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This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
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process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States Navy, nor the Commission, nor any
person acting on behalf of these agencies:

A. Makes any warranty or representation, express or. implied,
with respect to the accuracy, completeness, or usefulness of the
information contained in this report, or that the use of any infor-
mation, apparatus, method, or process disclosed in thiz report:.
may not infringe privately owned rights; or 2

B. Assumes any liabilities with respect to the use of, or for
damages resulting from the use of any information, apparatus,
method, or process disclosed in this report.

As used in the above, ""person acting on behalf of the Commission
or the U. S. Navy' includes any employee or contractor of these agencies
to the extent that such employee or contractor prepares, handles or dis=-
tributes, or provides access to, any information pursuant to his employment
or contract with the Commission or the Us S. Navy. ;
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ABSTRACT

This report describes a series of investigations relative to the
pickling of the Zircaloys prior to corrosion exposure. Included are studies
evaluating the feasibility of utilizing common ion neutralizihg and sulfuric
acid rinses subsequent to pickling in order to facilitate surface cleaning
and minimize acid entrapment. Investigations of various addition agents to
the aqueous nitric acid-hydrofluoric-acid pickling solutions were made to
evaluate pickling rates, surface smoothness, ease in rinsing, and effects
upon subsequent corrosion properties. The corrosion evaluations of a °
hydrochlori¢. acid-hydrofluoric acid etchant and nitric:and sulfuric¢ acid-

hydrofluoric acid Solutions were made.

vii
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PICKLING OF THE ZIRCALOYS PRIOR TO CORROSION EXPOSURE

S. Kass

D. J. Fontanese
-A. E. Oaks
D. B, Scott

INTRODUCTION

Zircaloy-2 and -3 have found extensive application in the water cooled and
moderated reactors developed at the Bettis Plant, due to the excellent coOrrosion
properties in high temperature water and steam. These excellent properties are
inherent in the alloys; however, the corrosion rates of zirconium alloys are
affected by the condition of the surfaces induced by machining, abrading, or
chemical contamination. A truly representative surface on good quality material
permits one to obtain a protective oxide and low weight gains, while a poor
surface of the same material results in loose white oxide and high weight gains.
Because of the sensitivity of the zirconium alloys in this respect, great care

must be exercised in specimen preparation if spurious results are to be avoided.

Mechanical operations such as machining and abrading the surface of zirco-
nium alloys give rise to a layer of disturbed mgtal_at the surface and for an
appreciable depth under it. The diétufbéd'la&ef exhibits a‘more rapid corrosion
rate than does the bpik metal; hence, must be removed prior to corrosion expo-
sure. The effect, illustrated in Fig. 1, correlates the extent of disturbed
metal under a machined surface as revealed by X-ray line-broadening measurements
with the appearance of zirconium specimens after corrosion (Ref 1). The inci-
dence of whitefCorrosion, indicating accelerated attack, is seen to correlate

with the extent of disturbed metal.

The m&stvreliabié méfhbd of pre;éofroéion exposﬁre surface preparation
consists-of the removal ofli to 2 mils ffom each surface by bright etching in
an ayueous solution cénfainiﬁg approximately 59.v/o nitric acid (Sp.Gr.1l.42),
2.5 to 3.5% hydrofluoric acid (52%). The process includes suspending the
items on 18-8 type stainless steel fixtures, minimizing the contact areas
between the fixtures and components. A large ratio of etchant volume to com-
ponent surface area is desired as the zirconium-acid reaction is eXotﬁg%mic,.
and the etchant temperature should be maintained below 120°F1 (Items pickled
at temperatures in excess of the ﬁpper'limit fésult in tdpered'and irregular

surfaces and are more prone to be contaminated as discussed below).
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Contamination occurs when the etchant is not thoroughly rinsed from the
surfaces or when the etchant is permitted to dry on the specimen. 1In the
latter case the residue is insoluble in water. Inadequate rinsing, which
allows the etchant to dry on the surface, leads to the formatioh of white
corrosion products when exposed to high temperature waferu Figure 2 illus-
trates the corrosion behavior of Zircaloy-2 after proper and improper etching
techniques (Ref 2). All specimens were corrosion tested in 680°F degassed,
demineralized water after 2 mils per surface were removed by the nitric-
hydrofluoric aéid etchant. The first set was tested after the specimens
wefe thdroughly rinsed. Note the black oxide sﬁrfaces with no evidences
of‘whiﬁé corrosion product. The second set was corrosion testeéd after the
etchanf was pefmitted to dry upon the specimens. Note that the specimens
.arelcbmpletely covered with white corrosion product. The third set was
handled in the same manner as the second set except that the specimens were
vigorously scrubbed with a brush after drying. The specimens again are coated
with white oxide after corrosion testing; however, the appearance indicates
that some of the residual etchant was removed by the serubbing action. S

Further dramatic evidence that the corrosion resistance can be markedly
deteriorated by improper etching techniques is shown in Fig. 3, a photograph
of zirconium test specimens .which were clamped together and exposed for
k days in 650°F water or steam containing 200 ppm of sodium fluovide.* 4
Undef these conditions extremely deléeterious corrosion ic nbted\at the watlng

surfaces.

A more frequent difficulty in the corrosion testing of Zirconium alloys
is not the severe case of white spalling oxide, but the more subtle effects
involving only weight gain values or slightly cloudy surfaces (Fig. 4). This
condition is bfought about during the transfer of the coupons from the etchant
to the rinse bath. If the transfer'is not made rapidly, the etchant clinging
to the coupon becomes spent and depnsits the regidunl reactiovn product upon

the coupon surfaces.

