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OXIDATION KINETICS OF REACTION PRODUCTS FORMED IN URANIUM METAL CORROSION

Terry C. Totemeier
Argonne National Laboratory
Idaho Falls, ID 83403-2528
(208) 533-7458

ABSTRACT

The oxidation behavior of uranium metal ZPPR fuel
corrosion products in environments of Ar-4%Oz and Ar-
20%OZ were studied using thermo-gravimetric analysis
(TGA). These tests were performed to extend earlier work in
this area specifically, to assess plate-to-plate variations in
con-osion product properties and the effkct of oxygen
concentration on oxidation behavior. The corrosion products
from two relatively severely corroded plates were similar,
while the products from a relatively intact plate were not
reactive. Oxygen concentration strongly affected the burning
rate of reactive products, but had little effect on low-
temperature oxidation rates.

1. INTRODUCTION

The movement of metallic uranium spent nuclear fueIs
(SNF) from long-term basin storage to interim &y storage
ancL for some fiels, eventual geologic repository disposal,
has led to a renewed interest in the potential reactivity of
uranium metal corrosion products. The main compound of
interest is uranium hydride, WIv Uranium hydride has been
observed to form in the corrosion of uranium metal by water
or water vapor, along with the nominal reaction pmiuct
UOV Burning of UH3 in air to form U30$ and H20 liberates
a large amount of hea~ 1,490 kJ/mol U&. The rapid release
of this heat may be sufficient to ignite any uranium metal
associated with the corrosion product. The conditions under
which hydride burning can serve as an ignition source for
uranium metal were recently studied using analytical ad
numerical models.] Burning of hydride or uranium metaI
represent safety risks during treatment and handling of
corroded uranium metal fuels.

In order to provide a better technical basis for evaluating the
pyrophoric potential of cotmded metallic fuels duting
handling and interim &y storage, the corrosion products
formed during extended storage of pure uranium metal Zim
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Power Physics Reactor (Z2PR) fuel plates have been
recently characterized. The ZPPR plates have a long history
of corrosion problems,z which became more serious
following cladding of the plates using porous metal
endplugs. The presence of the cladding and the access of the
ambient gas environment to the metaI via the endplugs led to
severe localized corrosion and the formation of significant
quantities of uranium hydride. Initial characterizadon
activities fully documented the comosion morphology arri
confirmed the presence of uranium hydride in the corrosion
product using X-ray diffmction. s Handling experience with
the plates has demonstrated their pyrophoric nature.

Oxidation testing of the corrosion products has been
undertaken to quanti~ their reactivity in terms of ignitimi
temperatures, oxidation and burning rates, and hydride
fractions. The results of initial tests on loose corrosion
products from a single ZPPR piate were presented rezently?
Oxidation testing was performed using a thermo-gravimetric
analyzer (TGA) at temperatures between 35 and 200 “C in
argon-oxygen mixtures. Ignition and burning of the samples
were observed between 125 and 150 ‘C. surfacema
normalized oxidation rates observed below the ignition
tempemture were comparable to rates observed for uranium
metal. Hydride &actions in the loose corrosion product
samples varied from 47 to 61 wt.’%.

This paper reports on the results f%om a second series of
oxidation tests on ZPPR t%el comosion producrs. l%e
purpose of these tests was to extend the base of information
initially obtaimd with the specific goals of assessing the
plate-t*ph+te variation in corrosion product properties (i.e.
ignition temperatures, oxidation rates, and hydride conten@
and determining the variation in properties with oxygen
concentration in the gas mixture. To tie ends, oxidation
testswere performed on two additional plates at tempemtums
between 50 and 250 ‘C in environments of Ar4%02 and Ar-
20%02 Prior to oxidation testing, the specific surface areas
of the corrosion products were measured using a technique
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based on the Brunauer, Emmett, and Teller (BET) theory of
gas adsorption.

