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ABSTRACT

The Cr-Zr interaction of two types of Cr coated Zr alloy accident tolerant fuel (ATF) claddings, deposited
by cold spraying and magnetron sputtering, was studied in argon in the temperature range from 1100 to
1300°C. A tube furnace with a sample lock system was used for fast exchanging samples at test temper-
ature. Inter-diffusion between the coating and the substrate results in the formation of an intermetallic
ZrCr; layer and a solid solution layer beneath. Some pores were formed on the interlayer by a Kirkendall-
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1. Introduction

After the Fukushima-Daiichi accidents, the interests have been
boosted to develop advanced accident tolerant fuel (ATF) cladding
materials for improved performance during operation and under
accident scenarios. Several approaches are being pursued to im-
prove the oxidation performance of cladding materials in LOCA
(Loss of coolant accident) and severe accident (SA) conditions.
Chromium coatings are worldwide under consideration as a near-
term solution for ATF cladding. The Cr coating on zirconium alloy
has exhibited good performance under accident scenarios [1]: ex-
cellent high temperature oxidation resistances, relatively low neu-
tron absorption cross section compared with other candidate coat-
ing materials, equal thermal expansion coefficient with Zr, high
melting point and relatively high eutectic temperature with Zr. This
package of positive properties makes Cr coating a promising can-
didate as a coating for ATF cladding tubes.

Many researches have been done on the growth kinetics of
the Cr,03 layer on Cr coated Zr alloy in normal operation con-
ditions [2-4], LOCA conditions [2,5-10] and beyond LOCA condi-
tions [11,12]. As a protective layer, the consumption rate of Cr coat-
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type mechanism. The interlayer growth rate of cold sprayed samples was always slightly higher than that
of magnetron sputtered samples in the same condition. Moreover, the temperature-dependent consump-
tion coefficient of the Cr coating was calculated and fitted to an Arrhenius function. The dissolution and
precipitation behavior of Cr in the Zr substrate and the diffusion behavior of Zr in Cr coating were also

ing under accident scenarios is a key parameter on how long the
coated cladding can survive in extreme high temperature environ-
ment. The outer side of the coating is mainly consumed by the ox-
idation of chromium. Moreover, the inner side of the coating can
be consumed by diffusing of chromium into the Zr substrate and
forming a Cr-Zr interlayer. This diffusion process, which is driven
by high temperature, should not be neglected. In contrast to oxi-
dation tests, there are only few studies focusing on the Cr-Zr in-
teraction. Brachet et al. [2] found that the consumption kinetics of
the Cr coating by formation of oxide film and by diffusion into the
substrate at 1200°C are nearly identical. Xiang et at. [13] studied
the growth kinetics of the Cr-Zr interlayer up to 850°C, and they
found that the interlayer growth approximately obeys the parabolic
law. However, the experiment by Xiang et al. was done using a Cr-
Zr diffusion couple, which is different from the coating situation.
Moreover, the annealing temperature is far lower than the typical
temperature in LOCA accidents [14]. Yeom et al. [9] conducted a
series of oxidation tests on a cold spraying Cr coated Zry-4 alloy
in high-temperature steam environment, and they measured the
thickness of the Cr-Zr interlayer after exposure. A parabolic law on
the growth of the interlayer was also obtained. However, almost
all measured values of the interlayer thickness were higher than
the estimated value after exposure, which is due to the fact that
the drastic oxidation of the uncoated side of the tube specimens
released a large amount of heat; therefore, the actual temperature
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Table 1
The description of the samples.

No. Shape Diameter Radian Length Coating method
1 Circular arc  id=8 mm; 0d=9.1 mm 120° 3 mm Cold spraying
2 Circular arc ~ id=8 mm; 0d=9.1 mm 120° 3 mm Magnetron sputtering
Ar inlet Ar outlet Table 2
Conditions used for the tests.
cold zone hot zone
! ! Arinlet Temperature Exposure time (min)
b Il K l 1100°C 10, 30, 60, 120, 150
1 i
I 1150°C 30, 60
sample lock 1200°C 3, 5, 10, 30, 60, 120, 150
1250°C 20, 30
1300°C 1, 3, 5, 10, 20, 30, 50, 60 120

sample holder

Fig. 1. Schematic diagram of the tube furnace with the sample lock system. The
structure of the sample holder is shown as an enlarged figure.

of the specimen was higher than the nominal target temperature
during the exposure process.