Long-time process experience with simple shapes and components has shown
that etchihg in nitric-hydrofluoric acid and rinsing can produce surtaces

which accurately reflect the corrosion resistance of the base metal; however,

*Unpublished Research, K. M. Goldman, Bettis Plant )
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recent experiences have demonstrated the need for new or modified procedures
since accelerated corrosion was observed in spite of strict pickling and

rinsing controls.

The work described in this paper constitutes a study of the pickling of
the zirconium alloys prior to corrosion exposure. It presents a continuing

effort to advance technology of corrosion resistant Zircaloys.

EXPERIMENTAL

Post-Etching Rinsing

Nitric Acid Rinsing After Pickling

Inasmuch as accelerated corrosion is influenced by the incom-
fplete removal of the etchant or permitting the etchant reaction product to
dry upon the zirconium alloy surfaces, the utility of common ion rinses
immediately after rinsing were investigated in order to redissélve~any resid-

ual reaction product from the surfaces.

Two-hundred-forty Zircaloy-2 specimens were etched in the nitric-hydro-
fluoric-water bath at 100°F for sufficient time to remove 2 mils per surface.
The coupons were not rinsed, but permitted to drain dry for 7 days. All
coupons were covered with heavy deposits of a white reaction product. (These
specimens represent the extreme condition of surface contamination discussed
ebove). The coupons were then randomly divided into groups of 10 each and
rinsed in agueous solutions containing O, 10, 25, 40, 60, and 80 v/o nitric
acid for 5, 10, and 20 min at 140° and 160°F. Upon completion of the agueous
nitric acid rinses; the specimens were thoroughly flﬁéhed_in flowing tap water
and static, boiling, high purity water. The coupons were then corrosion tested
in 750°F steam at lSOO\psi for 3 days, using procedures previously discussed
(Ref 2).

Visual examination of the cbupons prior to the corrosion test showed
that none of the above rinsing operations completely removed the residual
etchant reaction product from the surfaces, although a few areas at the tops -
of the coupons appeared to be free of the white deposit. Typical surfaces

after rinsing are shown in Fig. 5. Post-corrosion test examination confirmed
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the pretest examination; none of the rinsing operdations completely removed
residual reaction product. Typical specimens after corrosion testing are

shown in Fig. 6. Additional trends indicated were:

(a) Rinsing the contaminated surfaces in tap water did not exhibit
beneficial effects. No improvement was noted with increasing

rinse water temperature.

(b) Rinsing in aqueous nitric acid removed some residual reaction
product; however, complete removal was not obtained. The efficiency
of the removal was independent of the nitric.acid concentration over

the range from 10 to 80 w/o.

(¢) 1In the low concentration range (10 to 40%) slightly improved

deposit rgmovalwas obtained with increasing rinse bath temperature. :

(d) At the high concentration (60 and 80%). the rinsing action was inde- -

pendent of time and temperature.

Inasmuch as some reaction product removal was indicated in the above
experi&énts, a group of 40 specimens was treated to determine the value of
a post-pickle rinse at room temperature in 25% nitric acid utilizing rapid
transfer of the coupons from the etchant to the acid rinse. The coupons were
etched 2 mils per surface at temperatures of 60° and 120°F, immediately
rinsed in either 25% nitric acid at room temperature or tap water, and subse=-

quently rinsed inchigh purity water.

All specimens exhibited bright lustrous surfaces with no indications of

any residual reaction product.

The coupons were then corrosion tested for 3 days in T50°F steam. Vis-

ual examination of the coupons showed the following:

(a) Thé coupons rinsed in the aqueous nitric acid solution did not
exhibit auy areas of the white accelerated corrosion product. _The
coupons rinsed in water showed slightly cloudy films indicative of

insufficient removal of the residual etchant.

(b) Litlle or no differences were apparent on the surfaces of the cou-

‘pons. which. could be attributed to pickle solution temperatures.
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The nitric rinse, although not a "cure-all" for surface contamination
occurring during the pre-corrosion etching of zirconium alloys, is a valuable
addition to the process. The chances of contaminating surfaces with residual
etchant ére minimized when nitric acid finsing is emplo&ed as the time required
for transfer from thg pickling solution to the nitric rinse need not be as A

short as when water rinsing is employed.

Sulfuric Acid Rinsing After’ Pickling

The white precipitate formed during the dissolution of zirconium in

hydrofluoric acid solutions is believed to be a hydrated zirconium fluoride

2
is a cause of surface contamination and the resulting accelerated corrosion.

(presumably ZrFx (OH)y*nH 0). Furthermore, it is believed that this precipitate

Since preliminary experiments have shown that the precipitate is soluble in hot
(100° to 1L0°F) aqueous sulfuric acid, a series of investigations was initiated
to determine the féasibility and utility of incorporating aqueous sulfuric acid
solutions after etching. It was postulated that if the precipitate were solu-
ble in aqueous sulfuric acid, dissolution of the precipitate would remove the

source of the accelerated corrosion.

Sixty-four Zircaloy-2 specimens were etched in the nitric-hydrofluoric-
water etchant at 100°F fbr sufficient time to remove 2 mils per surface. The

speclmens were 1ot rinsed but were permitted to drain-dry for 24 hours.

