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Abstract

Experimental investigation of ductility assessment
methods for high burnup fuel cladding and
comparative analysis of ductility-based and fracture-

based safety criteria
Kyunghwan Keum
School of Energy Systems Engineering
The Graduate School

Seoul National University

Technical basis of establishment on acceptance criteria for emergency core cooling

systems(ECCS) on high-burnup cladding is systemically studied.

Two main experiments, thermal shock fracture and post-quench ductility based
experiments were compared to explain discrepancy between each ECR limits of high
burnup claddings. Using MARS, GIFT code, cladding temperature, stress, amount
of precipitated Hydrogen during LOCA transient were calculated. During LOCA, at
the timing of reflood quenching, cladding stress reaches highest point at ~ 200°C. At
that critical moment, precipitated amount of Hydrogen is remained at low level due
to its precipitation kinetics. In post-quench ductility experiment, ring compression
test(RCT) is done at 135°C, with all the hydrogen is in precipitated state. This
difference in temperature and precipitated amount of hydrogen resulted in difference

of ECR limit.

Detailed conditions in post-quench ductility experiments were investigated.
Cooling rate before quench and quench temperature, cooling water temperature,

RCT crosshead speed, RCT temperature, specimen length was systemically studied.



Slow cooling rate before quench resulted in partitioning of alloying elements and
longer hydride formation, which increased cladding ductility. Cooling rate during
quench, controlled by subcooling of quenching water, showed limited effect on
residual ductility of the cladding, while thermal shock has been strengthen by fast
cooling rate with -75°C subcooled water. Crosshead speed of 2mm/min was shown
to be enough slow speed which cladding ductility is not affected by slowing down
or speeding up the RCT speed. Increased RCT temperature apparently increased
cladding ductility. specimen length 8mm was suggested to limit the length effect on

residual ductility.

Embrittlement limit of HANA and ZIRLO cladding was derived. They showed
slightly lower ECR limit in 50~250wppm cladding compared to U.S.NRC draft rule,
while 400wppm~650wppm cladding showed similar results with draft rule. RCT
temperature shift was suggested to fill the gap between draft rule and SNU limit.
RCT temperature of 185°C was anticipated to fill the gap between two limit.

With the conclusions of this study, current regulatory experimental protocols
assessing leftover ductility of cladding after LOCA was revisited. Regulatory
authorities should have lenient perspective on experimental conditions and methods,

to make realistic regulatory criteria for emergency core cooling system.
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1.1. Cladding behavior during LOCA transient

Nuclear fuel cladding in light water reactor plays a role as a primary barrier for
nuclear safety, by preventing the leak of uranium fuel and fission products. Not only
for the normal operation state, should fuel cladding maintain its integrity during

accident situations.

Acceptance criteria for emergency core cooling system (ECCS) are very important
regulatory requirements in designing nuclear reactors. Acceptance criteria, which
can be replaced by the word of ‘performance criteria’ for ECCS, are evaluated by the
ability to prevent the loss of coolant accident (LOCA) from accident to progress into
severe accident. As a requirement, maintaining of the integrity of a fuel cladding

during LOCA is required, as shown in table 1.

Table 1-1. Acceptance Criteria for Emergency Core Cooling System (10 CFR 50.46
from U.S. NRC)

Lists Accetpance Criteria Purpose

Peak Cladding

Temperature(PCT) Under 2200°F( 1204°C) Prevent breakaway oxidation

Equivalent Cladding Maintaining cladding

Under ECR 17%

Reacted(ECR) integrity
Hydrogen Generation 0.01 times the total hypothetical amount Prevent hydrogen explosion
Coolable Geometry Core remains amenable to cooling

Core temperature maintained at acceptably low Maintainng Core Coolability

value

Long-Term Cooling

Except for the hydrogen generation which can be addressed by limiting the oxidation
of the cladding, cladding integrity can be impaired by two modes; ductile and brittle
modes. The ductile impairment is accompanied by partial blockage of the fuel
assembly channels due to ballooning and burst. This mode is addressed by ‘Coolable
geometry’ and ‘Long-term cooling’. It is noteworthy that no quantitative limits are
associated with the above criteria. In general, the ductile mode impairment is known
to be not significant; experiments demonstrated that a 90% blockage still maintains

an acceptable level of coolability, and maximum attainable flow blockage ratio is

12



found to ~71%. Yet, questions remain on the coolability of blocked bundles with
fragmented pellets relocated in ballooned region, and recently there has been

increasing interest in investigating it.

Brittle mode has traditionally been the primary regulatory basis for regulation.
Limits for peak cladding temperature (PCT) 1204°C and equivalent cladding reacted
(ECR) 17% are aimed to protect cladding ductility during LOCA.

In LOCA situation, cladding experience temperature transient shown in figure 1.1.
When Zircaloy cladding is exposed to high temperature steam, it Zr reacts with water

molecules and cladding is oxidized, as shown in (1).

Zr 4+ 2H,0 = Zr0, + 2H, ... (1)

Blowdown — Refill - Reflood — Quenching

1400 T T T T T T
1200
1000
o
‘é’ 800
=
o
o 600
o
5
— 400
200
o R S S S
0 200 400 600 800

Time(s)

Figure 1-1. Fuel cladding temperature history during LOCA

Cladding has an oxide layer, and an o layer with a certain oxygen concentration, and
B layer with the lowest oxygen concentration formed from the part that contacts with

the vapor during oxidation. P layer exhibits p phase at a high temperature, but

13



changes to an a phase when the temperature changes to a low temperature, so it is
called the Prior-f layer. A schematic diagram of three phases and oxygen content in

the oxidized cladding tube are presented in fig. 1.3.
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Figure 1-2. Schematic diagram of fuel cladding after high temperature oxidation

Thickness of each phase is decided by oxygen content and temperature. At the same
temperature,  phase is dominant if oxygen content gets increase, and o phase is

dominant with increase of oxygen content. Phase diagram of Zr-O is shown in figure

1-3.
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Hobson has conducted high temperature oxidation and ring compression test using
Zircaloy cladding. Results were used in 1973 rule-making hearing to decide peak
cladding temperature and oxidation level of the cladding. Thickness of prior-f3 phase

was used to decide ECCS criteria, since prior-f carries most of cladding ductility.

The experiment was conducted on the assumption that the Zirconium cladding tube,
whose temperature rose due to decay heat in the event of a LOCA, and additionally
heated due to oxidation heat from a oxidation reaction of cladding with steam.
Hobson oxidized the cladding tube at a high temperature at a constant temperature,
and then quenched the cladding tube heated to high temperature in water which is a

surrogate for reflood situation.

These experimental methods and procedures were standardized and presented in the
current U.S. NRC Regulatory Guide. In table 1-2, several key factors of regulatory
guide is presented. Experimental protocols during LOCA experiment and RCT both
has an important meaning in deciding ECCS criteria, and more details for those

meanings will be addressed in chapter 3 in this thesis.

15



Table 1-2. Exepriment protocols for establishing ECCS criteria

LOCA experiment protocols

Value Physical validity

Any composition of zircaloy

Cladding type Any Zircaloy cladding showed similar ductility after

oxidation
. To get uniform temperature in
Specimen length 25mm _
same specimen

. . Over 20°C/s / ) o

Heating/cooling rate To simulate LOCA situation

over 2°C/s
. To simulate reflood situation
Quenching temperature 1200°C or 800°C

during LOCA

Quenching water

Not presented

Needs to be revised

Steam flow rate

0.8 mg/cm?/s ~
30mg/cm?/s

Oxidation behavior remains

same in this range

Ring compression test proto

cols

Stiffness comparison

Measeured stiffness Km<
Theoretical stiffness Kc¢

To test if the calibration of
RCT facility is appropriately

done

Strain rate

0.0083 mm/s ~ 0.033mm/s

Stiffness and strength

increases with strain rate

RCT temperature

Temperature after the

termination of LOCA

Fracture decision

30% load decrease

Load decrease of 30%
represent overall fracture of

the cladding

Ductility assessment

1% permanent strain or
offset strain > 1.41+0.1082
CP-ECR

Permanent strain 1% indicates
sufficient ductility of the

specimen

Specimen length

7-10mm

Needs to be revised

16

JAEA has done different experiment, which uses long length cladding specimen to

to see the thermal shock fracture of the cladding during quench. Despite the
difference of test method, they got similar results with Hobson’s experiment, and

established same LOCA ECCS criteria.

test integral integrity of the cladding. The top and bottom of the cladding is restrained,



1.2. ECCS criteria for high-burnup cladding

High-burnup cladding has some deteriorated aspects compared to fresh cladding.
During operation of the light water reactors, cladding reacts with coolant, and fuel
release the radiation. Cladding continuously accumulates oxide layer and hydrogen,
and radiation damage. Oxide layer acts as decreased cladding thickness, which
means that ductile layer thickness has been decreased by the oxidation. Absorbed
hydrogen increases cladding embrittlement, by forming hydrides. This hydrides act
as a pre-existing crack. Radiation damage forms various defects to the cladding.
Fortunately, in LOCA transient formed defect from radiation is recovered, by high
temperature annealing effect. So the main issue for high-burnup cladding in LOCA

situation is the pre-existing oxide layer and hydrogen content in the cladding.

Due to the various high-burnup effects on the cladding, several issues have been
brought up. The purpose was to quantify the high burnup effects, and respond to the
problems. U.S. NRC has done LOCA simulating experiments using high-burnup,
and pre-hydrided cladding which is the surrogate for high-burnup cladding. In high-
burnup cladding, LOCA ECCS criteria were changed, due to the hydrogen
embrittlement effect on the cladding (fig. 1-4).

17



Embrittlement CP-ECR (%)

Figure 1-4. Embrittlement limit for high-burnup cladding(USNRC)
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In thermal shock fracture experiment (JAEA), high-burnup cladding had little effect

on cladding integrity. Same ECR limit was derived for high-burnup cladding and as-

received cladding, in this experiment. Difference of two LOCA-simulated

experiments, USNRC experiment and JAEA experiment was addressed in chapter 2.