2. EXPERIMENTAL PROCEDURES

A. Comosion Product Sampling

Three corded U metal ZPPR fuel plates, serial numbers
2249, 2652, and 3411, were selected to obtain products for
TGA and BET testing. Two of the plates, 2652 and 3411,
were r:ki~ely severely con-da as swidencedby the visible
degree of ciadding bulging. The third plate, 2249, had very
little bulging and was expected to show little corrosion. The
previous cbracterization worl/ had identified exterior
bulging of the cladding as a reliable indicator of severity of
localized corrosion. The plates were de-clad in a pass-
through argon glovebox, and the loose comosion products
were separated fioxn the plates with a horse-hair brush and
collected. The brushing left an adherent oxide layer on the
metal plates. The two more severely comded plates hrd
larger quantities of loose corrosion products, 4.35 g ad
2.40 g for plates 2652 and 341 I, respectively. The amount
of loose product obtained from piate 2249 was smaller, 1.42
g. After cokction, the product samples from the three
plates were transferred into a purified Ar glovebox for
storage, loading of BET samples, and TGA testing.

B. Specific Surface Area Measurement

Specific surface area measurements based on the BET theory
were performed on comosion product samples from aIl three
plates. The test matrix and resuhs are shown in Table 1.
BET testing was performed on a Quantachrome Quantasorb
gas sorption analyzer using standard techniques with Kr gas
as the adsorbate, He gas as the carrier, and N2 gas for
calibration. Adsorption was carried out at liquid nitrogen
temperature (77 K); the consecutive measurements wese
made on each sample and the average reported. No
outgassing of the samples was performed prior to testing due
to concerns about potential reaction or resorption of any
hydride present.

products were stoted and placed into a platinum sample pan
for testing.

Most tests were pexforrned under “isothermal” conditions at
temperatures from 50 to 250 ‘C. For isothermal tests the
TGA furnace was programmed to ramp to the test
temperature and then maintain that temperature. The test
chamber was purged with ultra-high puri~ argon during the
heatup period. When the test temperature was nxded and
stabilized, oxygen was admitted into the chamber by opening
a solenoid valve in the reacting gas supply line. The oxygen
coa:axration was cmurolkd by vazying h fiOWP.*S of an
Ar-309002 reacting gas and a pure Ar purge gas. The two
gas streams mixed just prior to entering the sample chamber.
The weight of the sample was recorded for the duration of the
test. Ignition in an isothermal test was indicated by a rapid
increase in sample weight with a simultaneous increase in
fimace thermocouple reading.

Several tests performed were of the “burning curve” type.
The burning curve test has been commonly used in the past
to measure ignition temperatures. For this type of test the
furnace temperature was programmed to increase at a constant
rate (15 “Chin) until the &ii temperature was reached.
Both rea&ing and purge gas flows were on during the entire
heatup period. Ignition was indicated by either a mpid
increase in weight and commensurate increase in furnace
thermocouple reading, or a rapid increase in sampie
thermocouple reading and commensurate increase in iirnace
themmcouple reading. The latter was observed for tests in
which a sample themmcouple was placed in contact with the
sample. For these tes~ the weight change of the sarnple
could not be measured.

All tests were performed at a nominal pressure of 10 psi
absolute. A total gas flow of 200 mlhn.in was used fix
neady all tests, with exceptions desxibed in the results
section below.

Table 1. BET Test Matrix and Results.

Plate ID Sample Weight Surf&x Area Specitic
C. Oxidation Testing surfaceArea

2249 1.086 g 0.56 m2 0.51 m2/g
Oxidation testing using the TGA instrument was perfomted 2652 0.713 g 0.56 mz 0.77 mzlg

on corrosion product samples fkom plates 2249 and 2652. 3411 2.301 g 1.7 mz 0.75 mz/g
Future tests are planned for samples from plate 3411. The
TGA testing matrix and results am shown in Table 2. No
specflc measures were taken to insure that individual
samples were representative of the corrosion product tlom a
given plate. The 100 to 300 mg TGA samples were simply
scooped out of the poly bottle in which the corrosion



3. RESULTS AND DISCUSSION product of the specific surface axe~ the sampie mass, and the
hydride fraction.

A. Data Analysis
B. Plate-to-Plate Variation in Corrosion Product Properties

The oxidation data for isothermal tests wem analyzed by
plotting the weight gain of the sample as a function of test
time. The initiation of reacting gas flow was taken to be the
start of the test. For nearly ail tests, the weight gain of the
sampIe was ascribed to reaction of uranium hydride with
oxygen to form uranium oxide according to the reaction:

3 UHj + 6.25 02+ Uj08 + 4.5 HZO (1)

The formation of Uj08 as a reaction product is repcuted in the
literatures and was veii%d using X-ray diffraction in the
previous study?

