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Oxidation experiments were conducted at 1200 °C in flowing steam with tubing specimens of Zircaloy-4,
317, 347 stainless steels, and the commercial FeCrAl alloy APMT. The purpose was to determine the oxi-
dation behavior and post-quench ductility under postulated and extended LOCA conditions. The para-
bolic rate constant for Zircaloy-4 tubing samples at 1200 °C was determined to be k=2.173 x 107 g?|
cm?/s, in excellent agreement with the Cathcart-Pawel correlation. The APMT alloy experienced the
slowest oxidation rate among all materials examined in this work. The ductility of post-quenched sam-
ples was evaluated by ring compression tests at 135 °C. For Zircaloy-4, the ductile to brittle transition
occurs at an equivalent cladding reacted (ECR) of 19.3%. SS-347 was still ductile after being oxidized
for 2400 s (CP-ECR = 50%), but the maximum load was reduced significantly owing to the metal layer
thickness reduction. No ductility decrease was observed for the post-quenched APMT samples oxidized

up to 4 h.
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1. Introduction

Fuel rod cladding is the first barrier for retention of fission prod-
ucts in light water reactor (LWR) cores where the structural integ-
rity of the cladding ensures safe operation of the reactor and
coolable core geometry. The Zr alloys have been used in LWRs
for past decades primarily due to their low thermal neutron
cross-section. The main areas of research and development for zir-
conium alloy cladding have been focused on decreasing the water-
side corrosion rate and hydrogen pick-up under normal operating
conditions to increase the operational economy and safety margin
[1,2]. The high-temperature steam oxidation behavior of zirconium
alloy cladding under design basis loss of coolant accidents (LOCA)
and over a broader set of conditions has been studied extensively
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in the past and has been found to be independent of minor alloying
elements [3-11]. The recent earthquake and tsunami that over-
whelmed the Fukushima plants, where three of the cores essen-
tially experienced beyond design basis accidents, resulted in
partial core meltdowns. The exposure of zirconium alloy cladding
to high temperature steam resulted in production of a significant
amount of heat and hydrogen gas that exacerbated the accident
resulting in a more rapid pressure build-up in the containment,
hydrogen explosion, and fission product release.

One approach for improving the safety margins during accident
scenarios is to replace the current zirconium alloy cladding with
iron based alloys that offer slower steam oxidation kinetics. A de-
tailed discussion on the motivations and considerations upon
adopting such an approach is offered in a companion paper in this
journal [12]. Separately, the results from a broad study mapping
the oxidation behavior of a wide range of iron alloys and compar-
ing them to the benchmark case of zirconium alloys have also been
provided [13,14]. In this work, a series of two-sided steam oxida-
tion tests have been conducted on tubing specimens of Zircaloy-
4 and select iron-based alloys at high temperature (1200 °C), fol-
lowed by ring compression testing (RCT). In this manner, candidate
iron-based alloy cladding materials with low steam oxidation rates
and low ductility loss under design basis LOCA conditions, when
compared to zirconium alloys, have been identified and examined
side-by-side. As the Equivalent Cladding Reacted (ECR) is used for
the current LOCA licensing criteria (10 CFR50.46) on the Zr alloys,
we use ECR for other materials in order to compare their oxidation
behavior to Zircaloy-4.
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Table 1
Alloy compositions in percent mass fraction.
Alloy Fe Zr Ni Cr Al Mo Mn Si C 0 Other
Zircaloy-4 0.22 98.2 - 0.11 - - - 0.01 0.016 0.118 1.27Sn
317L SS 64.2 - 11.86 18.9 - 3.13 0.62 0.38 0.023 0.006
347 SS 68.9 - 9.97 17.5 - 0.16 1.8 0.66 0.04 0.007
APMT 69 0.1 0.12 21.6 493 2.77 0.1 0.53 0.03 0.049 0.12Y,0.16Hf
Note: These data were analyzed compositions by combustion methods.
2. Experimental procedure 1400
The materials tested for this work were Zircaloy-4, Stainless 1200+ q i
Steel (SS)-317L, SS-347, and APMT alloy; a commercial oxide dis- \ !
persion strengthened (ODS) FeCrAl alloy. The composition of the S 10004 L — ‘\ A1=3035 A=8725
various alloys is provided in Table 1. The APMT tubing specimens g 554 | \
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diameter of each sample was measured with a caliper to an accu- 200/ 2 )
racy of +0.03 mm. Sample weight measurements were conducted CP Predicted Weight Gain, me/cm?
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before and after each test using a balance with an accuracy of
+0.0001 g.