Magnetron sputtering and cold spraying are widely used for
the preparation of Cr coating, which can produce dense and ad-
herent coating with different thicknesses [1,15]. In a cold spray-
ing process, high-velocity micron-sized Cr particles hit on a Zr
substrate and adhered to the substrate via severe plastic defor-
mation [16,17]. As for a magnetron sputtering process, Cr atoms
are ejected from the target by ion bombardment and deposited
onto substrates inside a vacuum chamber [18,19]. The difference
of the coating methods leads to different coating qualities, which
can affect the interaction between the coating and the substrate
in high-temperature environment. However, there is no published
literature concerning the effect of coating methods on the inter-
diffusion behavior between the Cr coating and the Zr substrate.

This paper focuses on the high temperature Cr-Zr interaction
of Cr-coated Zry-4 alloys. A cold sprayed (CS) sample and a mag-
netron sputtered (MS) sample were used. The diffusion tests were
done in inert gas environment to eliminate the influence of the
oxidation reaction. The growth kinetics of the interlayer was de-
termined, and the temperature-dependent consumption coefficient
of the Cr coating was calculated and fitted to an Arrhenius func-
tion. Moreover, the dissolution and precipitation behavior of Cr in
the Zr substrate was studied at different cooling rates. This study
could provide useful data to estimate the life span of the coating
in LOCA or even more serious accident scenarios.

2. Materials and methods

A cold sprayed tube sample (coating thickness: around 32 pm)
and a magnetron sputtered tube sample (coating thickness: around
13 um) were used in the diffusion tests [3,20]. The as-received
tube samples were cut into slices with a thickness of 3 mm, and
then cut into three pieces. Detailed dimension information of the
samples are summarized in Table 1. All the cutting works were
done by an automatic cut-off machine (ATM Brillant 250) with a
diamond cutting wheel. The cutting rate was 0.05 mm/s, and the
samples were protected by cooling water during cutting.

The test system contains a gas cylinder, a gas flow controller,
a tube furnace, a mass spectrometer, a control center and a com-
puter. Detailed introduction of this system can be found in a previ-
ous paper [21]. A sample lock system was used with the tube fur-
nace, allowing exchange of samples at high temperature. The struc-
ture of the tube furnace with the sample lock is shown in Fig. 1.

One CS and one MS sample were placed in the sample lock simul-
taneously in each experiment. Argon (6N, 20 L/h) was injected into
the heating chamber from both the tube furnace and the sample
lock. When the oxygen concentration in the argon off-gas was less
than 0.05%, the specimens were pushed from the sample lock into
the hot zone of the furnace. As soon as the target exposure time
was achieved, the samples were pulled off to the cold zone. Then,
the samples were kept in the cold zone for several minutes for
cooling down in argon environment. Through this system, the Cr-
Zr interaction during heating and cooling periods can be avoided,
and the annealing time can be precisely controlled. The test matrix
is listed in Table 2.

After the tests, the specimens were embedded in epoxy resin.
SiC paper was used to reduce half of the length of the specimens
to eliminate the edge effect. The cross sections of the specimens
were observed by a scanning electron microscopy (SEM, Philips
XL30S) and an optical microscopy (OM). The Smileview software
[22] was used for measuring the thickness of the Cr-Zr interlayer
and the residual Cr coating layer. In each image, ten points were
evenly spaced for thickness measurements. The average value of
ten measurements was determined as the final thickness of the
layer.

3. Results and discussion
3.1. Surface morphology

Fig. 2 shows the typical cross section morphologies of the sam-
ples before and after annealing. The figures were observed by SEM
in secondary electron (SE) mode. Fig. 2(a) is the cross section mor-
phology of the as received CS sample. The interface of the coat-
ing and the substrate is uneven, and the average thickness of the
coating is about 32 + 3 um. The annealing of samples was done
in inert gas environment, therefore no oxide layer was formed. The
only newly formed layer is the Cr-Zr interlayer. Fig. 2(b) is the cross
section morphology of the CS sample after annealing at 1300°C
for 60 min, including a residual Cr coating layer, a Cr-Zr interlayer
and a Zr substrate layer. All the other CS samples after annealing
also show similar cross section structure with different layer thick-
nesses. The coating structure of the as received MS sample is com-
pact and homogeneous, and the average thickness of the coating is
13.7 £ 0.1 pum (Fig. 2(c)). Fig. 2(d) is the cross section morphology
of the MS sample after annealing at 1300°C for 20 min, which had
a similar cross section structure with the CS samples. However, the
cross section structure of the MS samples changed with the expo-
sure time increasing. After 60 min annealing at 1300°C (Fig. 2(e)),
the Cr coating layer had disappeared and only the Cr-Zr interlayer
and the Zr substrate were left. After 120 min annealing at 1300°C,
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Fig. 2. Cross section morphologies of (a) the as received CS sample, (b) the CS sample after annealing at 1300°C for 60 min, (c) the as received MS sample, (d) the MS
samples after annealing at 1300°C for 20 min, (e) the MS samples after annealing at 1300°C for 60 min, and (f) the MS samples after annealing at 1300°C for 120 min.
All the CS samples after annealing show similar cross section structures with the CS samples in (b). As for the MS samples, the residual coating layer and Cr-Zr interlayer

gradually disappeared due to the limited thickness of the coating.

