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Fe. the development of Fe rich compounds in the alloy [4] as can affect its corrosion resistance

[5] and mechanical properties.

In this work we present Fe diffusion measurements made on pure zirconium: volume, B
and C kinetics in grain boundaries (GB) between 368 and 600 K.

The movement of fast diffusing elements (like Fe, Co, Cr, Ni) produces microstructural
changes and technologically important inconveniences in nuclear reactors at normal service
condition temperatures (low temperatures <600 K).

In this work, volume and grain boundaries (GB) diffusion of Fe in polycrystalline high
purity Zr is measured using sectioning and LIBS technique between 368 and 600 K. Diffusion
profiles, diffusion kinetics, segregation factor, Arrhenius plot, diffusion mechanisms and
LIBS technique are discussed and, when possible, validated with existing data.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The use of Zirconium alloys is widespread in the nuclear
industry. In normal operating conditions, these materials
present an important density of grain and interphase bound-
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Table 1 - Pure Zr composition.

Element Al @ Co Cr Cu Fe H N
[ppmw] 5.00 9 <10 0.8 2.2 20 <1.0 <1.0
Element Nb Ni (e} Si Sn Ti W

[ppmw] <0.1 9 11.0 5.0 2.00 <0.1 <0.1

Fig. 1 - Pure Zr metallography showing small grain size for the samples. Dashed line shows approximate size of LIBS

scanning area.

and can be in structural contact with Fe based alloys. The
movement of fast diffusing elements (Fe, Co, Cr, Ni) in these
short-circuit paths in Zr alloys [1] can produce technologically
important inconveniences in nuclear reactors at normal ser-
vice condition temperatures (low temperatures <600 K) like
nucleation and growth of new phases [2] or complexions [3]
and as a consequence, changes in their properties.

The use of Zirconium alloys is widespread in the nuclear
industry.

Although most of its diffusion properties are well known,
there are still some questions regarding matter mobility in
grain boundaries, especially considering fast diffusing, low
solubility elements, such as Fe. Particularly, such diffusion
process is fundamental for the development of Fe rich com-
pounds in the alloy [4] as can affect its corrosion resistance [5]
and mechanical properties. The importance of this exceeds
basic science; it is also a technologically relevant issue [6].
Because of this extremely low solubility in a-Zr [7], a very small
quantity of Fe leads to contribute to the formation of a phase
or complexion within the grain boundary, leading to a Fe rich
zone more sensitive to corrosion [5]. Also, the strong segrega-
tion of this element can change the mechanical properties of
the nuclear fuel cladding tube, which is the first security bar-
rier to contain the products of the nuclear reaction within the
reactor.

In the context of the lifetime of a nuclear power plant, a
good characterization of nuclear fuel cladding tube is neces-
sary. The knowledge of different processes at normal reactor
temperatures (around 600 K) over a long time period (more
than 20 years) is important. So, the localized diffusion of a bit
of matter like the Fe diffusion inside the grain boundaries [8]

can generate phase transformation [9], segregation, etc. with
consequences to the physical and chemical properties of the
fuel cladding.

The aim of this work is to contribute to the knowledge of
the behavior of nuclear fuel cladding tubes and propose new
questions about the high diffusion of Fe at low temperatures.

1.1.  Background

The first model to analyze grain boundary diffusion was pro-
posed by Fisher [10] and modified by Gibbs with the Henry
segregation isotherm to describe segregation effects [11]. Har-
rison [12] defined 3 different kinetics for the grain boundary
diffusion: A, B and C. These kinetics depend on the relations
between the parameters of the diffusion grain boundaries
like grain size, diffusion paths on bulk and GB, etc. Type B
kinetic involves both GB diffusion and volume diffusion. The
volume diffusion field coming from one GB does not over-
lap the diffusion field coming from the other GB, so each of
them can be treated as an isolated GB. In type C kinetics
the most important process is GB diffusion. It is observed at
low temperatures and/or extremely short annealing time. The
diffusion only happens inside the GB. This kinetic regime is
the only one that allows direct experimental measurement
of the grain boundary diffusion coefficient. Combinations of
measurements in B and C kinetics allow us to quantify the
segregation. The first work about this was performed by Atkin-
son [13] for the diffusion of Ni in NiO. From 1992 up to now
there is a systematic study of different systems to determine
the segregation factor from diffusion measurements in B and
C kinetics. Herzig, Mishin and Divinski, who worked with a
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Table 2 - Temperature and times of diffusion anneals.