The specimens were covered with heavy, white deposits representing the
extreme condition of surface contamination. The specimens were then randomly
divided in groups of four each and rinsed in tap water 10, 25, and 50 y/o.
sulfuric acid for 10 and 30 min at 80° and 14N°F. The specimens were then
thoroughly rinsed in flowing tap water and static, boiling, high purity water.
Visual examination of the specimens prior to corrosion test showed that none
of the above operations completely removed all of the etchant reactioﬁ product,
although gross areas of bright shiny metal were evident (Fig. 7). The dissolu-
'tiﬁn of the white deposit was greater at thg high temperatures than at the
lower temperatures. The 25 v/o solution at 1LO°F removed almost all of the

white deposit, but a thin, dark, blueblack smut remained.

Post corrosion test examination (Fig. 8) showed severe accelerated corro-

sion on all major surfaces -of the specimens. Areas which appeared to be free
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from residual etchant prior to the test also exhibited white corrosion product.
These observations indicated that although the sulfuric acid solution apparently
removed all visible traces of residual etchant contamination, a secondary reac-

tion occurred, resulting in general overall accelerated corrosion.

A group of 24 Zircaloy-2 coupons was included in a program to confirm the
above indications. Coupons were processed in six groups of four each and cor-
rosion tested for 14 days in 750°F steam. Etching temperatures of 60°, 80°,
and 140°F were used, with and without subsequent rinsing in 25 v/o sulfuric

acid for 30 sec at 1lL4O°F.

Pre-corrosion test examinpation vrevealed no acid etaoinoc on any of tlie cuu~
pons rinsed in the sulfuric acid solution, and slight stains on the coupons

pickled at 140°F and water rinsed.
Pbst-corrdsion—testing (Fig. 9) inepecction showed the following:

(a) The coupons which were immediately rinsed in water exhibited shiny,
black temper films. Only the coupons pickled at 1LO°F exhibited
white corrosion product. (It should be noted that these coupons

appeared stained before corrosion tests).

(b) All coupons which were rinsed in sulfuric acid exhibited general

white areas, evidences of accelerated corrosion.

'hese experiments showed that although the reaction product formed during
the etching of zirconium alloys in hydrofluoric acid solutions is soluble in
hot aqueous sulfuric acid, a secondary reaction occurs at the zirconium alloy
surfaces, causing a deleterious effect upon the éubsequent high temperature

corrosion behavior.

CAanatic Rinaesa

The following experiment was performed to determine whelliwer rlnses
performed in solutions neutralizing the rcsidual acid clinging to the surtaces
would appreciably affect the corrosion resistance and/or result in minimizing
"acid stain™ corrosion. Sixty-four coupons representing one Zircaloy-2 and
three Zircaloy-3 ingots were etched for sufficient timc to remove 2 mils per
surface in the nitric-hydrofluoric solution and thoroughly rinsed in tap water.

Thirty-two coupons were subsequently rinsed in a 4% solution of sodium hydroxide.
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All coupons were then rinsed in hot, high purity water and corrosion tested

for. periods up to 168 days in 680°F water and 140 days in T50°F steam.

Precorrosion examination revealed no staining of the coupons; all sur-

faces were bright and lustrous.

The coupon appearances and weight gain data (Table I) showed no deleterious
effects were brought about by the caustic rinse. It should be noted that although
beneficial effects were not observed, caustic rinsing may be employed whenever
‘experience has shown that water rinsing does not completely remove the entrapped

‘etchant from the surfaces.

Additives to the Nitric Hydrofluoric Acid Etchant

The above reported experiments and long time process experience has
demonstrated that the nitric-hydrofluoric etchant would be improved if the
residual etchant could be removed more rapidly from the Zircaloy suffacés.
Supplemental operations, nitric or caustic post-pickle rinses, fog nozzle
spraying, étc., have been employed; however, these approaches are time con-

suming, difficult, and not completely fool-proof.

In many commercial pickling and electroplating operations, additives
such as wetting agents, are often employed to facilitate metal removal, improve

surface finish, increase the rinsability of ‘etchant, etc.

A group of experiments was perfbrmed to explore the field of wetting agent
additions to the nitric-hydrofluoric etchant and to evaluate their effects on

the pickling rate, surface finish, corrosion behavior, and ease in rinsing.

Preliminary investigations showed the following additives were stable in

the hot acid solution:

Antarox G-100 General Analine and Film
Antarox G-100 + Igepal Defoamer General Analine and Film
Akweons 670 ‘ Swift and Cumpany
Akwcons 67k Swift and Company
Akweons 700 Swift and Company
Akweons TT4 Swift and Company
Akweons 790 Swift and Company

BCO . Swift and Company A
Rodine ‘ American Chemical Paint
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Antarox G-100

A series of four etchants was prepared by adding'o, 0.05'(0.55 CC/l),
0.1 (1.17 cc/1), and 0.5 w/o (5.45 cc/1) of Antarox G-100 to the 39 v/o nitric
acid-3.5 v/o hydrofluoric acid-water etchant. (The addition agent readily
dissolved in the acid). Ten Zircaloy-2 coupons were pickled in each of the
solutions at 90°F for sufficient time to remove 2 mils per surface; During
the pickling foaming was evident and the degree of foaming increased with
increasing Antarox G-100 content. The coupons were thoroughly rinsed in tap

water, hot (120°F) high purity water, and corrosion tested in 750°F steam.
’ .

The as-etched coupon surfaces were bright, lustrous; and exhibited no
areas of staining. The corrosion tested surfaces were black, lustrous, and
completely free from white ecorrosion product. Extended corrosion tests
(84 days in T50°F steam), summarized in Fig. 10, show no deleterious effects
on the corrosion resistance of Zircaloy-2 were brought about by the addition

of the wetting agent to the etchant.

