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The QUENCH-19 experiment was a first-of-its-kind full-bundle test simulating accident conditions fol- 

lowed by water quench on accident-tolerant fuel (ATF) cladding. A type of FeCrAl(Y) alloy, B136Y3, was

developed at Oak Ridge National Laboratory and tested at the Karlsruhe Institute of Technology using

Kanthal APM corner rods, a shroud, and Kanthal AF spacer grids. Testing conditions were similar to those

in QUENCH-15—which tested ZIRLO cladding behavior—so that B136Y3 and ZIRLO cladding could be com- 

pared. QUENCH-19 consisted of an initial pre-oxidation heating followed by a transient. Then, a maximum

power hold, which was not present in QUENCH-15, was executed to extend the heating period for the

FeCrAl(Y) rods. Finally, a rapid water quench was executed that was similar to emergency core coolant

system (ECCS) actuation. Compared with the ZIRLO rods in QUENCH-15, the bundle in QUENCH-19 re- 

leased significantly less H 2 (9.2 g vs. 47.6 g) and achieved a much lower maximum temperature (1455 °C 
vs. 1880 °C). Furthermore, no breakaway oxidation was observed in QUENCH-19. Metallographic mounts 

revealed that despite the symmetry of the setup, at elevations near the maximum temperature, cladding

and thermocouples were heavily damaged, substantial melting and oxidation occurred, and the cladding

underwent chemical interaction with the thermocouple sheaths. Additionally, the ZrO 2 spacers detrimen- 

tally interacted with the cladding, leading to mixed oxide debris and the full destruction of some rods.

Additional failure was found in certain cooler rods that may have risen due to the high thermal expan- 

sion coefficient of FeCrAl alloys. This paper presents an analysis of this work, which suggests that Fe-

CrAl cladding can chemically survive anticipated loss-of-coolant accident events followed by rapid ECCS

quench if the correct geometry and core design are present.
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. Introduction

The QUENCH series of tests was originally designed to test the 

erformance of Zr-based alloys under accident conditions followed 

y a rapid water quench [1–8] . These tests revealed useful infor- 

ation about the release of H 2 and initial temperature increases 

s a function of a variety of parameters. As the industry has sought 

ore accident-tolerant fuels (ATF) since the Fukushima Daiichi ac- 

ident in 2011, materials such as SiC, FeCrAl, and Cr-coated Zr al- 

oys have gained increasing attention, partly because of their ex- 

ellent oxidation properties under accident scenarios [9–17] . Test- 

ng candidate ATF cladding materials under representative high- 

emperature steam oxidation conditions remains an important step 

n developing these materials, but experience has shown that ma- 
∗ Corresponding author.
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erial response to the transient oxidization conditions following 

mergency core coolant system (ECCS) actuation is more compli- 

ated to predict. 

Previous QUENCH tests [ 2 , 6 , 18 ] have shown that when quench-

ng from high temperatures, the sudden impact of water onto the 

ot rods can lead to a significant oxidation of the material that re- 

eases energy and H 2 , causing a temporary temperature escalation 

efore additional cold water reduces the temperature and mini- 

izes further oxidation. In Zr-based alloys, this temperature esca- 

ation can result in the partial melting of claddings, as reported 

or ZIRLO in QUENCH-15 [18] , or to oxide spalling (i.e., breakaway), 

s reported for the E-110 Zr alloy in QUENCH-12 [19] . To under- 

tand the thermal and chemical behavior of ATF cladding under 

uch accident conditions and to determine the microstructural ef- 

ects, QUENCH-19 was performed using an Oak Ridge National Lab- 

ratory (ORNL) FeCrAl alloy, B136Y3. 

This paper summarizes the QUENCH-19 test conditions and re- 

ults. Metallographic post-test examinations of the FeCrAl are pre- 



Fig. 1. Schematics of (a) the QUENCH test chamber and bundle assembly showing cooling lines and experiment gas flows and (b) simulant fuel rod. The Kr channel is shown

at the base of the rod diagram.
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ented and analyzed in the context of the response of a light-water 

eactor core using FeCrAl cladding to a loss-of-coolant accident 

LOCA) and ECCS quench. 

. Materials and methods

.1. Test configuration and materials 

The QUENCH-19 test was conducted in forced convection mode 

t the QUENCH facility, where Ar was combined with super-heated 

team at a specific rate through the bundle to simulate an LOCA. 

he mixture passed through the bottom of the bundle and out the 

op and was sampled by a Balzers GAM 300 quadrupole mass spec- 

rometer continuously throughout the test, see Fig. 1(a) . The mass 

pectrometer allowed the H 2 release rate to be determined. System 

bsolute pressure was maintained at approximately 0.2 MPa. 

The hydraulic diameter of the system was 12.27 mm, the grid 

itch was 12.6 mm, and the coolant channel area was 34.57 cm 

2 . 

ach rod was composed of central tungsten heating elements, 

024 mm long and 5 mm in diameter. Each tungsten segment was 

onnected to Mo heater rods that were coupled to Cu electrodes, 

s shown in Fig. 2 . 

During the test, heating was accomplished with an external DC 

ower supply. Eleven millimeter long, 5% yttria-stabilized zirconia 

nnular pellets with 8.6 mm outer diameters and 5.2 mm inner 

iameters were stacked around the tungsten heaters to serve as 

hermal surrogates for UO 2 fuel. Around these pellets was fixed 

 cold-drawn Fe bal Cr 13 Al 6.2 Y 0.03 C 0.01 cladding (i.e., B136Y3) from 

RNL. The cladding was 381 ± 9 μm thick and had an outer diam- 

ter of 9.52 ± 0.04 mm and an inner diameter of 8.76 ± 0.04 mm. 

imilar to the reference test, QUENCH-15, once the peak rod tem- 

erature reached 523 °C, the rods were filled with Kr to a pressure 

f 0.23 MPa. As in all previous bundle tests, ballooning and burst 

henomena were not modeled here, since the main goal was to 

tudy the effects of cladding oxidation. All rods were connected by 
as communication channels to a Kr reservoir. The common reser- 

oir made it possible to easily detect initial rod failure and the pro- 

ression of failure by observing Kr in the outlet gas stream. How- 

ver, this reservoir decreased the chance of cladding balloon and 

urst events. Additional tests which can evaluate balloon and burst 

re reserved for future work. 

