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ABSTRACT

The rates of hydrogen generation are measured for the
corrosion of galvanized steel in three different light water
cooled reactor (LWR) water chemistries. o'rhe resglts were
obtained over a temperature range of 100~ to 175°C and indicate
that in a boiling water reactor (BWR) water chemistry, the
reaction is faster than in those of two pressurized water
reactors (PWR's).

A mechanism is proposed which would explain the observed
results without requiring that the chemical additives come in
direct contact with the corrodible unoxidized metal. Such a
mechanism is required because electron microprobe analysis
suggests that no chemical additives have diffused into the
protective 2ZnO layer which forms on the unoxidized metal.

Arrhenius parameters are calculated for the three
chemistries, but some questions are raised about whether those
parameters are associated with a diffusion process or with the
actual hydrogen producing reaction.
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INTRODUCTION

An inventory of nuclear power plants which were licensed for
commercial operation in the United States gs of December 31,
1979, indicates that 71 such plants exist. Of that total, the
large majority are light water cooled reactors (LWR's) with only
one of another type, a high-temperature gas cooled reactor
(HTGR) , being licensed for commercial operation. Of the 70
licensed LWR's, 27 were classified as boiling water reactors
(BWR's) and 43 as pressurized water reactors (PWR's). A further
breakdown shows that 26 of the 27 BWR's have nuclear systems
supplied by a single supplier; whereas, the PWR'sS nuclear
systems are supplied by three different core manufacturers. In
this report, the three different PWR nuclear systems will be
referred to as PWR (I) for Westinghouse Corpccation, PWR (II)
for Combustion-Engineering, Inc., and PWR (II1I) fcr Babcock and
Wilcox Co. The I, II, and III simply serve to indicate the
different nuclear system suppliers and, therefore, different
primary coolant chemistries. The 43 PWR's are equipped as
follows: Approximately 60 percent are PWR (I), approximately 16
percent are PWR (II), and approximately 23 percent are PWR
(III).

As indicated above, the primary coolant solutions and the
emergency core cooling systems (ECCS) for each of these types of
reactors are different, at least insofar as the chemistry of the
coolant is concerned. Therefore, in the event of a loss-of-
coolant-accident (LOCA) in a U. S. nuclear power plant, the
interior surfaces of the containment building, which includes
equipment for normal and emergency operation, walkways,
gratings, and conduit could be exposed to the hot spilled
coolant and containment spray solutions of any one of at least
four different chemistries. According to design basis accident
(DBA) analysis, the temperature within the containment building,
andothus the temperature of the equipment, etc., could reach
150°C and might get higher depending on the severity of the
accident. At the elevated temperatures which are predicted by
DBA analysis, the corrosion of galvanized steel, from conduit,
walkways, etc., according to Equations 1, 2, and 3, could become
a concern.

K
Zn + Hzo—I-Zno + H, (1)
K,
Zn + 2H20——o2n(om2 + H2 (2)



K

- 3
Zn + H20 + OH -——oHZnO2 . Hz (3)

The problems arising from these reactions are twofold. First,
the hydrogen gas so produced can add to the hydrogen produced by
other mechanisms (oxidation of the zirconium fuel cladding,
raiiolysis of water, etc.,) and thus contribute to the
production of dangerously high levels of hydrogen within the
containment building. If the quantity of combustible gas (i.e.,
hydrogen) in the containment reaches an ignitable level and does
in fact igunite, the mixture can undergo either a rapid
deflagration or build into a detonation. A detonation would be
the worse of the two. 1In either case, a large quantity of heat
is released, and a rapid pressure rise is produced. Such
phenomena have a strong potential for complicating an accident
Fecause (1) the heat and pressure can damage or destroy
equipment and instrumentation needed for accident mitigation,
and (2) the pressure spike or possible shockwaves could exceed
the building limits and cause venting of the containment to the
atmosphere. Both conditions are extremely undesirable.