18



1.3. Thesis objectives and organizations

Zircaloy cladding can be failed during loss of coolant accident. To prevent cladding
failure and severe accident, LOCA ECCS criteria were established. Two different
experiments, LOCA post quench ductility test (U.S.NRC), and thermal shock
fracture test (JAEA) was done to supply the experimental data to establish such
criteria. For as received cladding, each experiments derived same conclusion, that
peak cladding temperature should not exceed 1204°C and equivalent cladding
reacted should not exceed 17%. But for the high-burnup cladding, two experiments
got different results. U.S.NRC experiment showed elevated limitations of ECR and
PCT, with increasing burnup level, and JAEA experiment showed same limitations
on ECR and PCT. The reason why those two experimental methods got different

result will be addressed in chapter 2, with the details of each experiment.

High-burnup cladding issue has been drawn up, and U.S.NRC draft rule on burnup
and PCT/ECR limit will have significant influence on the regulations of western light
water reactors. In this circumstance, the details of experimental protocols should be
revised to respond with high-burnup cladding issue. In chapter 3, each protocol will
be covered one by one to find out the physical meanings of each protocols, and

reasons why we should follow or reconsider those manners.
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Chapter 2. Comparison between Thermal Shock
Fracture and Post-LOCA Ductility Based ECCS

Criteria
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2.1. Technical base for Thermal shock fracture based and

post-LOCA ductility based ECCS criteria

Two different assessment methods, post-LOCA ductility and thermal shock fracture
based experiment exist in establishing ECCS criteria. Both experiments perform
simulated-LOCA experiment, which is high temperature oxidation and quenching.
But they have different perspective in the decision of cladding integrity. Widely used
post-LOCA ductility based criteria utilizes ring compression test (RCT) at 135°C
after simulated-LOCA experiment to decide cladding ductility. 135°C is cladding
temperature after reflood(saturated steam temperature for 3.2 bar), therefore the
rationale for selecting this temperature is to assess cladding ductility after LOCA.
On the other hand, fracture-based criteria utilize rod integral test to determine
whether cladding will fracture due to thermal shock during reflood quenching.
Notable difference in two methods is that ductility-based criteria focus on cladding
integrity after LOCA, while fracture-based criteria focus on thermal shock during

LOCA.

Post-LOCA ductility based criteria has a history from atomic energy committee
(AEC) 1973 rule making hearing. Hobson has conducted high temperature oxidation
and ring compression test at various temperatures (figure 2-1) and found ductile ECR
and PCT limit (figure 2-2.). Hobson judged the ductility of the cladding by the
fracture shape of a cladding. If cladding is not fractured during RCT, it is judged as
totally ductile.

21
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Thermal shock fracture based experiment was done at 1983, Uetsuka in JAEA. He
used long cladding compared to Hobson’s experiment, and restrained bottom and
top part of the cladding with load cell (fig 2-3). Fixing the cladding was done to
imitate the friction between cladding and spacer grid. By this, he measured thermal

shock stress during quench and fracture load.

Load Cell
Crosshead

Oxidation condition

1,215°C-10 min
ECR: 31.7%

Simulated Fuel Rod

Quartz Tube
1,310°C-5 min
ECR: 35.6%
Controller

—
Program Unit
" 1,050°C-50 min
Transformer ECR: 27.1%
1 CR: 27.1%

——————— Infrared Furnaci

925°C-50 min
ECR: 11.0%

\l

N
Water Pipe for

Stean Inlet (a)~(c): Failed on quenching, (d) : Survived quenching and tensile-fractured
Bottom Floeding

Bottom Fixed Photo. 2 Visual appearance of Zircaloy-4 cladding tubes
failed on quenching under constraint condition

Figure 2-3. Uetsuka’s LOCA facility and fracture shape after integral testing

Temperature transient during the experiment was done in the same manner with what
Hobson did. Cladding experience temperature ramp, and isothermal oxidation, and
quenched. During quenching process, load is imposed to the cladding by the thermal
shock and contraction of the cladding (fig. 2-4). If cladding survives during

quenching, cladding is judged as maintaining its integrity.

As a result, Uetsuka got ~40% ECR limit for unrestrained conditions, and ~20%
ECR limit for fully restrained condition, at 1200°C(fig. 2-5). Japan established
1200°C, 15% ECR criteria, with some additional margin.
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When the experiments were conducted with fresh, as-received fuel claddings, both
methods draw similar ECR and PCT limit, which is ECR 17% (U.S.NRC),
15%(JAEA) and 1204°C(U.S.NRC), 1200°C(JAEA). In high-burnup cladding, two
methods draw different results. Ductility-based criteria lowered its ECR and PCT
limit with the increase of burnup(fig. 1-4), while thermal shock fracture-based
criteria maintained ECR and PCT limit regardless of burnup increase (Fig. 2-6). To
find out the reason of the difference between two methods, each method will be

thoroughly discussed in this study.
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Figure 2-6. Ductility and thermal shock fracture based criteria for high-burnup

claddings

25



2.2. Method

For high-burnup fuels, hydrogen inside the cladding plays important role on
determining cladding ductility. If hydrogen is precipitated state, it forms hydride
which significantly lowers cladding integrity, while dissolved hydrogen has little
influence on cladding integrity. During LOCA transient, hydrogen is either
precipitated or dissolved depending on the changing of cladding temperature.

In this study, MARS LOCA simulation, hydrogen precipitation kinetics module,
structure analysis module was used to analyze cladding integrity during LOCA(Fig

2-7).

LBLOCA Analysis Cladding Structure. z.malysis
(MARS-KS) ="

LBLOCA

Cladding behavi lysi
Hydrogen precipitation kinetics acding behavior anatysis

=0

(2 S S Sl

i
I I e

Figure 2-7. Schematic for Code-integrated LOCA analysis

MARS-KS code with KINS-realistic estimate method (KINS-REM) was used to
estimate temperature during LOCA. Code input was based on Ulchin(UCN) 3&4,
OPR-1000. To get exact and high resolution temperature profile which is needed for
structure analysis, cladding heat structure was divided to 99 axial mesh, and 21 radial

mesh.

Hydrogen precipitation model is based on Kammenzind's study, and hydrogen
precipitation parameter K,=0.012s™!' was acquired from Zanellato's study. Hydrogen
kinetics correlation, and terminal solid solution for precipitation (TSSP) correlation

is shown below.
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dCss
dt

TSSp = 1.39 * 10%exp(—

= Kp (Css —TSSp) (2)

34

470y (3)

(Css: Solid solution hydrogen content

T: Temperature, R: Gas constant)

Structure analysis code is in-house GIFT code using finite difference method (FDM).
Calculation accuracy of this code was confirmed by comparing code calculation
results and ANSYS calculated results. Stress convergence test was done to increase
the credibility of stress analysis (fig. 2-8). Calculation from 30 axial mesh to 6684
axial mesh was done. Stress difference between 1114 axial mesh and 6684 axial mesh
was within ~5%, and results with 1114 axial mesh was used to get stress calculation

results.
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Figure 2-8. Stress convergence results for each direction
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2.3. Results and discussions

LOCA analysis in fig. 2-9 shows that peak cladding stress occurred during reflood
quenching. And at the timing of peak cladding stress occurrence, (around 200°C)
hydrogen is still at dissolved state, because of slow precipitation kinetics. This
discordance of peak stress and hydrogen precipitation time occurred generally for all
axial position of the cladding. High stress imposed to the cladding at the early
moment (~1 sec) was due to the sharp temperature rise and resulting temperature

gradient at the beginning of the LOCA.
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Figure 2-9. LBLOCA analysis of UCN 3&4. (a) Axial location 1.17m, (b) axial
location 2.99m
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This result explains how fracture-based criteria maintained its ECR limit in high-
burnup fuel claddings. It is because of the slow hydrogen kinetics, compared to quick
quenching of the cladding during reflood. Since dissolved hydrogen has little
influence on the integrity of the cladding, fracture-based criteria could have
maintained same ECR limit independent to burnup effect. Nevertheless, for ductility-
based criteria, almost all of the hydrogen is in precipitated state (TSSp = 5.3wppm
for 135°C). Precipitated hydrogen forms hydride, which severely deteriorates
cladding integrity. This resulted in lowering ECR limit for ductility-based criteria.

Cladding located at 1.17m gets thermal shock at ~50s, while cladding at 2.99m gets
thermal shock at ~230s. And at the time of ~230s, stress is imposed to the cladding
at 1.17m due to the thermal shock of upper part. And at that moment, most of
hydrogen is in precipitated at 1.17m. This implies that fracture can occur even after
the time cladding get thermal shock, due to the stress propagation from different part
of the cladding.

Discrepancy between ductility-based and fracture-based ECCS criteria was
explained. During LOCA trainsient, reflood quenching and thermal shock occurs so
rapidly that slow hydrogen precipitation does not occur until the end of quenching.
As a result, fracture-based ECCS criteria maintained same ECR level for high-
burnup claddings.
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2.4. Conclusion

Discrepancy between ductility-based and fracture-based ECCS criteria was
explained. During LOCA trainsient, reflood quenching and thermal shock occurs
rapidly that slow hydrogen precipitation does not occur until the end of quenching.
As a result, cladding integrity is maintained during quenching, and fracture-based

ECCS criteria maintained same ECR level for high-burnup claddings.

On the other hand, ductility-based criteria is based on ring compression test in 135°C,
which is a temperature after the termination of LOCA. In that condition, cladding is
embrittled due to the precipitation of hydrogen. As a consequence, ductility-based
ECCS criteria could not maintain its embrittlement ECR level for high-burnup

claddings.