In addition to the test rods, seven corner rods were installed in 

he system and labeled A–G. Their positions are shown in Fig. 2(a) . 

our of the corner rods—A, C, E, and G—were divided into two sec- 

ions. The top sections were made of solid 6 mm diameter Kan- 

hal APM (Fe bal Cr 22 Al 5.8 Si 0.7 Mn 0.4 C 0.08 ) rods, and the bottom sec- 

ions were 6 mm outer diameter Kanthal D tubes, each with a 

.4 mm wall thickness. The bottom tube sections were used for 

hermocouple instrumentation. Fully solid Kanthal APM rods B, D, 

nd F were used for oxide thickness measurements at three points 

uring the test, as in QUENCH-15 [ 2 , 8 , 18 ]. Rod B was withdrawn

fter the pre-oxidation, F was withdrawn after the transient, and 

 was withdrawn after the test. Solid rods were used for oxide 

hickness measurements as it maximizes the material available for 

xidation. In former QUENCH tests, thick oxide layers were formed 

n Zr-based rods [18] . Furthermore, oxidized solid rods are stiffer 

nd less prone to fracture than oxidized tubes, which is important 

hen they are pulled out of the bundle during the experiment. 

All rods were held in place by five spacer grids, as shown in 

ig. 1(b) . The low-temperature grid, a standard AREVA Inconel grid, 

as located at −200 mm (0 mm was defined as the bottom of the 

ungsten heater element), and the four grids in the heated section 

ere ORNL Kanthal AF grids. Besides friction with the spacer grids, 

xial motion of the rods was not constrained, similar to actual 

ommercial operation. The sliding contacts on each end of the rod 

rovided for any needed rod axial motion while allowing continu- 

us electrical contact to the tungsten surrogate heating elements. 

hese gold-plated contacts are a set of axial lamellas that perform 

 role similar to spring elements in spacer grids. During assem- 

ly, thermocouples on the test rods were welded on the test rod 



Fig. 2. (a) A generic cross section diagram shows the configuration of the rods and their labeling conventions together with the shroud, shroud insulation, and coolant

channel walls. Corner rods A, C, E, and G are shown as unshaded circles. The other three rods—B, D, and F—are shown as solid circles. (b) Axial thermocouple (TC) locations

on the cladding of the fuel simulant rods are shown between 650 and 1150 mm, which is the hot section of the test. A key differentiates between rods without TCs, with

TCs that provided data, and rods whose TCs failed before the test.
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ladding at the radial location farthest from the center of the bun- 

le. Thermocouples at and below 850 mm were inserted from the 

ase of the assembly, and the thermocouples above 850 mm were 

nserted from the top of the assembly. Thermocouple locations at 

ifferent bundle heights are shown in Fig. 2(b) . Some thermocou- 

les failed before the test and no data are available from them. 

owever, they are included because of interactions between ther- 

ocouple sheaths and the cladding. 

Two different thermocouples were used in this test. Ther- 

ocouples in the hottest section (i.e., above 550 mm) were 

5Re/W26Re, insulated by MgO, and sheathed with an American 

ron and Steel Institute (AISI) 304 stainless steel tube with an outer 

iameter of 2.4 mm and wall thickness of 500 μm. Below 550 mm 

nd for thermocouples outside of the shroud, NiCr/Ni thermocou- 

les with MgO insulation and sheathed with 1 mm diameter AISI 

04 stainless steel were used. Temperature, voltage, current, and 

ressure data were all collected at a rate of 1 Hz. 

A Kanthal APM shroud was placed around the bundle assembly. 

his shroud was surrounded by 34 mm of ZrO 2 fiber insulation. 

efore the test, the annulus was filled with Ar after repeated evac- 

ations to purge O 2 . During the test, a purge/refill system main- 

ained the pressure of the annulus at 0.23 MPa. A double-walled 

oolant channel was placed around the purge/refill system. Argon 
p

as continuously flowed through this channel from top to bottom 

o cool the test chamber exterior. Water was used as a coolant near 

he upper electrodes. This configuration is shown in Fig. 1(a) . 

.2. Test conditions 

Test conditions in QUENCH-19 were closely matched to those 

f QUENCH-15, in which ZIRLO cladding was tested with pre- 

xidation, a transient, and a water quench. Before the quench 

tage, steam and Ar were injected at a rate of 3.8 and 3.5 g/s, 

espectively. Inlet gas temperature, measured by NiCr/Ni thermo- 

ouples at the inlet, was about 370 °C at the start of the test and

ncreased to about 430 °C by the end of the pre-oxidation stage. 

UENCH-15 was also run with 3.5 g/s Ar; however, steam was in- 

ected at a slower 3.2–3.4 g/s and was constantly maintained at 

bout 450 °C at the inlet, 20–50 °C higher than QUENCH-19. The 

emperature was lower in QUENCH-19 because of a change in the 

re-heater design, which occurred after the QUENCH-15 test. Dur- 

ng pre-oxidation and the transient, the QUENCH-19 power profile 

irrored the QUENCH-15 power profile almost exactly at about 

1 kW for 6018 s, followed by a power transient that increased 

he power up to 18.3 kW over 1109 s. Unlike QUENCH-15, the 

ower was then held at 18.3 kW for 1973 s. ATF cladding is de- 



Fig. 3. Temperature and power profiles of QUENCH-19 and QUENCH-15 [18] as a function of test time. Electric power [kW] is shown on the y2 -axis, temperature [ °C] is

shown on the y -axis, and each section of the test is labeled and separated by dashed vertical lines. The power is similar for both tests, excepting the intentional hold period

for QUENCH-19. Maximum temperature in QUENCH-15 (at 950 mm) occurred due to strong oxidation during the transient and reflood, whereas the maximum of 1455 °C in
QUENCH-19 was achieved without significant oxidation. Adapted from J. Stuckert et al. [3] .
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igned specifically to provide additional response time in the event 

f an accident scenario. The additional power hold in QUENCH- 

9 simulated such an extended accident to evaluate the perfor- 

ance improvement that could be achieved over Zr-based alloys 

 14 , 20 , 21 ]. Finally, water was introduced at a rate of 48 g/s, similar

o QUENCH-15. 

