaging the crater depth along three horizomas| crossing the raster area at positions
corresponding approximately to 1/4, 1/2 and 3/Acitaer size with an uncertainty of + 5 pm.
The scattering was always below 13% of the meamevals the intensity profile was
extracted from a small part of the crater, a “lbcgdutter rate was deduced from the local
depth values of all the ROIs. The scattering represapproximately 4% of the local sputter
rate value averaged over all the craters of theesdiffusion experiment [58].

Due to low natural abundance ¥Cr and®Cr isotopes, the profile fot’*Cr was used for
further analysis. It is worth noting however thae tsignals from all Cr isotopes were
systematically superposed to check any non-lineaftect between the SIMS counts and

concentration [58].

Only the data corresponding to the steady-statelisitign conditions were used for the
diffusion coefficient evaluation. The final conceation profile represented tRéCr/®*Ni ratio
where the signal from a reference sample (afterd€position and without diffusion
annealing, the so-called O-profile) was simply satied. More details on the experimental

procedure used to get reliable diffusion data irGUfetal using SIMS are available in [58].

2.3 Microstructure characterization

The microstructure of UFG Ni before and after diftn annealing was characterized using a
scanning electron microscope (SEM) S-FEG FEI Novand$EM 450 and electron
backscatter diffraction (EBSD) using an acceleratioltage of 15 kV. An area of 20x20 pm?2
for each sample was scanned with an acquisitiop ste30 nm to be able to reveal the
features of UFG structure. The as-obtained EBSDsmagre analyzed with OIM 7.0 software
and with Atex 2.21 software [61]. The former allav® construct the orientation and image
quality (IQ) maps together with GB maps and theetalvas used to calculate the density of
so-called geometrically necessary dislocations (GM2]. Such a multi-parameter EBSD

investigation, as it will be discussed further, Idoueveal the evolution of different



microstructure features on different scales dudiifyision annealing. The GND density was
obtained using Nye’s approach [63] adapted by Femthto EBSD analysis [64] as it was
done in Ref. [65]. The misorientation of 5° betwéen neighbor pixels was considered as a
threshold to distinguish between the pixels locatedifferent grainsThe value of 5° is a
typical cut-off value used when “deformation state’investigated using EBSD. In some
recent works (see, for exampl[62]), it is shown that the choice of 7, 10 or 15° does
influence the relative resultdlo filtering of EBSD data was applied before datacessing.

The initial grain size was measured to be aboutr80(61].

3. Results

Analysis of diffusion experiments depends on theviant kinetic regime, classified as A-, B-
or C-type after Harrison [66]. In the C-kinetic n&g, which is followed typically at lower
temperatures and shorter annealing times, thertdhffasion into the bulk is negligible and
atomic transport occurs primarily along the grabutdaries and, thus, the true GB diffusion
coefficient can be determined. In order to demar&tand C-type kinetic regimes, the value

of the Le Claire parameteris decisive [67] (Eq. (1))

(1)

Here,s is the segregation factor ands the diffusional GB width (measured to be equal t
about 0.5 nm in 85 FCC metals [56]), is the bulk diffusion coefficient andis the

annealing timeDy was calculated using the parameters determingf] (kq. (2)):

78 m2st @

A reliable estimation requires the segregation factor tor@a. In the present conditions,
we found thata >> 1 even in the case of= 1 (Table 1). Thus, the C-type kinetic regime
conditions are safely satisfied [68] for all the aserements. Note that the absence of Cr
segregation to NE11 grain boundaries was confirmed by theoreticidutations using the

density function theory [69(]].



Table 1: Experimental parameters for Cr diffusiapegiments in UFG Ni, %and are calculated
according to the data from Eq. (2) [7] and using @&} respectively.

Temperature (K) Time (s) "~ 9 (nm)
403 259200 3.0x19 8.5x10
503 259200 1.5x10 1.6x16
603 259200 4.7x19 5.3x10

3.1. Radiotracer measurements

In the case of radiotracer experiments, the Gansghan film) solution can typically be
applied and the logarithm of the tracer concerimai®’' is found to be proportional to the
penetration depth squarexf. Thus, the grain boundary diffusion coefficieBly, can be

directly determined using Eq. (3)

0 *Iss €)
Figure 1 shows the penetration profiles measuretDat 503 and 603 K by the radiotracer
technique. After an initial drop of the tracer &it$i by more than two orders of magnitude
(which corresponds to the given density of the shincuit paths in the sample and is affected
by the grinding-in effects), a prolonged tail capending to GB diffusion is observed. An
increase by a factor of twenty is found for the @Busion coefficient when the temperature
increases from 403 to 603 K (Table 2).
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Figure 1: Penetration profiles 8fCr GB diffusion in UFG Ni during 72 h at 403, 508da603 K
obtained by radiotracer technique.