The preliminary weight gain data indicated that the addition of the
wetting agent retarded the Zircaloy-2 corrosion and resulted in lower weight
changes. Manufacturers' literature stated that the agent is a highly polar
amine and tends to form tightly adherent mono-molecular layers on metallic
surfaces. It was postulated that the layer would‘initially act.as a harrier
and decrease the corrosion rate; however, the barrier layer wduﬁd soon be
destroyed and Zircaloy-? carrosion would procccd in the normal muanner. Eightfa
four days exposure in T50°F steam has confirmed the postulatioﬁ. The coupons~
pickled in treated acid continue to show weight gains 4-6 mg/dm? below thoce
etched in the "reference" etchant, but the corrosion rates are essentially

identical.

When large amounts of metal (approximately 10 mils) are removed from
the surfaces, a more uniform attack is obtained when the addition agent ie
incorporated into the etchant (Fig. 11). Furthermore, pickling rate studies
(Fig. 12) have shown that the Zircaloy dissolution rate in the Antarok G=100
containing etchant is less sensitive to temperature changes than the non-Antarox

G-100 containing sdlution.

It was hypothesized that if_improved rinsability of the etchant were -
obtained by the addition of Antarox G-100, samples which were not immediately
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O flushed -in water 'after etching would not exhibit the deleterious acid stain
and subsequent high corrosion rate.. Accordingly, a group of twenty-four

coupons was treated as follows and corrosion tested for 7 days in 750°F steam:

(a) Six coupons were etched in an 0.5 w/o Antarox solution for sufficient
time to remove 2 mils per surface and immediately flushed with tap

water, then high purity water.

~(b). Six coupons were etched as in (a) except that the rinsing was per-
formed 1 min after the coupons were removed from the etchant instead

of immediately upon removal.

(c) ' Six coupons were etched in a non-Antarox G-100 etchant long enough
' to remove 2 mils per surface, immediately flushed with tap water,

then rinsed in hot high purity water.

(d) Six coupons were etched 2 mils per surface in the non-Antarox
etchant, thoroughly flushed with tap water 1 min after removal

from the etchant, then rinsed in hot high purity water.

The surface appearances (Fig. 13) and the weight.gain data (Table II)
. show that the wetting agent addition to the etchant does not eliminate the

requirement for immediate rinsing after etching.

\

! | In vrder to minimize foaming which occurs whenever large complex components
are etched in Antarox G-100 solutions, an etchant compounded of Antarox G-100
and Igepal CO-20 was employed. Foam stability was materially reduced without
causing deleterious effects upon the pickling characteristics or subsequent

Zircaloy corrosion.
Akweons 670

A geries of four etchants was prepared by adding O, 0.05, 0.1, and 0.5
w/o Akweons 670 to a 35% nitric acid, 5 v/o hydrofluoric acid, balance water
etchant. Ten Zircaloy-2 coupons were etched in éach of the solutions for suffi-
cient time to. remove 2 mils per surface, thdrqughly rinsed in tap and high

purity water, and corrosion tested for 14 days in 750°F steum.

During the pickling operation, excessive foaming was also noted. The
as-pickled surfaces were bright and lustrous and exhibited no areas of stain.
Post-corrosion-test examination indicated no adverse effects on the corrosion

behavior of Zircaloy-2 were caused by the wetting agent.
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Pickling rate studies, summarized in; Fig.. 14, again demonstrate the -
characteristic of a lesser dependance of pickling raté on temperature.

N

Also lower rates were cbiained with increasing agent content.

. Akweons 674, 700, 77k%, and 790

A group of five etchants was prepared by adding 0, O;Ol, 0.02, 0.04
and 0.10 w/o Akweons 674 or Akweons 700 to a 35% nitric-5% hydrofluoric acid
solution. Four Zircaloy-2 coupons were etched in each of the above solutions;
immediately flﬁshed in tap water; rinsed in hot, high purity water; and cor-
rosion tested in T50°F steam, Four additional Zircaloy-2 coupohs were etched
in each of the above solutions; flushed in tap water 1 minute after removal
from the“etchant} rinsed in hot, high purity water; then corrosion tested in
T50°F steam to evaluate whether improved rinsability was obtained by the addition

‘of wetting agent.

No acid stains were evident on any specimens théroughly flushed immediately
after etching, but stains were evident on all specimens not rinsed immediately

after etching, indicating that improved rinsability was not attained.

Pbst-corroéion-test examination confirmed the pretest observations.
(Figs. 15 - 18). The specimens rinsed immediately after etching exhibited no
deleterious corrosion attributable to the agents, while all coupons delay-rinsed

exhibited white corrosion due to residugl acid or reaction product.

The 750°F steam duta (Tables III and IV) again reflect the deleterious
corrosion effects brought about by improper rinsing after etching. The initial
weight gains of the coupons etchedAin the Akweons containing:solutions: and’
immediately rinsed are slightly higher than the weight gains of coupons etched
in the non-treafed solutioq; however, the differences minimize as cofrosion

exposure ls extended.

Pldkling rate studies, summarized in Figs. 19 and 20, demonstrate a
marked decrease in the rate of metal dissolution in treated etchants at high

temperatures and with increasing addition agent.