A 121.9 cm long resistance furnace was used for the steam oxi-
dation test. The test chamber consisted of a quartz tube containing
the sample and the flowing steam. Steam, at near-atmospheric
pressure, flowed through the quartz-tube with a mass flux of
5.2 £0.5 mg/cm?/s. A thermal benchmark test was conducted at
1200 °C in flowing steam using a monitor Type-S thermocouple
strapped to the sample and the alumina sample-holding boat.
The ramp times to reach the hold temperature are short compared
to the hold times at these temperatures. The average cooling rate
from the hold temperature to the 800 °C quench temperature
was ~12 + 2 °C/s. The temperature-time curves were used to cal-
culate the Cathcart-Pawel (CP) predicted weight gain (WG) and
equivalent cladding reacted values [4].

After oxidation, 8 mm rings were sectioned from the oxidized
samples for the RCT to evaluate the post-quench ductility. The
samples were compressed radially using an Instron 6589 at a
crosshead speed of 0.033 mmy/s. Load-displacement data were re-
corded by the companion software. Tests were conducted at
135 °C by heating inside a furnace.

3. Results
3.1. Oxidation behavior

Fig. 1 shows the temperature histories for the three tests with
Zircaloy-4 at 1200 °C used for baseline data. The plots represent
the recording of the type-S monitor thermocouple. The uncertainty
in this thermocouples about 2 °C when compared to a NIST cali-
brated type-S thermocouple at the maximum oxidation tempera-
ture (1200 °C). The onset of the high-temperature hold (At=31,
303, and 872 s) is set 60 s after the samples being ramped to the
pre-heat temperature by insertion into a preheated furnace. In
addition to these plots, more tests were conducted for longer times
(up to 14,400 s).

The oxidation times were determined using the Cathcart-Pawel
(CP) equation described in Ref. [4]. This weight gain model was
integrated over the actual temperature history, including the ramp,
to generate a best-estimate model prediction of the weight gain
during tests [5]. The model was again used to determine the time
at the steady temperature to generate the same weight gain as was
calculated for the actual temperature history.
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Fig. 1. Summary of the temperature histories for the steam oxidation tests for the
hold time 31, 303, and 872 s at 1200 °C.

Table 2 is a summary of measured weight gain and ring com-
pression results for oxidized Zircaloy-4 and others alloys tested
for different times. The sample weight gains determined from the
total change in sample weight before and after the test. The Zirca-
loy-4 cladding samples were oxidized at 1200 °C for times having
CP calculated ECR up to 41%, and the other alloy samples were oxi-
dized for longer times. It was found that some oxide layer flaked off
SS-347 oxidized for 2400 s and SS-317 for 7200 s. The measured
weight gain for Zircaloy-4 samples is in good agreement with the
CP-predicted weight gain, as shown in the inset of Fig. 1. For iso-
thermal oxidation at 1200 °C, the parabolic rate constant deter-
mined by the measured weight gain, k=2.173 x 107 (g/cm?)?[s,
in excellent agreement with CP-coefficient k=2.185 x 107 (g/
cm?)?/s [4].

From a comparison of the weight gain of tested samples (see
Fig. 2), SS-317 and APMT showed much better oxidation resistance
than Zircaloy-4 and SS-347 under the 1200 °C steam environment.
In particular, the oxidation rate of APMT was extremely low. For
the samples tested for 1600s, the weight gains of SS-317 and APMT
were 3.6 mg/cm? and 10.3 x 1072 mg/cm? respectively, compared
to 24.7 mg/cm? for Zircaloy-4. Recent studies indicate that a
slow-growing alumina surface oxide forms during the steam oxi-
dation of the APMT [13-15], which shows promise for the highest
temperature accident conditions for a nuclear reactor core. How-
ever, more extensive evaluation of its properties is needed, consid-
ering the other properties that affect in-reactor materials
performance.