For tests in which ignition occurred the weight gain as a
function of time had a sigmoidal shape, typically with a
large linear region in the center of the sigrnoid. The slope or
the linear region was taken to be the burning rate of the
sample. The burning rates are reported in Table 2. The
burning rates are given in units of mgkc; as reported in the
previous wor~4 the burning rates were observed to be
independent of sample size or teat temperature%so the rates
wem not normalized by reacting surface area.

Oxidation of samples for which ignition did not occur was
characterized by a decreasing rate of oxidation with increasing
test time. The weight gain typically showed a relatively
rapid weight gain over the fmt few minutes of the test which
was attributed to initial parabolic kinetics, commonly
observed for oxidation of uranium metal.f Attempts to fit
the low temperature oxidation data with parabolic or
paralinear rate kinetics were not successful, no single me
law provided a good fit to all tests. In order to make
comparisons between tests at diffkrent temperatures, best
linear fits were made to the weight gain versus time curves.
The fits were made to all of the data after the initial parabolic
weight gain. Because the rate of oxidation tended not to
change signiiicantIy over the course of a test, the mm
introduced by the somewhat arbitrary fit is small, especially
relative to the overzdl scatter in the rates as a function of
temperature. This scatter is readily apparent in Fig. 5.

The hydride contents of the samples were calculated from the
total weight gain. observed after completion of burning,
which was clearly ideated by the sample weight becoming
sable. The calculation computed the weight of the hydride
needed to produce the weight gain observed according to the
stoichiometry of reaction 1 and then divided this weight by
the totai sample weight to obtain the hydri& fraction. ‘I&
computed hydri& Ikct.ion was tier used to compute the
hydride surhce ama in the sample, which was taken as the

The average specific surface areas of corrosion products from
the plates tested were remarkably consisten~ The data shown
here are for three plates only, and the specific surface areas
vary from 0.51 to 0.77 m2/g. The variation over the total of
six plates tested to date (including those tested previously) is
from 0.51 to 1.01 m2/g, with most piates approximately
0.76 rnz;g. The consistency in specific areas is believed m
stem from the simihuity of the hydride and oxide specific
areas as reportwl in ref. 4.

Table 3 summarizes the reactivi~ characteristics-ignition
temperature, burning rate, and hydride content+f the three
plates tested to &te. Plates 2652 and 3401 were relatively
badly cormd@ while plate 2249 showed very Iitde
corrosion. Detailed results from plate 3401 have been
reported previously.4

The ignition temperatures and burning rates in ~-2WcOz of
products from the two relatively badly corroded plates were
very similar. The ignition temperature of the one sampie
from plate 3401 tested in a burning mine mode in Ar-9%~
was 142 ‘C. The two ignition temperatures measured in a
burning curve mode for samples horn plate 2652 were 134
and 137 ‘C. These tests were prformed in Ar-20%02, which
may account for the small difference in ignition tempemture.
For isothermal tests, ignition was observed occasionally at
125°C and consistently at 150”C for both plates. The
burning rates were also very consistent. The rates fix
samples from plate 3401 varied from 0.095 to O.141 mgkc;
the rates for plate 2652 varied from 0.112 to 0.128 mgkc.
The average rates were both approximately 0.1 mghec.

It must be noted that ignition temperatures measured in TGA
testing do not necessady indicate the behavior of the
comosion product under actual handling conditions. The
samples in TGA testing are quiescen~ whiIe handling
introduces energy to the samples via mechanical agitation or
static discharge. This energy can Iead to ignition of the
corrosion product powders even at room temperature.

The hydride content was obsemd to differ for the two plates.
The hydride &actions for plate 3401 samples varied from 47
to 61 wt.%, while the hydride fractions for piate 2652
samples varied from 30 to 39 wt.%. These plates H very
similar quantities of loose corrosion produc$ 4.04 g for plate
3401 and 4.35 g for plate 2652, so there were no significant
differences in corrosion extent. It is unclear why plates with
similar corrosion extents had slightly differing hyddde
contents.