Sample Kinetic Temperature [K] Annealing time [s]
1 B 600 58500

2 B 493 1209600

3-4 C 388 1800

5 C 378 5400

6—7 C 368 18000

radiotracer/sectioning technique, are the more representative
authors on this subject: Fe in Cu [14], Ni in Cu [15], Bi in Cu
[16], Co in Cu [17] and Co in Al [18], etc. In Argentina’s Atomic
Energy Commission, F. Dyment started a line of investigation
in 1993 focused on grain boundaries and interface diffusion
on Zr based alloys for nuclear applications [19]. In particu-
lar, Zr based systems had been studied with Co, Cr, Ni and Fe
[1,19-21] as ultra-fast diffusing elements. At first it was only
experimental data and now, for technological purposes, we
are developing a kinetics Calphad database of Zr-based alloys
[21,22].

In relation to the segregation phenomena, there are many
existing analyses of this topic which generally classify seg-
regation into three categories depending on its length range:
macro, micro, and nanosegregation [23]. In this approach we
are focused on nanosegregation. In this frame only a few lay-
ers are segregated in the grain boundaries. Furthermore, there
is only an equilibrium segregation (like adsorption), where the
relationship between bulk and grain boundary concentrations
is the segregation factor. There are many diffusion works on
the calculation of segregation factor from diffusion measure-
ments in C and B kinetics [1,14-17].

2. Materials and methods

Zr samples were obtained from a high purity (Table 1, Fig. 1),
small grain size (15-20 pm), 6 mm rod provided by Mate-
rial Research Corp. Seven 2.5 mm discs were cut and parallel
polished up to 1000 grain size on one face. Iron deposit was per-
formed with analytical grade FeCls dissolved in distilled water,
and then dried under Infrared light. We reserved two samples
for type B kinetics measurements, which were wrapped in Ta
foil and sealed in quartz tubes with a slight high purity Ar over-
pressure. For the remaining 5 lower temperature samples, one
was wrapped in Ta foil, and the other four were packed in two
gandwichtype arrays using small Al presses specially crafted
for this case. A Ta foil was used between the samples and the
press to avoid Zr-Al contact and to capture any remaining O
in the tube. They were then sealed in Pyrex tubes with a slight
high purity Ar overpressure.

Thermal treatments times were calculated according to
each kinetic condition [12], as shown in Table 2.

Diffusion anneals for samples 1 and 2 were conducted in
conventional tubular furnaces with an accuracy of about +1
K. Due to the short anneal times for samples 3-7, they were
annealed in an ethylene glycol bath for a better thermal stabil-
ity and heat transfer. This method allowed a greater accuracy
of about +0.2 K.

The concentration-depth profiles were obtained by a com-
bined technique of sectioning using a precision grinding

Sample [:> LIBS
cleaning Analysis
alin a0

Sample -
’ weigr:n <:]‘ Sectioning

Fig. 2 - Experimental process for the samples
measurements.

machine and LIBS spectrometer [24,25]. Ten points distributed
throughout the surface of the sample were measured, and the
intensity of the resulting spectral lines for Zr and Fe were eval-
uated resulting in the relative concentration profile for each
sample. Fig. 2 shows the sequence of the concentration pro-
files determination, and Fig. 3 shows the LIBS spectra for Fe
and Zr lines.

The following equations were used for the calculation
of Pg,(GB apparent diffusion coefficient from B kinetic) and
Dgp(grain boundary diffusion coefficient from C kinetic) [1] and
parameter a [14]. Where “s” is the segregation factor, Dy the
diffusion bulk coefficient, § is the grain boundary width, tis the
anneling time and C corresponds to the relative concentration
of Fe in the sample.

alnC \ —>3
0.5,—0.5
Pgp =5.8.Dgp = 1.3D;7t (— ax6/5) (1)
-1
Dgjp = ———— 2
gb P
4(55)t
S.8
o= 3
2+/Du.t ®)

Parameter a actually works like a validation of C kinetic.
a > 1 indicates the operation of C kinetic [14]. This will be
addressed in Section 4.