3.2. SIMS measurements

Considering a 5 nm-thick Cr layer deposited onUlf& Ni surface for SIMS measurements
and a negligible bulk diffusion distance (whichfas below 1 A, Table 1), a constant source

solution was applied for analyzing the concentrapoofiles obtained by SIMS (Eq. (4)),

81192 8 416* 83 67 8 =x, )

where cs is the tracer concentration at referengecoordinate andy is the background

level (obtained at very large depths).

As mentioned in the Experimental part section, Sldd8centration profiles can be obtained
by using the local or mean sputter rate. Neverfiseléhe corresponding values of the
diffusion coefficients were found to be similar, tin the experimental uncertainty.
Therefore, for the sake of concision and claritgreh only the results considering the local

sputter rate are presented.
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Table 2: Cr GB diffusion coefficients in UFG Ni alied by SIMS and radiotracer technique at
different temperatures and annealing of 72 h. TIMSSprofiles are referenced, according to Figure 2.

Diffusion coefficient (x1! m2 s)
Temperature SIMS |
(K) ' Radiotracer
Profile Value
1 0.2+0.9
2 0.3+4
403 3 3.7+0.5 = 7S
4 09+17
5 0.1+0.3
1 0.31+0.2
503 @@ >IEES
2 0.36+£0.2
1 0.73 £ 0.08*
603 2 0.29 + 0.4* AB &2
3 25+ 0.2*

*GB diffusion coefficients obtained at 603 K have physical meaning due to microstructure

evolution during the diffusion experiment (see glo

Figure 2 presents the obtained penetration profogether with the corresponding fitting
functions, according to Eqg. (3), for all the ana&gzcraters. The determined diffusion
coefficients are reported in Table 2. One can baefor the same annealing conditions, the
diffusion coefficients are scattered over an omfemagnitude. All values are within #0—
10?2 n?s? range, and they differ by a factor of310 1@ from the diffusion coefficients
obtained by the radiotracer technique. Such aescattthe SIMS data for the same diffusion
annealing conditions is explained by the local abtar of the SIMS analysis (the signal is
averaged over areas of tens of Juwhile the radiotracer technique analyses the asign
averaged over the area of tens of inm
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Figure 2: Penetration profiles of Cr diffusion iFG Ni obtained by SIMS after diffusion annealing
for 72 h at (a) 403 K, (b) 503 K and (c) 603 K.

3.3. UFG microstructure

As previously reported by Divinski et al. [71], tkame UFG Ni exhibits a nearly constant
microhardness values up to the temperatures oK6@®en it is annealed for 17 h. In the
present study (annealing time 72 h), the measuiertbhardness after diffusion treatment at
403 K was equal to 322 + 16 HV, slightly above ihigal value (303 + 7 HV). This slight
increase in microhardness after annealing at 40D45Q@vas also observed in [71] and in
high-pressure torsion deformed Ni specimens [72] atributed to depletion of dislocation
sources after vacancy annihilation and additionslodation pinning by vacancy clusters.
However, a complete survey of this topic is beytmscope of the present paper. After 503
and 603 K diffusion treatments, the measured mamadress values slightly decreased to 288
+ 6 and 289 + 28 HV respectively, suggesting aagernicrostructure evolution.

According to the DSC analysis of as-received UFG(Without diffusion annealing) [71],
dislocation recovery is expected from about 500rd @ noticeable grain growth occurs
above 600 K. It can be thus supposed that no ggnif microstructure evolution occurred
during diffusion annealing at 403 and 503 K whileauld take place at 603 K. However, it is
worth noting that the DSC experiment was carriedab@ constant heating rate of 20 K.rhin
and the transformation temperatures obtained in [R&f are overestimated when compared
to isothermal conditions. Thus, some microstrucewelution at 503 K during annealing for

72 h can be expected.
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403 K/72 h

Figure 3:Orientation maps coded in normal direction to samglrface(which is parallel to the
elongation direction of ECAP processing and diffusdirection)superposed with 1Q maps for the
samples of UFG Ni used to study Cr diffusion: aditstate (without diffusion annealing) and after
diffusion annealing at 403, 503 and 603 K for 7@bquisition step is 30 nm). (For interpretation of
the references to color in this figure legend,rdeeder is referred to the web version of this kic