The second problem posed by the corrosion reactions concerns
the nature of the other reaction products. Reactions 1 and 2
produce 2ZnO and 2n(OH).,, respectively, both of which are very
insoluble in aqueous média. The situation becomes more complex
when the coolant solution is chemically modified by the addition
of boric acid and/or tri-sodium phosphate as is done in PWR's.
In PWR's, there is the additional concern of solids b’ing formed
via reactions of the type shown in Equations 4 and 5.

zn?* (aq) + 280,” (ag) —= 2n(BO,) , X H,0(s) (4)

32n%* (aq) + 2P0, (aq) —= Zn; (PO,) , (s) (5)

If such solid products formed, they would eventually settle to
the bottom of the containment building sump where they could be
picked up by the sump pumps and distributed throughout the ECCS.
Such an occurrence could (1) cause fouling and failure of the
sump pumps, (2) cause the solids to deposit in the ECCS heat
exchangers, and/or (3) cause the solids to obstruct the nozzles
of the containment spray system. Any of these conditions could
result in diminished reactor cooling capacity and a worsening of
an accident. It is important, therefore, to the design of




nuclear power plants that reacuvions of types 1 2, and 3 be

investigated.

The literatuvvre concerning hydrogen gonﬁration from zinc
corrosion has been reviewed by Van Rooyen. His review shows
that there is a large scatter in the data available, and he
concludes that in view of the potential hazards posed by these
reactions, the data are few and that further investigation is
needed. This report deals with reactions 1, 2, and 3 on
galvanized steel and studies these reactions in three different
aqueous media which are representative of the water chemistries
of BWR, PWR (I), and PWR (II) reactors.

SRIMENTAL METHOD

corrosion of galvanized steel was studied using aqueous
of three different chemical compositions. These
are referred to in this paper as BWR, PWR (I), and PWR

1
have the following composition:

Demineralized water; 5.3 < pH < 8.6 at ambient.

PWR (I): 0.18 molar F,BO, (2000 ppm B): 8.5 s pH < 9.0 at
ambient, the pH was adjusted th NaOH.

PWR (II): 0.25 molar H,BO, (2680 ppm B, 1.6 mmolar H,NNH, (50
ppm) ; 3.1 mmdlaf Na,PO, x 12H,0 (1170 ppm); ”
7 < pH < 7.7 at 3mbxené. o

All solutions wege nrepared using demineralized water having a
resistivity = 10" onm/cm. All cnemicals were of reagent grade
quality, or better. Measurements of pH were made at ambient
conditions with standard buffers as references.

samples were prepared from ASTM A36
cut to dimensions of .08 cm x 10.16 cm x 0.305 cm
rounded to a radius of 0.318 cm. The samples were
cnated with zinc by the hot-dip process according to ANSI/ASTM
A-123-78 standards. The coated samples were individually washed
and degreased, wrapped in soft paper, and stored at anmi ient
conditions in a desiccator until used.

Corrosion tests were carried out in a specially designed
s*tainless steel vessel, which has been described previously,
and the samples were completely immersed in the test solution
during the test. Each test was of 24-hour duration, and the
rate of hydrogen generation was measured by periodically
sampling the reactor atmosphere and performing a gas




chromatographic analysis for hydrogen concentration. The
reactor atmosphere was sampled by a gas chromatograph programmed
to manipulate a series of sampling valves. The gas
chromatograph was calibrated between tests at each test
temperature by charging the reactor vessel with known quantities
of ultra-high purity H, gas and sampling the atmosphere in the
same manner as during & test. For the calibration procedure,
there was no sample in place, and demineralized water was used
to reproduce the humid atmosphere within the vessel. After
completion of a test, the reactor vessel was allowed to cool to
near ambient conditions and disassembled. The test solution was
collected in a glass beaker and examined for the presence of
suspended solids. If solids were present in sufficient
gquantity, the solution was filtered, and the solids collected.
The test vessel was then cleaned and dried and prepared for the
next test. This procedure was followed for all tests as well as
for calibrations.

Analysis of reaction products which adhered to the
galvanized steel samples were obtained using scanning electron
microscopy (SEM), electron microprobe analysis (EMA), and x-ray
photoelectron spectroscopy (XPS). Energy dispersive EMA
elemental maps were obtained for Fe, 2n, 0, B, P, S, and ¢D

using a 15 kV ele:tron beam of 20-85 na current. Reaction
products which cracked and detached from the substrate were
analyzed by XPS for unoxidized 2Zn.