.3. Post-test evaluation 

After the test, a videoscope was inserted into the assembly 

o take images of the resulting internal features. The entire as- 

embly was then embedded in Epotec 277 epoxy resin hard- 

ned by Epikure 350. Initially, the resulting epoxy had no cracks 

r pores, and it was cut at 16 mm intervals for polishing and 

icroscopy analysis. Because the epoxy was soft, mounts were 

laced in special holders during the polishing process. Despite 

hese precautions, some cracks did form during processing. Met- 

llographic mounts were then examined by scanning electron mi- 

roscopy (SEM) and energy-dispersive spectroscopy (EDS) on a 

ESCAN MIRA3 instrument at ORNL, and on a FEI XL40 SFEG in- 

trument at the Karlsruhe Institute of Technology (KIT). 

. Results

.1. Comparison of system performance in QUENCH-15 and 

UENCH-19 

Although the power profile and test geometries were nearly 

dentical for QUENCH-15 and QUENCH-19, as shown in Fig. 3 , some 

issimilarities existed. Section 2.2 notes that the inlet Ar/steam 

ixture in QUENCH-19 at the base of the bundle was cooler than 

n QUENCH-15 by up to 50 °C, although in the transient and hold 

tages the difference between QUENCH-15 and QUENCH-19 was 

nly about 20 °C. Additionally, the two tests differed in shroud 

oundary conditions. Though both were designed for a dry Ar at- 

osphere and ZrO 2 insulated shroud annulus, in QUENCH-19 the 

hroud insulation was compromised by steam or water ingress 

hrough a gap defect at the upper flange of the shroud, which oc- 

urred during pre-tests of the system. The temperature increase 

uring pre-oxidation led to boil-off of the ingress water, as found 

y temperature increases on the inner wall of the shroud. Boil-off

t different locations occurred at different times ranging from ap- 

roximately 20 0 0 s at 850 mm elevation to approximately 60 0 0 s

t 350 mm. This maintained the temperature of the shroud an- 

ulus near the boiling point of water, 125 °C at 0.23 MPa pressure 

22] , until after boil-off occurred, limiting initial thermal buildup

n the test during pre-oxidation.
Argon was periodically injected to the base of the shroud to 

ompensate for the loss of Ar and ingressed water as evaporated 

s steam during pre-oxidation. It was estimated that 320 g of wa- 

er was lost by evaporation during the test, 7300 g drained out of 

he annulus during test disassembly, and 400 g remained trapped 

n insulation pores after the test, as indicated by insulation weight. 

Thus, whereas the boundary conditions during the transient, 

old, and quench portions of the test were similar to those of 

UENCH-15, during pre-oxidation the QUENCH-19 test was not 

s well insulated, leading to lower heat retention. Consequently, 

UENCH-19 was observed to have a greater radial heat distribution 

rom the bundle center to exterior than QUENCH-15 (about 165 °C, 

ompared to about 120 °C in QUENCH-15) during pre-oxidation, see 

ig. 4 and Stuckert et al. [ 2 , 18 ]. 

In addition to this, FeCrAl alloy cladding, as currently planned, 

ill require a larger fuel pellet and thinner cladding than cur- 

ently used with conventional Zr-based cladding. As such, the ZrO 2 

ellets in this work were slightly larger (OD = 8.6 mm) than in 

UENCH-15 (OD = 8.2 mm). The combined effects of all factors 

elated to geometry, boundary conditions, and cladding oxidation 

ifferences resulted in differences in bundle behavior during the 

re-oxidation stage of the test. During pre-oxidation, the tempera- 

ure in QUENCH-15 increased to around 1200 °C after about 2500 s. 

UENCH-19, by contrast, reached a lower peak pre-oxidation tem- 

erature of about 10 0 0 °C over a longer 3500 s. 

Some of this temperature difference undoubtedly relates to 

he faster oxidation rate of ZIRLO compared to that of Fe- 

rAl [ 9 , 14 , 23 , 24 ]. However, this is not expected to account for

he significant temperature differential between QUENCH-15 and 

UENCH-19. The amount of electrical energy added during pre- 

xidation was 64 MJ in both tests, compared to only about 3.5 

J of energy by oxidation of the cladding in QUENCH-15 [18] . En- 

rgy released by oxidation in QUENCH-19 was significantly lower, 

s indicated by substantially less hydrogen released during pre- 

xidation, see Section 3.3 . 

.2. Thermal history at 650–1150 mm 

The hottest recorded temperatures are observed at 850 mm in 

UENCH-19 and rather at 950 mm in QUENCH-15, and plotted in 

igs. 3 and 4 . Fig. 4 shows data from thermocouples that were 

vailable. Thermocouples were labeled as either interior (“I,” cor- 

esponding to rods 1–4), middle (“M,” corresponding to rods 5–

6), or external (“E,” corresponding to rods 17–24). Elevations are 

hown at 650–850 mm in Fig. 4 (a), 950 mm in Fig. 4 (b), and 1050–

150 mm in Fig. 4 (c). Above and below these elevations, thermo- 



Fig. 4. Thermocouple readouts from QUENCH-19 across the elevation ranges (a) 650–850 mm, (b) 950 mm, and (c) 1050–1150 mm. (d), (e) and (f) show higher magnifications

of the hold and quench portions of the test at the elevations in (a), (b), and (c), respectively. Each key entry includes a rod locator designation “(X),” where X is I, M, or E

(representing one of the internal rods [#1–4], one of the midrange rods [#5–16], or one of the exterior rods [#17–24], respectively). Three ranges—pre-oxidation, transient,

and hold—are identified and separated by dashed vertical lines on the plot and a rod diagram above the plot correlates shows the different regions, (I, M, and E) with the

same colors as on the graphs.
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ouple readings were lower, as shown in Fig. 4 for elevations from 

50 to 1050 mm. 

However, a few caveats must be noted. First, as shown in 

ig. 1(b) , several thermocouples failed before the test began, pre- 

enting data from being collected at 750 mm and limiting available 

ata at 950 mm. This includes one of the interior rod thermocou- 

les at 950 mm, leaving only a single interior rod thermocouple 

n rod 1 at 950 mm. In addition, some of the remaining thermo- 

ouples also failed near the end of the hold period of the test, as 

hown in Fig. 4 (d–f), which show only the hold and quench por- 

ions of the test at the same elevations as those in Fig. 4 (a–c), re-

pectively. As shown in Fig. 4 (d) and (e), three of the four thermo-

ouples at 950 mm elevation and at 850 mm the rod 2 thermocou- 

le failed just before the quench portion of the test. Therefore, it 

s possible that temperatures were higher at the conclusion of the 

est than measured, particularly in the center of the bundle and at 

50 mm. 

