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A B S T R A C T

Post Quench Ductility (PQD) of various Cr-coated cladding designs with respect to base cladding materials, Cr 
coating methods, and its thickness were investigated to explore Emergency Core Cooling System (ECCS) limits. 
Both inner wall and outer wall of coated (Cr and Cr/CrN) claddings were steam oxidized at ~1204 ◦C and then 
water quenched. The post-oxidized specimens were ring compressed to attain offset strains based on which 
ductility was assessed in compliance with the U.S. Nuclear Regulatory Commission (U.S. NRC)’s protocols. 
Weight gain-based Equivalent Cladding Reacted (ECR) limits of coated specimens (Cr and Cr/CrN) are consis
tently lower than those of the base cladding materials due to the early load drop under Ring Compression Test 
(RCT). Yet, time needed to reach the ECR limit is still increased for coated specimens because it effectively 
undergoes single side oxidation with protective coating. Cracks imitated from ZrCr2 are primarily responsible for 
the early major load drop observed for tested coating thicknesses (8.9 µm and 18.9 µm), and hence reduced ECR 
limits compared to bare Zircaloy. The cracks from ZrCr2 was promoted by an increased oxygen concentration of 
the interfacing Zr matrix owing to the diffusion of oxygen through the coating. The thicker coating reduces this 
oxygen level, thereby delaying the load drop from ZrCr2 during RCT and increases the ECR limit. The maximum 
attainable ECR limit of coated ECR limits is affected by the base Zircaloy as it gives as the ECR ceiling from which 
ECR reduction for coated cladding occurs. For the tested base cladding materials (Opt. ZIRLO™ and HANA-6), 
ECR 19 %, which is the limit for Cr-coated (8.9 µm) HANA-6, may serve as the lower envelope limit. Hence, ECR 
19 % (single-side ECR) can conservatively serve as the conservative, yet non-design specific, Cr-coated ECR limit 
for the most of the modern base Zircaloy materials (Opt. ZIRLO™ and HANA-6).   

1. Introduction

Ensuring the mechanical integrity of cladding is critical for the safety
of nuclear fuel. However, during a Loss Of Coolant Accident (LOCA) 
situation, the cladding specimens experience high-temperature steam 
oxidation, resulting in a considerable reduction in ductility due to ox
ygen and hydrogen pickup. As such, post-LOCA ductility of Zircaloy 
cladding has served as a critical basis of safety assurance criteria for 
Emergency Core Cooling Systems (ECCS) in many countries such as 
United States of America (USA) and Republic of Korea (ROK). The U.S. 
Nuclear Regulatory Commission (U.S. NRC) established experimental 
protocols to test post-LOCA ductility of Zircaloy claddings subjected to 
high temperature oxidation and subsequent reflood water quench [1]. 

The current ECCS criteria (i.e., 10 CFR 50.46 of U.S. NRC) limit Peak 
Cladding Temperature (PCT) and Equivalent Cladding Reacted (ECR) to 
1204 ◦C and 17 %, respectively [2,3]. 

In the midst of it, the concept of Accident Tolerant Fuel (ATF) 
cladding was proposed in response to Fukushima accidents. Most ATF 
cladding concepts aim to significantly suppress cladding steam oxida
tion in the pursuit of extending the accident coping time while main
taining desirable thermal performance and mechanical integrity. Among 
the number of ATF concepts, Cr-coated Zircaloy cladding is considered 
as a promising concept under development for near-term commerciali
zation [4]. Cr-coated Zircaloy cladding exhibits orders of magnitudes 
slower oxidation rates compared to Zircaloy, and presents minimum 
departure from the current cladding material thereby facilitating timely 
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2. Experimental setup

2.1. Materials

The PQD experiment was performed in this work employing various 
cladding materials, including bare Zircaloy-4 (14 × 14), Opt. ZIRLO™, 
and HANA-6 alloy. To evaluate the residual ductility of the coated ATF 
after oxidation in a high temperature steam environment and water 
quenching, reactor-grade chromium-coated Zircaloy-4, Opt. ZIRLO™, 
and HANA-6 claddings were prepared. A Cr/CrN bi-layer coated Opt. 
ZIRLO™ cladding was also tested. Arc Ion Plating (AIP) was employed to 
deposit Cr coating on HANA-6 cladding at a temperature exceeding 
500 ◦C. Magnetron sputtering was used to coat Opt. ZIRLO™ cladding 
with Cr and Cr/CrN at an average sample temperature of around 280 ◦C. 
Cr coated Zircaloy-4 was also prepared using magnetron sputtering at 
270 ◦C, with no observed recrystallization in the cladding. Table 1 lists 
the dimensions of all claddings, including their outer diameter (OD), 
thickness and the compositions. Coating thicknesses for each specimen 
was evaluated using Scanning Electron Microscope (SEM). 

The claddings specimens were machined to an 8 mm length for the 
PQD experiment. Any burrs formed during the machining process were 
removed to measure the correct weight of the claddings. Fig. 1 shows 
cross-sectional images of the as-received specimens. The Cr or CrN 
coating on all of the specimens has a dense appearance without micro- 
voids and micro-cracks, as shown in Fig. 1. Additionally, both Cr and 
CrN coatings have a fairly uniform thickness throughout the surface. 