3.2. Post-quench ductility

Following the oxidation tests, ring compression tests were per-
formed at 135 °C to evaluate the ductility of the oxidized samples
[7,16]. A uniaxial compression of the samples yielded load-dis-
placement curves which were analyzed by the traditional offset-
displacement method used in analyzing tensile-test data. The off-
set displacement, determined from load-displacement data, was
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Table 2

Sample weight gain measurements and ring compression test results for samples oxidized at 1200 °C and Quenched at 800 °C.

Materials Target hold Measured WG CP-WG Measured CP-ECR Measured sample Offset hoop Permanent hoop
time (s) (mg/cm?) (mg/cm?) ECR (%) (%) OD (mm) strain (%) strain (%)
Zircaloy-4 31 4.41 4.33 7 7 9.50
Zircaloy-4 233 10.13 10.52 16 16 9.50 3.8 1.6
Zircaloy-4 303 11.75 11.94 18 18 9.49 31 1.0
Zircaloy-4 378 12.53 13.23 19 20 9.49 2.5 0.8
Zircaloy-4 872 17.59 20.17 27 31 9.49 0.5 0.4
Zircaloy-4 1600 24.66 26.62 38 41 9.49 - -
SS 317 303 1.27 11.94 2 18 9.50 >35 -
SS 317 872 2.16 20.17 3 31 9.50 >35 -
SS 317 1600 3.60 26.62 6 41 9.50 >35 -
SS 317 2400 4.56 32.46 7 - 9.50 >35 -
SS-317 7200 3.53° - - - 9.51 >35 -
SS 347 303 5.23 11.94 8 18 9.50 >34 -
SS 347 872 244 20.17 38 31 9.53 >34 -
SS 347 1600 38.5 26.62 59 41 9.50 19 -
SS 347 2400 48.27 32.46 - - 9.50 8.4 -
APMT 378 8.9 x 1072 11.94 14 x 10~ 18 9.51 >35 -
APMT 872 103 x 1072 20.17 16 x 10~ 31 9.51 >35 -
APMT 1600 103 x 1072 26.62 16 x 1072 41 9.47 >35 -
APMT 2400 13.7 x 1072 32.46 21 x 1072 - 9.48 >35 -
APMT 7200 12.4 x 1072 - - - 9.49 >35 -
APMT 14,400 11.0 x 1072 - - - 9.49 >35 -
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Fig. 2. Oxidation kinetics at 1200 °C in accordance with the measured sample
weight gain at 1200 °C.

normalized to the as-fabricated outer diameter (9.50 mm) to give a
nominal plastic hoop strain. Testing was stopped when a consider-
able load drop was seen, which was taken as an indication of crack-
ing. The post-test diameters along and normal to the loading
direction were measured directly and compared to the pre-test
diameter to give a direct measure of permanent strain.

Fig. 3 shows the RCT results for Zircaloy-4 (Fig. 3a), SS-347
(Fig. 3b), and APMT (Fig. 3c). For ease of comparison, multiple
load-displacement curves are placed on a single graph for different
alloys. The curves are shifted along the x-axis but reflect the max-
imum load and change in displacement. For Zircaloy-4, displace-
ment and maximum load clearly decrease as the ECR increases.
Based on the criterion that standard offset strains >2% imply duc-
tility [7], the Zircaloy-4 oxidized at 1200 °C is still ductile for
ECR ~ 19.3% (t = 378 s), but the offset strain of the sample oxidized
for 872 s was reduced to about 0.5% (Table 2 and Fig. 3a), indicating
that the sample became completely brittle when exposed to the
steam (in just under 15 min). Metallography was performed on Zir-
caloy-4 samples oxidized at 1200 °C. High magnification micro-
graphs at the eight circumferential locations confirmed uniform
oxide layer thicknesses on both the outer surface and inner surface.
The oxide layer thicknesses were measured and were in excellent

agreement with the CP-calculation of the steam oxidation for Zir-
caloy-4 [4].