Second, the maximum stable temperature reported was 1455 °C 

t 850 mm on rod 2, as shown in Fig. 4 (a). Although this was

he maximum consistent temperature, an exterior thermocouple 

n rod 17 at 950 mm survived to the end of the test and reported
 single-point maximum of about 1520 °C, which is significantly 

igher than the 1455 °C reported stable maximum. However, the 

520 °C reading is considered to be instrumental error because the 

hermocouple reported such a high temperature only once. The re- 

orted temperatures one second before and after the 1520 °C read- 

ng were about 200 and 150 °C lower, respectively. It is unlikely 

hat the thermocouple would have heated 200 °C in one second 

nd cooled by 150 °C in the next second. 

With these caveats in mind, the temperature profiles in 

ig. 4 show important features of the QUENCH-19 test. Fig. 4 (a) 

nd (d) show pre-hold partial similarity between the 650 mm and 

50 mm elevations. In particular, the 650 mm thermocouple on 

od 6 was within approximately 50 °C of the similarly placed rod 

6 at 850 mm until after the hold. After the hold, the 850 mm 

hermocouple increased to approximately 100 °C hotter than the 

50 mm thermocouple. However, on the other side of the bun- 

le, external rod 22 at 850 mm was measured to have consis- 

ently higher temperatures than rod 16 at 850 mm. After the hold, 

he temperature of rod 22 at 850 mm increased to approximately 

50 °C hotter than rod 16. Furthermore, rod 8, a mid-range rod 

bout one-fourth turn from both rods 22 and 16, had an almost 



Fig. 5. Hydrogen generation rates in the QUENCH-19 test. Full test period showing instantaneous release, excluding the production spike (y-axis), and cumulative produced

H 2 (second y-axis).
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dentical temperature profile to the internal rod 2 at 850 mm. The 

emperatures of rods 2 and 16 consistently tracked with the other 

50 mm rods by 10 0–20 0 °C, except after the hold when the tem-

erature of external rod 22 increased to be nearly identical to the 

emperatures of rods 16 and 2. 

Similar thermal asymmetry was observed at other elevations. 

s shown in Fig. 4 (b) and (e), at 950 mm, external rods 17 and

1, again on opposite sides of the bundle, differed by about 100–

00 °C until after the transient, when rod 21’s temperature in- 

reased rapidly and the thermocouple failed before the quench. 

od 17, by contrast, maintained a similar temperature to the in- 

ernal and mid-range rods at 950 mm. Despite the single-point 

emperature spike previously discussed, rod 17 also remained fairly 

table and survived the entire test. Thermocouples on rods 1 and 

5 tracked closely throughout the test. 

At 1050 mm, as shown in Fig. 4 (c) and (f), thermal asymmetry 

as less pronounced. Similarly situated rods had similar tempera- 

ures and exhibited the expected trend toward lower temperatures 

arther from the center. Moreover, an important thermal spike was 

resent at 1050 and 1150 mm. The thermocouples reporting this 

pike survived until the end of the test, whereas at the same time 

n the experiment (i.e., 90 0 0–910 0 s), many of the thermocouples 

t the 850 and 950 mm hot zones failed, potentially because of 

 similar temperature spike. Both the late-hold thermal spike and 

hermal asymmetry in the bundle are attributed to thermocouple 

heath interactions, as discussed in Sections 3.3 and 3.4 . 

.3. Hydrogen release 

QUENCH-15 resulted in a bimodal release of H 2 , where half of 

he 47.6 g total H 2 was slowly released during the pre-oxidation 

tage, the transient resulted in rapid release of 16.6 g of additional 

 2 , and the final 7.7 g of H 2 was released during the quench stage

18] . QUENCH-19’s H 2 release is shown in Fig. 5 . The log 10 curve

f instantaneous hydrogen release rate is shown on the y-axis of
ig. 5 and the cumulative hydrogen release is provided on the sec- 

nd y-axis. 

During pre-oxidation, a small amount of H 2 , 0.3 g, was pro- 

uced, as shown in Fig. 5 . Initial H 2 release followed by a plateau 

t 10 0 0 s indicates stable passivation behavior. During the tran- 

ient, H 2 production increased significantly above pre-oxidation 

evels. However, by the end of the transient, only 0.1 g of addi- 

ional H 2 had been produced. During the hold, the H 2 release rate 

ncreased linearly from around 0.2 mg/s at the start of the hold to 

bout 5 mg/s by 1600 s into the hold. At the end of the transient,

he QUENCH-19 bundle had produced less than 1% of the 47.6 g of 

 2 produced during QUENCH-15. The release rate then increased 

ore quickly to about 25 mg/s at the start of the quench, at which 

oint a large spike in H 2 production occurred. Rapid increase in 

he H 2 production rate has been observed when the Al 2 O 3 layer 

ecomes unstable and is no longer protective of the underlying Fe- 

rAl alloy [ 25 , 26 ]. 

During the hold period, the rate of change of H 2 production in- 

reased as the FeCrAl cladding began to fail in the hottest sections 

f the bundle and in places where thermocouple sheaths reacted 

ith the cladding, as described in Section 3.4 . Thus, the combined 

 2 production during the hold was 7.4 g. Almost all the remaining 

.4 g of H 2 produced during the quench was produced over an ap- 

roximately 10 s spike, leading to a total of 9.2 g of H 2 produced

hroughout the test. This total release is about 20% of the total 47.6 

 H 2 release in QUENCH-15, despite the extra 20 0 0s of peak heat- 

ng. Based on analysis of the thermocouple sheath interactions, ap- 

roximately 2 g of overall released H 2 was attributed to oxidation 

f the thermocouple sheaths rather than to the FeCrAl cladding. 

.4. Morphological evaluations 

.4.1. Inspection of corner rods and visual examination of bundle 

eriphery before sectioning 

Oxidation was measured on the three withdrawn Kanthal cor- 

er rods. Rods B, F, and D were withdrawn at the end of the 



Fig. 6. Videoscope images of the interior of the bundle periphery after the test at (a) and (b) 10 0 0 mm and (c) and (d) 950 mm. A rod numbering diagram at each location

from Fig. 1(b) is shown to indicate the position of thermocouple sheaths and rods. White pellets are exposed ZrO 2 pellets.
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re-oxidation, transient, and quench stages, respectively. Each was 

ound to have only slight oxidation of < 1 μm. A videoscope, in- 

erted post-test into the bundle on its periphery, showed several 

eatures at the 950 and 10 0 0 mm elevations. As shown in Fig. 6 , at

he examined elevations, significant melt formation was observed 

hat exposed the underlying ZrO 2 pellets and tungsten heater rods. 

ach of the melt locations correlated with a thermocouple place- 

ent. Other images, such as Fig. 6(c) , showed cladding gaps, where 

he cladding is absent but no melt formation, extensive oxidation, 

r attack of the ZrO 2 pellets is evident. Similar gaps were not ob- 

erved in the comparator test, QUENCH-15, with Zr-based alloys 

 2 , 18 ]. The higher thermal expansion of FeCrAl compared to Zr- 

ased alloys [27] may have led to fracturing of the rods during the 

apid quench process. 