The hydride contents obsemd for both plates are fairly high
for uranium metal corrosion products. Typical hydride
contents nqxxted for reaction products of uranium metal with
water vapor am less than 20%. It must be notedj however,
that the hydride contents measured in the current tests only
apply to the 100SCcorrosion product. The hydride content for
the entire plate will be lower, as the tightly adherent product
remaining on the plates is oxide.

The properties of plate 2249, which did not show significant
locaked corrosion, were very different from the other two
piates. Ignition was not observed in any of the samples
tested horn this plate, even at temperatures of up to 500 W
(in the one burning curve test). The rate of weight gain in
an isotherrnaf test at 150 “C was approximatdy 4x104
mdsec, several orders of magnitude less than the burning
rates observed for the two other plates at the same
temperature. The concision of these results is that there is
a negligible amount of hydride present in the lmse comosion
product from plate 2249. This result is condcxated by-
XRD data produced from a sample fhm plate 4414, which
was also Chmcmimd as showing little localized corrosion.
No uranium hydri& peaks were identified in this sample,
contrary to the strong hydri& peaks observed in samples
from more badly corroded pIates.

It is unclear what caused the weight gain that was observed
in the isothermal tests at 150 and 200 ‘C. The rates of
reaction were orders of magnitude higher than those repined
for oxidation of UOZ to U30*, both in terms of weight gain
per unit surface area’ and time to a given percent conversion.*
The rates, however, are also considerably lower than rates
observed for hydride oxidation on other samples in this series
of tests. It is possible that the rates correspond to oxidation
of hydride particles which are covered with a relatively thick
layer of oxidej but without further data this is only a
speculative statement.

Table 3: Ar-20%02 Reactivity Characteristics Summary

C. Variation of Burning Rates with Oxygen Concentration

A number of tests were performed to investigate the behavior
of ZPPR fuel corrosion products in an atmosphere of Ar-
4%02 for comparison with data previously obtained in
environments of Ar-9&Oz and Ar-20%Op Tests in 4%02
were performed in a wide range of temperatures, both above
and below the ignition temperatures observed for the higher
oxygen concentrations. A general observation concerning
these tests is that ignition was not as vigorous in 4%
oxygen as it was in 9% and 20~0 oxygen, although it was
stiH readiIy apparent. The shape of ‘dMweight gain versus
time curve for tests above the ignition temperature was
characterized by an initially high, linear rate of weight gain
which underwent a dramatic slowing afler approximately
threequarters of the sample was consumed. Figure 1 is a
plot showing this shape. This is in contrast to the high rate
of oxidation maintained until near completion observed fbr
tests in higher oxygen concenmations. The weight gain
versus time curves below the ignition temperature closeiy
resembled those observed at the higher oxygen
concentrations.

Figure 2 shows a plot of a burning curve test performed on
plate 2652 corrosion product in Ar-4%02. Ignition is clearly
indicatd by a rapid increase in the rate-of weight gain and a
simuhaneous increase in furnace control thermocouple
reading, the latter due to heat evolved in rapid oxidation. The
magnitude of the increase, approximately 10 “C, was less
than observed in tests in Ar-20%0:, where the increase was
approximately 65 “C. In &-20%Oz, the ignition
temperatures measured in two burning curves tests were 134
and 137 ‘C. The burning curve ignition temperature in one
test in Ar-9%Oz was 142 “C, and the burning curve ignition
temperatures measured in two tests in Ar-4%Oz were 143 and
145 ‘C. A slight trend if increasing ignition temperature
with decreasing oxygen content may existj however, there is
insuf%cient data to support any conclusions regarding this
effect.

Piate ID Ignition Temp. Burning Rate Hychide
(mgkc) (%)

3401 BC*: 142 (9%OJ 0.095-0.140 47-61
Isothermal: 2125 Averagex 0.1

2652 BC: 134-137 0.110-0.130 30-39
Isothermal: 2125 Average: 0.1

2249 Ignition Not No Burnin% NIA
Obsetved Rate at 150°C:

4X104

The rates of oxidation above the ignition temperature wrae
found to be strongiy &pen&nt on oxygen concentration in
the gas environment. The bestcorrelation was found to exist
between the burning rate and the net rate of oxygen flow in
the sample chamber. The net rate of oxygen flow was
computed as the toti flow rate multiplied by the oxygen
concentration. Figure 3 is a plot of burning rate in mgkc
versus net oxygen flow rate in mlhnin showing this eff-
Data from plates 2652 and 3401 at a variety of oxygen
concentrations are plotted.