2.2. PQD experiments 

For the PQD experimental procedure, this study followed the 
experimental protocol provided by the U.S. Nuclear Regulatory Com
mission (U.S. NRC) [1,8]. The specimens were cleaned with ethanol and 
de-ionized water before oxidation to remove any impurities. The weight 
of each specimen was measured using a balance with a precision of 
0.0001 g after complete drying to remove residual moisture. 

Following the weight measurement, the specimens were placed in a 
holder and exposed to a high-temperature steam environment, as illus
trated in Fig. 2(a). The experimental equipment highlighted in Fig. 2(a) 
has been extensively validated by a number of previous studies [7,9-12]. 
A K-type thermocouple was attached to a dummy specimen which is 
held in the sample holder during the steam oxidation process to measure 
the temperature of the specimens. The temperature history of the 
specimens is shown in Fig. 2(b) during the oxidation process. The tem
perature of the specimens was maintained to be 1204 ± 5 ◦C during 120 
s to 2400 s corresponding to the area of interest in ECR, and the steam 
flow rate was set to be 3.94 mg/cm2 s. This flow rate is within the rec
ommended range provided by the U.S. NRC to prevent steam starvation 

Table 1 
The nomenclature, coating method, chemical composition, and dimensional characteristics of the various coated claddings examined in this study.  

Alloy Coating method Nb Sn Fe Cr Cu Outer radius (mm) Thickness (δ) (mm) Coating thickness (µm) 

Zircaloy-4 

Bare 
Cladding 

– 1.3–1.5 0.2 0.1 – 10.75 0.75 – 

Cr 
(Magnetron) 

9.2 ± 0.2 

Opt. ZIRLO™ 

Bare 
cladding 

1.0 0.7 0.12 – – 9.15 0.57 – 

Cr 
(Magnetron) 

18.8 ± 0.7 

Cr/CrN 
(Magnetron) 

20.1 ± 0.4/7.3 ± 0.1 

HANA-6 

Bare 
cladding 

1.1 – – – 0.05 9.5 0.57 – 

Cr 
(8.9 µm, AIP) 

8.9 ± 0.6 

Cr 
(19.0 µm, AIP) 

19.0 ± 0.3  

commercialization with expedited fuel testing, qualification, and 
licensing compared to other ATFs [5]. 

Design Basis Accident (DBA) safety limits of Cr-coated ATF remain as 
a critical knowledge gap for its commercialization, licensing, and per-
formance evaluation. Not only is it required for regulation, but it would 
also reveal the extent of accident coping time when applied to safety 
analysis. The primary performance using metallic Zircaloy as the base 
material, it is reasonable to anticipate that the ECCS criteria of Cr-coated 
Zircaloy may as well comply with the Post-Quench Ductility (PQD) as-
sessments applied to the Zircaloy cladding. In line with this, the Interim 
Staff Guideline (ISG) published by the U.S. NRC states, ’Hence, the 
applicability of the 17-percent equivalent cladding reacted analytical limit 
and, more generally, the use of maximum local oxidation as a surrogate 
SAFDL for cladding embrittlement is questionable’ [6]. From this guideline, 
one can infer that the post-quench ductility (PQD) of Cr-coated cladding, 
conducted in compliance with the current experimental protocols, 
would provide a critical basis for assessing the potential deviations from 
or adherence to current limits. 

Yook et al. [7] led the efforts of exploring the ECCS limits of 
Cr-coated cladding obtained by applying the U.S. NRC’s PQD test pro-
tocols. The study concluded that the inner side oxidation of Cr-coated 
Zircaloy near the burst hole is the limiting DBA phenomenon in Large 
Break Loss of Coolant Accidents (LBLOCA), and presents the single side 
oxidation limit of ECR ~14 % for peak cladding temperature of 1204 ◦C 
for the tested Cr-coated specimens. The decrease in the ECR limit from 
the current value of 17 % is owing to single side oxidation of Cr-coated 
Zircaloy which results in the thicker inner-side oxide and oxygen rich 
α(o) phase compared to the bare Zircaloy for the same ECR. The study 
highlights that the accident coping time for Cr-coated Zircaloy never-
theless increases, yet to a limited extent, thanks to single side oxidation. 
It is noteworthy that it used Zircaloy-4 specimens with Cr-coating 
thickness of 39.4 μm deposited by cold spray. The validity of the 
derived ECR limits for various base cladding types (i.e., Zircaloy-4, Zirlo, 
Opt. ZIRLO™, and HANA-6), and coating methods and thickness remain 
to be investigated. Extensive assessments of PQD limits for various 
coated-Zircaloy designs will provide a critical basis to the development 
of ATF regulatory framework (i.e., universal PQD limits vs 
design-specific PQD limits) and design implications. 

This study presents PQD assessments of various Cr-coated cladding 
designs with respect to base cladding materials, Cr coating methods, and 
their thickness. The results are further investigated with microstructural 
analyses and regulatory implications are discussed. 