AISI 304 steel has a melting temperature between 1400 and 

450 °C, which is the temperature range achieved by the highest 

emperature rods. Melted sheaths attacked the FeCrAl cladding and 

ed to significant oxidation and partial dissolution. The most likely 

echanism for such attack is the diffusion of alloying elements of 

he 304 steel with the FeCrAl alloy. Changing the alloys composi- 

ion could then lead to alteration of oxidation behavior and melt- 

ng temperature [28] . The cladding completely melted and oxidized 

n the inner rods at 950 mm. 

.4.2. Metallographic examinations of interior rods 

Fig. 7 shows back-scattered electron (BSE) images of the full rod 

ross sections for rods 3 and 4. Although these rods were nom- 

nally exposed to the same conditions because of the symmetry 

f the system, they showed significantly different microstructures. 

t 750 mm, rod 4 looked pristine on both sides of the cladding, 

hereas the cladding of rod 3 was significantly thinned and the 

ladding–pellet gap was filled with oxidized cladding melt. Inter- 

stingly, the inverse was true at 850 mm; rod 3 appeared pristine 

ith no damage to either the ZrO 2 or cladding, whereas damage 

as present on the interior of the cladding and in one place on the 

xterior of the cladding of rod 4. At 950 mm, claddings and pellets 

f both rods were destroyed. Moreover, the damage at 950 mm 

as so extensive that only small pieces of pellet and cladding were 

eft, and rod 4’s pellet had become extremely porous with a fully 

xidized cladding nearby. 
Figs. 8 and 9 show SEM imaging and EDS spectra of rod 3 

ladding and different portions of the rod 3 cladding attack of the 

rO 2 . The SEM/EDS analyses in both figures were performed on a 

etallographic slice at 850 mm that was taken from the other side 

f the cut in Fig. 7 (i.e., the image was taken from the opposite sur-

ace along the cut line). An intact portion of the cladding is shown 

n Fig. 8 , and a heavily oxidized portion is shown in Fig. 9 . The in-

act cladding is revealed to have a thin (i.e., < 3 μm) Al 2 O 3 layer,

imilar to other observed intact cladding throughout the bundle. 

ig. 9 shows an area of the same rod section from which Fig. 8 was

aken, but Fig. 9 shows only heavily oxidized cladding that had 

used to the underlying ZrO 2 pellet. 

As shown in Fig. 9 , the bulk of the cladding remnant was mixed 

xide. In some areas, such as the interface imaged in Fig. 9 , the

ladding was composed of metallic iron. In most areas examined, 

he cladding remnant looked similar to Fig. 9(c) , where precipitates 

f Cr and Al oxides were distributed into the matrix of the frozen 

eO melt, which formed at temperatures above 1380 °C. Where not 

ristine, the ZrO 2 pellets contained a significant amount of FeO in- 

erspersed among ZrO 2 crystallites with a large amount of porosity, 

ee Fig. 9(a) . It is not clear whether porosity was caused by metal-

ographic processing or test conditions. Although the latter seems 

ore likely given the metallographic features observed within the 

rO 2 , some grain clusters were observed to fall out during grind- 

ng and polishing. On the internal portion of the cladding, some 

reas were heavily damaged between the residual metal cladding 

nd pellet, as shown at low magnification in Fig. 7 on rod 3 at

50 mm. One such area is shown in Fig. 10 for a middle rod, rod

6, at 850 mm. Fig. 10(a) shows an SE image of internal cladding 

ttack. The unreacted portion of the cladding is shown at the bot- 

om of Fig. 10(a) . Above the cladding is a complex oxide mixture 

ontaining FeO, Cr 2 O 3 , and Al 2 O 3 . Fig. 10(b) shows an O K α map

f the same region, and metallic oxides are revealed in Fig. 10(c) , 

hich shows a layered EDS map of Fe, Cr, and Al. The ZrO 2 pel-

et is above the complex oxide mixture, out of the image frame. 

he interior, damaged rod cladding and pellet showed similar mi- 

rostructure wherever the damaged cladding appeared. 

Fig. 11 shows the beginning phase of damage to ZrO 2 pellets; 

E imaging is shown in addition to BSE imaging for three of the 

nternal rods at 750 mm. For all rods examined, damage that oc- 

urred during the beginning phase consisted of heavy oxidation of 



Fig. 7. Low-magnification BSE images of rods 3 (top row) and 4 (bottom row) at 750, 850, and 950 mm (columns 1-3, respectively). A rod diagram to the left shows the

locations of rods 3 and 4 within the bundle with a black box.

Fig. 8. SEM/EDS analysis of an intact (unreacted) portion of the rod 3 cladding at ∼855 mm. A lower magnification image of the entire cladding (b) shows two colored boxes 

corresponding to (a) and (c) on the left and right of (b), respectively. The blue (a) and red (c) boxes show inner and outer cladding edges, respectively, revealing a protective

alumina layer on the exterior, as well as a partially attacked alumina layer on the interior where cladding melt relocation had mixed with the alumina layer.
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he cladding interior, caused by direct melting and oxidation of the 

ladding or by the effects of melt flows from higher elevations in- 

eracting with pellets at lower elevations. SE imaging revealed lo- 

ations of damage on ZrO 2 pellets, as a contrast, change because of 

educed charging where Fe was incorporated into the ZrO 2 . On rod 

 at 750 mm, shown in Fig. 11 (a) and (b), about three-quarters of

he pellets showed signs of attack consistent with a similar amount 

f internal damage to the cladding. However, not all internal rods 

howed internal attack. Rod 3, shown in Fig. 11 (c) and (d), showed 

ore extensive internal attack and cladding thinning than rod 1, 

hereas rod 4, shown in Fig. 11 (e) and (f), appeared pristine. In- 

erestingly, a thermocouple sheath was present at the top left of 

od 1 (called out in Fig. 11 b), but no external attack of the cladding

as identified, implying that the temperature at 750 mm did not 

each the failure temperature of the thermocouples. 