Excessive foaming was observed when large components were pickled in
Akweons 67L4 solutions or when air agitation was employed. Akweons T7k,
reported to be a'nonfoaming version of Akweons 674, was investigated and

exhibited behavior similar to Akweons 67k,

10
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Additional investigation showed that Akweons 790 additions to the etchant
yielded nonfoaming solutions and no deleterious. effects upon the corrosion

behavior (Fig. 21 and Table V).
/> ,DuPont BCO |

An evaluation program similar to that for Akweons was performed to

determine the'properties of etchants containing the addition of DuPont BCO.

All.coupbns properly rinsed exhibited bright lustrous surfaces while those
delay-rinsed showed ‘the usual "acid-stain". Post-¢orrosion inspection'verified
the as=etched trends; the addition agent does. not relax the requiremént for
immediate rinéing after etching. The corrosion data‘(Table VI) also show’the
addition agent produces no 111 effects upon the corrosion resistance of pro- -

perly rinsed Zircaloy-2.

Pickling rate studies (Fig. 22) demonstrate that BCO also decreases the -
pickling ratekdependency upon temperature, with a marked decrease in the rate
of metal removed at high temperatures when 0.10 w/o of the addition agent is

included in the etchant.

"o

Rodine

Similar experiments were.conducted using an etchant composed of

39% IH\T05,5a5% HF, bal H,0 containing 1 oz.Rodine per liter of etchant.

The Rodine containing solutions removed metal at the same rate as the
non-Rodine containing etchant; however, more uniform surfaces were obtained
when the Rodine solutions were employed. In addition, the surfaces of the
Zircoloy test coupons exhibited more lustrous surfaces after being etched in

the Rodine solutions. .

Summary of Wetting Agents

Although the presence of wetting agents in the etchants do not con- '
tribute to improved rinsability of the etchant from the metal surfaces and
immediate, thorough flushing of the metal surfaces afterAetching must be per-
formed, the incorporation of weﬁting agents in the Zircaloy pickling solutions
has considerable merit. A summary of the surface metal dissolution rates
(Fig. 23) shows the marked decrease in pickling rates at higher temperatures

when,the4agents are included in the etchant. This property can be utilized

i

11
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for improved process control whenever large or complex Zircaloy components are
pickled as the variations in the -amount of surface metal removed due to minor -

variations in etchant temperatures will be minimized.

New Etchants

- The ideal etchant for the removal of surface metal from Zircaloy-2
should possess 'a few basic requirements. The etch should not be harmful to
corrosion resiétance. It should remove surface metal in a reasonable time,
éhould prbduce a clean surface, should not cause pitting, and should be egéy
to'hapdie and prepare. Furthermpre, it should be easily removéd from thg
metal surtaces. The "nitrie-hydrofluoric"” etechant does not mcét all the abuve
specifié&tiOns. ''he etch may be harmful to corrosion resistancé and is not
easj tb'prepare or handle. The efchaﬁt must bé Sstored in acid resistant tanks,
and hydrofluqric acid safety precautions muct be strictly observed. Furthermoré,
material to be etched must be vigorously agitnfed or channcling will occur. The

bath is spent after approximately 56 g per. liter of solution of metal are dissolved.

Nitric-Sulfuric-Hydroflubrié Acid Etchants

Inasmuch as the above experiments showed the reaction product formed
during the dissolution of zirconium in hydrofluoric acid 1s sdluble in hot
sulfuric acid, it was postulated that .if the sulfuric acid were incorporated
into the etchant, the reaction product woudd redissolve in the sulfuric acid.
Thus the source ¢f contamination would be a liquid rather Lhuan a solid, and
the sulseguent water rinsing action would be efficient and positive. The

following group of experiments was initiated to:

(1) Determine the effect sulfuric acid concentration has on the pickling

rate, surface finish, and corrosion behavior of Zircaloy-2, and

(2) détermine the effect of delayed rinsing on coupons etched with a

sulfuric acid containing etchant.

A series of seven etchants was prepared by substituting sulfuric acid (96%)
for nitric acid in the 39 v/o nitric-3.5% hydrofluoric-water etchant. Substitu-
tions ranging from O tO'lOO% of the nitric acid were included. The water and
hydrofluoric acid concentrations remained constant. Four Zircaioy coupons were
etched in each of the solutions at 80° * 10°F and 100°F * 10°F for 8 min. After
etching the coupons were rapidly transferred to tap water and then thoroughly '

rinsed, dried, and examined.

12~
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‘Figufelzh*summerizes-the'results of the pickling rate study. The curves
were prepared by calculating the average amount of metal removed per surface.
after each immersion period and plotting these data versus the initial sulfuric
acid concentration. Very little differences in the ﬁickling fates are observed
over the range O to 90% substituted acid; however, the rate markedly increases
at lOO% sulfuric acid solution. The data:further show that pickling rates‘of
the mixed acids are less influenced by high temperatures than the completely
subetituted etchants. ‘All_coupqns etched cleanly in each of the solutions_and
no evidences of white deposits, discoloration, or smudges were visible on the . .
coupons . In general, the coupons exhibited more lustrous surfaces after etching
in the "reference"* than in the substituted solutions. Coupons etched in the’

completely substituted acid were dull.

The coupons were corrosion tested in 750°F steam for periods up to 66 days.
All coupons exhibited black, adherent, oxide films after corrosion exposure.
No areas of accelerated~corrosion (acid stain) were evident. Analysis of weight
gain data (Figs. 25 and -26) showed small effects upon the corrosion behavior
were caused by the etchants. Very slight trends of increasing weight gzin with

increasing sulfuric acid content were indicated.

The preceding experlment demonstrated the sulfuric acid may be substituted

wholly or in part for nltric acid without seriously affecting corrosion behavior.