RESULTS AND DISCUSSION

All test solutions were collected and examined for the
presence of suspended solids. The solutions were usually very
clean and clear with particulate matter occurring only in a few
cases. When material was present and the solution filtered,
only very small quantities of matter were collected and usually
contained small fibers. The fibers are believed to have
originated from either the soft paper in which the samples were
wrapped for storage or from the glass fiber insulation used
around the reactor vessel. Solid reaction products generally
tend to remain adhered to the steel substrate. Except 1in 8he
case where samples were corroded at high temper ture (~1757°C),
the adhered products were very tenacious and could not be
readily removed. In the case of samples corroded at high
temperature, the reaction products were very brittle at the
edges of the sample and broke away from the sample during
handling. In the areas where the product layer failed, the
product usually came away completely and exposed the steel
substrate (see Figures 1 and 2). The detachment and fracturing
of the product layer are indicative of extensive reaction




extending to the steel substrate and, presumably, total
consumption of the galvanized coating. XPS analysis shows these
products to be ZnO with no unoxidied Zn present. The presence
of the iron (Figure lc) throughout the product is probably due
to alloying during the hot-dipping process, and not to extensive
diffusion of reacted steel.

Except for the case where the reaction is so extensive that
the products crack and fall away from the substrate, it is
difficult to assess the extent of reaction from the electron
microprobe analysis data. Molecular oxygen tends to adsorb on
surfaces, especially metals and metal oxides. In our case, it
is difficult to separate the adsorbed oxygen signal from the
product oxygen signal, i.e., signal from oxides of Zn and Fe.
Figure 3a shows the oxygen adsorbed onto the surface of an
uncorroded sample which has been ground and polished for
analysis. The problem of adsorbed oxygen is not trivial because
the grinding and polishing must be done away from the analytical
instrument and the samples transferred into it afterwards.
Grinding and polishing all samples in an argon atmosphere did
not yield different results. Figure 3b is a scanning electron
microscope photomicrograph of the unreacted sample, and it shows
the absence of cracks in the galvanized coating. There are some
small voids present which were probably caused by bubbles during
the galvanizing process. Figure 4 is similar_ photomicrographs
of samgples corroded at high temperature (~175°C) in the three
chemistries of interest. All show the cracking and largye voids
suggesting extensive reaction.

Figure 5a is an SEM photomicrograph of a different section
of the sample shown in Figure 4c. It also shows cracking and
voids. Figure 5b is an energy dispersive electron
photomicrograph for phosphorous of that same section. It shows
that the phosphate of the PWR (II) solution has deposited onto
the surface of the reaction product, but that none have diffused
into or penetrated the product layer. Similar photomicrographs
for boron using samples corroded in both PWR (I) and PWR (II)
solutions fail to show any diffusion of borates. Within the
limits of detection of the electron microprobe technique, there
is no boron either in the product layer or on the product
surface. The absence of both phosphates and borates in the
product and the absence of suspended solids in solution suggest
that reactions 4 and 5 are not of major importance in these
systems. The important reactions then are probably reactions 1,
2, and 3, so far as hydrogen generation is concerned, and
probably include reactions such as reaction 6 in the overall
corrosion process.




Zn + 1/202—-—-Zn0 (6)

There is no 2vidence for the occurrence of reaction 7 which
would tend to passivate the surface to further reaction.

Zn(OH)z + COZ-—‘ZnCO3 + H,0 (7)

This is not surprising because studies have shown that at
temperatures well below thgsg 9f these studies, zinc hydroxide
will convert to zinc oxide™’ '' and, thus, should inhibit
carbonate formation.

Figures %a, b, and ¢ are an SEM photomicrograph, an electron
microprobe map for Fe, and an electron migroprobe map for 2Zn,
respectively, of a sample corroded at 154°C in demineralized
water. Figure 6 shows that in some cases, there is pitting of
the surface layer and probable galvanic corrosion.