3. Results

An example of the Fe (259.836 nm) line decreasing in relation
to the depth of the Fe penetration in the Zr matrix is shown in
Fig. 3. The Zr matrix line (339.197 nm) remains constant since
the amount of Fe present in the sample is extremely low, as a
required condition for the infinite dilution analysis. In [25] it
was demonstrated that LIBS technique is suitable for the anal-
ysis of Zr-based alloys. For diffusion experiments such as our
case, only relative concentration values are necessary for the
evaluation of the penetration profile (similar to the radiotracer
technique), avoiding the need for absolute concentration mea-
surements.

The effective diffusion coefficient near to Dy value can be
obtained from the first points of the B-kinetic profile in a
In(C)vs. x? plot, as shown in Fig. 4, using a variation of Eq. 2.
This Dy value was used as a confirmation at low temperature
of the values proposed by Herzig and used for the calculation
of thermal anneals (Table 2) and Py, (see Fig. 5) on this work.

The C-kinetic profile for 378 K is shown in Fig. 6. No segre-
gation is involved in this profile as required by the C-kinetic
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Fig. 3 — LIBS spectra for Fe (259.836 nm) and Zr (339.197) for different sample depths. Diffused Fe lines decrement intensity

while Zr matrix remains constant.
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Fig. 4 - Diffusion profile for sample 1 (B kinetic) for Dy
calculation. Shown as In G(Fe) vs. x*

limitations. Matter movement is exclusively inside the grain
boundaries.

The arrhenius plot for the experimental B and C-kinetic
diffusion values is shown next. Dy, values are multiplied by
the grain boundary width (§) in order to be compared to Pg,.

Calculated Pg,, Dg, and « (using Eq.1, Eq.2 and Eq. 3) from
experimental data are shown in Table 3. The Dy values used
for the calculations of Pg, were validated at low temperature
from measurement of Dy, which is in good agreement with [1].

4, Discussion
4.1. Validation of LIBS technique

The first topic to be addressed is the validation for the experi-
mental technique. LIBS has proven to be an adequate tool for

600 -
@
500 2
S ]
< ]
? 4
= 300 4
x R
1 e
.
0] ©°
] )
1 S .... ') L] ®
® °
L v L 1
0 0.000001 0.000002
XG/S[mﬁf'Sl

Fig. 5 - Diffusion profile for sample 1 (B kinetic).Shown as
In C(Fe) vs.x5/>

both the nuclear industry [26] and for Zr-based alloys analy-
sis [25]. As shown by Ararat et al. [24], the sectioning and LIBS
method is suitable for bulk diffusion. In our particular case,
due to the extremely low quantities of material that move
through the grain boundaries, several extra issues should be
taken in consideration for the GB diffusion analysis. First, the
detection level of the LIBS equipment has proven to be within
reasonable limits for this experiment (traces below 1 ppm
[27,28]). Although Fe was present in very low quantities, dis-
crete Fe lines were clearly observed and identified (Fig. 3). Such
lines were then used to calculate the concentration gradient
and the Pg, and Dy, coefficients. Second, the percentage of
the sample analyzed, in opposition with the traditional radio-
tracer method, takes into account only a small portion of the
material into consideration (about 5%) due to the laser spot
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Table 3 - Dy (calculated with Herzig [1] data), Pgy,, Dgp, and « obtained from experimental data.

Sample Temperature [K] Time [s] Kinetic

Dy[m?/s] Dgp, [m?/s] Pgp [m3/s] «

600 58500
493 1209600
388 1800
388 1800
378 5400
368 18000
368 18000

N O UV WwN R
o000 ww

1.76E-16 = 2.23E-19 =
1.34E-19 = 1.76 E-21 =
2.44E-24 2.19E-14 = 3.7/
2.44E-24 8.79E-15 - 3.7
6.31E-25 6.21E-15 = 4.2
1.51E-25 1.73E-16 - 4.8
1.51E-25 2.41E-16 = 4.8

50 4

X(Fe) [A.L.]

T T
0 5.00E-011 1.00E-010

x%[m?)