[13]. The oxidized specimens were cooled down to 800 ◦C at a rate 
ranging from 2 ◦C/s to 4 ◦C/s, by introducing an increased flow rate of 
steam and argon mixture. The steam to Ar mass flow rate is greater than 
10. The specimens were quenched in boiling water after reaching
800 ◦C. The quenching of specimens in boiling water mimics the reflood 
quenching of the fuel rods upon the activation of ECCS injection. After 
the oxidation and quenching processes were completed, the specimens 
were cleaned with ethanol and de-ionized water. The specimens were 
thoroughly dried and re-weighed to calculate Weight Gain-Equivalent 
Cladding Reacted (WG-ECR). The WG-ECR was computed by the 
weight changes Δm with oxidation, as shown in Eq. (1). For coated 
specimens, Cr2O3 was formed due to the oxidation of Cr coating. Yet, the 
thin Cr2O3 layer has a minor effect less than 1.7 % of total weight gain 

for ECR 18 % (i.e., 1.7 % of 18 % ECR is ~0.3 %) at 1204 ◦C on mass 
change and thus it was excluded from the WG-ECR calculation. 

WG ECR[%] =
Δm

2 × Mo
MZr

× mi × fZr
(1)  

where Δm, MO, MZr, mi, fZr are difference of mass before and after the 
oxidation, molecular weight of oxygen, molecular weight of the zirco
nium, mass of the specimens before the oxidation, and fraction of the 
zirconium in alloy, respectively [14–16]. Note that the fraction of the 
zirconium of each type of cladding, fzr, was attained based on compo
sitions given in Table 1. Additionally, the Zr fraction in the Cr-coated 
cladding is the same with its base cladding since weight gain 

Fig. 1. Cross-sectional images of the as-received specimens.  

Fig. 2. LOCA experimental setup and temperature profile, (a) Schematic of LOCA simulated facility (b) Temperature profile during LOCA simulated experiment.  



predominantly (>98 %) arises from oxidation of Zircaloy. 
After the oxidation process, the residual ductility of the oxidized 

specimens was evaluated via Ring Compression Test (RCT) by using 
universal testing machine (INSTRON-8516). A schematic diagram of 
RCT facility is shown in Fig. 3. Aluminum insulators were placed on both 
upper and lower compression rods to minimize the temperature gradient 
through azimuthal direction of the specimens. The temperatures of four 
different angular positions (3, 6, 9, 12′o clock) of the specimen were 
maintained within 135 ± 3 ◦C. The compression tests were performed at 
a strain rate of 0.033 mm/s, following the experimental protocol rec
ommended by the U.S. NRC [13]. 

3. Results

The performance of steam oxidation facility was validated by
comparing the experimentally obtained WG-ECR and ECR predicted by 
Cathcart–Pawel correlation (CP-ECR) as shown in Eq. (2) [17]. 

Single sideCP ECR[%] = 2.85wo/(ρZrhr)

Double side CP ECR[%] = 2 × 2.85wo/(ρZrhr)
(2)  

wo
[
g
/

cm2] =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

0.3622 t exp
(

39, 940
1.987 × T

)√

where wo, ρZr, hr, t, T are weight-gain/surface-area due to oxygen 
pickup, density of Zircaloy, reference cladding thickness in cm, time in 
seconds and temperature in K, respectively. The measured temperature 
with the K-type thermocouple was used for the CP-ECR prediction. As 
shown in Fig. 4(a) and (b), the WG-ECR of various uncoated and coated 
Zircaloy specimens gives a good agreement with double-side CP-ECR 
and single-side CP-ECR predictions, respectively. Upon transformation 
from single-side oxidation into a double-sided oxidation ECR correla
tion, it involves multiplying by 2 [13]. However, in the case of coated 
cladding, the oxidation occurs predominantly on the inner surfaces, 
necessitating the consideration of their respective areas. To be precise, 
the CP-ECR correlation should be multiplied by 1.88 to account for the 
smaller area of the inner wall. The maximum error for uncoated speci
mens is within ~10 %, whereas the maximum error for coated speci
mens is ~12 %. As can be inferred, predictability of one-side CP-ECR 
(Fig. 4(b)) for uncoated Zircaloy demonstrates that no appreciable loss 
of coating protectiveness occurred in the tested periods of time, and 
similar results were reported in past studies [7]. These results demon
strate the sanity of oxidation facility and specimen temperature mea
surements during the oxidation process. 

Fig. 5 illustrates a load-displacement curve obtained from the RCT. 
The initial stage of the RCT is considered the elastic region, and the 
Pseudo Stiffness of the material is determined by calculating the slope at 

Fig. 3. Schematic of ring compression test facility.  

Fig. 4. WG-ECR according to time for various specimens (a) no coated specimens (b) coated specimens.  



this initial stage. The offset strain is subsequently calculated using the 
displacement and load values at the point of load drop, which is defined 
as a sudden load decrease exceeding 30 %. At this point, it is assumed 
that a crack propagates across the entire thickness of the specimen [1], 
which is referred to as a through-wall crack from hereafter in this paper. 

Following the methodology recommended by the U.S. NRC, offset 
strain (%), which is obtained by dividing the displacement by the outer 
diameter of the pre-oxidized specimens and multiplied by 100, was 
utilized to assess the residual ductility of the specimens [13]. Offset 
strain of Zircaloy-4 (δ = 0.57 mm) with WG-EGR was obtained to 
validate the experiments with the U.S. NRC’s past results. The result 
exhibits remarkable agreement with that of U.S. NRC’s experimental 
data (Fig. A of Appendix), validating the conducted experiments 
including steam oxidation, water quenching, and RCT. Fig. 6 presents 
the offset strains of all uncoated and coated specimens based on 
WG-ECR. The ductility of the specimens decreases as the amount of the 
oxidation increases. A WG-ECR limit is calculated by finding an inter
section point between the ductile to brittle transition line proposed by U. 
S. NRC [1], which is shown as black linear line in each graph of Fig. 6,
and the fitted curve of experimental data (dashed line). Note that the
experimental data was fitted by using a functional form of y = a bcx,
where x and y are the WG-ECR(%) and the offset strain (%), respectively.
The a, b, and c are fitting constants for each cladding. The selected fitting
function effectively represents the data trend with high R2 values (range:
0.83–0.92) for all tested claddings. This form of equation was also used
in a past study [7].