The microstructure evolution, i.e. before and aftiifusion annealing treatments, was
investigated using SEM/EBSD. The orientation mapded in normal direction to sample
surface superposed with IQ maps are shown in Figuken UFG structure is clearly observed
for all samples. No visible microstructure modifioa is detected after annealing at 403 K.
After annealing at 503 K, ultrafine grains arel sibserved but they look more well-defined,
suggesting that some microstructural changes nogbuir. At last, the sample annealed at
603 K during 72 hours has obviously coarser gramscomparison with other samples
suggesting thus a non-negligible grain structurelwion and grain growth during the
diffusion annealing.

Furthermore, 1Q maps were superposed to GB miaigeire 4 and the GB length per GB
character (normalized by the analyzed surface) esdsulated and reported ifable 3 No
significant change of the GB length is found betwéee initial state and that after diffusion
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annealing at 403 K, as close densities of low-laigi-angle GBs are obtained. The annealing
treatment at 503 K keeps as well the same quaotitpw-angle GBs, as compared to the
initial state and that after annealing at 403 Kjleva slight decrease of the fraction of high-
angle GBs can be suggested. Annealing at 603 K2Zdn is found to result in a remarkably

different grain structure as compared to other sasa@ three- to four-fold decrease of the

density of high-angle GBs is clearly seen (Table 3)

initial

Figure 4: 1Q maps superposed with GB maps, asradaldiy EBSD for the samples of UFG Ni used to
study Cr diffusion: initial state (without diffusicannealing) and after diffusion annealing at 818
and 603 K for 72 h (acquisition step is 30 nm). @iEh misorientation angle higher than 15° are in
blue; those with misorientation angle within 5 d# are in green and those with misorientation@ang|
within 2 and 5° are in red. (For interpretatiorttoé references to color in this figure legend,rérsder

is referred to the web version of this article).
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Table 3: GB length surface density per GB charaatel mean GND density obtained from EBSD
analysis on UFG Ni before and after diffusion atinga

Mean of sub- and GB
Conditions of diffusion length surface density for _
_ _ o . Mean GND density (n)
annealing different GB misorientation

angles (um pn)

2.9 (2-5°)
1.2 (5-15°) 3.3x10°
13.5 (>15°)

Initial state

(without diffusion annealing

2.4 (2-5°)
403 K/72 h 1.1 (5-15°) 3.3x10°
16.6 (>15°)

2.3 (2-5°
503 K/72 h 1.8 (5-15°) 2.8x105
10.1 (>15°)

1.5 (2-5°)
603 K/72 h 1.3 (5-15°) 2.1x105
3.1 (>15°)

To get a further insight into possible microstruetevolution during the diffusion annealing,
the GND density was calculated for all the sampldse GND density distribution can be
reliably represented by Rayleiii3,74] or lognormal[62] distributions. In the present work,
the lognormal distribution was found to be more rappate to describe the experimental
results Figure 5. Therefore, the GND density obtained from EBS fied using Eq. (5):

. a + 1- 11 38 N
TEfCH —= % ()

where ¢ is the GND density and and are fit parameters. Accordingly, the mean GND
density is defined, according to Eqg. (6) (Table 3)

BE ca s, (6)

16



1 T 1 T
0.10 4 [ initial -
403 K/72 h
> 503 K/72 h
Q [ ]603K72h |
()
>
o
() _
|
L
o
= J
o
o
Q
o ]
0.0 5.0x10" 1.0x10'® 1.5x10'€

GND density (m-2)

Figure 5: GND density distribution obtained usinBID data and Nye’s approach [63] adapted by
Pantleon [64,65] for EBSD data in UFG Ni in init{@ls processed by ECAP) state (in blue) and after
diffusion annealing for 72 h at 403 (in red), 503 green) and 603 K (in black). The distributions
were fitted using log-normal function (E@)) to get mean values (E(f)) reported in Table 3. The
blue and red curved are almost indistinguishalfier (nterpretation of the references to color iis th
figure legend, the reader is referred to the weabion of this article).