only the Zr substrate is visible and all the Cr elements were dis-
solved in the Zr substrate, as shown in Fig. 2(f).

3.2. Growth kinetics of the Cr-Zr interlayer

The samples after annealing at 1100°C, 1200°C and 1300°C were
used to study the growth kinetics of Cr-Zr interlayer. Fig. 3 shows
the measured thickness of the Cr-Zr interlayer as a function of an-
nealing time and coating method. The thickness of the interlayer
is plotted against exposure time, and the error bar represents the
standard deviation.

For the samples exposed to 1100°C (Fig. 3(a)), the interlayer
grew fast in the first 30 min to about 1 um, and then the growth
rate decreased obviously. An interesting finding for both the CS
samples and the MS samples is that the thickness of the Cr-Zr in-
terlayer after 150 min is smaller than that after 120 min. The sim-
ilar phenomenon was found by Wei et al. [23]. They found that
the thickness of the Cr-Zr interlayer in a Cr coated Zry-4 after an-

nealing at 1200°C for 120 min was lower than that after 60 min
annealing [23]. This abnormal behavior of the interlayer could be
caused by the different diffusion rates of Cr in the Cr-Zr interlayer
and the Zr substrate. At high temperatures, the Cr from the coating
diffused to the Zr substrate and formed a Cr-Zr interlayer, and then
some of the Cr atoms kept diffusing and dissolved in the Zr sub-
strate. Wu et at. [24] and Ribis et at. [25] found that the Zr(Fe,Cr),
Laves phase was formed in the interlayer. As indicated by Xiang
et al. [13] and Nicolai et al. [26], the diffusion coefficient of Cr in
the Zr(Fe,Cr), phase is five magnitudes smaller than that in the Zr
solid solution. Therefore, during the 150 min exposure, the quan-
tity of the Cr atoms diffusing from the Zr-Cr interlayer to the Zr
substrate was larger than that from the Cr coating to the interlayer,
leading to the diminishing of the thickness of the interlayer.

For the samples annealed at 1200°C (Fig. 3(b)), a similar growth
law of the interlayer was observed. The interlayer thickness of the
sample at 1200°C is about 0.5 wm to 0.7 wm larger than that at
1100°C after the same exposure time. Similar with the tests at
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Fig. 3. Measured thickness of the Cr-Zr interlayer as a function of time and coating type at (a) 1100°C, (b) 1200°C and (c) 1300°C.

1100°C, the thickness of the Cr-Zr interlayer in both MS and CS
samples after 150 min at 1200°C also decreased compared with
that after 120 min exposure.

The growth rate of the Cr-Zr interlayer substantially increased
at 1300°C compared those at 1100°C and 1200°C. As shown in
Fig. 3, the max value of the Y-scale for the tests, which are 2.0
pm, 3.2 pm and 7.0 um for the annealing at 1100°C, 1200°C and
1300°C, respectively. The cross section morphology of the MS sam-
ple after 60 min exposure at 1300°C (Fig. 2(e)) indicates that the Cr
coating disappeared because all the Cr atoms had been consumed
by forming the Zr-Cr interlayer and dissolving in the Zr solid solu-
tion. When the exposure time increased to 120 min, the interlayer
also disappeared because all the Cr from the coating and the inter-
layer had diffused into the Zr substrate (Fig. 2(f)). The layer evolu-
tion process of the MS sample at 1300°C can be considered as an
accelerated process of the layer evolution at lower annealing tem-
peratures. Then, the growth behavior of the Cr-Zr interlayer in a Cr
coated Zr alloy at high temperature inert gas environment can be
summarized as follows:

- Stage 1: The interlayer formed due to the interdiffusion be-
tween the coating and the substrate. The thickness of the
interlayer kept increasing. Meanwhile, the Cr atoms from the
Cr-Zr interlayer began to diffuse and dissolve in the Zr sub-
strate. Due to the difference of diffusion coefficient of Cr in
the Zr(Fe,Cr), phase and in the Zr solid solution [13,26], the
quantity of the Cr atoms diffusing from the Zr-Cr interlayer
to the Zr substrate was larger than that from the Cr coating
to the interlayer, leading to the diminishing of the thickness
of the interlayer. Then, the growth and decomposition of the
Cr-Zr interlayer reached a dynamic equilibrium process: the
amount of Cr that diffused from Cr coating to the interlayer
equals to the amount of Cr that diffused from the interlayer
to the Zr substrate, and the thickness of the Cr-Zr interlayer
basically remained the same value.