Another set of experiments was initiated to evaluate the sensitivity of
the surfaces to the time required for transfeerf the component from the etchant
to the first rinse. A group of 4O Zircaloy-2 cbupdns was etched in the ©
"reference" and in the 30% substituted etchant for sufficient time to remove
2 mils per surface and rinsed in tap water after various delay times of 0, '3, 1lU,
and 30 min in the transfer to the rinse. Visual examination of the coupon sur-
faces after etching and rinsing revealed superior surface cleaning was attalned.
when sulfuric acid was included in the etchant. The coupons which were rinsed
immediately after etching in both solutions were bright'and Justrous, showing
no evidences of residual reaction product. The coupons etched in the sulfuric-
acidegontaining solution. and held for. 3, 10, and 30 min prior to rinsing exhibited
bright lustrous surfaces; no residual etchant product was evident. In contrast,

the coupons etched in the "reference" etchant and held tor 3, 10, and )O min

%39 v/o HNOs, 3.5%HF, bal )0
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) Wi
prior to rinsing exhibited various degrees of "acid stain", thé:amountaincreasing
with increasing delay time. - )

The coupons were then corrosion tested for T days in 7505F’§té5m et'lsooipsi.

Visual examination (Fig. 27) of the coupons rinsed immediately in water after
etching in the "reference™ or ‘the sulfuric-acid-substituted solution showed no
evidences of acceleratéd corrosion. Thé surfaces were black and lustrous In :
contrast,‘all coupons rinsed 3, 10, and 30 min after etching showed gross areas
of white "acid stain" corrosion regardless ‘of the etchant used. The amount of
white oxide appeared t6 increase as the delay time Was:incressed, and greater
amounts of contamination eppeared on coupons etched in the sulfpric-acid¥con-'
taining solutions. It is of interest to note that coupons etched in the
sulfuric-acid-substituted etchant and delay-rinsed appesred>free‘from residual
reaction product prior to corrosion-test. This behavior confirms .the indication
rcported previcusly that a secondary action, resulting in an overall corrosion,-:
occurs when sulfuric acid dries on Zircaloy surfaces. The data -furthermore con-
firmed the indications that sulfuric acid can be substituted for nitric acid -
andry}elds corrosion resistant surfaces, provided the transfer of the component-
from the etchant to the rinse bath is made very rapidly. If the transfer is
not made very rapldly, sebondary reaction occurs and leads to whlte corros1on
yiUQuLL For this reason 1t is not recommended that sulfuric ac1d contalning

etchants be employed for the plckllng of ercaloy prior to corrosion exposure.

- Hydrotluoric-Hydrochloric Acid Etchant

The electrical resistance of the surface of Zircaloy-2 etched in the.
standard nitric-hydrofluoric: etchant has been reported to increase markedly
after a short exposure to air. -'This high surface contact resistance is undesir-
able in resistance welding. An etchant composed of 100 parts of. 36% hydrochloric
acid and one part 52% hydrofluoric acid was developed which results in lower
surface. contact resistance and retains this value for periods as long as 1 week

after exposure to alr at room temperaturei*

To detérmine the feasibility of the hydroch1nric-hydroflnoric etchant as
an alternate or in conJunctlon with the nltrlc -hydrofluoric etchant, the fol-

low1ng experiment was performed

*¥Unpublished Research, E. F. Nippes, Rensselaer Polytechnic Inspitute
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) A group of Zircaloy-2 specimens was etched in the hydrochloric-hydrofluoric
etchant at room temperature for 30, 60, 120, and 180 sec and thoroughly rinsed;
A éecond set 6f Sémples was etched in a similar manner with the addition of
re-etching with the nitric-hydrofluoric etchant and thoroughly rinsed. A third
set df samples was etched in the hydrochloric-hydrofluoric etchant at room tem-
perature for 30, 60, 120, and 180 sec and was permitted”to'draiﬁ;dry.',A.

fourth set of coupons was etched as ﬁbove (h&drofluoric-hydrochloric and‘dried),
subsequently etched in‘the nitric-hydrofluoric.solution and thoroughly rinsed.

A fifth set of coupons was etched in the reference solution and thoroughly
rinsed to serve as controls. Half of each lot of coupons was then corrosion

tested in 750°F steam and the remaining half in 680°F water.

In general, the coupons etched in the hydrochloric-hydrofluoric solution
exhibited dull mat finished prior to corrosion exposure. Coupons'etched in the

nitric-hydrofluoric solution exhibited bright, specular finishes.

After exposure in either 680°F water or 750°F steam, the coupons etched
in the hydrochloric-hydroflubric solution and thoroughly rinéed'exhibited dull,.
gray oxide films (Fig. 28). The coupons which were permitted to dry after the
HC1-HF treatment exhibited general overall corrosion and white corrosion product
(Fig. 29). All coupons which were etched in the hydrochloric7hydrof1uoric. .
etchant with and without rinsing prior to subséquent'etching in the nitric-

hydrofluoric etchant exhibited bright lustrous oxide tilms (Figs..30 and 31).

Analysis of the corrosion weight gain data (Table VII) showed higher cor-.
rosion rates for coupons etched in the hydrochloric-hydrofluoric solution and
thoroughly rinsed thén coupons etched in the "reference" etchant and thoroughly
rinsed. Coupons corrosion tested after the HC1l-HF etchant was permitted to dry
upon the surfacés exhibited ver& high weight gains or spalling and weight losses.
In all cases, when coupons were etched in HC1-HF, subsequently etched in the
HNOB-HF etchant, and thoroughly rinsed, all deleterious éffects of theAHCl-HF

etchant were removed.