The GND density distributions are identical for URG in the as-received state and after
annealing at 403 K for 72 h (blue and red curvespectively irFigure 5. A slight difference

is induced by annealing at 503 K (green curvEigure §. The mean GND density is slightly
lower and the distribution slightly narrower comgiito the two previous samples, suggesting
that a rearrangement of the dislocations has alréadun. Nevertheless, the difference is
within the experimental uncertainty of the methGuh. the contrary, after annealing at 603 K,
a significant decrease of the mean GND densibpserved (Table 3). The distribution is also
significantly narrower and shifted towards the lowalues (black curve irFigure 5
confirming previous conclusions on recovery proaassuch diffusion conditions. Therefore,
the characterization of the UFG Ni samples befonel after diffusion annealing has

undoubtedly shown a microstructure evolution adtemealing at 603 K for 72h.

According to the Evans and Glaeser md@él, GB migration during a diffusion experiment
modifies significantly the tracer distribution résug in a linear decay of the logarithm of the

tracer concentration with depth and the correspansiope is given by Eq. (7)

"R (7)

Q/
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HereVnm is the mean GB velocity. Therefore, using the etopf Cr concentration profiles in
UFG Ni obtained by SIMSHigure 2 and that one characterizing the first near-serfa@nch

of the radiotracer penetration profile measure@C& K (Figure 1), the mean GB velocities
and thus the mean GB displacements during diffuaiorealing can be estimated. As one can

see from Eq(7), such estimation requires the GB diffusion coéfit to be known.

It is still a matter of debate whether the soluféudion coefficient for stationary and mobile
GBs is the same or n$t6,77] Up to five orders of magnitude of enhancementhef GB
diffusion rate via mobile boundaries was reported minerals [78], while detailed
investigations of discontinuous precipitation réats in metallic alloys collaborated a view
that the solute diffusion coefficients are simifar stationary and mobile GBE/9,80]
Furthermore, systematically similar values for GBgmation were elaborated in tracer
diffusion experiments using different solutes ie ttame Cu matri¥81] that supports the
previous findingg482] if the diffusion-induced grain boundary migrati@GM) phenomena

could safely be excluded.

If we would interpret the penetration profiles maasl by SIMS Figure 3 and the first
(near-surface) branch of the radiotracer diffugpoofile measured at 603 Keigure J, as the
consequence of Cr diffusion along migrating GBs, ma&y estimate the migration rates
using the appropriate GB diffusion coefficients.the present work, the Cr GB diffusion
coefficients in UFG Ni as measured by the radi@rdechnique are reported Trable 2 On
the other hand, Cr GB diffusion in a coarse-grai3®b Ni was previously reported by
ermaket al.[7]. It is instructive to use both sets of data ford@fusion in Ni to estimate the
mean GB displacements during the diffusion anngatneatments using E(¢) and the

results are shown iRigure 6

On one hand, if we would tentatively use the Cr @iBusion rates measured by the
radiotracer technique, the mean GB displacemergsapto be larger than 10 um and can
even reach 1 mm for 503 and 603 K. Such pronougcaid growth has to be easily detected
by EBSD, which is in obvious contradiction with tbbserved microstructure evolution in
Figure 3andFigure 4 Therefore, it is not the GB displacement with thies measured by the
radiotracer technique which would correspond toSHéS profiles. In other words, the SIMS
profiles do not correspond to the motion of the GBsch provide simultaneously the deep

penetration of the solutes detected by the radietreechnique.
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Figure 6: Mean GB displacement during diffusion eadmg for 72 h at different temperatures, as
estimated using the Evans and Glaeser model(fgand taking Cr GB diffusion coefficients in Ni
as obtained by ermak in coarse-grained Ni [7] (blue spheres) amdhie present work by the
radiotracer technique in UFG Ni (green spheresairtGboundary displacement evaluated from the
microstructure analysis at 603 K are indicateddu/star. At lower temperatures, no grain growth was
detected. (For interpretation of the referencesotor in this figure legend, the reader is refet@the
web version of this article).

If one would interpret the SIMS profiles as resdtifrom the motion of GBs, which GB
diffusion coefficients correspond toermak’s data for coarse-grained Ni, one arrives at
more consistent picture. Indeed, no GB migratioausth occur at 403 K, a negligible GB
displacement of about 1 nm is predicted at 503 &asignificant (for the UFG structure) GB
displacement of about 1 um should occur at 603 Ke Tatter estimate is in a perfect
agreement with the basically independent microtirec analysis according to the
SEM/EBSD dataKigure 3andFigure 4.