* Burning Curie
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Fig. 3: Variation of burning rate with net oxygen flow rate.

Of particular interest are the solid data points which are for
oxygen concentrations different horn the rest of the points at
the same net flow rate, e.g. the one dark point at 8 ml/min
was obtained inAr-21 %02, not Ar-4q002 like the rest of the
points. The assertion that burning rate is dependent on net
oxygen flow rate rather than oxygen concentration is
particularly supported by the 21%02 data point at 8 ml/min
net 02 flow.

The strong dependence of burning rate on net oxygen flow
rate over a range of flows, oxygen concentrations, test
temperatures, sampIe sizes, and source plates provides strong
support to the hypothesis originally presented in ref. 4 that
for these TGA tests the burning rate of ZPPR fuel comsion
products is limited by oxygen transport in the gas phase.
The rates are apparently not limited by any property intrinsic
to the materhd being tested. The rate of sample mass gain,
however, is nearly three otders of magnitude less than the
mass rate of oxygen flow in the sample chamber. This
di.ff-ertmcedoes not support a theory of rate Iimitadon by
simple convective mass transport. Further analysis ani
testing is needed to better understand the rate-limiting
phenomenon.

Two burning curve tests were performed to measure the
maximum sample temperatures achieved during burning in
Ar-20%Oz and ArA%Op Figure 4 shows a plot of furnace
and sample thermocouple temperatures as a function of time
for a burning curve test in Ar-20%Q. At the ignition
temperature, the sample thermocouple reading dramatically
increased to a maximum value of 487 ‘C and then gradually
decnzwd as the sample was consumed. Tbe maximum
burning temperature observed for a similar test in Ar4%Q
was much lower, only 201°C. The difference is attributed to
the considerably slower rate of burning in &4%Op

D. Variation of Low Temperature Rates with Oxygen
Concentration

There appears to be little effect of oxygen concentration on
oxidation kinetics below the ignition temperature. figure 5
is an An-henius plot of the logarithm of the low tempemture
oxidation rates versus reciprocal absolute temperature. All
data fall roughly into a straight line, with a large scatter at
Iow temperature ckxtriy evident. The data obtained in 4%02
fit reasonably well within the scatter of the higher oxygen
concentration &k
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Fig. 4: Sample and furnace thermocouple readings for
burning of plate 2652 sample in Ar-20%02
(ZPPR 22).

Figure 5 shows linear regression fits to the data inciuding
and excluding the lowest temperature points. The low
temperature (35 ‘C) points am felt to be unreliable because
the weight gains measured over the course of these tests
approach the limits of instrument resolution. Any drift in
the electronic zero of the balance mechanism could
overwhelm real increases in sample weight. This is believed
to manifest itself in the relatively erratic weight gain
behavior observed in these tests. Due to the unreliability in
the low temperature datiz the fit excluding this data is
believed to be more representative of the actual behavior.
Additional testing is needed to determine the scatter in the
data at imennediate temperatures. The rate equation obtained
without the low temperature data is:

k =67 exp ~+/RTl mg/cm2/sec (2)
Q =63 f 4 kJ/mol (3)

where k is the linear rate constant and Q is the activation
energy.

The data obtained in this study of LJ& oxidation is compared
with uranium metal oxidation datas in Fig. 6. ‘Ihe
comparison is made on the basis of the weight of uranium or
uranium hydri& ratted rather than weight gain. It is
interesting that the slope of the regression tit which excludes
the 35 “C data is very similar to the slope for uranium. A
similar activation energy suggests that the rate-determining
mechanism of om~dation is similar. In both cases the
mechanism is expected to be d-ion of oxygen through a
uranium oxide film. The magnitude of the rates am w
comparabl~ especially given the radkally diffetent nature of
the samples tested-powders in the case of” the ZPPR
corrosion products and bulk metal for the uranium data
reviewed by Ritchie.