Table 2 provides a summary of the ductile to brittle transition WG- 
ECR limits obtained from Fig. 6. It shows that the WG-ECR limits of 
coated specimens (Cr and Cr/CrN) are consistently lower than those of 
the base cladding materials. Based on the WG-ECR limit, the reduction 
ranges from a maximum of 5 % (ΔECR) to a minimum of 1 % (ΔECR). 
Hence, bare Zircaloys serve as the ECR ceiling from which ECR reduc
tion for coated cladding occurs. Nevertheless, caution should be taken so 
as not to misinterpret the result; time needed to reach the ECR limit is 
still increased for coated specimens because of single-side oxidation. As 
can be noted in HANA-6 data (Table 2), the thinner coating results in a 
lower WG-ECR limit (19 % for 8.9 µm) compared to the thicker coating 
(22 % for 19.0 µm), demonstrating a notable level of coating thickness 
sensitivity. 

The reduction of the ECR limit for Cr-coated specimens was also 
reported elsewhere [7,18,19]. Yook et al. [7] explained that the reduced 
ECR limit for Cr-coated specimen is due to single-side oxidation of 
Cr-coated Zircaloy. This results in the thicker inner-side oxide (ZrO2) 
and oxygen rich α(o) phase compared to the bare zircaloy, making it 
more prone to developing cracks under RCT. It used Zircaloy-4 speci
mens with Cr coating thickness of ~40 μm deposited by cold spray. The 
deposited coating is unusually thicker than most Cr coating thicknesses 
under consideration for commercialization. The validity of the derived 
ECR limits of Yook et al. [7] for various base cladding types (i.e., 
Zircaloy-4, Opt. ZIRLO™, and HANA-6), and coating methods and 
thickness remain to be investigated. Indeed, the proposed mechanism 
for the reduced ECR limit of Cr-coated specimens cannot explain the 
present sensitivity of coating thickness; the thicknesses of inner side 
ZrO2 and oxygen rich α(o) phase are insensitive to the outer coating 
thickness. This may call for revisiting the current understanding of the 
reduced ECR limits for Cr-coated cladding under RCT and developing a 
universally working explanation for various Cr-coated Zircaloy cladding 
designs. 

In order to develop a unifying explanation for the decreased ECR 
limits consistently observed for all tested Cr-coated specimens and the 
coating thickness sensitivity, this study conducted an extensive in-depth 
investigation for the failure modes of the tested specimens in RCT in 
conjunction with microstructural and oxygen distribution analysis. 

In addition, we conducted SEM analysis of the claddings after 
oxidation. From the SEM images, as can be noted in Fig. C in Appendix, 
thickness of ZrO2 at the inner wall can be readily measured and is re
ported in Table 2. ZrCr2 layer was observable in SEM and its thicknesses 
were measured. 60 different locations were analyzed for inner ZrO2, 
ZrCr2, and Cr thickness, and their average and standard deviations are 
summarized in Table 2. Thickness of ZrO2 was compared with prediction 
of TRANOX-2.0 [11], and they are in good agreement as shown in Fig. D 
in Appendix. TRANOX also accurately predicted the thickness of the 
inner wall Zr-alpha(O) obtained by EPMA. As can be inferred from 
Fig. C, the boundary delineating Zr-alpha(O) phase and prior-β is not 
clear under SEM. Hence, the thickness of the inner Zr-alpha(O) was 
obtained from TRANOX which was demonstrated to accurately predict 
the inner wall Zr-alpha(O) phase in this study (Fig. D in Appendix) and 
elsewhere [7]. The integrity of Cr2O3 was not maintained for tested 

Fig. 5. A load-displacement curve and parameters obtained from RCT.  



materials after hot mounting, and it is not the subject of investigation in 
this study. 

4. Discussion

4.1. A general mechanism for reduced ECR limits of C- coated cladding

The experimental results revealed that post-LOCA ductility of coated 
cladding was lower than that of uncoated cladding for the same ECR. In 
order to elucidate it, characteristics of crack propagation under RCT was 
investigated using Digital Image Correlation (DIC). Fig. 7(a-1) and (a-2) 
show the initial crack and the major (through-wall) crack responsible for 
major load drop, respectively. Cr-coated specimens with ECR values 
near the brittle limit were chosen to make the case relevant to the 
reduced ECR limits. For all tested uncoated claddings, cracks initiated at 
either 6 o’clock or 12 o’clock position and these cracks further devel
oped into major cracks which were responsible for the major load drop 
in RCT. These positions correspond to the location of maximum tensile 
stresses under RCT for specimens whose geometry still maintains a fairly 
cylindrical shape during deformation [20]. Finite Element Analysis 
(FEA) for RCT also indicates that the maximum tensile stress occurs at 6 
o’clock or 12 o’clock position even with a slight departure from the 
original cylindrical shape after some deformation (See Appendix B). It is 
noteworthy that the typical ECR limit ranges (15–20 %) entail cylin
drical shape of the specimen at the moment of fracture under RCT 
without much ductility which would have otherwise resulted in the 
peanut-shape by accommodating extended deformation. Consequently, 
for uncoated post-LOCA claddings, the maximum tensile acts on the 
most brittle phase (ZrO2 and neighboring α(o) phase at the inner sur
face), and it results in crack propagation at 6 o’clock or 12 o’clock po
sitions. This result is consistent with a past study investigating the 
characteristics of crack propagation in Zircaloy during RCT [7]. 