The plots for SS-347 clearly demonstrate the reduction in duc-
tility that accompanies longer oxidation times (Fig. 3b). However,
the offset strain of the SS-347 sample oxidized for 2400 s was still
>8.4%, indicating the sample still remained ductile. In addition the
maximum loads of the RCT for SS-347 were significantly reduced
when the oxidation time increased. Metallography was performed
on all SS-347 samples oxidized at 1200 °C. The measurements indi-
cated that the metal layer thicknesses for the samples oxidized for
303, 872, 1600 and 2400 s were reduced to 427, 286, 156 and
76 pum respectively, which is consistent with the maximum load
decreasing shown in Fig. 3b. The inset of Fig. 3b shows a micro-
graph of the SS-347 oxidized for 2400 s. It appears that the metal
layer sandwiched by the oxide layers remains ductile for the oxi-
dized SS-347. This is the case since while zirconium exhibits an
exceptionally large solubility for oxygen [17], oxygen solubility
in ferritic and austenitic iron alloys is exceptionally low [18]. Con-
sequently the drastic changes in mechanical properties of the
remaining metal layer that occur in zirconium alloys as a result
of oxygen uptake during steam oxidation are absent for Fe alloys.
Similar observations have been made in the past on 304L tubing
specimens oxidized in steam [19].

Fig. 3¢ show that there was very little change for the RCT results
for APMT samples steam-oxidized at 1200 °C for up to 4 h, which is
well beyond the design basis LOCA test conditions. The shapes of
the plots almost remained the same, and no ductility reduction
was observed for any of the oxidized APMT samples examined in
this work. Fig. 3d shows a RCT comparison of APMT, SS-347 and
Zircaloy-4 samples oxidized at 1200 °C for 872 s (equivalent to
CP-ECR = 30%). Clearly, the APMT sample performs the best in
the high temperature steam environment.

4. Conclusions

Post-quench ductility studies were conducted with Zircaloy-4,
SS-317, SS-347, and APMT cladding samples at temperatures of
1200 °C, followed by cooling to 800 °C and then a water quench
at room temperature for the purpose of determining the weight-
gain coefficient and determining ductility under two-sided clad-
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Fig. 3. Ring-compression load-displacement data for (a) Zircaloy-4 oxidized to 872 s, (b) SS-347 oxidized to 2400 s, (c) APMT oxidized to 14,400 s, and (d) comparison of

Zircaloy-4, SS-347 and APMT oxidized to 872 s.

ding steam exposure to simulate the design basis LOCA conditions
and beyond. The following conclusions were drawn from the
results:

(1) Two-sided oxidation studies have been conducted on
17 x 17 Zircaloy-4 cladding exposed to steam at 1200 °C
for hold times ranging from approximately 30 to 1600 s.
The results from the tests have been analyzed and compared
to the CP correlation predictions for weight gain. The
parabolic rate constant is in excellent agreement with the
CP model predictions. The weight-gain coefficient at
1200 °C determined by the measured weight gain is
k=2.173 x 107 (g/cm?)?[s.

(2) Other candidate cladding materials, such as SS-317, SS-347,
and APMT were oxidized under the same test conditions as
the Zircaloy cladding, but for much longer times that were
well beyond design basis LOCA conditions. The APMT sample
showed the slowest oxidation rate among all materials
examined in this work; its oxygen pickup was very small
for the test time up to 4 h at 1200 °C.

(3) The ductility of post-quenched samples was evaluated by
RCT. Generally speaking, the displacements and maximum
loads gradually decrease for Zircaloy-4 and SS-347 as the
oxygen pickup increases as a result of the increase in test
time. For Zircaloy-4, the ductile to brittle transition ECR is
about ~19.3%. SS-347 was still ductile after being oxidized
for 2400s (CP-ECR~ 50%), but the maximum load was
reduced significantly due to the metal layer thickness reduc-
tion.SS-317 does not show a ductility decrease for the sam-
ples tested up to 7200 s. No ductility decrease was observed
for the post-quenched APMT samples oxidized up to 4 h.

(4) This work was mainly focused on the material performance
under proscribed accident conditions. It is widely accepted
that the selection of future candidate materials should con-
sider the other properties that affect in-reactor materials
performance as well, such as the neutron absorption cross
section, thermal conductivity, thermal expansion, melting
point, phase transformation behavior, corrosion resistance,
and high-temperature oxidation rate. More studies on the
cladding candidate materials are under way, the results of
which will be reported in the near future.
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