At 850 mm, as shown in Figs. 7 and 12 , the damage was more

eterogeneous. Rods 1, 3, and 4 showed little or no damage. How- 

ver, rod 2, shown in Fig. 12 (c) and (d), lost its pellet and cladding.

nly a small portion of the pellet and the remnant of oxidized 
ladding was identified, and the resulting fused piece was dis- 

laced from the tungsten element. As shown in Fig. 1(b) , a ther- 

ocouple was welded at 850 mm. This thermocouple failed about 

00 s before the quench step and reached the reported bundle 

aximum temperature of 1455 °C before failure. 

Finally, at the highest elevation examined, 950 mm, the 

ladding was partially to heavily relocated, and the pellet was 

ade weak, porous, and in some cases fully destroyed. The two 

nternal rods not shown here (rods 3 and 4) had similar morphol- 

gy to Fig. 7 . This was the case independent of the placement of 

hermocouples, which were present on rods 1 and 3. 

.4.3. Metallographic examination of midrange and exterior rods 

Middle rods (5–16) and exterior rods (17–24) showed morpho- 

ogical features similar to those of the interior rods at each ele- 

ation, although in general less damage occurred farther from the 

enter. Most rods were at least partially intact, and a thin oxide 

n intact cladding was observed, implying adequate protection of 

he cladding in these regions. On defected and destroyed regions, 



Fig. 9. SEM/EDS analysis of rod 3 at 850 mm elevation showing interaction of molten oxide melt with pellet. (b) shows a low-magnification secondary electron (SE) image

of the fully oxidized cladding fused to the underlying ZrO 2 pellet. (a), which corresponds to the blue box in (b), shows a higher-magnification image of the interface between

the pellet and cladding oxides. (c), which corresponds to the red box in (b), is a high-magnification image of the bulk cladding oxide. Four EDS spectra are also presented,

showing the elemental compositions of primary constituent regions.

Fig. 10. Localized internal oxidation of rod 16 at 850 mm. Cr 2 O 3 , FeO, and Al 2 O 3 oxides were all identified in distinct phases and dendrites at different regions from the

cladding surface.
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emnant cladding and pellets were similar to the oxides shown in 

ig. 9 . 

As with the internal rods, middle and external rods at 750 mm 

ere found to be intact (see Figs. 13–15 ) with only a few iso-

ated instances of significant oxidation, such as in rod 14 shown 

n Fig. 14 . As shown in Fig. 1(b) , rods 6 and 8 were placed next to

od 1, where a thermocouple was initially welded. As with internal 

od 1, the presence of a thermocouple sheath near rods 6 and 8 

ppeared not to affect their cladding. 

However, at 850 mm, significant chemical attack of the rods 

as evident. Fig. 13 shows the impact of thermocouple location on 

hemical attack. Whereas interior rod 2 was fully destroyed where 

ttached to a thermocouple, at the mid-range rod 8 (and for the 
imilarly placed exterior rod 19, shown in Fig. 17 ) the presence of 

 thermocouple sheath adjacent to the rod led to attack and failure 

f the rod local only to the location of the thermocouple. 

The same rods 6 and 8 at 950 mm were also affected by 

hermocouple placement. Rod 6, shown in Fig. 13 , did not con- 

act the thermocouple at rod 1. Regardless, about one-third of the 

ladding in the direction of the thermocouple was destroyed, and 

he other portion was left intact. Importantly, the bottom right of 

hat cladding, facing inward toward the center of the core, was left 

ntact. Rod 8 was similarly damaged. 

Rods 14 and 16, shown in Fig. 14 , showed less damage related 

o thermocouple placement, in contrast to rods 6 and 8; both 14 

nd 16 were pristine and 750 mm and 850 mm. At 950 mm with 



Fig. 11. Low-magnification SE (a, c, e) and BSE (b, d, f) images of rods 1, 3, and 4 at 750 mm.
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 thermocouple sheaths in proximity to rod 16, no damage was 

vident on rod 16. However, on rod 14 the entire rod was heavily 

amaged at 950 mm. As noted in Fig. 2(b) , at 950 mm, the interior

od 3 thermocouple, which failed prior to the test, was in prox- 

mity to rod 14 and the higher temperature of the interior rods 

ay have led to the additional damage on rod 14. In contrast, the 

iddle and exterior rod thermocouples surrounding rod 16 were 

ufficiently cool to prevent thermocouple attack on rod 16. 

Again, a thermocouple sheath was present running up to 

50 mm at rod 22, yet no damage was observed, implying that 

hermocouple-related attack temperatures were not reached at 

50 mm. Damage was observed, however, with increasing eleva- 

ion. At 850 mm, shown in Fig. 16 , the presence of thermocouple 

heaths strongly correlated to attack on rods 21, 19, and 22. How- 

ver, rod 17, where no thermocouple was placed, was left pristine, 

nd damage on rods 19 and 21 was limited to the locations of 

he thermocouples and nearby cladding region. However, rod 22’s 

ladding fully disappeared, but with only a small portion of the 

nderlying ZrO 2 exhibiting damage on the top right. It is possible 

hat rapid quenching of the bundle led to local failure of the rod 

ue to a high coefficient of thermal expansion [27] , rather than 

xidation or melt-formation attack. At 950 mm, shown in Fig. 17 , 
n
he morphology was similar to the morphology at 850 mm. Rod 17 

as missing the cladding but no evidence of ZrO 2 attack was seen, 

mplying rapid mechanical failure of the cladding in that position. 

ithin the mount itself, some cladding was visually observed, al- 

hough it did not protrude from the surface of the epoxy. Rods 19 

nd 21 showed extensive attack. Rod 19 did not have a thermo- 

ouple next to it, but it is possible that heating from the melt and 

ubsequent oxidation of the thermocouple sheath going down to 

50 mm led to attack on rod 19. The mixed oxide debris on rod 

9 is focused in the direction of the rod 8 thermocouple. On rod 

1, the entire cladding was missing, and three-quarters of the ZrO 2 

ellet was damaged, with some cladding remnant oxide fused to it. 

od 21 was originally connected to a thermocouple, which failed 

ear the end of the hold portion of the test. 