Both regulations have reasonable background for selecting which point of LOCA
they want to address. JAEA selected thermal shock during quench, and U.S. NRC
chose the termination after LOCA. It is worth noting that these differences in

perspective have caused a big difference in the results.
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Figure 2-10. JAEA and U.S. NRC LOCA experiment analysis
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Chapter 3. Analyzing protocols of LOCA post-quench

ductility experiments.
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3.1. Experimental procedures for post-quench ductility

based criteria

Regulatory guide published by U.S.NRC suggests protocols for establishing LOCA
ECCS criteria. Those protocols can be divided into four steps. First step is sample
preparation, second is LOCA-simulated experiments, third is sample cutting and

RCT, and last is RCT analysis, as shown in fig. 3-1.
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Figure 3-1. Experimental protocol suggested in U.S.NRC regulatory guide

In the specimen preparation stage, hydrogen is injected into the Zircaloy cladding.
Hydrogen content analysis of the hydrogen-injected cladding was conducted in two
points near to the specimen which will be conducted LOCA experiment. If the results
of the hydrogen analysis in the two places show a difference within +10%, it can be
determined that hydrogen is injected uniformly. Thereafter, the specimen was
washed and the cladding tube is cut ito 25-30 mm near the site where the hydrogen

content was measured. Thickness, outer diameter, and mass of the cladding tube
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are measured.

High temperature oxidation experiment is conducted after accurately measuring the
temperature of the specimen by the temperature benchmark. The specimen is placed
inside the furnace, heated to 1000°C at a heating rate of 30°C/s or more, then heated
to 1204°C at a rate of 2°C-3°C/s. After oxidation progresses to the target CP-ECR at
1204°C, it is cooled to 800°C at a cooling rate of 2°C/s or higher rate, and quenched
using quenching water(or quenched directly at 1204°C) . After the experiment,
thickness, outer diameter, and mass of the cladding tube is measured again and

compared with the value before the experiment.

Ring compression test is carried out by cutting the oxidized 25-30 mm specimen into
three 7-10 mm specimens. The crosshead speed is 0.033 mm/s, and the temperature
of the specimen is 135°C, which is the reactor core temperature after the termination
of LOCA. The two key indicators for the RCT are plastic strain and offset strain,
which can be measured only when the specimen is not split into two pieces and is
cracked thinly. Plastic strain is calculated by the difference between the outer
diameters before and after the RCT is devided by the outer diameter before high
temperature oxidation. Offset strain is calculated with the intersection with the x-

axis by applying the slope at the point of fracture using the strain-load graph.

There are two methods for evaluating ductility and presenting oxidation limits. The
first method uses the average offset strain or the permanent strain. Results of the
RCT of three specimens (cut from 25-30mm specimen)with the same hydrogen
content and the same ECR, are combined into one specimen group. Each specimen

group should be set to have an interval of 1% ECR.

1) If the average of the three permanent strains obtained by the loop-axes test of the
three specimens is greater than 1%, or the avereage of the offset strain is greater than

1.41+0.1082*ECR, the specimen group is determined to be a "ductile" specimen

group.
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2) Even if 1) is passed, if the offset strain of at least one specimen is 2% or less or
permanent strain 0.8% or less, the specimen group is judged as a "transitional"

specimen group.

3) If the average offset strain or average permanent strain is determined to brittle, the

specimen group is determined to be a "brittle" specimen group.

4) Among the various specimen groups obtained in this way, the two specimen
groups with similar hydrogen contents and different ECR were compared. If the
difference in oxidation between the ductile specimen group and the brittle specimen
group is 2%, or if the difference in oxidation between the transitional specimen group
and the ductile specimen group is 1%, the intersection point of the straight line
following the two specimen groups is the oxidation limit at that hydrogen content.

The method is illustrated in fig. 3-2 (a).

The second method use curve fit of the offset strain or the permanent strain. And
collect the results of the RCT at different ECRs (interval within 1%) with the same
hydrogen content, and display them in an ECR-offset strain or oxidation-permanent
strain graph. By the curve fitting of the plotted points using a linear or exponential
function, the intersection point between the graph obtained and the offset strain
reference(from RG 1.223) or the permanent strain 1% line is obtained to obtain the

oxidation limit. This method is illustrated in Fig. 3-2 (b).
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Figure 3-2. Two different methods to analyze RCT results and derive ECR limit.
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There are some key experimental conditions in regulatory guide. For LOCA
simulation experiment, cooling rate (2°C/s or higher), quenching temperature
(800°C or 1200°C), quenching water temperature (not presented above) is important.
In RCT, specimen length, crosshead speed, RCT temperatures are important. Each
condition will be reviewed one by one to show reason of their significance,

especially for high-burnup claddings.

To surrogate high burnup effect of the cladding, pre-hydrided cladding was used in
this study. Gaseous charging facility in fig. 3-3 is used to charge hydrogen into the
cladding. Furnace temperature during Hydrogen charging was 400°C, and heat
treatment was done at 400°C for 24 hours after hydrogen charging, to make
homogeneous distribution of the hydrogen inside the cladding. Resulted hydrogen

concentration in cladding ranged from 10wppm ~ 1100wppm.
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Figure 3-3. (a) Hydrogen charging apparatus, (b) hydride morphology of ZIRLO
cladding (223wppm, 1101wppm) captured with optical microscopy

High temperature oxidation and quench test was performed with LOCA facility

described in fig. 3-4. Validation of facility was done in previous paper, comparing
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oxidation results with Cathcart-Pawel (CP) correlation and TRANOX code, and

weight gain results.
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Figure 3-4. Schemetic of LOCA apparatus

In the experiment, 30mm cladding specimen was hanged on specimen holder, and

oxidized in furnace. Temperature of the specimen was measured with K-type

thermocouple attatched to the specimen with ceramic bond.
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3.2. Cooling rate and quenching temperature

Among the key test conditions that are known to affect post-LOCA mechanical
behavior, pre-quenching cooling rate has been considered as one of the most
complicated effects. Investigation by CEA revealed slower pre-quenching cooling
rate of pre-hydrided specimen increases post-LOCA cladding ductility due to the
partitioning of alloying elements, and formation of morphologically coarse hydrides.
Yet, the applied pre-quenching cooling rate of the CEA’s study was ~0.5°C/s which
is considered substantially slower than the actual pre-quenching cooling rate (1 °C/s
~7 °C/s). U.S NRC'’s investigation used the pre-quenching cooling rate of 10°C/s,
which is considered closer to the actual pre-quenching cooling rate, but is still
slightly greater than the actual range. An investigation was conducted to compare the
post-LOCA ductility assessment of CEA and U.S NRC. The study concluded that
difference between two institutions’ results were primarily due to different cooling
rates, highlighting the important influence of pre-quenching cooling rate on post-

LOCA ductility assessment.

Nevertheless, the mechanism of the pre-quenching cooling effect is still
controversial and needs further investigation. In addition, the comparison between
CEA and U.S NRC was done with pre-quenching cooling rates (U.S NRC: 10°C/s,
CEA: 0.5°C/s) with limited relevance to realistic LOCA cooling rate range (1 °C/s
~7 °C/s). Hence this study aims at exploring the effect of pre-quenching cooling rate
on post-LOCA cladding ductility of both pre-hydrided and as-received (hydride-free)

cladding materials to revisit its regulatory implications.

Cold work stress-relieved Zr-Nb cladding were used for experiments and their
compositions are summarized in Table 1. The ID and OD of both cladding are
8.36mm and 9.5mm, respectively.

Table 3-1. Composition of Zr-Nb cladding
O(wWt.%) | Nb(wt.%) | Sn(wt.%) Zr
Zr-Nb alloy 0.1-0.16 0.8-1.4 0.9-1.3 Bal.
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Applied specimen temperature history during oxidation test is shown in Fig 3-5.
Slided to the central region of the radian furnace by the rodless air slide upon the
initiation of the experiment, specimen is heated at ramping rate of ~40°C/s to the
target temperature. Once target temperature is reached, specimen temperature was
held constant for periods of time, undergoing isothermal steam oxidation. After the

isothermal oxidation, specimens underwent four different cooling modes:

(@D Directly quenched into boiling water (i.e., 1200°C specimen dropped into pool
of boiling water)

@ Cooled by Ar gas at rate of 2.5°C/s to 800°C in the furnace, and then quenched
to boiling water

® Cooled by Ar gas at rate of 0.5°C/s to 800°C in the furnace, and then quenched
to boiling water

@ Cooled by Ar gas at rate of 0.5°C/s to ambient temperature (~25°C in the furnace)

(slow cooled, hereinafter).

The facility was designed to introduce Ar gas into the test section when necessary.
Ar gas was able to prevent oxidation during the cooling periods. The tested cooling
rates were chosen in compliance with previously tested cooling rates of U.S NRC
and CEA for their ECCS rule making. Cooling modes of (D~@ are illustrated in
Fig. 3. ECRs of post-LOCA specimens were analyzed by measuring their weight
gains and using them in (4). In the meantime, CP correlation ECRs were calculated

by (5) using the measured temperature transience of the test.

ECR =Wg/(p;hy) (4)
where Wg is weight gain, p, is density of zirconium in g/cm?, and h,.is thickness
in cm

Wg = 0.602exp(-1.005 x 10*T)t"?  (5)

where T is temperature in K, and t is time in s
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For variable temperature, (5) can be integrated over time period of interest from 0 to

t as follows:

(Wg)? = 0.362, exp(-20100/T) dt (6)

After oxidation, the 30mm specimens were cut to three segments of 8mm height and
underwent Ring Compression Test was conducted at 135°C. The load-displacement
curve of RCT was used to obtain offset strain, and displacement energy density
(DED —1J). The entire test procedures including sample preparation (i.e., size), steam
oxidation, water quenching, and ring compression tests were conducted in

compliance with the U.S NRC’s reference conditions and protocols outlined in its

regulatory guidelines.
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Figure 3-5. Four different tested cooling modes and corresponding temperature
history (Note that temperature history of @ Cooled by Ar gas at rate of 0.5°C/s to

ambient temperature is truncated for its extended scale)

Quantification of hydrogen content is an important in reducing the experimental
uncertainty. In this study, hydrogen content of a tested specimen was assessed in two

cross-checking steps, which is demonstrated in Fig. 3-6. Firstly, once hydrogen is
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charged and cut to 30mm height specimen, the cut segments of the top and bottom
of the 30mm specimen was collected and their hydrogen contents are measured. For
both the top and bottom segments, hydrogen contents of three different azimuthal
locations were measured, giving total six measurements for both ends. This is the
first stage of hydrogen content measurement. Then, 30mm specimen was cut to three
8mm specimens for RCT tests after the completion of LOCA test (steam oxidation
and water quenching). One of the three post-RCT specimens was tested for hydrogen
measurement. Specifically, three segments of one of the three post-RCT specimens
were tested for hydrogen measurements for the second stage, which is then compared
against the previously obtained hydrogen measurements done in the first stage. The
presented results consistently gave the average hydrogen content difference less than
30wppm between the first and second stage of hydrogen measurements,
demonstrating that the hydrogen distribution is uniform in the tested 30mm specimen

thereby validating the use of a single hydrogen content for the three 8mm specimens.
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High temperature oxidation and RCT experiment was conducted using as-received

and pre-hydrided specimen (160 wppm). Both specimens were oxidized to ~8% ECR.