Establishment of micro-galvanic cells at pitted areas means that
the corrosion mechanism over the entire coupun surface is
non-uniform and quite complex. Because of the possible pitting
and very large extent of reaction associated with the tests at
high temperature, we feel that the change in rate of gydrogen
production which is evident in Figures 7 and 8 at 175°C is
probably due to both a depletion of reactive material as well as
to a nonhomogeneous surface. If a nonhomogeneous surface is
reacting, then,it is meaningless to report rate constants in
terms of SCM/m“~-hr because the surface area is no longer known.
For this reason, only the initial rates of hydrogen production
are reported at high temperature, and no attempt is made to
calculate a rate constant for the slower part of the reaction.
Typical H, concentration versus time plots for the three
chemistrizs of interest are shown in Figures 7, 8, and 9, and
the measured rate constants are given in Tables 1, 2, and 3.

The electron microprobe analysis of the reaction products,
which was discussed above, raises some interesting questions
about what processes are actually being measured in these and
other studies of this nature. The absence of borates and
phosphates in the reaction product matrix suggests that these
chemicals are being exc’uded from the reactive regions which are
rich in zinc/zinc-iron alloy, and that the pertinent r actions
are of the nature of reactions 1, 2, 3, and 6. Howev.r, if this
were the case, then one would expect that at the reactive




surface the reaction mechanisms and, therefore, the rates would
be the same for all three chemistries. Tables 1-3 and Figures
7-9 clearly show that such is not the case. A reasonable
explanation for the chemical dependence of the rates, then, is
that the chemical additives are changing the chemical nature of
and the rate at which the reactive species,reach the unoxidized
surface. It has been suggested previously that corrosion is
causad by differences at the metal surface, differences in
oxygen content, salinity, pH, etc., between the metal surface,
and the environment. We would like to expand on this and
suggest that differences in corrosion or corrosion rates can
also be caused by differences at the surface of the product
layer. Figure 5b clearly shows that chemical additives can
deporit on the product layer and could then induce chemical
changes in the corrosive medium which is diffusing to the
reactive surface. The same is true even in cases where no
deposition is observed, i.e., the borated solutions, because
hydrogen bonding and dipolar interactions between the surface
and chemical species in the sciution can lead to significant
chemical changes at the surface of the product layer. The fact
that the demineralized water corrodes the galvanized steel more
efficiently than the chemically modified solutions was
unexpected; however, when one considers that the demineralized
water has no buffering ability and that there are no additives
and/or surface deposits to hinder diffusion of the H o, OH , O
etc., to the reactive material, the same observation should noe
be surprising. It is not clear, then, that the rates which are
measured in this type of study are strictly the rates of
reactions 1, 2, and 3, and may instead by highly influenced by
the rates of diffusion of steam, oxygen, hydroxyl ion, etc.,
through the product layer. We suspect, then, that the induction
periods seen in Figures 7-9 may be due to an equilibration
period between the hot-dry initial oxide layer, which has been
protected during heating by the sample holder, and the hot
corrosion medium, prior to the onset of reactions 1-3. We,
nevertheless, will report our data as rate constants for H
generation and will treat these rates as if due to a telatfvely
simple overall hydrogen generating reaction. We have calculated
our rate constants from the data subsequent to the induction
period and, thus, obtained the maximum rates of hydrogen
production. Reporting our data in this manner will allow us to
use standard kinetic equations (Equations 8 and 9) to calculate
activation parameters for the overall process.

k = A exp(-E,/RT) (8)



Ink = 1nA - Ea/RT (9)

where
A = A pre-exponential factor having units of SCM/mz-hr
Ea = Activation energy for the Hz generating process in
cal/mole
R = Universal gas constant in units of cal/deg-mole

]
"

Absolute temperature

Tables 1, 2, and 3 contain the data whishluere collected for
these systewms, and comparison to literature”’ values show that
our values tend to be higher, often by as much as an order of
magnitude. Figures 10, 11, and 12 are our data plotted
according to Equation 9 and yield activation energies which are
about 10 kcal/mole higherg than the average of 14.5 kcal/mole
calculated by Van Rooyen~ from the work of several authors.
Trese differences can arise from several reasons:

(1) Test materials: Much of the available data were
collected using zinc-rich paint primers, as opposed to
galvanized steel.