. Discussion

Of the various differences between this test and QUENCH-15, 

wo are most relevant to the results of this test. First, prior to the 

est and through much of the pre-oxidation stage, the shroud an- 

ulus was at least partially filled with water. Second, the thermo- 



Fig. 12. Low magnification SE and BSE images of rods 1 (a, b), and2 (c, d) at 850 mm. In (c) and (d), the rod was fully destroyed.

Fig. 13. Low-magnification BSE images of rods 6 (top row) and 8 (bottom row) at 750, 850, and 950 mm (columns 1-3, respectively). A rod diagram is shown on the left of

the figure with a black box around rods 6 and 8.
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ouple sheath materials interacted significantly with the cladding 

aterials at the hottest locations. 

The first of these was a major divergence from the QUENCH-15 

oundary condition. By reducing the shroud wall temperature, this 

ivergence from planned behavior had the potential to impact the 

est by reducing the heating during pre-oxidation, thereby reduc- 

ng the overall temperature of the rods during the transient and 

old portions of the test. However, this concern can be dismissed 

y considering the H 2 release rate and temperature profiles during 
re-oxidation, shown in Fig. 5 and Fig. 3 , respectively. Compared 

o QUENCH-15, the pre-oxidation curve for QUENCH-19 is approx- 

mately 200 °C cooler both as the rods were heating up and at the 

nset of the transient. In QUENCH-15, after the initial pre-oxidation 

as complete, the maximum temperature profile reached a near- 

teady value and even decreased slightly until the onset of the 

ransient. Despite the delayed heating of the shroud wall due to 

ater retention in QUENCH-19, similar thermal behavior was seen 

t the 850 mm elevation. Whereas initial heating was slower than 



Fig. 14. BSE images of rods 14 (top row) and 16 (bottom row) at 750, 850, and 950 mm (columns 1-3, respectively). External rod morphology is shown in Fig. 15 –Fig. 17 .

At 750 mm, these external rods were found to contain metal shavings (for example, Fig. 15 (d) at the top of the image between the cladding and ZrO 2 , where no damage

is observable, but metal shavings are present) but were otherwise pristine. Shavings were found to be unoxidized and were attributed to the cutting and polishing process,

rather than a feature of the experiment. After polishing, the epoxy was observed to have partially cracked in some areas and separated from the edges of some of the

cladding, providing some space for shavings to have deposited during the grinding/polishing process.

Fig. 15. BSE images of the external rods 17, 19, 22, and 23 at 750 mm. Black boxes in the rod diagram at the top of the figure show the locations of the rods.
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n QUENCH-15 and the shroud at 850 mm did not increase in tem- 

erature until over 20 0 0 s, the power profile in QUENCH-19 closely 

pproximated the temperature profile for approximately 1500 s of 

he 6,0 0 0 s pre-oxidation, as shown in Fig. 3 . In addition, the in-

tantaneous H 2 release rate, shown in Fig. 5 , increased until around 

500 s and then declined to a steady level through the rest of 

he pre-oxidation, similarly to the instantaneous H 2 release rate in 

UENCH-15 [18] . Both of these features are similar in kind to pre- 

xidation behavior in QUENCH-15 and indicate the formation of a 

table oxide film and heat transfer equilibrium. 
Secondly, in addition to electrical power through the tungsten 

eaters, the rod temperature is also a function of the heat released 

uring formation of the oxides during pre-oxidation, which will be 

arried off in the hydrogen gas and deposited on the cladding tube 

alls. By analyzing the amount of H 2 released during pre-oxidation 

f QUENCH-15, it is estimated that pre-oxidation produced about 

.5 MJ. However, this is only just over 5% of the pre-oxidation elec- 

rical input energy. Naturally, oxidation-induced heating is local- 

zed, rather than spread uniformly over the entire rod length the 

ay electrical heating is fairly uniform. However, during the pre- 



Fig. 16. BSE images of the external rods 19, 17, 21, and 22 at 850 mm. Black boxes in the rod diagram at the top of the figure show the locations of the rods.

Fig. 17. BSE images of the external rods 17, 19, 21, and 23 at 950 mm. Black boxes in the rod diagram at the top of the figure show the locations of the rods.
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xidation stage the oxidation was well distributed over the heated 

ength of the rod [18] , reducing the likelihood of significant lo- 

alized heat buildup. As a result, the temperature differential be- 

ween QUENCH-15 and QUENCH-19 at the beginning of the tran- 

ient was likely related to the material system itself, in particular 

o the much thicker (i.e., up to a few hundred micrometers) oxide 

hat formed on ZIRLO during the QUENCH-15 test, rather than the 

re-oxidation boundary condition. 

The second test divergence relates to the thermocouple sheath 

aterials, which played a critical role in the test behavior. Failure 
f the sheath and associated thermocouples in the hottest regions 

f the bundle prevented additional temperature collection at those 

oints. If further increases in temperature occurred after thermo- 

ouple failure, those temperature transients were not recorded. Al- 

hough similar sheath melting occurred at the end of the QUENCH- 

5 test, the ZIRLO cladding and sheath material had dissimilar 

elting temperatures and no interaction was observed between 

hem. This was due, in part, to the few-hundred-micrometer-thick 

xide separating the ZIRLO and sheath materials. By contrast, in 

UENCH-19 all thermocouples were welded to the cladding walls, 
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liminating any oxidation barrier to interaction. In the hottest el- 

vations of the test, 850 and 950 mm, thermocouple sheaths re- 

cted aggressively with the FeCrAl cladding, leading to extensive 

elt formation and subsequent oxidation, as well as to degrada- 

ion of the ZrO 2 pellets. This behavior is similar to previously ob- 

erved attack of UO 2 by FeO [29].  Additionally, some of this mel

owed down to lower elevations, causing thinning of the cladding 

all. 