Fig. 6 - Diffusion profile for sample 5 (C kinetic).Shown as
InC(Fe) vs.x2

(of around 100 pm). Nevertheless, and thanks to the small
grain size (about 15—20 pm), a single laser spot covered sev-
eral GB. By averaging 10 shots in random places of the surface
of the sample, the results turned out to be in good correlation
with those presented by Herzig in [1], resulting in a positive
validation of the method for this particular case in B kinetic.
Nevertheless, this kind of analysis should be taken into con-
sideration for the particular conditions of each systems (Fig. 7).

Regarding the Py, and Dg, values calculated from the exper-
imental data, we should divide the analysis in two parts.
At higher temperatures (600 K and 493 K), B-kinetics experi-
ments turned out in good correlation with those experimental
data retrieved by Herzig [1], as shown in Fig. 8. We can see
that, considering the differences in the experimental meth-
ods (radiotracer vs. LIBS), the data obtained in this work leads
to validate the experimental sectioning-LIBS method used.

At the lower temperature (388 K, 378 K and 368 K), C-kinetic
experiments show an abnormal behavior as compared with
C-kinetic data in other systems [29,30], in which the C kinetic
points seems to be several orders of magnitude lower than
B-kinetic points at nearby temperature when comparing Pg,
and 8.Dgy,. This matter will be addressed in section 4.2.The
calculated Fe Dgy, coefficients in this work are the first available
data of C-kinetic measurements in o-Zr.

4.2.  Segregation factor

The segregation is a local inhomogenity, particularly in our
work we analyze this phenomenon at nanoscale, when only a
few layers are involved around the GB. It can be an equilibrium
or non-equilibrium segregation. The former only depends on
both solute concentration and temperature; besides, only the
final annealing conditions are relevant. The latter depends on
microstructure and on thermal-mechanical history. If we con-
sider that the GB represent a non-equilibrium crystal defect,
all this thermodynamic equilibrium analysis can be question-
able [31].

In this work we have considered the existence of an
equilibrium linear segregation acting as a reversible process
[32].Therefore it can be obtained from measurements in B
and C diffusion kinetics, and the solute enrichment at any
interface can be reproduced by re-establishing the identical
physicochemical conditions. Finally, the local solute redis-
tribution on GB is related to the minimization of the total
Gibbs energy of the system. In any system, measurements
in B and C kinetics (under similar conditions) lead to the
direct calculation of the segregation factor by considering
a direct comparison of the values obtained from the linear
regression (and its extrapolation at lower temperatures) of B
Kinetics measurements, Pg,, with the Type C kinetics scatter
points, 8.Dg, (considering § = 0.5 nm [14]). This can be seen
in Fig. 9. From this comparison, a segregation factor near 1
can be achieved for Fe in a-Zr grain boundaries. As was pre-
viously remarked, this behavior is different to type B and C
grain boundary diffusion experiments of Fe indifferent matri-
ces [29,30].

4.3. Dy validation

The Dy values considered for the calculation of annealing
times, Py, and « are those extrapolated at each temper-
ature from Herzig [1]. In order to reduce errors in the
calculation, Dy and Q data from both parallel and perpen-
dicular to the c-axis data obtained by Nakajima [33] were
also considered in the analysis, obtaining an arithmetical
mean value as proposed by Vieregge [34], along with the
self-diffusion of Zr (which usually stands around 108 lower).
Although an extrapolation of Dy from higher temperatures
may conduct an error when considering very low tempera-
tures (no experimental data of Dy is available below 750 K
[35]), the Dy calculated from the first points of the experimen-
tal 600 K profile (2.02E-16 m?/s) showed a close match with
both extrapolated values. The summary of this is shown in
Fig. 10.
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Fig. 7 - Arrhenius plot for experimental Py, and §.Dg, (B and C kinetic) data.
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Fig. 8 - Arrhenius plot for different P, data of Fe in grain boundary of a-Zr and Zr grain boundary self-diffusion.