Taking into account the results presented abovearnedorced to conclude that the diffusion
experiments were carried out in almost stable UF@&sure of Ni at 403 and 503 K while the
microstructure underwent significant evolution dagrithe diffusion annealing at 603 K.
Therefore, both SIMS and radiotracer data obtailoedt03 and 503 K reveal the real GB
properties of UFG Ni at these temperatures, althdhg corresponding diffusion rates differ
by orders of magnitude. On the other hand, theusidih coefficients measured by the

radiotracer technique at 603 K are reasonable,enwthi SIMS profiles at this temperature
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correspond to the tracer distribution built up bgvwing GBs. Moreover, the GB diffusion
coefficients for the moving boundaries correspondhte diffusion rates observed in well-

annealed coarse-grain polycrystals.

4. Discussion

In the present work, GB diffusion of Cr in UFG Nawinvestigated by both SIMS analysis
and the radiotracer technique and an importan¢ffce in the determined values, by three to
five orders of magnitude, was observed (Table 2)rddver, almost similar GB diffusion
coefficients at 403 and 503 K were measured by S{8&8 the Arrhenius diagram in Figure
7). These features have to be clarified and theibp&Bs addressed by different methods at

different temperatures have to be identified.
4.1 Correlative cross-scale study by SIMS and radiacer analyses

To discuss the difference in the Cr GB diffusioefficients for a given temperature, one has
to consider that SIMS and radiotracer techniquevigeoaccess to the concentration profiles
from fundamentallydifferent penetration depths due to the differegiedtion limit. As one
can see in Figure 1 and Figure 2, the concentrgtiafiles obtained by the radiotracer
technique could be processed for the depths up@quin while those acquired by SIMS gave
the data above background level for the depths less 50 nm. As it was stated in the
Introduction, a co-existence of GBs with differanetastability states, relaxed and non-
relaxed GBs, was reported in UFG Cu or Ni [42,43)e corresponding two branches of
concentration profiles were called as fast andatftist short-circuits, having in mind that the
relatively slower (“fast”) branch provides GB diffion rates corresponding to general high-
angle GBs as they are observed in annealed potatirge (coarse-grained) materials [42].
While both such contributions were possible to measimultaneously for UFG copper using
the radiotracer technique [42], only indirect hitasthe existing hierarchy in UFG Ni were
stated [32]. The reason is the difference of threesponding diffusivities, while it occurred to
be about an order of magnitude in UFG Cu [42],a$ ho be more than two orders in UFG
Ni [32]. Are the “fast” diffusion coefficients in EG Ni of the same level as in polycrystalline

Ni or somewhat enhanced, this fundamental questiorained unresolved.

The present combination of basically two differdiftusion techniques allows unprecedented
insights into the hierarchy of short-circuit patis UFG Ni allowing cross-scale

characterization of the pertinent diffusion coeéis.
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The relaxed GBs are considered to possess the paoperties as the GBs in a standard
coarse-grained metal. On the other hand, non-rélare thus high-energetic GBs have
significantly different properties and they mighbbre to a relaxed state during, for instance,
recovery induced by temperature exposure of UFGaimbt other words, non-relaxed GBs

have significantly increased GB diffusion coeffiti@s compared to relaxed GBs [42,83]. As
it was suggested in previous studies [42,43], tlaetion of non-relaxed GBs in UFG Ni

should not exceed 10% and their contribution to smaansport is therefore “hidden” by

slower, relaxed GBs. However, the situation candifferent when the mass transport is
studied at depths where the contribution from rethéand slow) GBs is negligible while that

from non-relaxed (and fast) GBs is still signifitdRigure 8). This is exactly what happens
when GB diffusion is studied by both SIMS and radicer technique: the latter gives the
properties of non-relaxed and “ultra-fast” GBs léage penetration depths) while the former
gives the properties of relaxed and “fast” GBs qlabrt penetration depths). Therefore, the
difference in GB diffusion coefficients by three fige orders of magnitude as obtained by
SIMS and radiotracer methods (Table 2) reveals ahvexistence of GBs with different

metastability levels in UFG Ni produced by ECAP sjrite of a low density of the ultra-fast

paths, their contribution could reliably be resaolvin deep sections by the radiotracer
technique due to integration of the signal overwi®le sample section. On the other hand,
the SIMS analysis is basically local and repredevgdor the small depths where the majority
of relaxed paths dominate the solute distributiBigire 8). Hence, the results from SIMS
have to be compared with the data on Cr GB diffusiocoarse-grained Ni available in the

literature (Figure 7).