A different crack behavior was observed for the coated claddings. 
Similar to the uncoated cladding, cracks start to initiate at the inner 
surface of either 6 o’clock or 12o’clock positions where maximum ten
sile stresses act on brittle phases. However, as the coated cladding 
deformation proceeds under RCT, the major crack develops at either 3 
o’clock and 9 o’clock positions as shown in Fig. 7(b-2). This behavior 
was consistently observed in all types of coated claddings tested in this 
study. This implies that the initial crack developed from the brittle 
phases of inner wall does not grow into the major crack, but instead it is 
likely to be arrested in the Zircaloy matrix and a different crack either 
from 3 o’clock or 9 o’clock grows into a through-wall crack. Hence, 
those cracks developed from 3 o’clock or 9 o’clock lead to the major load 
drop, and is thereby responsible for the present decrease in the ECR limit 
of Cr -coated claddings. 

The observed crack characteristics were further investigated by SEM 
and Electron Probe Micro-Analyzer (EPMA) analysis. Fig. 8 shows the 
notable crack morphologies right before and after the major load drop 
for Cr-coated (19.0 µm) HANA-6 near the ECR limit (~20 %). Right 
before the major load drop, two different types of arrested cracks were 
observed: relatively thick and large cracks at 6′o clock and 12′o clock, 
and thin cracks near 3′o clock and 9′o clock. As can be seen, the cracks 
developed at 6′o clock and 12′o clock initiated from the brittle phases 
(ZrO2 and α(o) phase). In the meantime, small cracks were also devel
oped at 3′o clock and 9′o clock. These cracks extended from the thin 
ZrCr2 layer to the outermost surface of Cr layer as discussed in Section 
4.2 in detail. No porosity was observed at the Zr/Cr interface. Because Cr 
diffusion in Zr is interstitial [21], no appreciable Kirkendal effect was 
present. The pronounced embrittlement at the Zr/Cr interface is there
fore primarily due to oxygen-induced solid solution hardening and 
diffused Cr in Zr which precipitates as ZrCr2 after high temperature 
exposure. Upon further strain under RCT, the thin cracks at 3′o clock and 
9′o clock undergo unstable through-wall crack propagation, which leads 
to the major load drop. As can be noted in Fig. B in Appendix A, the outer 

Fig. 6. WG-ECR to offset strain curve with ductile to brittle criteria from U.S. 
NRC. (a) Cr coating on Zircaloy-4 base material (b) Cr and Cr/CrN coating on 
Opt. ZIRLO™ base material (c) Cr coating on HANA-6 base material. 



Base material Coating WG-ECR limit (%) Inner ZrO2 (µm) Inner Zr-alpha (O) (µm) Cr after oxidation (µm) ZrCr2 (µm) 

EXP. TRANOX [11] EXP. TRANOX [11] 

Zircaloy-4 (δ = 0.75 mm) 
Bare cladding 20 75.2 ± 1.3 73.4 – 61.5 – – 

Cr 
(9.2 µm) 

15 100.3 ± 1.1 111.3 – 116.2 4.8 ± 0.5 1.3 ± 0.3 

Opt. ZIRLO™ (δ = 0.57 mm) 

Bare cladding 24 64.7 ± 0.3 67.4 – 56.2 – – 
Cr 

(18.8 µm) 
20 116.9 ± 1.7 113.1 – 117.5 15.8 ± 0.4 0.9 ± 0.2 

Cr/CrN 
(20.1/7.3 µm) 

19 116.0 ± 0.8 107.5 – 111.5 25.7 ± 0.7 1.1 ± 0.2 

HANA-6 (δ = 0.57 mm) 

Bare cladding 23 71.2 ± 0.5 64.7 – 54.2 – – 
Cr 

(8.9 µm) 
19 105.7 ± 0.7 107.5 – 111.5 4.0 ± 0.5 0.8 ± 0.2 

Cr 
(19.0 µm) 

22 112.5 ± 1.5 124.5 – 130.0 14.1 ± 0.5 1.0 ± 0.2  

Fig. 7. Crack behavior during RCT. (a-1 and a-2) uncoated HANA-6 with 20 % WG-ECR, (b-1 and b-2) Cr-coated (19.0 µm) HANA-6 with 20 % WG-ECR.  

Table 2 
Ductile to brittle transition WG-ECR limit and thickness of each layer.  



region at 3′o clock and 9′o clock position experience high level of tensile 
stresses during RCT. This tensile stress activates cracks developed at 
ZrCr2 layer and Cr coating to develop into an unstable through-wall 
crack. 