‘The experiment demonstrated that the hydrochloric-hydrofluoric etchant is
not satisfactory for the preparation of Zircaloy surfaces for corrosion exposure.
‘'The deleterious effects, however, are rendered innocuocus when the surfaces are

re-etched in the "reference” etchant.
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. - Sulfuric. Acid-Sodium.Nitrité Etchant

A promising etch consisting of 96.2% sulfuric acid-to which is gdded
120 g sodium nitraté ﬁer liter of acid was developed'by Manufacfuring Iabora-
tories, Inc.¥ This solution is easier to handle than the present étch, and the
safety hazard of hydrofluoric acid is eliminated. Specimen agitation is not
required; however, ‘bath agitation is recommended. With the solution maintained
at 95°F and agitated, approximately 20 g of metals are dissolved per liter of

solution.

‘The following experiment was performed to evaluate the sulfuric-~nitrite
etch and additional studies were performed to determine the effect upon the
corrosion resisfance ot Zircaloy-2, to compare the corrosion rates of spécimens
etched by’thé'suifuric-nitrite solution and the oitric-hydrofluorio”acid solu-

'tion, and to evaluate the effects of residual ‘etchant.

Samples of Zircaloy-2 were etched‘in the prescribed mannér with both
solutlons for sufficient time to remove 2 mils per surface. After weighing,
the spec1mens were submitted for corrosion test in 680°F degassed, deionized
water. Visual examination of the coupons prior to corrosion test showed bright,
lustious surfaces. No ev1dences of "acid stain" were detected. After 56 days ‘
exposure in 680°F water no harmful effects attributed to the sulfuric-nitrite
etch were observed. Corrosion tested surfaces of the specimens etched with the
sulfuric-nitrite~otch were not as black as those etched with the nitric-

hydrofluoric acid solution; however, adherent. lustrous, oxide films were produced.

Additional éamples of Zircaloy were etched in the sulfuric-nitrite solution
for sufficient time to remove 2 mils per surface. The etching solution was per-
mitted to drain off, but no'rinsing was performed. After the specimens dried
they weré COfrOSion tested in 680°F water with and without scrubbing to rempvé ’
the residual produot. After the corrosion test all specimens were covered with
white oxide films. "he tilms on the specimens etched in the sulfuric-nitrite
solution appeared to be somewhat more adherent than those speoimeﬁs etched in
the nitric-hydrofluoric solution. Weight change (Fig. 32) data indicate that
.although the residual etchants from both solutions exhibited deleterious effects
upon the corrosion resistance of Zircaloy-2, the weight losses of the unwashed °

sulfuric-nitrite specimens were much less than those of the unwashed

*272 Northampton Streéf, Bostoﬁ, Mass.
Worked performed under Bettis Plant Subcontract No. 14-333-(1953)
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nitric-hydrofluoric etchant specimeéns. The improvement of corrosion resistance
due to ‘scrubbing.of the residuél,etchant product is more pronounced in the case

of the sulfuric-nitrite etch than a case in the hydrofluoric-nitriq etch.

These experiments have shown that there were not significant differences
in the corrosion rates of Zircaloy-2 after-etching with the nitric-hydrofluoric
‘solution or the sulfuric-nitrite solution, provided the coupons were transferred
rapidly from the etchant to the rinse. Incomplete removal of the residual.
etchant from either solution is deleterious to the corrosion resistance. This
effect in the case of the suifqricAnitrité solution is not as pronounced as in

the case of the nitric-hydrofluoric solution; however, the effect is severe.
The sulfuric-nitrite etchant suffers several disadvantages:
(1) Rejuvenation of spent or partially’spent etchant is not practical.

(2) Minor variation in bath composition and/or témperature result in

black smutted surfaces requiring additional cleaning operations.
(3) The metal dissolution rate is low.

(4) The vath is exhausted after approximately 20 g of metal are dissolved
per liter of solution, in comparison to approximately 56 g per liter

‘when the nitric-hydrofluoric etchant is used.

SUMMARY AND CONCLUSIONS

Because of the length, diversity, and magnitude of the work covered in

this report, it is felt that a general summary of the experiments will be helpful.

Rinsing Zircaloy in aequeoue nitric acid after etching in nitric-hydrofluoric
solutions has been demonstrated to be a valuable addition to the pickling opera-
tion as the time required for the transfer from the etchant to the rinse need

not be as short as when water rinsing is employed.

Rinsing as pickled Zircaloy in aqueous sulfuric acid causes deleterious

effects upon the Zircaloy corrdsion properties.

Rinsing as pickled Zircaloy in caustic solution produces no harmful effects
upon Zircaloy corrosion behavior; fdr particular application, the rinse may be

beneficial in neutralizing any acid clinging to the surfaces.