8% ECR was chosen because it is near the ductile-brittle boundary of Zircaloy
specimens based on the offset strain criterion of the U. S NRC [10]. RCT results of

four different cooling conditions are shown in Fig. 3-7 and their key parameters are

summarized in Table 3-2. As can be noted in Fig. 3-7 (a), higher cooling rates (D>

2>(3®>@) lead to higher cladding ductility for as-received specimens. This is also

evidenced by the offset strain analysis. As opposed to this trend, for pre-hydrided
specimen (160 wppm) the higher cooling rate result in greater cladding
embrittlement. This result clearly demonstrates that the effect of cooling rate on
mechanical behavior of post-LOCA specimen distinctively changes with respect to
hydrogen content.
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Figure 3-7. 4 Load-Displacement curve of Different temperature history (a) as-

received cladding (b) pre-hydrided cladding (160 wppm)
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Table 3-2. High temperature oxidation and RCT results for different cooling rate

using pre-hydrided 160wppm and as-received Zr-Nb specimen.

Cooling
" ® @ ® ®
conditions
Quenching
1200°C 800°C 800°C No Quench
Temp
Cooling rate | No Cooling 2°C/s 0.5°C/s <0.5/s
CP-ECR 8.0% 7.8% 8.1% 8.2%
Measured-
8.0% 7.7% 8.1% 8.2%
ECR
Pre- As- Pre- As- Pre- As- Pre- As-
hydrided received hydrided received hydrided received hydrided received
Av. Offset
) 7.7 16.0 8.7 13.6 13.0 13.1 15.1 10.2
strain(%)
Displacemen
t Energy 1.30 3.76 1.52 2.81 1.94 2.56 2.13 1.75
Density(J)
Fracture
0.49 0.54 0.51 0.53 0.40 0.46 0.37 041
Load(kN)

EBSD analyses were conducted to investigate the mesoscale mechanism behind the

different cooling rate effect with hydrogen. Fig. 3-8 shows that the grains of post-
LOCA specimens are larger for lower cooling rates. Such that direct cooling (@D:
quenching from 1200°C to boiling water) exhibits the smallest average grain size
(average 7.0um) whereas slow cooling (@: cooled by Ar gas at rate of 0.5°C/s to

ambient temperature) exhibits the largest average grain size (average 82.8um). This
result is quite understandable; increased exposure time to high temperature
associated with slow cooling allows longer period for grain growth. The dramatic
change in grain size makes the material lose its engineered texture (Fig. 3-9). This
result is indeed consistent with a previous study that investigated the dynamic grain

growth of Zircaloy in high temperature (1100 — 1300 °C) steam oxidation
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environments [7]. The dramatic grain growth of Zircaloy subjected to high
temperature steam oxidation (>1000°C) is known to deteriorate material’s ductility.
This is commonly observed in HCP materials such as Ti and Zr where deformation
is contributed by twinning [17-18]. As a consequence, increasing cooling rate
shortens grain growth time, thereby helping to suppress ductility degradation. In
addition, it is possible to conjecture that extended high temperature exposure with
slow cooling may promote diffusion of oxygen in Zircaloy matrix, resulting in the
increase of oxygen concentration in the ductility-carrying prior-f phase. This effect
also acts to deteriorate cladding ductility.

A past investigation demonstrated that slower cooling promotes partitioning of
alloying elements, resulting in the reduced concentration of alloying elements and
even oxygen in prior-f3 phase via 8 — a transition [12-13]. This is known to
increase ductility of prior-f phase. Nevertheless, this effect is not considered to be
not predominant as slow cooing rate of as-received specimen reduced cladding
ductility. This implies that the grain size increase with slow cooling is a more

dominant effect.
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Figure 3-8. EBSD analysis results (Inverse Pole Figure(IPF), grain size
distribution) for four different cooling conditions. (a) schematic for cladding
microstructure, (b),(c) Directly quenched into boiling water, (d), (¢) Cooled by Ar
gas at rate of 2.5°C/s to 800°C, (d), (h) Cooled by Ar gas at rate of 0.5°C/s to
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Figure 3-9. Pole figure of (a) as-received Zr-Nb specimen (typical tilted radial
basal pole texture), (b) post-LOCA Zr-Nb specimen oxidized to 8% ECR at 1200°C

It is important to note that hydrided specimen, however, exhibits increased cladding
ductility even in the presence of the aforementioned adverse effect of larger grain
sizes due to slower cooling rate. This makes us investigate effect of cooling rate on
resulting hydride morphologies of post-LOCA specimen. Fig. 3-10 shows hydride
(red) morphologies in prior- phase of post-LOCA zircaloy for the tested cooling

rates. As can be noted, the faster cooling (D>2>3>@) lead to smaller and less

connected hydride morphologies because of reduced diffusion period for phase

transformation. For the direct quenching case (@), nano hydride morphology is

observed, implying that hydride precipitation occurred without appreciable

hydrogen diffusion. On the contrary, the slow cooling case (@) exhibits integranular

hydride precipitation which is known as a result of diffusional phase transformation.
Both nano hydrides and connected intergranular hydrides are known to deteriorate
cladding ductility. However, a past study demonstrated pronounced decrease of
dislocation mobility with nano hydrides in Zircaloy. Hence, it is considered that the
pronounced diffusionless nano hydride formation with fast cooling rate adversely
affect resulting cladding ductility. This effect is considered to outweigh the benefit
of the smaller grainsize, thereby resulting in the net effect of ductility decrease with

increasing cooling rate.
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Figure 3-10. Hydride morphology for four different cooling conditions (a) Directly
quenched into boiling water, (b) Cooled by Ar gas at rate of 2.5°C/s to 800°C, (c)
Cooled by Ar gas at rate of 0.5°C/s to 800°C, (d) Cooled by Ar gas at rate of
0.5°C/s to ambient temperature
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Kikuchi pattern analysis was done to increase the credibility of EBSD phase analysis
for hydrides. y-hydride and 6-hydride were both appeared in the EBSD pattern
analysis shown in Fig. 3-11 (a). A past study showed that fast cooling rate over
10°C/s can result in y-hydride, and slow cooling rate less than 2°C/s. In this study,
both y-hydride(yellow) and 8-hydride(blue) were observed to coexist.

Figure 3-11. (a) Phase analysis and kikuchi pattern analysis for (b) y-hydride and

(¢) 8-hydride (EBSD figure for cooling mode 2 Cooled by Ar gas at rate of 2.5°C

/s to 800°C in the furnace, and then quenched to boiling water)

The presented result illuminates the importance of cooling rate on post-LOCA
ductility. Even seemingly similar slow cooling rates (0.5 °C/s and 2.5 °C/s) yield
different post-LOCA ductility resulted by different microstructures. This poses a
fundamental issue of standardizing post-LOCA ductility assessment method and
condition. During LBLOCA transience, cladding is subjected to a wide range of
cooling rate prior to reflood quenching (1.2 °C/s — 6.4 °C/s) and quenching
temperature (450 °C - 790 °C) depending its axial position as demonstrated by MARS
simulation, as shown in Fig. 3-12. In today’ regulation, reference quenching
temperature (800°C for U.S NRC) and cooling rate (>2.0 °C/s) are used. However,
as can be inferred from this study, different cooling rates above 2.0 °C/s will result
in inconsistent post-LOCA ductility assessment, which may imply a need to further
specify the cooling rate. On the other hand, it is questionable if specification of
reference cooling rate is even appropriate. If it has to be done, a careful analysis
needs to be done to explore the cooling rate and quench temperature of the most
limiting location (i.e., highest ECR). This is a formidable task if it is ever possible.