- Stage 2: The Cr coating layer was totally consumed. Then, all
the Cr atoms from the Cr coating and the interlayer diffused
and dissolved in the Zr substrate. The Cr atoms kept diffus-
ing in the Zr substrate. Finally, the Cr-Zr interlayer gradually
disappeared.

Similar with the former studies [9,13], the growth rate of the
Cr-Zr interlayer was fitted by a parabolic law at first. However, it
seems that the data do not fit to a parabolic law very well. At the
beginning of the annealing process, the measured thickness of the
Cr-Zr interlayer was higher than the estimated value. The standard
heat of formation of ZrCr,, Cr,03 and ZrO, is -256 kJ/mol, -1128
kJ/mol, -1080 kJ/mol, respectively [27]. All the diffusion tests were
done in inert gas environment, indicating that no Cr,05; or ZrO,
were formed. Therefore, the difference of the coating thickness be-
tween the measured value and the estimated value was not caused
by the temperature increasing due to the heat release of the oxida-
tion process, as Yeom et al. [28] explained. The diffusion between

Table 3

Summary of the fitting parameters of the growth of the Cr-Zr interlayer for
the MS and CS samples after annealing at 1100°C, 1200°C and 1300°C.

Annealing temperature

Coating method

k[ pm x min™"

1100°C MS 0.276 0.321
(& 0.512 0.224
1200°C MS 0.598 0.255
CS 0.852 0.197
1300°C MS 1.086 0.286
CS 1.425 0.244

Zr and Cr is a reaction-diffusion process [29]. At the early stage,
the growth rate of the interlayer is fast because the growth of in-
terlayer is controlled by chemical reactions between Cr and Zr. The
Cr atoms and Zr atoms diffused across its bulk in the opposite di-
rection. Subsequent chemical transformations took place at the in-
terface between the coating and the substrate. As a result, a Cr-Zr
interlayer formed [30]. Then, the growth of the interlayer becomes
diffusion controlled because the inter-diffusion coefficient gradu-
ally decreases with the increasing of the thickness of interlayer.
Theoretically, a parabolic law should be observed during that pe-
riod. However, the parabolic kinetics behavior can be affected by
several reasons. For instance, the occurrence of inter-granular back
diffusion of Zr in Cr fundamentally differs from simple 1-D volu-
mic thermal diffusion. Moreover, the existence of Kirkendall holes
(as already observed at the ZrCr,/Zr interlayer in this study) may
modify the actual net diffusion flux of alloy atoms. Therefore, a
power law was finally used for the fitting of the growth rate of the
Cr-Zr interlayer. Some data that were obviously affected by other
processes were eliminated for the fitting, which are shown in gray
color in Fig. 3. The relationship of the thickness (§) of the Cr-Zr
interlayer with the annealing time (t) can be written as:

8 = kt" (1)

The values of k and n is summarized in Table 3.

The measured thickness of the Cr-Zr interlayer was lower than
the estimated value after a relatively long exposure, such as 120
min. The starting time of this phenomenon changed with different
exposure temperature. If the exposure time was long enough, all
the residual Cr coating as well as the Cr-Zr interlayer will diffuse
and dissolve in the Zr substrate, as what happened with the MS
sample after annealing at 1300°C for 120 min. Therefore, although
some researchers considered that the growth of the Cr-Zr inter-
layer obeys a parabolic rule, it should be noted that the parabolic
rule is only valid at a specific time interval.

It can be seen that the growth rates of the CS sample are
slightly larger than that of the MS sample at the early stage of
diffusion, which is related to the existence of oxides on Zr sub-
strate before the coating process. The formation of a very thin ox-
ide layer between a diffusion couple can considerably decrease the
growth rate of an interlayer [31,32]. In general, the cold spray pro-
cess has a ballistic cleaning effect on the initial oxide layer on sub-



Table 4
Summary of the thickness of Cr-Zr interlayer from literatures.