The green (radiotracer) and red (SIMS) symbols igufe 7 represent the measured
contributions of “ultra-fast” (deformation-modifigd3]) and conventionally “fast” (relaxed)
high-angle GBs. The Cr diffusion rates in deforro@tmodified GBs (green circles) are found
to be somewhat lower than those of matrix Ni atdbfsck dotted line), Figure 7, but the two
data sets follow similar trends. The Cr GB diffusicoefficients in 2N6 UFG Ni are
extremely higher than those predicted from measentsnby ermék in 3N6 coarse-grained
Ni [7] when these are extrapolated to low tempeestisolid blue line, Figure 7). This fact
substantiates the deformation-modified state ohidsiggle GBs in UFG Ni produced by
ECAP processing.

21



i 1 " 1 " 1 " 1 " 1 " 1 " 1
51Cr radioisotope in coarse-grained 3N6 Ni
Cermak, 1991

self-diffusion in coarse-grained 5N Ni
Divinski et al., 2010

/ self-diffusion in UFG 2N6 Ni

Divinski etal., 2011~

102" | 52Cr isotope in UFG 2N6 Ni
. SIMS

102 r self-diffusion in coarse-grained 2N6 Ni
i Divinski et al., 2010

0.8 1.0 1.2 14 . 1i6 . 1i8 . 2iO . 2.2 24 2.6
1000 T (K)

Figure 7: Temperature dependence of measured Gisidifi coefficients of Cr in UFG 2N6 Ni as
obtained by SIMS (in red) and by radiotracer teghai(in green), as compared to that measured by
ermak in coarse-grained 3N6 Ni (in blue) [7]. GB $¢ilf-diffusion coefficients in coarse-grained
2N6 and 5N Ni [84] and in UFG Ni [32] are shownwsll. For the SIMS data, the GB diffusion
coefficients at 603 K (open red circles) were eated accounting for the grain structure evolutind a
using Eq.(6), see text. (For interpretation of the referencesdlor in this figure legend, the reader is

referred to the web version of this article).

For the first time, a second contribution to Cmsgport in UFG Ni is measured by SIMS
analysis (red symbols, Figure 7). The correspondiffgsion coefficients are by three to five
orders of magnitude lower than those for defornmatimdified GBs. Simultaneously, these
values exceed significantly, by many orders of nitagle those predicted for relaxed high-
angle GBs as they are present in coarse-grained @K& Ni after ermak [7] at 403 K,

whereas quite similar values for the two data astfound at 503 K.

Interestingly, Cr GB diffusion in 2N6 UFG Ni at 483 occurs with similar rates being
characteristic for Ni self-diffusion in coarse-grad high-purity 5N Ni (Figure 7). Although
Cr heterodiffusion in Ni cannot be unambiguouslynpared with Ni self-diffusion, it can be
speculated that the increased Cr GB diffusivityagiprocessed UFG 2N6 Ni (with a high
density of GBs), as compared to that in coarsaagthBN6 Ni (with a lower density of GBs),
can be explained by the “GB purification” effect sisggested by Prokoshkina et al. [56].
Impurities present in the 2N6 UFG Ni before ECAPraveedistributed over a significantly

larger number of newly formed GBs after ECAP prsogg including dislocations and low-
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angle GBs, leading to a higher purity of GBs, corapke to the one of the 5N coarse-grained
Ni. This finding is in line with the well-known inget of the material purity of both self-
[56,84,85] and solute [86] diffusion. The GB d#fan rates as measured by SIMS at 403 K
reveal a large intrinsic heterogeneity of the kingroperties of individual boundaries. This
dispersion indicates an absence of appreciablrateta of the high-angle GBs and correlates

with the existence of broad-spectrum boundarieb significantly different properties.

Figure 8: A scheme of contribution of relaxed amhinelaxed GBs in UFG Ni to Cr diffusion at
different depths as studied by SIMS and radiotréaehinique at the conditions of the C-regime.

At 503 K, Cr GB diffusion coefficient in 2N6 UFG MNis measured by SIMS approaches that
in coarse-grained 3N6 Ni (and is close to Ni sdffiudion coefficient in thesame2N6 coarse-
grained Ni) (Figure 7). As it was stated previoysdy 503 K, some minor microstructure
changes occurred triggered by annihilation of defdron-induced vacancies, formation and
motion of vacancy-impurity pairs and dislocationaeery [87]. These processes contribute to
interface relaxation, leading to lower Cr GB diffus coefficients measured at 503 K.
Moreover, due to these “minor” microstructure chesygmainly due to vacancy drag effect,
solutes can be redistributed over different GBsgreéhy erasing the abovementioned
purification effect, and leading to GB properties2N6 UFG Ni (even slower) comparable

with those in 3N6 coarse-grained Ni (Figure 7).