4.4. C kinetic

Experimental determination of grain boundary diffusion is
prone to uncertainties [36,37]. The diffusion profiles in grain
boundaries for different systems with a low solubility show
normally significant deviations from the linear regression
[29,30]. There are different aspects for that: 1) the surface
segregation is significant, then the first points in the profile
are not representative of the diffusion process on the grain
boundaries, 2) the grain boundary diffusion considers a bit
of matter in movement and it is located in a particular place
(grain boundaries and surroundings), then this measure it is
not an easy goal.

The correct determination of the diffusion kinetic is the
key to a correct analysis of the profile and the subsequent cal-
culation of diffusivity. As exposed by Harrison [12] and later
developed by Ribbe [14], the value of the parameter « [Eq. 3]
indicates the operating kinetic: a > 1 corresponds to C-kinetic
and « < 0.1 corresponds to B-kinetic. The problem is that the
segregation factor s is not known a priori and may depend
on several factors such as non-linear solute segregation [38],
low solubility of the diffuser, a dissociative mechanism for the
bulk diffusion around GB [39] or the influence of lattice ten-
sions from strong segregation [18,40]. For our case, the same
strategy followed by Ribbe [14] was used: in case of C-kinetic,
considering that the diffusion length in the crystallite bulk is
negligible with respect to the GB width, §/2 4/(Dv.t) > 1. Even a
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Fig. 10 - Arrhenius plot for different D, data of Fe in a-Zr
and Zr self-diffusion.

moderate segregation s > = 1 (due to the very low solubility of
Fe in the alpha-Zr matrix), results in a > 1. In such conditions
Dgy, can directly be calculated from the profile In(C) vs. x2. As

The existence of complexions, as an equilibrium interfa-
cial state [3,43], in addition to the extremely low solubility of
Fe in the o phase of the Zr [7], may play an important role
in the distortion of penetration profile at low temperatures
measurements. As described by Pasianot [44], the formation
of Fe dumbbells is energetically more convenient than the
migration in the Zr matrix. This behavior may lead to the for-
mation of a Fe-rich complexion which will take most of the
Fe transported by the grain boundary, not allowing them into
the Zr bulk. Further studies should be carried out to confirm
or deny this theory, since the extremely low quantities of Fe
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involved in the diffusion process in this cases does not allow
easy acknowledgment of these small formations.

The existence of impurities in the GB may also affect the
GB diffusion [45]. Segregation of low solubility - fast diffusers
impurities (such as Co and Cr [21]) at low temperature may
also contribute to the unusual behavior of this system, either
by blocking tracer flux in triple junctions [46] or by combining
with the tracer to form discrete complexions [3].

5. Conclusions

B-kinetic values were obtained between 600 K and 493 K for
the diffusion of Fe in Zr- grain boundaries. This values are
in good correlation with those presented by Herzig in [1],
resulting in a positive validation of the experimental method
(LIBS/sectioning) for this case.

The grade of impurities in the base material seems to have
very low incidence in the Fe diffusion in grain boundaries of
Zr. Then the B kinetic diffusion values calculated in [1] and in
this work are similar.

The combined technique of sectioning and LIBS proved to
bea suitable technique to analyze diffusion process. Although
certain considerations regarding the number of point taken
by LIBS and the grain size of the sample should be taken into
consideration.

Fe diffusion valuesin Zr grain boundaries (Dg, in C-kinetics)
were obtained for 388 K, 368 K and 378 K. These are the first
available data of C-kinetic measurements in this system.

Existing values of pre-exponential factor (Dp) and activa-
tion energy (Q) for volume diffusion (Dy) of Fe in Zr proposed
by Herzig [1], previously available in the range of 1100 K to 750
K, were validated up to 600 K.

B-kinetic values obtained for 600 K and 493 K are in good
correlation with those presented by Herzig in [1], result-
ing in a positive validation of the experimental method
(LIBS/sectioning) for this particular case. Also, the grade of
impurities in the base material used in [1] and in this work
seems to have very low incidence in the Py, data calculated
from the experimental data.

The combined technique of sectioning and LIBS proved to
be a suitable technique for this type of analysis, although cer-
tain considerations regarding the number of point taken by
LIBS and the grain size of the sample should be taken into
consideration.

Values of Dy, in C-kinetics were obtained for 388 K, 368
K and 378 K. These are the first available data of C-kinetic
measurements in this particular system.
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