(2) Test methods: Most of those tests were conducted by
immersing the samples in the test solution and then
heating to temperature, as opposed to heating everything
to temperature prior to sample exposure.

(3) Test duration: Those tests were carried out using
integral tests, i.e., a sample was corroded for 24
hours, 48 hours, 72 hours, and sometimes longer periods
prior to measurement of H, generation, and the results
integrated over the entirg time period.

Differences in materials, especially in going from a flat
surface area tc a fine powder surface as found in zinc-rich
primers, can result in huge differences in reactivity. One
would expect that the higher surface area of the zinc powder in
the primers would result in higher apparent reaction rates. The
literature data do not support this since reported rates are
typically lower than our values. Our own data, however, do
support that expectation and indicate that test duration may be




partially tesponsiyle for the low literature values. Our data
with zinc primers indicate that the initial rate of hydrogen
evolution from primers is very high, and the reaction over in
4-5 hours, continuinrg tc age the samples for as long as 48 or 72
hours prior to sampling would result in calculated rate
constants considerably lower than the initial rates would
indicate. Test methods could also account for some of the
disagreement within the literature as well as with our data.
Immersion of the test samples prior to heating to temperature
will result in continuously changing reaction rates due to
temperature induced changes in the nature of the coating. The
litetatgsg'gontains much evidence to support changes of this
nature.

CONCLUSION

Our studies of hydrogen evolution from hot water corrosion
of galvanized steel indicate that the demineralized water
solutions which are typical of BWR reactors are more efficient
hydrogen producers than the chemically modified sclutions of the
two PWR type reactors considered. The rates of hydrogen
evolution were higher and the activation energies lower, over
the temperature range studied, for the BWR solution than for
either of the PWR solutions. Elec:tron microprobe analysis of
sectioned samples show that the reaction products, which are
tightly adhered to the surface of the steel substrate, are
primarily oxides of iron and zinc and that the boric acid and
sodium phosphate additives of the PWR (I) and (II) solutions do
not penetrate the oxide layer. 1In the case of the phosphate, it
is seen to deposit on the water side of the oxide layer, but not
to progress any further. It appears that the chemical additives
of the PWR (I) and (I1) selutions affect the rates of H
evolution by changing the chemistry of the corrosive meaium at
the surface of the oxide layer. Changing factors such as pH,
salinity (i.e., conductivity), oxygen content, and rates of
diffusion at the surface could account for differences in rate.
These observations suggest that this type of study does not
actually measure the elementary processes of Equations 1-3, but
instead measures the complex processes of diffusion through the
oxide layer and how that is affected by changes in temperature
and chemistry.

Our data are typically higher than most of the data found in
the literature. We attribute this to differences in temperature
ranges studied and methodology of the experimentation, as well
as to differences in chemistry. Much of the testing done to
date has been carried out over temperature ranges considerably
different than that of our work. Several studies have shown



that the nature of the oxide layer, i.e., density, tenacity, and
hardness, as well as chemigtsy, Tadergoes definite changes over
certain temperature ranges ' '’ and that these factors do
influence rates. Our own previous work indicates that there is
nonlinear behavior in plots such as those in Figures 10, 11, and
12 when the temperature range is too broad. The experimental
methodology employed in many previous studies involved immersing
the test samples in the test solutions prior to raising the
temper ture of the solution to the required value. Our procedure
was to keep the sample isolated until the entire test apparatus,
including the sample, was at the required temperature. Also,
most of the previous studies allowed the reaction to proceed for
a predetermined period of time, usually for several hours prior
to sampling the product atmosphere for H,. Our approach was to
conduct the tests for 24-hour periods wifh frequent sampling
throughout that time. Much of the data collected to date has
been collected using zinc-rich paint primers as test samples.