~}. .}. l.)

clo 20%02
15!‘c ❑ 9%02

o 4%02

Iawr (Id)
Fig. 5: Arrhenius plot of best linear fit oxidation rates

loowr (@)

Fig. 6: Comparison of current data with U metai oxidation
ratesfrom Ritchie.s

4. CONCLUSIONS

The oxidation behavior of uranium metal ZPPR fiel
corrosion products in environments of Ar-4~002 and Ar-
20’%OZ were studied using thermo-gravimetric analysis
(TGA). These tests were perfomted to extend earlier work in
this H specifically, to assess piate-to-plate variations in
comsion product properties and the eff=t of oxygen
concentration on oxidation behavior. There was little
variation in ignition temperature or burning rate between two
relatively severely mrmded plates. ‘Ike was a smalI

dii%tence in hydride content in the loose carosion pmduc4
47-61 wt.% versus 30-36 wt.%. In contras~ the corrosion
products from a plate which showed relatively little signs of



corrosion were not reactive and apparently contained little if
any uranium hydride.

The rate of oxidation above the ignition temperature was
found to be dependent on the net fiow rate of oxygen in the
reacting gas for the range of flows and oxygen concentrations
investigated. Such a dependence strongly suggests that the
reaction rate in the ignition regime is limited by oxygen
transport to the sample. The rate of oxidation at low
temperatures, however, was apparently in&pendent of
oxygen concentration between 470 and 20% oxygen. The
large intrinsic scatter in the &ra may have obscured any reaI
effects.

ACKNOWLEDGMENTS

The authors wish to acknowledge the assistance of E.A.
Beverly, RW. Brain and RJ. Briggs in obtaining corrosion
product samples. This work was supported by the U.S.
Department of Energy, Reactor Systems, Development and’
Technology, under contract W-31-109-Eng-38, and by the
U.S. Department of Energy National Spent Nuclear Fuel

Program.

REFERENCES

1.

2.

3.

4.

5.

T.C. Totemeier and S.L. Hayes, “AnaiyticaI ad
Numerical Models of Uranium Ignition Assisted by
Hydride Formation”, in DOE Spent Nuciear Fuel d
Fkile Materzlri Management, pg. 345, AM, La Grange
Park, lL, (1996).

C.W. Solbrig. J.Il. Krsul, and D.N. Olsen,
“Pyrophoricity of Uranium in Long-Term Storage
Environments”, in DOE Spent Nuclear Fuel -
Challenges and Initiatives, pg. 89, ANS, La Grange
P* IL, (1994).

T.C. Totemeier, S.L. Hayes, R.G. Pahl, and D.C.
CrawforrL “Corrosion and Pyrophoricity of ZPPR Fuel
Plates Implications for Basin Storage”, presented at the
AIChE Spring 1997 National Meeting, Houston, TX,
March 10-13, 1997.

T.C. Totemeier and R.G. PahI, “Surface Area and
Chemical Reactivity Characteristics of Urankm Metal
Comosion Products”, in Waste Management “98,
proceedings available at httptikvw.wmsym.org.

J.J. Ka@ G,T. Seaborg, and L.R, Morss, eds., 77te
Chemi.my of the Actinide Elements, pg. 254, Chapman
and Hall, New York (1986).

6.

7.

8.

A.G. Ritchi% “A Review of the Ratesof Reaction of
Uranium with Oxygen and Water Vapour at
Temperatures Up to 300 ‘C: J. Nucl. Mater.,102, 170
(1981).

D.G. Boase and T.T. Vandergmaf, “The Canadian Spent
Fuel Storage Canister Some Materials AspectsU
iVucfear Technology, 32,60 (1977).

R.J. McEachern, J.W. Choi, M. Kolar, W. Long, P,
Taylor,D.D. Wood,“Determinationof the Activation
En&~- for the l?o.~ation
Mater., 249,58 (1997).

of U308 on UOz,” Jo Nucl.

-.