Exposure Exposure Measured value from Measured value from Estimated value from
Date source Coating method temperature (°C) time (min) literatures (pLm) this study (jum) this study (jwm)
Fig. 12(b) from Magnetron 1200 5 0.6 0.9 0.41*
Ref. [2] sputtering
Fig. 6(b) from Magnetron 1200 5 0.6 0.9 0.41*
Ref. [8] sputtering
Fig. 7(a) from Magnetron 1100 30 0.8 0.8 0.72*
Ref. [33] sputtering
Fig. 3(h) from Multi arc ion 1060 60 0.5 - 0.86*
Ref. [34] coating
Fig. 5(a) from Cold spray 1310 90 4.6 - 4.79**
Ref. [9]
Fig. 8(c) from Vacuum arc 1200 60 41 1.9 2.09**
Ref. [23] plasma spray
Fig. 5(a) from Air plasma spray 1200 60 3 19 2.09**
Ref. [7]

* Estimated from the fitting data of the MS sample
** Estimated from the fitting data of the CS sample

strates due to the very high impact speed of coating particles. For a
magnetron sputtering process, the generated coating ions are sput-
tered on the target in a relatively slower speed under the action of
an electric field. Therefore, although no Cr,03 or ZrO, thin film
were observed at the interface between the Cr coating and the Zr
substrate from the as-received MS samples, an original thin oxide
layer on the Zr substrate may have survived after the magnetron
sputtering process, leading to a relatively slower growth rate of the
interlayer.

Some interlayer thickness data from other researches are sum-
marized in Table 4. The thickness of the Cr-Zr interlayer was mea-
sured based on the figures given in the literatures. Both the mea-
sured thickness and the fitted thickness of the interlayer from this
study at the same temperature after the same annealing time are
used to compare with the literature date. The results of the com-
parison are listed as follows:

- Ref. [2] and Ref. [8]: Two different batches of magnetron sput-
tered samples from CEA were used for these two studies.
Although the annealing temperature and time from these
two literatures are the same, the thickness of the interlayer
is different. Both the two literature values are lower than
the measured value from this study. That is to say, the mi-
crostructure, which is determined by the operating parame-
ters of the magnetron sputtering process, can also affect the
growth rate of the Cr-Zr interlayer.

- Ref. [33]: The literature value is basically the same with the
measured value and the fitted value from this study.

- Ref. [34]: Both the multi-arc ion coating method and the mag-
netron sputtering method belong to physical vapor deposi-
tion (PVD) methods, therefore the fitted value from the MS
samples is used for comparison. The literature value is lower
than the fitted value from this study, indicating that the
Cr coating prepared by multi-arc ion coating method has a
better diffusion resistance than that prepared by magnetron
sputtering method from this study.

- Ref. [9]: The literature value is basically the same with the
fitted value from this study.

- Ref. [23] and [7]: Vacuum arc plasma spraying and air plasma
spraying belong to plasma spraying method, which is a type
of thermal spraying [35]. It can be seen that the interlayer
thickness of the samples prepared by thermal spraying is ob-
viously higher than that prepared by cold spraying, maybe
due to the easily formed porosity structure in the coating.

3.3. Evaluation of the consumption of the Cr coating

From the former results, it is known that the Cr coating can
be consumed by diffusing/dissolving into the Zr substrate besides
the interlayer formation. The maximum solubility of Cr in S-Zr
is about 8 at.% at 1300°C [36], but the solubility of Cr in «-Zr
and of Zr in Cr is less than 2 at.% [37]. In consequence, a consid-
erable amount of Cr atoms diffused through the Cr-Zr interlayer
and into the Zr substrate during the high temperature exposure,
which also consumed the Cr coating. After each test, the thickness
of the residual Cr coating was measured. It can be found that the
thickness of the residual Cr coating plus the thickness of the Cr-
Zr interlayer does not equal the thickness of the as-received Cr
coating. The loss of coating thickness can be roughly considered
as the amount of Cr atoms that dissolved in the Zr substrate. Ac-
cording to EDS scanning results (will be discussed in Section 3.4),
the Cr-Zr interlayer is composed of ZrCr,. The volume expanded
when Cr atoms combined with Zr atoms to form ZrCr,. Therefore,
the decrease of coating thickness by forming the interlayer did not
equal the increase of the thickness of the interlayer. The thickness
of ZrCr, was converted to original thickness of the Cr layer from
structure data by

V(ZrCrz) = RZrCrZ X V(Cr) (2)

where Rz, (equals to 1.9) refers to the volume expansion coeffi-
cient of Cr atoms to ZrCrp, which was achieved by the same way
to calculate the Pilling-Bedworth ratio of metal oxides [38].