We have tested both galvanized steel and primers. Our tests
indicate that at high temperature, and especially for the
primers, the initial rate of H, evolution is quite high and that
evolution ceases after a few hOurs. Tests conducted for 24, 72,
or 100 hours and then extrapolated to zero time would by
necessity result in lower rates than would a measurement of the
initial rate. We feel that our tests are more indicative of
what one can expect immediately following a large-scale LOCA.

The production of solid materials trom post-LOCA reactions
is of great concern to reactor safety engineers, as it should
be, because of the potential of such materials for fouling ECCS
apparatus. One source of such solid material is the corrosion
of zinc to form oxides, hydroxides, and borates and phosphates
as shown in Equations 4 snd 5. gur studies show that within a
temperature range of 100~ to 175°C and for relatively short
periods of exposure (24 hours), the production of such materials
is not a problem. The oxide products formed are insoluble and
adhere very tenaciously to the steel substrate and inhibit
diffusion of borates/phosphates to the zinc surface. One should
bear in mind, however, that these tests were carried out for 24
hcurs and the samples removed very shortly thereafter. Thus, we
aave no information as to the behavior of these materials either
after long periods of standing in the reactor solutions or after
a hydrogen burn.

We are, as indicated earlier in the text or this report,
continuing similar st.idies involving zinc-rich primers and
primers with topcoats. We expect to complete those studies in
the near future.
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TABLE 1

Rate Constants for H2 Evolution from
Galvanized Steel in BWR Test Soluticn

Rate Constant Weight Gain
SCM/m“~hr gram/sample

(1.11 + .04) x10™* 0.0354

(1.11 + .07) x10~3 0.1964

(1.29 + .08) Xx10™° 0.2183

-3

$15.27 ¥+ , X10 0.8275

X10™3 0.5015

-2 1.5181

-2 1.3138




Temp., %c

+

i+ I+ I+

|+

1+

| +

B

8.96
9.02
8.97
8.98
8.96
8.97

8.98

constant = 6,0 X 10

constant = 7.2 X 10~

TABLE 2

Rate Constants for Hj Evolution from
Galvanized Steel in PWR(I) Test Solution

Rate Constant
SCM/m“~-hr

Weight Gain
gram/sample

(2.90 +

(2.48
(2.17
(3.86
(2.81
(7.61

(8.49

6

6

rate constant = 1.01 X 10~

.33) x10°

I+ 1+ I+ I+ |+

I+

SCM/mz-hr.
2
SCM/m"=hr.

SCM/m2-hr.

0.0055
0.0332
0.0379
0.5070
0.3327
0.9575

1.0195

Ref. 9; Zinc metal @ 99°C, pH 9.8, 2270 ppm B, rate

Ref. 9; Zinc metal @ 106°c, pH 9.8, 2270 ppm B, rate

Ref. 10; Galvanized steel @ 130°C, pH 9.3, 3000 ppm B,




Temp
101.3
131.0
131.6
152.9
152.8
175.0
175.6

+

I+ I+ I+ |+ |+

|+

a)

b)

TABLE 3

Rate Constants for Hj Evolution from
Galvanized Steel in PWR(II) Test Solution

Rate Copstant Weight Gain
S¢ pH SCM/m“~-hr gram/sample
a
1.3 6.91 (2.49 + .34) X10™° 0.0195
1.3 6.90 (2.16 + .13) x107% 0.0452
1.1 6.90 (2.41 + .05) x10™% 0.0528
1.3 6.90 (2.43 + .13) x1073 0.2982
5
1.1 6.90 (2.04 + .19) x1073 0.2467
1.1 6.87 (4.30 + .13) x1073 0.8271
1.1 6.95 (3.91 + .19) x107° 0.6595

Ref. 9; Galvanized steel @ 106°C. 3800 pom B, 50 ppm

H,NNH,, TSP to give pH 7.5, rate constant = 6.7 X 10"5

SCM/m?=hr .

Ref. 9; Zinc metal @ 151°C, 3800 ppm B, 50 ppm H NNH,,

4

TSP to give pH 7.5, rate constant = 2.7 X 10° SCM/m2°ht.

a8 T
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