Consequently, the thin cracks developed at ZrCr2 are primarily 
responsible for the early through-wall crack propagation in comparison 
with the uncoated Zircaloy cladding. The oxygen underneath the ZrCr2 
layer diffused from the coating side. Zr matrix near ZrCr2 layer is brittle 
alpha phase α(o) characterized with high oxygen concentration above 3 
wt.% for the Cr-coated (8.9 µm) HANA-6 (Fig. 9). When sufficient tensile 

stress is applied, the high oxygen concentration near the ZrCr2 layer 
promotes the catastrophic fracture by thin cracks developed from ZrCr2 
phase. 

4.2. Effect of oxygen diffusion through Cr coating 

Coating thickness changes the rate of oxygen diffusion, thereby af
fects the oxygen concentration below the ZrCr2 layer. This implies that 
the thinner coating may exhibit pre-mature ductile-to-brittle transition 
in comparison with the thicker coating. Fig. 10 shows oxygen 

Fig. 8. Cross sectional images at 3 and 6 o’clock right before and after the major load drop and oxygen concentration of Cr-coated (19.0 µm) HANA-6 with 20 % of 
WG-ECR. 

Fig. 9. (a) Cross-sectional image and (b) oxygen concentration of Cr-coated (8.9 µm) HANA-6 at 3′o clock with 20 % WG-ECR.  



concentration of Zr matrix near ZrCr2 layer oxidized to 20 % WG-ECR. 
The oxygen concentration in Zr matrix for the thinner Cr coating (8.9 
µm) is notably higher than that of the thicker coating (19.0 µm). This is 
because as the Cr coating becomes thicker, the distance that oxygen 
needs to penetrate to reach the Zr matrix is longer, resulting in a lower 
oxygen concentration in the Zr matrix. 

The different level of oxygen concentration near the ZrCr2 interface 
resulted in different crack growth behavior. As shown in Fig. 11, when 
displacement is small (i.e., 0.2 mm), the cracks were observed at or near 
ZrCr2 layer without further extension. This observation is consistent 
with past studies reporting that the ZrCr2 layer is more brittle than Zr- 
alpha(O) [22,23]. For the thinner coating (8.9 µm), With increase of 
displacement, one can see that the range of the crack spans from the 
ZrCr2 layer to the Zr matrix. However, for the thicker coating (19.0 µm), 
the crack’s tendency to propagate into the underlying Zr matrix is 
markedly suppressed, and instead the crack from ZrCr2 layer grows to
wards the Cr coating. This result indicates that the crack initiated from 
the ZrCr2 layer propagated to the Cr coating. The presented crack 
arresting mode of the thicker coating (19.0 µm) is related to the higher 
Zr matrix ductility associated with the lower oxygen concentration 
(Fig. 12). 

The discussed oxygen distribution and resulting crack growth 
behavior combinedly affect the RCT behavior. As expected, the Zircaloy 
cladding with the thinner coating (8.9 µm) undergoes a major load drop 
earlier than that with the thicker coating (19.0 µm). This provides an 
explanation to the presented coating thickness sensitivity for ECR limit 
(Table 2). CrN in Cr/CrN coating (Cr/CrN: 20.1/7.3 µm) decomposes at 
temperature exceeding 1000 ◦C, becoming a single Cr layer [24]. This 
was also confirmed by our study. Hence the role of the CrN layer is 
considered to merely increase the effective thickness of the Cr coating 
above 1000 ◦C. The resultant Cr coating thickness after the decompo
sition of the CrN layer is ~27 µm. It gives the similar level of ECR limit 
(Cr/CrN: ECR 19 %, Cr: ECR 20 %) with the cladding coated with 18.8 
µm thick Cr as both coatings are thick enough to effectively prevent 
oxygen diffusion through the coating. 

The presence of ZrCr2 precipitates in the Zr matrix formed by further 
diffusion of Cr into Zr matrix can be another contributor to ductility 
decrease [15]. Nevertheless, it does not serve as the site for crack 
initiation; the thin ZrCr2 layer formed beneath to Cr coating is shown to 
be the primary location of crack propagation under RCT in this study. 

4.3. Comprehensive coating thickness effect 

It is important to note that when coating thickness is sufficiently 
thick (i.e., ~40 μm), no appreciable oxygen level was observed beneath 
the Cr coating layer in a past study as shown in Fig. 13 [7]. In such a 
case, the major load drop occurred by propagation of cracks from the 
brittle phases of the inner wall at 6′o clock and 12′o clock. That is, no 
crack from ZrCr2 was responsible for the observed major drop. Instead, 
the decrease in the WG-ECR limit (17 % (Uncoated Zircaloy-4) to 14 % 
(Coated Zircaloy-4 with 39 μm) primarily occurred by the thicker 
inner-wall oxide (ZrO2) and oxygen rich α(o) phase for the same ECR due 
to single side oxidation. 

This highlights that the mechanism for the decrease in the ECR limit 
is different with respect to coating thicknesses: when coating is suffi
ciently thick, the pre-mature ductile to brittle transition of Cr-coated 
cladding in terms of ECR occurs primarily by the thicker brittle phase 
by inner wall oxidation and exhibits no coating sensitivity. It is what the 
past study by Yook et al. [7] demonstrated. This study unveils that when 
coating thickness is thin such that appreciable oxygen diffusion occurs 
during relevant DBA time periods, the cracks developed at ZrCr2 layer 
becomes responsible for the ECR limit decrease because they can grow 
into through-wall crack with the high oxygen level near the Zr 
matrix/ZrCr2 interface and applied tensile stresses during RCT. Coinci
dentally, the decreases in the ECR limit between the two different 
mechanisms are similar as ~3 % (ΔECR) on average. Fig. 14 presents a 
schematic illustration of the coating thickness effect on PQD assessments 
under RCT. 