Fig. 4 shows the proportion of the residual Cr coating, the inter-
layer and the dissolution loss for the samples after each exposure.
The thickness of the dissolution loss of Cr was obtained by the fol-
lowing equation:

V (dif fusionloss) = V (originalcoating) — V (residualcoating)
—V (Crthat formedtheZrCry) (3)

In the Eq. (3), the thickness of the original coating and the
residual coating can be directly measured, and the thickness of the
Cr layer that formed the ZrCr, can be calculated by the Eq. (2).

The diffusion loss of Cr in the Zr substrate took a considerable
percentage of the coating thickness. Moreover, the portion of the
dissolution loss increased with increasing exposure time. The in-
creasing of the dissolution loss seems irregular for the CS samples,
especially at the beginning of the exposure. This is due to the un-
even interface between the Cr coating layer and the Zr substrate.
Fig. 5 shows the cross section of the CS sample after annealing at
1100°C for 10 min. It can be seen that there were some humps
at the interface. At the beginning of diffusion, the Cr-Zr interlayer
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Fig. 5. Cross section morphology of the CS sample after exposure at 1100°C for 10
min. Chromium and zirconium atoms diffused along the direction normal to the
interface.

grew along the direction normal to the interface, as shown in the
enlarged view in Fig. 5. As a result, the thicknesses of both the
residual Cr coating and the Cr-Zr interlayer were fluctuating.

A modified parabolic law valid for diffusion driven processes
was used to estimate the consumption of the Cr coating as a com-
bined result of forming a Cr-Zr interlayer and dissolving in the Zr
substrate.

The consumption of Cr coating is expressed as

X=Xoy/1 - Kt (4)

where X is the thickness of the residual Cr coating after exposure.
Xp is the thickness of the original Cr coating. For the CS and MS
samples, X, equals to 31.7 um and 13.7 pm, respectively. K is de-
fined as the consumption coefficients of the Cr coating, and t is the
exposure time in seconds. The equation is valid for X < Xj.

By Eq. (4), the consumption coefficients of the Cr coating in dif-
ferent tests were calculated. Ideal situation is that the K for differ-
ent exposure time at the same exposure temperature is basically
the same. However, due to the reaction enhanced diffusion at the
beginning, the consumption coefficient was obviously higher than
the average value at the first 10 to 20 min. Moreover, the consump-
tion coefficient for the MS sample after 50 min or longer exposure
at 1300°C is not valid for such calculation because there is no Cr
coating left. Therefore, the consumption coefficient was calculated
based on the thickness of the residual Cr coating after 30 min ex-
posure at the temperature range from 1100°C to 1300°C. The tem-
perature dependence of K can be expressed as an Arrhenius type

InK / m2 g™
&
(=]
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Fig. 6. Arrhenius plot of the consumption coefficient K versus 1/T to determine the
decreasing rate of Cr coating during annealing at high temperature.

Table 5

The consumption coefficient of the CS and MS coat-
ing samples annealing at the temperature range from
1100°C to 1300°C.

K (m?/s)
T (K)
CS sample MS sample
1373 1.94E-04 2.48E-04
1423 2.28E-04 2.62E-04
1473 2.55E-04 2.95E-04
1523 2.99E-04 3.57E-04
1573 3.62E-04 4.83E-04
function:
Q
K = Ky ex (——) 5
0 €Xp RT (5)

where Kj is the pre-exponential factor and Q is the activation en-
ergy. T is the exposure temperature in Kelvin. R=8.314 J/mol-K is
the universal gas constant. A plot of InK versus 1/T is shown in
Fig. 6, and the data used for fitting is given in Table 5. The values
of Ky and Q were determined by least-squares analysis. Therefore,
the consumption of the Cr coating as a combined result of forming
a Cr-Zr interlayer and the Eq. (4) describing the dissolution of the
coating into the Zr substrate can be extended as:

X=X0\/1—Ko-t~exp(—%) (6)

where K, equals to 0.022 and 0.038 m?2/s for the Cr coating pre-
pared by magnetron sputtering and cold spraying, respectively. Q
equals to 54.3 and 58.4 kJ/mol for the Cr coating prepared by mag-
netron sputtering and cold spraying, respectively.
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Fig. 7. Cross section morphology and EDS results of the cold spraying Cr coated Zr alloy after 30 min annealing in inert gas at 1300°C. (a) OM image; (b) SEM image; (c)
EDS map for Zr; (d) EDS map for Cr; (e) EDS line scanning result; (f) and (g) are the EDS point analyses results of P1 and P2, respectively.