This may naturally lead to a corollary; it calls for a lenient regulatory judgement on
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Figure 3-12. Temperature history during LBLOCA. Pre-quenching cooling rate,
quench temperature, axial location are shown. (Hottest rod in UCN 3&4, OPR-
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Figure 3-13. Microstructure change with cooling rate
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3.3. Quenching water temperature effect

It is important to note that temperature of water bath into which oxidized specimen
is quenched has traditionally been overlooked in post-LOCA cladding ductility
assessments. Partly due to the lack of attention in the founding experiment, little
attention has been made to the water bath temperature effect in subsequent
investigations to date. Water bath temperature was unreported in Hobson’s work.
Recent investigations recorded specimen temperature after bath, specimen
temperature varied from 80°C to 100°C dependent to size of the sample. Reflood
water during LOCA is saturated water after refilling, this means a gap between the
conducted experiments and in-core environments. The water quenching captures
rapid cooling and thermal stresses arising from reflood quenching. In the post-LOCA
cladding ductility assessments, water bath temperature determines cooling rate. The
effect of cooling rate is considered twofold: (1) it may alter the resulting phase
characteristics and microstructure; (2) it may affect structural integrity of the brittle

phase (aand Zr0,);

As for the resulting phase characteristics and microstructure, different cooling rates
may alter the kinetics of phase transformations upon quenching, thereby changing
the characteristics of resulting phases. Holt investigated the microstructure
difference due to the cooling rates. From 1050°C to room temperature, cooling rates
ranging from 2K/s to 2000K/s were observed. Specimen cooled at 2000K/s showed
martensitic microstructure, while specimens cooled at a rate less than 200K/s showed
Widmanstitten basket-weave structure with parallel-plates (lamellar). Woo and
Tangri showed microstructure difference with oxygen contents of 0.13wt%-0.91wt%
and showed that increasing content of oxygen promotes the parallel-plate structure.
Measured grain size and lamella thickness has decreased with cooling rate.
Microstructure hardness was measured for different cooling rates, and showed that
beta-layer hardness increases with cooling rate. Yet, the effects of resulting
microstructures under different cooling rates on the cladding’s post-LOCA

mechanical behavior have not been investigated.
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As for the second effect, recent advances on thermal shock fracture studies revealed
the importance of heat transfer rate on brittle materials’ thermal shock fracture upon
water quenching. Chemical Vapor Deposited (CVD) SiC quenched in saturated water
(~100°C) exhibited superior thermal shock tolerance compared to specimens
quenched in the room temperature water, owing to the promotion of film boiling that
lowers transient temperature gradient within the solid. The observed effect is
remarkable as the threshold solid temperature for a crack to propagate was different
more than 1000°C between the saturated and room temperature quenching. Similar
observation was made for Al,O3 coupons thermal shocked by a room temperature
droplet impingement. Al,Os coated with hydrophobic layer which promotes film
boiling exhibited superior thermal shock tolerance. These results demonstrate that
the brittle phase fracture is tightly coupled to thermal hydraulic behavior of
quenching liquid. The importance of the water side heat transfer rate for fuel fracture
during LBLOCA was theoretically elaborated by a past study. These past research
results illuminate the need to explore the effect of quenching rate on the structural
integrity of brittle phases of oxidized Zircaloy and its effect on post-LOCA Zircaloy
ductility.

Past study from ANL showed that there is no ductility change for as-received, steam-
oxidized sample from 800°C quenched specimen and air-cooled specimen. For pre-
hydrided specimen, ductility increased for slow-cooled specimen compared to
quenched specimen due to the mobility of hydrogen below 800°C. Also, another
linked study in CEA showed that ductility increasing effect of slow cooling in pre-
hydrided specimen is more pronounced in the slow cooling in temperature above

600°C.

In such a context, this paper aims at systematically exploring the effect of quenching
rate on residual ductility of post-LOCA Zircaloy-4. Three different cooling rates
associated with distinctively different quenching environments are tested; ambient
air cooled (~7°C/s), boiling water (~400-500°C/s), room temperature water (~1600-
2000°C/s). Zircaloy steam oxidation, water quenching, and ring compression tests

were conducted in compliance with the U.S NRC’s experimental procedures and
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protocols. With this investigation, this study revisits regulatory implications

associated with cooling rates and pre-hydrided high burnup Zircaloy cladding.

As-received and pre-hydrided Zircaloy-4 specimens were used for testing. Zircaloy-
4 was pre-hydrided to 765wppm in a hydrogen charging chamber at 400°C to mimic
high burnup embrittlement. LOCA experiments consisting of cladding steam
oxidation and subsequent cooling (water quenching or air cooling) were conducted
for both as-received and pre-hydrided Zircaloy cladding). Cooling rates in 100°C
water and 25°C water were obtained by the high speed video camera, measuring the
time between water quenching and surface bubble disappearance which corresponds
to saturated temperature (~100°C). For example, in 100°C water, it took ~2.5 secs
for boiling to disappear upon quenching, giving the cooling rate estimation of
440°C/sec (=1200°C - 100°C/2.5sec). Resulting cooling rate estimations are ~400-
500°C/s in 100°C water, and ~1600-2000°C/s in 25°C water. The obtained cooling
rate in 100 °C water quenching is in the range of the cooling rates (10 — 700 K/s) in
a two phase-fluid above the collapsed water front of bundle tests. Udagawa measured
air cooling rate of Zircaloy-4 cooled from 1200 °C to 900 °C, which is 7K/s. And
massih measured air cooling at Smm depth from 1050 °C to 800 °C, which is 3K/s.
Since the phase transision of  to a phase occurs in temperature range higher than
800 °C, assuming our cooling rate in air in the range of ~3-7K/s is plausible. RCT
was conducted on post-LOCA specimens. Metallographic examinations were
conducted using Scanning Electron Microscopy (SEM), Energy-Dispersive
Spectroscopy (EDS), and Optical Microscopy (OM). Digital Image Correlation (DIC)
was used to measure strain fields of cladding specimen’s cross section during RCT.
Microhardness of resulting phases was measured. This section discusses details of

the conducted experiments.

As-received cold work Zircaloy-4 tubular specimens (OD=9.5 mm and 0.57mm
thickness) were cut into SOmm length. Prepared specimens were put into vacuum
furnace and 53,000Pa of hydrogen was injected at 400°C. After injecting hydrogen
for 4 hours, 24 hours of heat treatment was conducted to homogenize hydrogen

distribution in the specimens. As a result of this homogenization, difference in
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hydrogen content in the tube was within 10%. Hydrogen concentration was analyzed
with ONH-2000. Hydrogen charging of 76518 wppm shown in Fig.3-14 was
achieved and used in this experiment. This amount of hydrogen represents
considerably high discharge burnup = 60MWd/kgU. The hydrogen charged and as-

received Zircaloy-4 specimens were cut to 10mm in length for LOCA and RCT tests.

Fig.3-14. Optical microscopy of hydride distribution (765+18 wppm)

Post-LOCA oxygen distribution was measured using EDS. As shown in Fig. 3-15 (a)
and (b), no appreciable difference in oxygen distribution was observed between as-
received Zircaloy-4 and pre-hydrided (765wppm) Zircaloy-4. Since EDS
measurement has limitation on its quality due to surface contamination after

polishing, the overall distribution of the oxygen is still similar considering the

contamination.
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Figure 3-15. EDS Oxygen distribution of ~17% ECR at 1204°C: (a)As-received,

(b) hydrogen charged (765wppm) specimen
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Thickness of each phase (oxide, a, and prior-f3) was measured at four different
locations for each specimen oxidized to 17% ECR at 1204°C. It is notable that the
cooling rates have shown limited effect on the thickness of resulting phases (Fig. 3-
16 (a) and (b)) for both as-received and pre-hydrided Zircaloy-4, respectively. Since
the prior- B phase is the only potentially ductile phase, this result may imply limited
effect of cooling rates on mechanical resistantce of the oxidized Zircaloy-4 at a given

hydrogen content.
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Figure 3-16. Phase layer thickness of specimens oxidized to 17% ECR at 1204°C.
(a) As-received, (b) pre-hydrided (765wppm).

Average oxygen content of each phase layer associate with 17% ECR at 1204°C was
measured by EDS scanning, and the result is shown in Fig 3-17(a) and (b). Oxygen
has a detrimental effect on the residual ductility. As can be noted in Fig 3-15 (a) and
(b), no appreciable oxygen content difference is observed for different cooling rates.
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Figure 3-17. Averaged oxygen content of each phase layer of specimens oxidized
to 17% ECR at 1204°C. (a) As-received, (b) pre-hydrided (765wppm). Average
value of EDS scanning (1000um?) is presented.

The B phase formed during high temperature steam oxidation energetically favors
to transform into a phase upon cooling below 900°C. All tested cooling rates
ranging from ~7 °C /s to 1600-2000°C /s did not allow sufficient time for significant
amount of B-to-a phase transformation to occur. This resulted in the ‘frozen’ high
temperature phase snapshot of prior-f, a, oxide phase in ambient temperature. These
resulting phases were found to be comparable in terms of average individual phase

layer thicknesses and their oxygen content.

Nevertheless, different cooling rates resulted in different microstructures of prior-§

phase. Fig.3-18 (a) — (c¢) show resulting microstructures of prior-p phase for each
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cooling condition. While a incursion in prior-p occurred for all tested specimens, it
was most pronounced in the air cooled specimen. Extended cooling period with
ambient air promotes a incursion in prior-f. The increase of o incursion is considered
to decrease homogeneity of the prior-p phase, thereby increasing the statistical
variation of RCT behavior (section 3.3). Ambient air cooling resulted in
Widmanstétten basket-weave microstructure in the prior-§ phase (Fig.3-18 (a)).
100°C water quenching and 25°C water quenching resulted in parallel-plate structure
and martensitic structure, respectively. Both Lamellar width and colony size
decreased with increase of cooling rate. This result is consistent with past studies on
Zircaloy phase transition. Oxygen diffusion is the main mechanism of shaping the
lamellar structure. Hence, when cooling rate is higher, this process is limited by

decreasing diffusion, resulting in shorter lamellar width.

Figure 3-18. Metallographic Analysis of post-LOCA Zircaloy-4 specimens
(1204°C and ~17% ECR) (a) ambient air cooled, (b) 100°C water quenched, (c)

25°C water quenched
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Consequently, it can be summarized that the tested cooling rates (7 °C/s to 1600-2000
°C/s) on Zircaloy-4 steam-oxidized to 17% ECR at 1204°C:

(1) do not change the average individual phase layer thicknesses;
(2) changing effect on the oxygen contents of individual layers seems to be limited;
(3) affect a incursion in prior-p; and

(4) change microstructure of prior-p phase.

(1) and (2) speak for the possibility of cooling rate insensitivity on cladding residual
ductility, whereas (3) and (4) may imply the opposite case. RCT investigation

presented in Section 3.3 addresses the effect of these features on residual ductility.