Table 2: TGA Testing Matrix and Results
%

Test ID Source Specific Weight Hydride Test Type Temperature Test Environment Ignitiun Kinetics Burning LowTemp. Hydride
Plate Area (mg) Surface . (“c) Time (YAW Rate Oxidation Rate Fraction

(ri?lg) (cm’) (rein) (mg/see) (mg/cm’/sec) ( wt.%)

ZPPR 20 2652 0.8

0.8
0.8

0.8
0.8
0.8

203.7 570 Isothermal 125

181.0 540 Isothermal 125

201.7 570 isothermal 150

215.2 600 Isothermal 150

130.1 340 Isothermal 200
105.0 250 Isothermal 250

4 Ar-20%Oz, 200mUn}in

4 Ar-20%02, 200mUnlin

5 Ar-27%02, 150mWnin

5 Ar-20%02, 200ml/min
4 Ar-27%Oz, 150ml/min

5 Ar-21 %Oz, 40ml/ndn

Yes Sigmoidal 1.3E-01
Yes Sigmoidal l.lEi-ol

Yes Sigmoidal 1.2E-01
Yes Sigmoidal 1.2E-O1
Yes Sigmoidal 1.3E-01
Yes Sigmoidal 2.5E-02

WA

N/A

WA
WA
WA
N/A

WA
N/A

3.6E-09

1.8E-08

7.4E-08

3.9E-07

WA

IWA

NIA
N/A

WA

WA
MA

4.7E-09

8.8E-07

NIA

35

37

35

35

33

30

39

WA

N/A

ZPPR 23 2652
ZPPR 17 2652

ZPPR 18 2652
ZPPR 19 2652
ZPPR 30 2652

ZPPR 21 2652
ZPPR 22 2652

0.8

0.8

253.0 790 Burning Curve 15“C/min

193.0 N/A Burning Curve 15°C/min

12 Ar-20%Oz, 200ml/min
12 Ar-20YoOz,200ml/min

Yes T,t= 134“C 1. IE-01

Yes Tu= 137°C T-=487 ‘C

ZPPR 33 2652

ZPPR 39 2652
ZPPR 29 2652
ZPPR 28 2652
ZPPR 36 2652
ZPPR 24 2652

ZPPR 33A 2652

ZPPR 25 2652

ZPPR 31 2652

0.8
0.8
0.8
0.8
0.8

0.8

0.8

0.8

0.8

120.5
166.5
122.6
121.6
169.7

178.0

120.5

118.1

114.5

2io
450*
340*
330*
NJA

MA

280
290

300

Isothermal
Isothermal
Isothermal
Isothermal
Isothermal
Isothermal

Isothermal

Isothermal

Isothermal

50
75
100
125
150

150
200

200

250

967
580
580
233
S8

98

47

90

90

Ar-4%Oj, 200ml/min

Ar-4%Oz, 200nWmin
Ar-4%02, 200ml/min
Ar-4%01, 200mWmin
Ar-4%01, 200ml/min

Ar-4%Oz, 200mVmin

Ar-4%01, 200mt/min

Ar-4%01, 200ml/min

Ar-4%01, 200mt/min

No

NQ

No

No

Yes

Yes

Yes

Yes

Yes

Decreasing Rate

Mew
DecreasingRate
DecrciisingRate

Linear, then Deer.

Linear, then Deer.
Linear, then Deer.

Linear, then Deer.

Linear, then Deer.

WA

WA
NIA
NiA

8.9E-03

9.2E-03

1.2E-02

9.9E-03

t.lE-02

N/A
N/A
t4fA
NIA
WA

29

31

33

29
N/A

WA

NIA

ZPPR 26 2652
ZPPR 27 2652

0.8
0.8

131.7 310 Burning Cuwe 15“C/min
134.1 N/A Burning Cuwe 15°C/min

25 Ar-4%02, 200mUmin
12 Ar-4%01, 200ml/min

Yes T,,= 145“C 1.2E-02
Yes T,,= 143‘C T-, = 201 “C

ZPPR 35 2249

ZPPR 34 2249
ZPPR 32 2249 .- N/A

● Averagehydride fractionfw the plate used to calcuiatehydride surface area.

0.5

0,5
0.5

141.1 N/A Isothermal 150

205.0 N/A Isothermal 200
101.5 N/A BurningCurve 15“C/min

580 Ar-20%Oz, 200mUmin
108 Ar-20%Oz, 200ml/min
25 Ar-20%0,. 200ml/min

No Decre:lsingRate NIA

NO DecreilsingRate N/A

No WA N/A