4.4. Regulatory implications of comprehensive coating design effects 

The discussed coating thickness sensitivity may imply the need for 

Fig. 10. Crack morphologies and oxygen concentration of Zr substrate near 
ZrCr2 for Cr-coated HANA-6 with 20 % WG-ECR. (a) Cr coating thickness (8.9 
µm), (b) Cr coating thickness (19.0 µm), and (c) oxygen concentration. 



Fig. 11. Crack propagation of the Cr-coated specimens (a) Cr-coated (8.9 µm) HANA-6, (b) Cr -coated(19.0 µm) during RCT.  

Fig. 12. Load-displacement curves of Cr-coated (8.9 µm) and Cr-coated (19.0 µm) HANA-6 specimens with 20 % WG-ECR.  

Fig. 13. Comparison of oxygen distributions in Cr-coated (39.6 µm) and uncoated Zircaloy-4.  



design-specific PQD limits. This is different from the current regulatory 
approach for the ECCS limit of Zirconium based alloys; most countries, if 
not all, are adopting universal PQD limits (i.e., 1204 ◦C and 17 % ECR) 
regardless of Zircaloy cladding types. It is noteworthy, however, that 
different Zircaloy cladding types were reported to give different PQD 
limits. For example, the U.S. NRC reports the CP-ECR limit of 19 % for 
as-fabricated Zircaloy-4, Zirlo and 20 % for M5 claddings, respectively 
[25]. Nevertheless, it adopts the most conservative limit and apply it to 
all cladding materials. By doing so, it can make the regulation simple, 
yet effective, based on the understanding that a marginal increase in the 
ECR limit has limited effect on nuclear safety. Making a rational nuclear 
regulation limit always calls for an elegant, yet conservative, détente of 
phenomenological complexity and practical implementation. In light of 
it, it is worthwhile to consider the practical way of addressing the 
coating design sensitivity in ATF regulation. 

Firstly, this study finds no appreciable coating manufacturing effect 
on high temperature steam oxidation and resulting PQD limits in the 
tested conditions. Cr coating is subject to recrystallization and grain 
growth beyond 1100 ◦C, undergoing significant departure from engi
neered microstructures and textures [26]. 

Secondly, this study finds that the PQD limits of the base Zircaloy 
cladding are transferred onto those of coated claddings. That is, ECR 
limits of base Zircaloys serve as the ECR ceiling from which ECR 
reduction for coated cladding occurs. Generally, a higher base Zircaloy 
ECR limit leads to a higher ECR limit of its Cr-coated cladding. For 
example, coated Opt. ZIRLO™ and HANA-6 exhibited superior PQD 
limits compared to coated Zircaloy-4 (Table 2). 

Thirdly, this study reveals that thicker coating slightly increases ECR 
limits by effectively preventing the embrittlement of Zircaloy matrix 
with oxygen diffusion. However, excessively thick coating layer still 

Fig. 14. Schematic diagram for crack propagation modes responsible for major load drop under RCT (a) Cr-coated (8.9 and 19.0 µm) HANA-6, (b) Cr-coated (39.6 
µm) Zircaloy-4 [7]. 

Fig. 15. Comparison of the current ductile to brittle transition ECR [25] and obtained ECR limit(lowest envelope of WG-ECR 19 %) from tested modern(Opt. 
ZIRLO™, HANA-6) Cr-coated (8.9–19.0 µm) claddings (The horizontal dashed line of Cr coated claddings assumed no hydrogen pickup during 
steady-state operation). 



5. Conclusion

This study investigated PQD assessments of various Cr-coated clad
ding designs with respect to base cladding materials, Cr coating 
methods, and its thickness. The tests were conducted in compliance with 
the U.S. NRC’s PQD test protocols for ECCS criteria. Both inner wall and 
outer wall of coated (Cr and Cr/CrN) claddings were steam oxidized at 
~1204 ◦C and then water quenched. The post-oxidized specimens were 
ring compressed to attain offset strains based on which ductility was 
assessed. The results are further investigated with microstructural ana
lyses. Key findings of this study are as follows:  

• ECR limits of coated specimens (Cr and Cr/CrN) are consistently
lower than those of the base cladding materials due to the early load
drop under RCT. Based on the WG-ECR limit, the reduction ranges
from a maximum of 5 % (ΔECR) to a minimum of 1 % (ΔECR). Yet,
time needed to reach the ECR limit is still increased for coated
specimens because it effectively undergoes single-side oxidation
with protective coating.