High speed video camera was used to record boiling modes of Zircaloy-4 specimens
quenched from 1204°C at 17%ECR into room temperature water (25°C) and
saturated water (100°C). As Fig.3-19 (a) and (b) show, saturated water significantly
promotes film boiling on surfaces of quenched specimens. At 0.2s, vapor film is
covering the specimen in saturated water quenching (Fig. 3-19 (a)) while transition
into nucleate boiling is underway in room temperature water quenching (Fig. 3-19
(b)). The enhanced film boiling in saturated water is characterized by thicker vapor
film, and lower heat transfer rate compared to highly subcooled boiling. The thermal
insulation effect lowers temperature gradients of the solid, thereby reducing thermal
stresses associated with differential thermal displacements. Hence the order of
thermal stress is 25°C water quenching, 100°C water quenching, and ambient air
cooling in descending order. Reduced thermal stress is particularly effective in
ensuring the structural integrity of brittle materials whose failure mechanism is

dictated by local tensile-stress concentration.
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Figure 3-19. Boiling modes of Zircaloy-4 quenched into (a) 100°C water
(saturated) (b) 25 °C water.

Impact of cooling rate on integrity of resulting phases was investigated by Optical
Microscopy (OM), Scanning Electron Microscopy (SEM), and micro-hardness
measurements. OM and SEM examinations show no sign of crack development on
the specimen surfaces. Vicker’s hardness measurements conducted on individual
layers in Fig.3-20 (a) showed no marked differences with respect to cooling rates
(Fig.3-20 (b) and (c)). Some sign of hardness reduction was observed for the oxide
scale of as-received Zircaloy-4 quenched into 25°C water (the highest cooling rate),
as shown Fig.3-20 (b). This may be partly due to internal crack development. As
compared to as-received Zircaloy-4, pre-hydrided specimens exhibit different prior-
B phase hardness for different cooling rates. Yet, no correlation is identified between
the cooling rates and hardness of prior- phase for the pre-hydrided specimens,
implying that the difference may be due to the statistical nature of mechanical

behavior of brittle materials.
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Figure 3-20. Vicker’s hardness measurements of each phase layer (4 locations
were measured). (a) indented location of hardness measurements, (b) as-received,

(c) pre-hydrided specimens (765wppm),

RCT was conducted on tested specimens to examine residual cladding ductility. The
obtained load-displacement results are shown in Fig. 3-21 (a) — (c), for each cooling

condition, respectively.
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Fig. 3-21. Load-displacement curves of Ring Compression Test results. (a) air

cooled, (b) 100°C water quenching, (c) 25°C water quenching

Table 3-3 summarizes offset strains and elastic moduli obtained from the load-

displacement curves of Fig. 3-21 (a)-(c).
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Table 3-3. Summary of RCT results

Average Average Average
Hydrogen )
Sample hareed Quenching Measured Offset Pseudo- Fracture
charge
No. & condition ECR(%)* strain Stiffness Load
(wppm)
(%) (KN/mm) (kN)
s-received
1-1 Astecelied | Ambientair | 16.6% | 158051 | 0.63:0.13 0.32
(~15wppm)
As-received
1-2 100°C water 16.6% 2.79+0.34 0.64+0.04 0.33
(~15wppm)
As-received
1-3 TR 25C water | 16.6% | 145:016 | 0.58+0.02 0.31
(~15wppm)
Nil
2-1 76519 Ambient air 16.4% . 0.69+0.13 0.15
ductility
Nil
2-2 765+19 100°C water 16.4% . 0.46+0.05 0.089
ductility
Nil
2-3 76519 25°C water 16.4% . 0.65+0.01 0.073
ductility

* steam oxidation was conducted at 1204°C for 275 seconds for all tested

specimens.

Offset strain was evaluated at the first load drop. The DIC measurements shown in
Fig.3-18 confirmed that the first load drop in the load-displacement curve
corresponds to the first crack formation which takes place at either 12° or 6’ location.
Considering the inherent uncertainties of offset strain quantification (~1.5%), the
average obtained offset strains (Table 3-3) exhibit limited sensitivity to cooling rates
for as-received Zircaloy-4, with the difference of ~1%. Pre-hydrided specimens

exhibited practically nil-ductility.

The cooling rate insensitivity on residual ductility can be explained by similar prior-
B phase thicknesses (Fig. 3-16) and their oxygen contents (Fig. 3-17) irrespective of
cooling rates. This implies that prior-f8 phase thickness and oxygen content dictate
residual ductility. The observed incursion of a in prior-f3 phase and different
microstructural lamellar thicknesses of prior-f3 phase (Fig. 3-18) do not introduce
significant changes to average residual ductility. In addition, the presence of internal

cracks, if any, in the oxide scales inferred from Fig. 3-20 (a) has negligible effect on
59



the residual ductility.

The high resolution DIC investigation with Gom-Correlate Professional 2019
analysis software demonstrates comparable local strain fields right before the first
crack of RCT (F=Ffacwure-SN, with applied force step of SN) for 25°C water quench
and 100°C water quench cases (Fig. 3-22). Ambient air cooled specimen shows a
lower level of local strain fields right before cracking. Despite the apparent
difference in the local strain fields, the global cladding mechanical behavior
represented by the load-displacement curves (Fig. 3-21 (a) — (c¢)) demonstrate that
the cooling rate has limited effect on the current regulatory framework which is

based on the offset strain criteria.

(a) Slow cooled

(b) 100°C
water
quenched

(c) 25°C
water
quenched

Applied Force Unloaded F=Facture—ON F=Firacture

Figure 3-22. DIC results of von-Mises Strain for as-received Zircaloy-4 specimens

(~17% ECR at 1204°C) undergoing RCT at 135°C

It is noteworthy that in Fig. 3-19 (a) — (c¢) variations of mechanical behavior among
the tested specimens of the same cooling rate are markedly different. For all tested
samples, air-cooling demonstrates substantially large deviations in load-
displacement behavior among the tested specimens (Fig. 3-19 (a)) whereas both
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water quenching cases exhibit a good agreement among the tested specimens (Fig.
3-19 (b) and (c)). Average load-displacement curves of the three tested specimens in
each test are plotted in Fig. 3-16 to illustrate the statistical variations of the RCT

results.

A notable feature inferable from fig 3-21 and table 3-3 is that the pre-hydrided
specimens exhibit significantly larger difference in fracture strength. Such large
difference of fracture strength found in the pre-hydrided materials are rooted in the
statistical nature of brittle materials’ strength. Dictated by pre-existing flaws without
dislocation-mediated plasticity, brittle fracture occurs in a clearly statistical manner
based on the population of pre-existing flaws and their distribution. Hence, pre-
existing flaws in quantifying the mechanical strength are naturally higher for pre-
hydrided cladding tubes. Nevertheless, it is important to note that the presented pre-
hydrided cladding (765 wppm, ECR 17%) is unarguably brittle, making the
uncertainties inconsiderable in terms of judging the residual ductility, compared to

the specimen which has lower ECR and hydrogen concentration.

For as-received Zircaloy-4, faster cooling rate (i.e., 25°C water quench) clearly
reduces variation among the tested specimens in the load displacement curves in
terms of offset strain, pseudo-stiffness. Reduced a incursion in the prior-f phase and
finer lamella microstructure of prior-f associated with rapid quenching (25°C) help
homogenize prior-f phase, thereby reducing RCT uncertainty. This feature
illuminates benefit of cold water quenching in reducing uncertainties of post-LOCA

mechanical behavior.
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3.4. Ring Compression Test strain rate

Sensitivity of applied strain rate of RCT on post-LOCA ductility has not been
investigated. In order to standardize a specific strain rate, it is important to
demonstrate that the applied strain rate ensures static testing that gives strain rate
insensitive mechanical response. Hence, in addition to the pre-quenching cooling
rate effect, this study investigates strain rate effect of RCT on post-LOCA cladding
ductility assessment. By exploring two key unknowns on post-LOCA cladding
ductility assessment, this study addresses regulatory implications and limitations of

the current ECCS criteria.

Strain rate is known to have an influence on the flow stress. In general, material
exhibits increasingly stiffer behavior with higher strain rate. Usually, strain rate of
103-10"! s is known to correspond to static tension or compression tests while 107!
10% s is for dynamic tension or compression tests. A number of RCTs for post-
LOCA ductility assessment applied different strain rates. The prototypic crosshead
speed of the U.S NRC’s post-LOCA ductility assessment was 2 mm/min which gives
strain rate of ~3.5 x 107 s™! for the as-received cladding diameter of 9.5mm. Study
conducted by CEA used the crosshead speed of 0.5mm/min, giving strain rate of 8.7
x 10%~3.5x 103 s,

In order to standardize the test protocol, it is important to confirm that the RCTs are
conducted in a static mode, giving strain rate-insensitive mechanical response. To
experimentally confirm it, experimental investigation on the mechanical behavior of
post-LOCA specimens with respect to different strains for various levels of ECRs
(As-received, 10%, 17%) was conducted, and Fig. 3-23 shows the result. Fracture
stress and fracture strain indicates the stress and strain values at the point of fracture
(major load drop) in stress-strain curve. As can be noted, applied strain rate range of
1.0 x 1073 — 6.0 x 10 s’ ensures strain rate insensitive mechanical response. This
result confirms the sanity of the prototypic strain rate (3.5 x 10~%) used for post-

LOCA ductility assessment.
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Figure 3-23. Measured Ring Compression Test parameters with various strain rate.
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Strian rate of Post-LOCA ductility test are suggested to be 0.0083mm/s ~ 0.033mm/s.
usually 0.033mm/s is used to test cladding ductility. This strain rate is used in other
general material strength test, but the suitability in the evaluation of residual ductility

of cladding after coolant loss accident has never been evaluated.

It is well known that the plastic deformation of a metal material is affected by the
high strain rate. And accordingly, it is necessary to quantitatively investigate the
effect of the high strain rate on the ductility evaluation of the zirconium alloy
cladding tube. By experimentally observing the sensitivity of the ductility evaluation
result according to strain rate, the physical and regulatory suitability of the current

RCT strain rate was identified.