This type of sheath-cladding melt and oxidation behavior was 

mplicated in almost all the oxidation damage in the QUENCH-19 

est, most notably for the 850 mm internal rods and the middle 

nd external rods at 950 mm, where location relative to thermo- 

ouples was the determining factor in cladding failure. However, 

hermocouples were not exclusively implicated in rod degradation 

n the bundle center at 950 mm. Two thermocouples were initially 

laced centrally at 950 mm, but all four rods were also heavily 

xidized. In addition to the rods in direct contact with thermocou- 

le sheaths (rods 1 and 3), rod 2 was connected to a thermocou- 

le at 850 mm, and there may have been enough energy gener- 

ted by the sheath–cladding interactions and oxidation to facilitate 

amage at the 950 mm elevation. Rapid high-temperature oxida- 

ion has previously been reported for FeCrAl alloys [ 23,  25 ]. If rod

 was not affected by the melt-oxidation behavior around it, then 

he full destruction of the rod 4 cladding (see Fig. 7)  may have

een due exclusively to a higher-than-recorded temperature occur- 

ing in the bundle center. In this event, the temperature likely ex- 

eeded 1500° C at 950 mm in the bundle center. It is not clear 

hether such a temperature spike would have occurred without 

he heating from the sheath-cladding melt and oxidation process. 

owever, the clear thermal asymmetry in the bundle in addition to 

he significant amount of estimated H 2 produced by the thermo- 

ouple sheath melting and oxidation ( ∼20% of the total QUENCH- 

9 amount) suggests that the adverse thermocouple behavior may 

ave added significant heat. 

Additionally, H 2 release was found to be minimal. For the en- 

irety of the test, only 9.2 g of H 2 was produced: 0.3 g during

re-oxidation, 0.1 g during the transient, 7.4 g during the hold pe- 

iod, and 1.4 g during quench. This release is only about 20% of the 

otal release during QUENCH-15, which totaled 47.6 g H 2 : 23.3 g 

uring pre-oxidation, 16.6 g during the transient, 7.7 g during 

uench. These numbers are clearly reflected in very thin oxides in 

UENCH-19, excepting regions highly damaged by the thermocou- 

le sheath-cladding reactions. As shown in Fig. 5,  H 2 release took a

ew hundred seconds to increase once the transient started. The re- 

ease rate steadily increased until it began to increase more rapidly 

t about 80 0 0 s and about 8740 s. These increases are likely the re- 

ult of two phenomena. First, above 1300° C the Al 2 O 3 layer is me- 

hanically destabilized, allowing greater steam access to the sur- 

ace and thus faster corrosion as the oxide layer is rebuilt and 

ventually spalls [26].  Because the entire bundle does not reach

300° C at the same time, around 7,800 s the H 2 generation rate 

ncreased and finally transitioned to the second regime by about 

200 s. The second regime occurred more abruptly and likely cor- 

esponded to the onset of thermocouple sheath and cladding in- 

eractions. Because of thermal variations in the bundle, not all 

hermocouples that failed did so immediately, but the first fail- 

re at 950 mm on rod 1 coincided almost exactly with the sec- 

nd increase in the H 2 generation rate. It is possible that this 

econd transition region would have occurred without the influ- 

nce of thermocouples [ 23,  25,  26 ]. However, its impact would hav

een reduced because the FeCrAl would have been deprived of a 

econdary heat source: the heat of oxidation of the thermocou- 

le sheath materials and sheath-cladding melt mixtures. Together 

ith the higher melting point of B136Y3, the H 2 production would 

ave been limited. If this second increase in gas rate had not oc- 
urred, then an additional few grams of H 2 release would have 

een avoided. 

Nevertheless, it cannot be completely ruled out that an iron (II) 

xide melt, FeO, formed without the influence of thermocouples. 

t may have formed because of the interaction of steam with the 

uter cladding surface after the destruction of the alumina layer 

30] . The other explanation could be the observed mechanically

nduced cracking and loss of the cladding material (for example

n Fig. 7 a), which allow steam to penetrate into the gaps between

he pellet and the cladding at high temperatures. This can cause

ntense high-temperature oxidation of the inner cladding surface,

hich is not protected by a preformed alumina layer, causing the

ormation of a FeO melt at temperatures above 1380 °C for pure

eO. Additionally, as previously reported by Bechta et al. [31] , the

rO 2 -FeO system forms a 1330 °C eutectic at around 13% FeO in

rO 2 . After initial internal FeO formation, the attack of the ZrO 2

ay have led to formation of lower temperature melts and allowed

rO 2 -FeO mixtures to penetrate further down the test bundle be- 

ore fully solidifying. This is an important point due to the destruc- 

ive effect of such a melt on the integrity of the pellet material and

hould be investigated further.

. Conclusion

The QUENCH-19 test was conducted with conditions similar 

o those in QUENCH-15. Primary differences between QUENCH- 

5 (which tested Zr-based cladding) and QUENCH-19 were (1) the 

aterial system tested was B136Y3, (2) the addition of a 20 0 0 s 

old period because of the accident tolerance of the cladding, (3) 

 slightly lower temperature inlet gas temperature (i.e., 20–50 °C 

ower, depending on the progression time of the test), and (4) sig- 

ificant shroud insulation wetting at the start of and through some 

f the pre-oxidation heating. The first two differences were inten- 

ional, with the goal of understanding the limits of FeCrAl-class 

136Y3 alloys undergoing an accident condition. The latter two 

ere experimental artifacts but were determined unlikely to have 

ignificant adverse effects on the test. 

No breakaway oxidation was observed during the test, and ox- 

de thicknesses away from damaged areas were uniformly only 

 few micrometers. However, several of the thermocouples were 

ound to have failed due to melting of the thermocouple sheaths 

nd cladding followed by complete oxidation of the melt. This melt 

aused significant local rod damage by thinning the cladding wall 

here the melt (mostly FeO) traveled, partially destroying the pel- 

ets, and causing excess H 2 release. The maximum actual tempera- 

ure is not known due to the thermocouple failure. The maximum 

emperature observed was 1455 °C, but the temperature may have 

eached over 1500 °C, as can be inferred by apparent cladding fail- 

re without obvious thermocouple effects. A significant part of ob- 

erved melt mixtures was related to thermocouple damage: only 

ortions of cladding contacting or near thermocouple sheaths were 

ffected. Finally, in select areas, the cladding appeared to have bro- 

en rather than melted. These areas were observed visually and in 

he metallographic mounts and may have occurred due to the high 

hermal expansion of FeCrAl. 

Despite these artifacts, from this test B136Y3 FeCrAl alloys in 

eactor can be expected to have improved survivability compared 

o Zr-based alloys in a LOCA. In addition to a largely protective 

xide on most of the cladding, even with the longer hold pe- 

iod, the hydrogen generation was substantially less than in the 

imilar QUENCH-15 test with Zr-based alloys. However, additional 

ork should be performed to understand the likelihood of local- 

zed melting, and the effect of CTE on local fracture of the cladding 

uring quenching. 
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