• Cracks initiated from ZrCr2 at 3′o clock and 9′o clock are primarily
responsible for the early major load drop observed for tested coating
thicknesses (8.9 µm and 19.0 µm), and hence resulted in the reduced
ECR limits. The cracks from ZrCr2 were promoted by an increased
oxygen concentration of the interfacing Zr matrix owing to the
diffusion of oxygen through the coating. The thicker coating reduces
this oxygen level, thereby delaying the load drop from ZrCr2 during

RCT and increases the ECR limit. However, a coating sufficiently 
thick (i.e., 39.4 µm) to prevent oxygen diffusion undergoes a 
different failure mode under RCT; a major load drop is occurred by 
cracks propagated from the brittle phases of the inner wall at 6′o 
clock and 12′o clock [7]. Coincidentally, the level of the ECR 
decrease for this mode of major load drop is similar to that of the 
ZrCr2-induced major load drops which are relevant to the thinner 
coatings (i.e., 8.9 µm and 19.0 µm)  

• The maximum attainable ECR limit of coated ECR limits is affected
by the base Zircaloy as it gives as the ECR ceiling from which ECR
reduction for coated cladding occurs. For the tested base cladding
materials (Opt. ZIRLO™ and HANA-6), ECR 19 %, which is the limit
for Cr-coated (8.9 µm) HANA-6, may serve as the lower envelope
limit. Hence, ECR 19 % can conservatively serve as the conservative,
yet non-design specific, Cr-coated ECR limit for the most of the
modern base Zircaloy materials (Opt. ZIRLO™ and HANA-6).
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Appendix 

Fig. A shows the offset strain of Zircaloy-4 (δ = 0.57 mm) with WG-EGR was obtained in this study with the U.S. NRC’s past results. The result 
exhibits remarkable agreement with that of U.S. NRC’s experimental data [1]. 

gives a reduced ECR limit due to the promoted crack propagation from 
the thicker inner-wall brittle phases under RCT. 

Fig. 15 summarizes PQD limits obtained by this study and current 
ECR limits of bare Zircaloy by U.S. NRC. For the tested base cladding 
materials (Opt. ZIRLO™ and HANA-6), Cr coating of 8.9 μm, which is 
substantially thinner than the typical Cr coating thickness (~15–20 µm) 
under commercialization, can serve as the lowest envelope (ECR 19 %) 
of ECR limits for tested coated Zircaloys. Hence, ECR limit of 19 % can 
conservatively serve as the ECR limit for modern base Zircaloy materials 
(Opt. ZIRLO™ and HANA-6). It shows that the ECR limit of bare Zircaloy 
cladding decreases due to the hydrogen pickup during steady-state 
operation. However, the ECR limit of Cr-coated ATF is shown to 
remain constant because it does not pick up pre-transient hydrogen 
unless cladding undergoes significant failures in steady-state, high-
lighting ‘hydrogen-independent’ ECR limit of Cr-coated ATF. Hence, the 
figure is intended to highlight the potential advantage of hydrogen-free 
Cr-coated Zircaloy in terms of allowable ECR limits compared to bare- 
Zircaloy which inevitably picks up hydrogen with burnup. As such, 
caution needs to be taken so as not to interpret the horizontal line as 
‘hydrogen-tolerant’ safety limit. It means that Cr-coated cladding does 
not pickup hydrogen unless the coating undergoes an extended level of 
unintended structural failure such that its ECR limit is likely to remain 
constant with burnup as opposed to bare Zircaloy. 



Fig. A. CP-ECR to offset strain curve for Zircaloy-4 (δ 0.57 mm) with the U.S. NRC’s past result [1].  

Fig. B shows the stress distribution of cladding with fairly cylindrical shape during RCT, as obtained through FEA using Abaqus. Detailed method 
for finite element modeling of RCT can be found in Kim et al. [27]. Moreover, according to the FEA code calculations, the maximum hoop stress 
reaches 721 [MPa] at the 6 o’clock and 12 o’clock inner wall positions. At the outer regions at the 3 o’clock and 9 o’clock positions, the tensile stress 
levels are slightly lower at 670 [MPa] compared to the outer wall positions at 6 o’clock and 12 o’clock. Despite the lower hoop stress at the 3 o’clock 
and 9 o’clock positions compared to the hoop stress at 6 o’clock and 12 o’clock, crack propagation in coated cladding initiates from the ZrCr2 layer on 
the outer walls at 3 o’clock and 9 o’clock due to its higher brittleness compared to ZrO2.

Fig. B. Stress distribution of cladding with a fairly cylindrical shape during RCT simulated by FEA.  

Fig. C shows the cross-sectional images of all types of claddings after oxidation in this study. From the Fig. C, thickness of ZrO2 at the inner wall can 
be readily measured and is reported in Table 2. ZrCr2 layer was observable in SEM and its thicknesses were measured. 60 different locations were 
analyzed for inner ZrO2, ZrCr2, and Cr thickness, and their average and standard deviations are summarized in Table 2. 



Fig. C. Cross-sectional images of post-steam oxidized cladding materials.  

Fig. D exhibits SEM images of post-steam oxidized HANA-6 and Cr-coated (19.0 µm) HANA-6 with associated EPMA and calculated TRANOX 
oxygen profiles. Thickness of ZrO2 was compared with prediction of TRANOX-2.0 [11], and they are in good agreement as shown in Fig. D. Hence, the 
thickness of the inner Zr-alpha(O) was obtained from TRANOX.

Fig. D. SEM images of post-steam oxidized cladding materials with associated EPMA and calculated TRANOX oxygen profiles: (a) Uncoated HANA-6 (ECR 20 %); (b) 
Cr-coated (19.0 µm) HANA-6 (ECR 20 %). 
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