LOCA experiment and RCT were performed on 8mm long ZIRLO as-received
cladding. After the specimen was oxidized with steam at 1204°C using a LOCA
facility, specimen was cooled in air. Fracture stress, fracture strain, and offset strain
of the cladding tube were measured at a strain rate of 0.01-1mm/s through the RCT,

and the results are shown in Fig. 3-21.
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3.5. Ring Compression Test temperature

135°C is the lowest temperature that the cladding tube finally reaches after reflood
in the event of LOCA. It is widely known that brittleness of metals increases with
lower temperatures, and it is shown in Hobson's early experiments that this principle
applies equally to zirconium cladding. In such background, the RCT temperature of

135°C is seen as a suitable criterion to ensure cladding ductility in all situations.

However, the assumption that the cladding will actually break due to a specific
impact after LOCA, which has already reached 135°C, can seem to be overly
conservative. In fact, the situation in which the cladding tube receives the greatest
thermal shock is when quenching of the cladding tube occurs during reflood, and the
literature suggests that the cladding will receive the greatest thermal shock at about

450°C, or at about 200°C, in this study.

The experimental results showed that the RCT at 200°C had higher ductility than the
existing 135°C results in both hydrogen concentration of 209+17wppm, ECR 12.0%
and hydrogen concentration of 486+12wppm, and ECR 5.9% (Fig. 3-24). Despite
the fact that temperature difference is only 65°C, it can be seen that the oxidation
limit guaranteed by the pre-hydrided cladding tube is greatly expanded, which can
be suggested as an alternative to the oxidation limit applied to the current high

burnup cladding.
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3.6. Specimen length

* This study is done by S. Bang, and only the background results are cited in order

to improve the completeness of this thesis.

Regarding the ductility evaluation after LOCA, regulatory guide suggests that length
of the cladding before oxidation is at least 25 mm and the recommended length is 30
mm. This is to ensure that the number of specimens is stably 3 when the cladding is
cut to 8 mm after oxidation. Therefore, it is recommended that the length of the
cladding used in the loop compression test be 8 mm. The specimen used in the loop
compression test is recommended to be 8§ mm long, but in practice it is suggested to

use the 7-10 mm.

Since the oxidized cladding is embrittled, fracture occurs probabilistically, rather
than when a specific limit force or more is applied, as in the case of pre-oxidized
cladding. Materials of this type can be explained by Weibull's formula. It describes
the fracutre stress distribution of materials based on weakest link theory, which is

sensitive to material volume.

Therefore, the specimen length is a very important factor in relation to the volume
of the specimen in the RCT of oxidized cladding. And it is necessary to analyze how
much the specimen length affects the overall results and what exactly the specimen

length should be used in the experiment.

Using Weibull analysis, it was confirmed that the average offset strain tends to
increase as the volume of the specimen decreases. Since the average offset strain of
8mm and 10mm specimens did not show any significant difference between the
predicted and experimental values beyond the error range of the measured values, it
was reasonable to recommend 7-10mm in the ductility test specimen. However, in
the case of the 4mm specimen, it was confirmed that the average offset strain was
about 60% greater than that of the 8mm specimen and the 10mm specimen. In other

words, as predicted through weakest link theory, the offset strain increases as the
67



length of the specimen decreases, so there is a possibility that the residual ductility
may be overestimated. Therefore, in order to exclude the effect of specimen size on
the offset strain, it is more reasonable to limit the length of the specimen to a range

(7-10 mm) but to fix it to a specific value (8§ mm) during ductility evaluation.
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3.7. Conclusion

 Effect of pre-quenching cooling rate

Effects of cooling rates and quenching temperatures on residual ductility of cladding
after LOCA were investigated. In LOCA situation, Cladding has different cooling
history by their axial location and accident scenario. This difference effects grain
growth and hydride size of the cladding, resulting the difference on residual ductility.
U.S.NRC regulatory guide suggests two options: (D Cool down to 800°C with
cooling rate over 2°C/s and quench, (2 Direct quench. Since fast cooling rate has
shown to lowering the cladding ductility, and it is hard to control all the regulatory
experiments in same manner, it seems that regulatory body should have lenient

attitude towards regulation

o Effect of cooling water temperature

Effects of cooling water temperature and according cooling rates on mechanical
behavior of steam-oxidized Zircaloy-4 have been systematically investigated.
Zircaloy-4 cladding specimens oxidized to the current U.S NRC’s limits (17%ECR
at 1204°C) have been tested in order to draw regulatory implications. Quenching
water temperature have (1) limited effects on average cladding residual ductility, and
(2) pronounced effects on statistical variation of RCT results. The limited cooling-
rate effect on residual ductility is due to the cooling-rate insensitive resulting phase
thicknesses and their oxygen contents, both of which dictate the level of cladding
residual ductility. Cooling rates affect both lamellar width and colony size, and o
incursion in prior-f phase. These microstructural characteristics affect statistical
variation of RCT results. Homogenizing prior-3 phase with finer lamellar structures
and reduced a incursion in prior-f phase, fast cooling (i.e., 25°C water quenching)
effectively reduces statistical variation of RCT results. this study confirms that
results of past post-LOCA cladding ductility assessments conducted irrespective of

quenching water temeprature can be used to support regulatory guidelines.
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¢ Effect of RCT strain rate
The prototypic range of strain rate (1.0 x 10~ — 6.0 x 10~ s™!) for RCT is confirmed

to yield ‘static’ tests that exhibit strain-insensitivity.

¢ Effect of RCT temperature

RCT temperature of 200°C showed enhanced ductility results in pre-hydrided
cladding, which opened up the possibility for the less strict ECR limit for the high-
burnup cladding.

* Effect of specimen length
Fixing the specimen length to 8mm was recommended, to get rid of the length effect

on the Weibull distribution and fracture probability.

Suggested LOCA experiment and RCT protocols in this study are shown in table 3-
7

Table 3-4. Suggested LOCA experiment and RCT protocols in this study

Suggested LOCA experiment protocols in this study

Value Physical validity

) Ductility changes with cooling
. . Address 0.5°C/s ~ direct o
Heating/cooling rate ) rate, LOCA situation have
quenching ) )
variety of cooling rates

To simulate realistic reflood

Quenching temperature 1200°C and 800°C o )
situation during LOCA
Either room temperature Thermal shock difference
Quenching water or exists, but limited influence
boiling water on residual ductility

Suggested Ring compression test protocols in this study

Strain rate 0.033mm/s Enough slow strain rate
Temperature after the
RCT temperature 135°C o
termination of LOCA
Specimen length 8mm Length should be fixed

70



Chapter 4. Embrittlement limit of pre-hydrided
ZIRLO and HANA claddings.
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4.1. Deriving embrittlement limit of pre-hydrided ZIRLO
and HANA claddings.

LOCA-simulating experiment following U.S.NRC protocols using pre-hydrided
ZIRLO and HANA specimen was done, to find ductile limit of both Zircaloy
cladding compositions. 30mm cladding was oxidized to several different ECR near
ductile ECR limit, and cooled with cooling rate of 2°C/s and quenched at 800°C.
After oxidation, cladding was cut into three 8mm specimen and conducted RCT at

135°C. All the results are shown in table 4-1.

Table 4-1. Ductile test results of different Hydrogen content and different ECR.

Each line indicates the average of three 8mm specimens.

Cladding Hydrogen WG- CP- Av. Offset Ductility
type Content(wppm) | ECR(%) | ECR(%) | strain(%) Assessment
- 18.91 19.02 293 Ductile
ZIRLO - 17.82 18.01 3.14 Ductile
- 17.05 17.03 5.72 Ductile
88.2 13.84 13.61 0.92 Brittle
88.2 11.56 11.73 0.45 Brittle
ZIRLO
108.9 10.47 10.17 7.5 Ductile
108.9 7.84 8.33 11.11 Ductile
191.2 11.08 11.04 0.48 Brittle
ZIRLO 191.2 10.03 10.05 1.31 Brittle
185.9 8.82 9.08 2.21 Ductile
389.1 7.21 7.36 3.19 Transitional
389.1 6.76 6.63 8.9 Ductile
ZIRLO
4223 6.36 5.9 9.24 Ductile
4223 5.49 5.28 13.83 Ductile
581.3 6.07 6.01 0.84 Brittle
ZIRLO 581.3 5.11 4.83 1.62 Brittle
630.1 3.84 3.76 241 Ductile
HANA - 19.13 19.02 2.84 Ductile
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- 17.63 18.01 3.04 Ductile
- 16.97 17.03 6.49 Ductile
48.7 14.6 14.9 1.1 Brittle
HANA
48.7 13.7 13.9 3.24 Ductile
148.8 11.8 13.18 0.48 Brittle
148.8 10.99 11.96 0.83 Brittle
HANA
158.1 10.23 10.82 0.82 Brittle
158.1 9.03 9.61 2.58 Ductile
230.6 10.96 11.23 0.31 Brittle
230.6 9.43 9.61 0.45 Brittle
HANA
257.3 8.16 7.80 1.34 Brittle
257.3 6.95 6.83 2.51 Ductile
618.8 7.71 7.10 0.57 Brittle
HANA 618.8 5.71 5.84 1.67 Brittle
572.7 5.09 4.62 2.04 Ductile

Ductile limit was constructed following the expreimental protocols of U.S.NRC.
Ductile limit was found between ductile-brittle or transitional-ductile specimen. For
example, specimen with Hydrogen content between 80wppm-120wppm was
regareded as 100wppm spcimen. By using brittle specimen of ECR 11.73%, average
offset strain 0.45%, and ductile specimen of ECR 10.17% and average offset strain
7.5%, we can derive ductile limit between two points, by using offset strain limit

suggested in NRC regulatory guide, as shown in fig. 4-1.
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Figure 4-1. Derived ductile ECR limit from RCT offset strain results of (a) SNU,
(b) CEA
Ductile limit points derived from RCT results are projected in fig. 4-2. As-received

cladding shows slightly enhanced ductile limit than NRC draft rule, but pre-hydrided
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cladding ranging from 50wppm to 250wppm shows clearly decreased ECR limit.
But again, Hydrogen content ranging from 400 to 600 shows good agreement with

NRC draft rule.