3.4. Morphology and element distribution of the Cr-Zr interlayer

The CS sample after exposure at 1300°C for 30 min is used
as an example to show the cross section morphology and the el-
ement migration. In Fig. 7(a), the precipitates are mainly inside
the lath of Widmanstitten structures, not at the former S-Zr grain
boundaries. The dotted precipitation can be seen more distinctively
in Fig. 7(b), which is the SEM morphology of the cross section
taken at the same location as in Fig. 7(a). The EDS maps of Cr and
Zr (Fig. 7(c) and (d)) indicate that the black dots in the Zr sub-
strate are Cr-containing precipitates. The EDS line scanning result
(Fig. 7(e)) shows that the Cr-Zr interlayer contains about 60 at% of
Cr and about 35 at% of Zr and small amounts of Fe, corresponding
to ZrCr, [24,25].

An interesting finding is that the ZrCr, precipitations are barely
distributed in the Zr substrate near the Cr-Zr interlayer. Although
some black dots were observed in the Zr substrate beneath the Cr-
Zr interlayer, the size and amount of the Cr precipitations were
obviously lower than that in the Zr substrate further away from
the Cr-Zr interlayer. This phenomenon can be found on both the
MS and the CS samples after annealing. It is supposed that the un-
even distribution of the ZrCr, precipitation was caused by the for-
mation of an «-Zr layer beneath the Cr-Zr interlayer. The oxygen
that caused the formation of «-Zr(0) could be the lattice oxygen
from the Cr coating, which was trapped in the Cr lattice during the
coating growth [39]. Then, the lattice oxygen diffused into the Zr
substrate and led to the formation of «-Zr(O). The existence of lat-
tice oxygen was observed in our previous study [40,41] on a MAX
phase coating. Moreover, although the heating chamber was kept
purging by 6N argon during the high temperature annealing, there
may still a small amount of oxygen in the atmosphere. As indi-
cated in the Zr-O phase diagram [42], only about 5 at.% oxygen is
needed for the phase transformation from S-Zr to «-Zr at 1300°C.
Usually, the «-Zr that is stabilized by oxygen at high temperature
is expressed as a-Zr(0O). The formation of the «-Zr(O) is often seen
in the matrix of Zr alloys after exposure in oxidizing high temper-
ature environment [43,44]. As introduced in Section 3.2, the sol-
ubility of Cr in «-Zr is lower than that in B-Zr [45]. During high

temperature annealing, the amount of Cr that dissolved in the «-
Zr(0) layer was far less than that dissolved in the B-Zr layer. This
could be the reason why ZrCr, precipitations are barely distributed
in the Zr substrate near the Cr-Zr interlayer. The low amount of
oxygen in the Zr substrate beneath the Cr-Zr interlayer cannot be
precisely detected by EDS. Some detection with higher precision,
such as wavelength dispersive spectroscopy (WDS), would be done
to figure out the oxygen content in the «-Zr(O) layer in the future.

The formation of the holes at the interface of Cr-Zr interlayer
and the Zr substrate (Fig. 7(b)) can be explained by the Kirkendall
mechanism, and such phenomenon has been reported by several
researches on Cr coated ATF cladding [8,46]. As shown in Fig. 7(f),
the EDS point scan result for one pore (point “P1” in Fig. 7(b)) indi-
cates that large amounts of Si were concentrated in the hole area.
This is due to the polishing process of the samples after the expo-
sure: the samples were grinded by SiC paper and polished by OP-
S, which is a colloidal silica suspension with a grain size of about
0.04 pm. Therefore, some Si containing particles were stuck in the
pore during the polishing process.

3.5. Distribution of the metallic elements in the bulk alloy

The phase transition of « — B in a Zry-4 alloy is completed at
910°C [47]. That is to say, the Zr substrate is in the 8 phase dur-
ing the high temperature annealing in this study. Extra diffusion
tests were done to analyze the precipitation behavior of Cr in Zr
substrate. A MS sample was firstly annealed at 1300°C in inert gas
environment for 150 min. According to Fig. 4, it can be confirmed
that all the Cr coating had been consumed by dissolving in the
Zr substrate after 150 min exposure at 1300°C. According to the
thickness of the Cr coating and the Zr substrate of the MS sample,
it can be roughly calculated that the content of Cr in Zr substrate
is about 2.8 wt%, which is less than the saturation solubility of Cr
in B-Zr at 1300°C. After exposure, the samples were cooled at two
rates:

- Fast cooling: the sample was quickly pulled out from the hot
zone in the tube furnace. Then, the furnace was opened and
the sample was placed into cold water.