At 603 K, the measured SIMS profiles are governgdirbcer diffusion along migrating

boundaries. Estimating the averaged boundary ngraate from the measured grain growth
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after annealing for 72 h and using Eq. (6), the3Br diffusion coefficients can be evaluated
and the results are given in Figure 7 (open redesd). These values are in a nice agreement
with the Cr diffusion rates in coarse-grained rethki.

It is worth noting that this particular study doest focus on specific GB states. Detailed
high-resolution TEM investigation is required fdrat, which however is very difficult to
correlate with diffusion measurements. InhereniligM investigation is highly local (GB
fraction of several hundreds of nanometers in lemgexamined), which diffusion property is
averaged over GBs of 20 to 100 fi(im the case of SIMS) or 10 mn¥ (using the radiotracer
method). In the case of UFG Ni (with the grain st@bout 300 nm), we cannot quantify the
diffusion properties of a single GB, that would fxessible for bicrystals, for example. In the
present work, we have observed a relaxation of Giusibn rates without a strong
modification of microstructure (with respect to Gfsorientations/inclinations) in pure Ni.

This is why we believe that fastest paths are rpnlierium GBs which relax.

It should be emphasized that one should distingbettveen non-relaxed GBs and sub-grain
boundaries. By ECAP processing, we produce a nahigiih a multi-level hierarchy of short
circuits with respect to their diffusivities (excieg those of the crystalline bulk). In the case

of non-segregating solutes, these are (classifyadddreasing diffusion coefficients):
(i) coherent twin boundaries;

(i) single dislocations, dislocation walls and langle GBs;

(iif) incoherent twin boundaries;

(iv) high-angle GBs;

(v) non-relaxed high-angle GBs;

(vi) porosity.

Segregation might somehow bias the classificafidns classification seems to be valid for
pure Cu and Ni. At a given temperature, the scaitéine pertinent diffusivities for the paths
(i) and (ii) is relatively small. Relatively largscatter is expected for (iii), depending on
particular inclination of twin boundary. In the eagv), the variation of grain boundary
diffusion coefficient is significant, depending an lot of GB parameters (inclination,

misorientation, GB “phase”, etc.). Using the spattrof computed GB energies and the
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Borisov’'s approach [92] (see below for further dsja one may estimate the range of
possible diffusion coefficients for high-angle GiBsa material. The values measured for (v)

are by orders of magnitude larger.

If we have a coarse-grained Ni with developed stagstructure (produced via rolling), no
diffusion would be measured under the conditionghef present papg80]. Thus, we do

know that this is not a combination of (ii) and)(Which can explain our results.
4.2. GB energy as determined by diffusion measuremts

Together with GB diffusion coefficient, GB energy another GB property of crucial
importance which can inform on GB state. In theecak self-diffusion in pure metals, GB
energy gp can be estimated using the self-diffusion coedfits in the bulk®,) and in the GB
(Dgb) via semi-empirical Borisov’s equation [88,89] (K§))

"#

L -
V2 Wy

v 8)

whereNa is the Avogadro’s constariR the gas constant andg, means the distance between
atoms at the GB. The validity of Borisov’s equatfonthe self-diffusion in binary alloys was
discussed in Refs. [56,91,92]. It was suggestetl Boaisov’'s equation can be confidently
used for the systems where the alloying elemens doesegregate at GBs (or the segregation

is low) and some development was proposed forybes with strong segregation solutes.

Recently, the Borisov formalism was extended to tase of solute diffusion, both
substitutional [93] as well as interstitial [94].8Aargue that this analysis can be applied to
estimate GB energy using the substitutional soaBediffusion coefficient if the following
two conditions are fulfilled: (i) the solute doestrsegregate at GBs and (ii) the solute GB
diffusion coefficient is close to that of the satteCr is not expected to segregate at Ni GBs
due to high solubility limit from 20 to 30 at. % itne temperature range from 403 to
603 K [95-97]. Moreover, as one can see from Figui@r has almost identical GB diffusion
coefficient in 3N6 as compared to Ni self-diffusioaefficient in 2N6 Ni, especially, when
high temperature values are compared. Some differésm observed at low temperatures
which might be due to extrapolation accuracy. Tleeee we believe that Cr GB (and bulk)
diffusion coefficient in Ni can be used to estimdté GB energy applying Borisov’s
equation (Eqg. (2)). For the mean distance betwdems at the GB, m, the Ni lattice
parameter at room temperature was used but it basigmificant effect on the calculation
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results presented in Figure 9. The Cr bulk diffasmoefficient was taken according to
R i kovaetal. (Eq. (9)) [55,98],

[\r %& P st (10)

First, one can see that the GB energies predictedyuhe radiotracer data are higher than
those obtained using the SIMS results, since @iffeiGB states were accessible for the
experimental study by these techniques (relaxed fGBSIMS and non-relaxed, deformation-

modified GBs for the radiotracer technique).