CEA has done post-LOCA ductility experiment of using pre-hydrided specimens. By
deriving the ductile ECR limits by CEA data, they showed similar results with SNU.
To explain the difference SNU/CEA and NRC data, experimental conditions of each

facility has been done, and shown in table 4-2.

Vpr——T T T T T T 1
18 ZIRLO(SNU) | ]
L HANA-6(SNU)| |
16 P o  M5(CEA) .

o D

14 b
124

10 |-

ECR (%)

100 200 300 400 500 600 700 800
H Content

o

Figure 4-2. Ductile limit derived from pre-hydrided ZIRLO, HANA cladding

Primary difference in three facilities were ramping and cooling rate. Since cooling
rate plays an important role in residual ductility of pre-hydrided cladding, slow
cooling rate of CEA can act as a function of increasing ductility. However, CEA data

has shown little difference with SNU data even though they had slower cooling rate.

Other difference in experimental conditions, such as ECR calculation, temperature

measurement, specimen length, ductility assessment criteria, seemed to be minor
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aspects in post-LOCA ductility compared with cooling rate.

This result of CEA implies that residual ductility of the cladding is not only affected
by the experimental conditions, but also other unexpected aspects can affect the

results.

Table 4-2. Comparison between different experiment facilities, ANL/CEA/SNU

ANL(NRC) CEA SNU
. . ZIRL
Cladding material IR Z?_/‘:VIS/ ZIRLO/M5 ZIRLO/HANA
Ram ping/ >20°C/s to 1200°C / | 40°C/s to 1200°C / | 30°C/s to 1200°C /
cooling rate 12°C/s to 800 0.4°C/s to 800°C 3°C/s to 800°C
LOCA . - . . -
. ECR calculation . cp Ec'.‘ Weight gain \ cp Ec'.‘
experiment integration integration
Temperature Attatched Attatched
Pyrometer
measurement Thermocouple Thermocouple
Crosshead speed 2mm/min 0.5mm/min 2mm/min
Temperature 135°C 135°C 135°C
RCT Specimen length 7-10mm 10mm 7-9mm

Specimen number 3EA per ECR 1EA per ECR 3EA per ECR

Ductile/Brittle 2% offset Ductile/Brittle
/Transitional strain /Transitional

Ductility assessment

h Rk B



4.2.

RCT in different temperature

This gap between NRC draft rule and derived limit of ZIRLO, HANA is not
ignorable, since this difference of ~ECR 3% at 200wppm indicates ~75seconds of
oxidation time. But this gap can also be explained by the RCT environment
temperature. Current RCT temperature of 135°C was selected by the fact that the
water temperature after the termination of LBLOCA is 135°C, in accordance with
core pressure of 3.2bar. But when core pressure is increased to 4.8bar, this RCT
temperature can be changed to 150°C. In this study, RCT temperature of 150°C,
170°C, 190°C was tried to find oth the temperature that can satisfy NRC draft rule.

Results are shown in table 4-3.

Table 4-3. Ductile test results of different Hydrogen content with embrittlement

limit ECR. Each line indicates the average of three 8mm specimens.

Cladding Hydrogen WG- CP- RCT Av. Offset Ductility
type Content(wppm) ECR(%) ECR(%) Temp(°C) strain(%) Assessment
150 2.04 Brittle
HANA 106.1 14.39 15.01 170 4.24 Ductile
190 11.72 Ductile
150 1.43 Brittle
HANA 188.5 11.39 12.03 170 3.17 Ductile
190 8.31 Ductile
150 0.28 Brittle
ZIRLO 251.8 10.00 10.55 170 1.23 Brittle
190 15.19 Ductile
150 0.55 Brittle
HANA 294.7 8.81 9.33 170 1.07 Brittle
190 2.83 Ductile

For each hydrogen content of 100wppm, 200wppm, 250wppm, 300wppm,
temperature satisfying NRC draft rule was drawn by comparing offset strain limit
and offset strain results by RCT(fig 4-3) at each temperature, as shown in Fig. 4-4.
Derived temperatures were 159°C for 100wppm, 164°C for 200wppm, 171°C for
250wppm, 185°C for 300wppm. Since 150°C indicates steam pressure of 4.8bar and

190°C indicates 12.5bar, the difference between 135°C and 190°C can be justified
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by the little core pressure difference. This results are shown in Fig 4-5.

(a) os r T T (b) 05 T ; T
—— 100wppm_150°C —— 200wppm_150°C
—— 100wppm_170°C —— 200wppm_170°C /
—— 100wppm_190°C /W —— 200wppm_190°C
04+ E
ﬁ/ 04k W 4
= o03f g
5 = 03 E
3 <
= =
2 o
8
S o0zf 1 3 oz2f 4
01 1 01 R
00 L : L : 00 L 1 . L
0.0 05 10 1.5 20 25 o 05 0 5 20 25

Displacement (mm) Displacement (mm)

(C) 08 (" 50mppm_150°C T (d) 08 T H ! !
—— 250wppm_170°C —— 300wppm_150°C
—— 250wppm_190°C —— 300wppm_170°C
—— 300wppm_190°C
0.4 - s 04 .
03 —~ 03 J
=z 3
g £
=1
E 02 B 3 02 4
L] 3
01 4 01k 4
00 1 | . L 00 | 1 | I
0.0 05 1.0 15 20 25 0.0 05 10 15 20 25
Displacement (mm) Displacement (mm)

Figure 4-3. 150°C, 170°C, 190°C temperature RCT results for (a) 100wppm, (b)
200wppm, (¢) 250wppm, (d) 300wppm
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4.3.

Conclusion

ECR limits of pre-hydrided ZIRLO, HANA cladding has been derived. Two different
composition of cladding had similar ductility limit, but this limit had a gap between
NRC draft rule between Hydrogen content SOwppm~250wppm. Definite cause for
this gap has not yet been clearly investigated, since CEA test results showed same

with SNU results. Nevertheless, it has two implications.

As-received specimen shows same ECR limit with NRC draft rule. For Cr-coated
cladding, which has little degradation during plant operation, this result can be used

as meaningful data when licensing purpose.

Pre-hydrided and oxidized specimen which has been brittle at 135°C was turned to
ductile when it became 160°C-185°C. Ductility of the cladding is significantly
affected by RCT environment temperature, and only 25°C-50°C difference has
shown to be enough temperature for cladding to be turned to ductile from brittle.
Again, regulatory body should have lenient attitude not only for cooling conditions,

but also other experimental conditions such as RCT temperature.
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Chapter 5. Summary of Conclusions
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5.1. Summary of conclusions

e Comparative study between Thermal shock fracture-based and Ductility-

based criteria, for high-burnup cladding has been conducted

Discrepancy between ductility-based and fracture-based ECCS criteria was
explained. During LOCA trainsient, reflood quenching and thermal shock occurs
rapidly so that slow hydrogen precipitation does not occur until the end of quenching.
Therefore, fracture-based ECCS criteria maintained same ECR level for high-burnup
claddings. Ductility-based criteria is based on ring compression test in 135°C and
cladding is embrittled due to the precipitation of hydrogen. Ductility-based ECCS
criteria could not maintain its embrittlement ECR level for high-burnup claddings.

It is worth noting that these differences in regulatory perspective have caused a big

difference in the cladding integrity assessment.

¢ Experimental protocols for ductility-based criteria has been revised

(DPre-quenching cooling rate

Effects of cooling rates and quenching temperatures on residual ductility of cladding
after LOCA were investigated. In LOCA situation, Cladding has different cooling
history by their axial location and accident scenario. This difference effects grain
growth and hydride size of the cladding, resulting the difference on residual ductility.
Since fast cooling rate has shown to lowering the cladding ductility, and it is hard to
control all the regulatory experiments in same manner, it seems that regulatory body

should have lenient attitude towards regulation
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(2 Cooling water temperature

Effects of cooling water temperature and according cooling rates on mechanical
behavior of steam-oxidized Zircaloy-4 have been systematically investigated.
Quenching water temperature have (1) limited effects on average cladding residual
ductility, and (2) pronounced effects on statistical variation of RCT results. Cooling
rates affect both lamellar width and colony size, and a incursion in prior-f3 phase.
These microstructural characteristics affect statistical variation of RCT results. This
study confirms that results of past post-LOCA cladding ductility assessments
conducted irrespective of quenching water temeprature can be used to support

regulatory guidelines.

(Effect of RCT strain rate
The prototypic range of strain rate (1.0 x 102 — 6.0 x 10~ s™!) for RCT is confirmed

to yield ‘static’ tests that exhibit strain-insensitivity.

@ Effect of RCT temperature

RCT temperature of 200°C showed enhanced ductility results in pre-hydrided
cladding, which opened up the possibility for the less strict ECR limit for the high-
burnup cladding.

(5Effect of specimen length

Fixing the specimen length to §mm was recommended, to get rid of the length effect

on the Weibull distribution and fracture probability.
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¢ Ductile ECR limits of pre-hydrided HANA and ZIRLO cladding has been

derived

ECR limits of pre-hydrided ZIRLO, HANA cladding has been derived. Two different
composition of cladding had similar ductility limit, but this limit had a gap between
NRC draft rule between Hydrogen content 50wppm~250wppm. Definite cause for
this gap has not yet been clearly investigated, since CEA test results showed same
with SNU results. As-received specimen shows same ECR limit with NRC draft rule.
For Cr-coated cladding, which has little degradation during plant operation, this
result can be used as meaningful data when licensing purpose. Pre-hydrided and
oxidized specimen which has been brittle at 135°C was turned to ductile when it
became 160°C-185°C. Ductility of the cladding is significantly affected by RCT
environment temperature, and only 25°C-50°C difference has shown to be enough
temperature for cladding to be turned to ductile from brittle. Again, regulatory body
should have lenient attitude not only for cooling conditions, but also other

experimental conditions such as RCT temperature.
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