Fig. 8. Microstructure of a MS sample after annealing at 1300°C for 2.5 h and then cooled in (a) fast cooling and (d) slow cooling rate. (b) and (e) is the high magnification
figure of (a) and (d), respectively. (c) is a bright-field microscopy of the fast cooling sample, and (f) is a polarized light microscopy of the slow cooling sample.
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Fig. 9. Cross section morphology of a CS sample after exposure at 1300°C for 30 min. (a) SEM morphology, (b) EDS mapping of Cr, (c¢) EDS mapping of Zr. A distinct

enrichment of Zr along the grain boundaries of Cr is observed.

- Slow cooling: the sample was placed in the furnace after
exposure, and the cooling rate of the furnace was set to
3°C/min.

The cross sections of the samples were examined by SEM and
OM, as shown in Fig. 8. For the fast cooling sample, non-diffusion
phase transition occurred and Widmanstdtten structures were
formed. Furthermore, @-Zr and ZrCr, precipitation were formed by
the eutectoid decomposition process. There are two sizes of ZrCr,
precipitations, shown as “P1” and “P2” in Fig. 8(b). P1 is located at
the front of the phase interface, and P2 is located at the edge of
the Widmanstdtten structure. Owing to the restricted solubility of
Cr in «o-Zr, the Widmanstdtten structure would be supersaturated
[48]. A fraction of Cr atoms would be thrown out from the Zr lat-
tice, forming the precipitation during the fast cooling process [48].
For the slow cooling sample, the «-Zr products generated by B
parents are coarse equiaxed grains [49]. As can be seen in the high
magnification figure (Fig. 8(e)) and the polarized light microscopy
(Fig. 8(f)), a significant extent of precipitation coarsening occurred,
forming the large, heterogeneously nucleated and cuboidal precip-
itates.

Zr atoms can also diffuse into the Cr coating. Fig. 9 shows
the cross section morphology of the CS sample after exposure at
1300°C for 30 min. A distinct enrichment of Zr along the grain
boundaries of Cr was formed, indicating that the diffusion of Zr

in the Cr coating was mainly along the grain boundaries. More-
over, the length of the visible diffusion depth of Zr in the Cr coat-
ing is short. This is because the solubility and diffusivity of Zr in
Cr are lower than that of Cr in S-Zr [8]. Some Zr atoms may dif-
fuse to a greater distance along the Cr grain boundaries, but a large
portion of Zr atoms accumulated at the beginning of the diffusion
path (as observed in Fig. 9). The diffusion of Zr along the Cr grain
boundaries was also observed by Brachet et al. [8] for a Cr coated
Zr alloy after oxidation in high temperature steam environment. In
their experiment, inward oxygen diffusion and outward Zr inter-
granular diffusion occurred in the Cr coating, and ZrO, stringers
nucleated at the Cr grain boundaries because the thermodynamic
stability of ZrO, is higher than that of Cr,0s5.

4. Conclusion

In this study, the Cr-Zr interaction of two types of Cr coated
Zr alloy accident tolerant fuel (ATF) cladding, deposited by cold
spraying and magnetron sputtering, was studied under inert gas
environment in the temperature range from 1100°C to 1300°C. The
main conclusions are summarized as follows:

1) A Cr-Zr interlayer formed between the Cr coating layer and the
Zr substrate after annealing. A power law was used for the fit-
ting of the growth of the Cr-Zr interlayer. The growth rate of



the interlayer on a cold sprayed sample is slightly larger than
that on a magnetron sputtered sample.

2) Except for forming the Cr-Zr interlayer, the Cr coating can be
consumed by diffusing/dissolving into the Zr substrate, result-
ing in the decreasing of the thickness of the interlayer after a
relatively long annealing. The dissolution loss of Cr in the Zr
substrate takes a considerable percentage of the coating thick-
ness.

3) The consumption coefficients for both types of Cr coating at dif-
ferent temperatures were fitted by Arrhenius equations. Via the
equations, the thickness of the residual Cr coating at a given
temperature after a given exposure time can be estimated.

4) Cr atoms diffused into the Zr substrate and precipitated as
ZrCr, at the transition of Zr from the 8 phase to the « phase
during the cooling down process. The precipitates are mainly
inside the lath of Widmanstitten structures. Moreover, the
ZrCr, precipitations are barely distributed in the Zr substrate
near the Cr-Zr interlayer because of the formation of an «-
Zr(0) layer between the Cr-Zr interlayer and the Zr substrate.
Zr atoms diffused into the Cr coating along grain boundaries.
Large portion of the Zr atoms accumulated at the beginning of
the diffusion path.
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