Figure 9 substantiates that the same interfaces,the deformation-modified GBs, were
measured by the radiotracer analysis of Cr (thegmework) and Ni [32] diffusion. The
agreement is amazing, since basically different dagts with respect to self- and solute
diffusion in crystalline bulk and along grain boaniés were used for the estimates. Such a
result confirms that the GB energies can indeeckl@bly estimated from the heterodiffusion
data if the solute has close diffusion propertiethe solvent and does not segregate to solvent
GBs.

Figure 9: GB energy in UFG 2N6 Ni estimated usingri§ov's equation (Eq2)) and Cr GB
diffusion obtained by SIMS and radiotracer techriqdata from the present work) as well as that
obtained by ermék in coarse-grained 3N6 Ni. The Cr bulk difeuscoefficient was taken, according
to R i kova et al. [55,98]. GB energy in tkameUFG and coarse-grained 2N6 Ni as well as that in
5N coarse-grained Ni obtained from self-diffusioeasurements are given for the comparison.
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The determined GB energies of relaxed interfacpp@i completely our interpretation of the
SIMS data. At 403 K, the GB energies obtained usimg SIMS data are higher than that
estimated using ermak’s data in coarse-grained 3N6 Ni and are reeagent with the results

for highly pure Ni, black dashed line (Figure 9pgasting GB purification in UFG metal, as
discussed above. Moreover, the spectrum of GB @®wdgetermined by SIMS analysis at
403 K, spread over 0.1 J3ncorresponds to that predicted by atomistic calowhs for

relaxed high-angle GBs with different misorientatmarameters [99].

At 503 K, the GB energies obtained using the SIM&adn UFG 2N6 Ni and that using
ermak’s data in coarse-grained 3N6 Ni have simil@iues in agreement with previous
discussion on GB relaxation in UFG Ni. Then, duést® relaxation, energy of relaxed GBs

approaches that of GBs in thkameNi with coarse grains.

Therefore, a combined SIMS-radiotracer investigatcd Cr GB diffusion in UFG 2N6
revealed the co-existence of GBs with differentfudion properties. A diffusion study
revealed once again [100] to be a very powerful, p@rhaps unique, tool not only to get the
data on mass transport, but also to probe existendehus the properties of different multi-

level hierarchic microstructure features.

5. Conclusions

Cr diffusion in ultrafine-grained 2N6 Ni is measdrasing two complementary techniques,
the radiotracer method and SIMS analysis (in parakctioning mode). These two methods
are naturally characterized by fundamentally défgraccessible depths as well as depth and
lateral resolutions. While the radiotracer techeigand the SIMS analysis, being
complementary with respect to the addressable tatype/time windows, yield the same
information with respect to bulk diffusion in crgfline materials, basically different grain
boundaries/grain boundary states/grain boundamgtf§aare shown to be accessible by these

techniques in polycrystalline materials of a comphaulti-level hierarchic microstructure.

Whereas the radiotracer technique in combinatiah e parallel sectioning method yields
the layer concentrations of diffusing atoms intégglaover the whole sample section, the
SIMS analysis in the so-called checker-board megmwerful to provide local depth profiles

being characteristic for areas of about 10x1G.um
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The combination of the two tracer methods providegrecedented insights into structure-
property relationships in severely deformed Ni. abmally high diffusion rates of Cr in
ECAP-processed Ni are measured and the preseneedeformation-modified state of a
fraction of the high-angle GBs is verified. For thest time, a co-existence of relaxed and
deformation-modified high-angle GBs in ECAP Ni isambiguously established addressing
the different interfaces by correlative diffusionerostructure investigation using different
techniques on the same samples. The temperatugediiniution of the deformation-modified
state of high-angle GBs is followed by dedicatechsueements of the atomic transport and

the microstructure characteristics.

The combination of the two complementary techniqu®ws a unique cross-scale
characterization of the grain boundary diffusioopgarties spread over a large number of
orders of magnitude in the same matefidlis approach occurred to be crucial for a rigorous
analysis of the materials with an inherent mulielehierarchy of diffusion properties of

pertinent short-circuit-type defects.
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