17
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" . The addition of wetting agents to nitric-hydrofluoric etchants has con-.
siderable merit. The.agents lower the Zircaloy dissolution rate at elevated-.:

femperatures;

Nitric-sulfuric-hydrofluoric etchants have been satisfactory for pickling
Zircaloy prior to corrosion exposure, provided the surfaces are immediately

and thoroughly flushed to remove all traces of the etchantt
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TABIE I
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CORROSION OF ZIRCALOY-2 AND ZIRCALOY-3 RINSED IN WATER OR 4% SODIUM HYDROXIDE

FIR A

Exposure Time, days

Alloy Rinse
Zirgaloy-2 Water
Zircaloy-2 NadH
Zircaloy=3 Water

NaOH

Zircaloy-3

Exposure Time, days

Alloy Rinse
Zircaloy-2 Water
71rcaloy-2 Na.OH
Zircaloy-3 Water
Zircaloy=-3 NaOH

750°F 1500 psi Steam Tests

‘Average Weight Gain, mg/dm2

76

5 1 28 ke 56 84 98
22 27 34 45 53 65

17 28 33 48 56 66 75
17 26 30 . 37 37 L5 48
17 25 32 38 39 L7 L9
- 680°F Water Tests

Average Weigﬁﬁ Gain, mg[dhzl
28 .56 84 112 "1k0 T 168
2h0 30 33 35 4k 59

25 28 31 37 L3 58

2y 26 28 32 35 Lo

25 27 30 34 36 4o

114 126 1hko
8L 93 106
86 91 107
55 56 61
56 56 61
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T7-DAY T50°F STEAM CORROSION-OF ZIRCALOY-2 -

TABIE II

DELAY RINSED AFTER ETCHING ON O.5 w/o ANTAROXnCONTAINING ETCHANT

Coupon No.

AN\ FEF WO H

21

2k

Avg.

1 BEtchant

oNoNoNoRoNe!
(R RV, R RV, RN

COO0OOO0OO0
AGRC RV, RV, RV, RV

No

No
No
No
No
No

No
No
No
No
No
No

w/o Antarox
w/o. Antarox
w/o Antarox
w/o Antarox
w/o Antarox
w/o Antarox

w/o Antarox
w/o Antarox
w/o Antarox
w/0' Antarox
w/o Antarox
w/o Antarox

Antarox
Antarox
Antarox
Antarox
Antarox
Antarox

Antarox
Antarox
Antarox
Antarox
Antarox
Antarox

G-100
G-100
G-100
G-100
G-100
G-100

G-100
G-100
G=100
G-100
G-100
G-100

Transfer

Time, Sec,

N\ A

ARSI RSN BV,

Weight Gain

mg{dm2

SRS N RCTENS)
DN DS FQ
DE @OV

N
)
(@)

o
o3
o< o W
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'TABIE III -

750°F STEAM CORROSION OF ZIRCAIOY-2 ETCHED IN AKWEONS-674-CONTAINING ETCHANT

Weight Gain, mg/dm"

T L ' . Exposure Time, days 3 10 2+ 38
Sample No. Etchant Transfer Time, sec
1 35% HNO3, 5 12.6 2> 35 Lo
2 5% HF ‘ 5 : 2.6 24 37 L
3 Bal Hp 5. 2.1 2k 37 50
L R ' - 13.1 25 39 4i
Avg. 12.6 2L 37 Lk
5 35% HNO3 60 19.5 33 71 83
6 5% HF 60 23.2 33 L3 51
7 Bal Hy0 60 20.7 34 46 sk
8 - ‘ : 60 '20.5 34 45 55
Avg. - . 20.9 34 51 . 61
9 . 35% HNO3 5 18.4 29 31 34
10 5% HF 5 18.0 28 31 33
11 0.01% Akweons 6Tk 5 015.7 28 30 34
12 Bal Ho0 5 6.1 29 31 - 34
Avg. 17,1 29 31 Sk
13 35% HNO3 | 60 29.6 L4k 53 60
1k ’ 5% HF 60 31.0 45 54 61
15 0.01% Akweons 674 60 30.3 L2 53 60
16 Bal Hy0 60 %5.4 47 56 62
Avg. 31.6 L5 54 61
17 35% HNOs, 5 9.4 32 34 36
18 5% HF 5 16.2 28 29 33
19 0.02% Akweons 6Tk 5 17.0 30 32 35
20 Bal HyO0 5 19.3 30 31 34
Avg. 1.0 30 J2 35
21 35% HNO3 €0 . 3h.2 48 50 56
22 5% HF _ 60 39.0 51 54 56
23 0.02% Akweons 674 60 34.5 47 50 53
e Bal H0 60 35.1 51 52 55
Avg. 5.7 49 51 55
25 35% HNO., 5 17.0 30 32 38
26 5% HF - 5 16.6 29 31 36
27 0.04% Akweons 6Tk 5 18.0 31 34 39
28 Bal Hy0 5 16,6 29 33 36
Avg. g I7.1 30 253 O7
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TABLE -III (Cont)

Sample No.

Bxposure Time, days

Etchant
29 35% HNO3
30 5% HF
31 0.04% Akweons 674
= : v A
Avg.
© 33 5.'-5%'HN0j
3k 5% HF
35 0.10% Akweone 6Th
36 Bal H0 ‘
Avg. ‘
COBT 35% HNO
38 0.10% AEweons
C39 5% HF
©ho Bal HyO
Avg. L

Transfer Time, .sec’
60
60 -

60

60

A RGBS RN

. Weight.Gain, mg/dm

L3

3 10 2+ 38
. 235.6 L9 . 50 55
37.0 50 52° 63
37.7 55 55- 6h
36.5 51 52 61
18.8 28 34 ko
18.8 30 34+ 41
20.5 32 35 50
16.2 29 33 ko
S18:2 0 50 - Bk
26,0 41 k42 ko
37.8 53 55 61
37.7 51 53 60
31.3 44 46 - 50

22
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- TABIE TV

750°F STEAM CORROSION OF ZIRCALOY-2 ETCHED IN AKWEONS-7OO-CONTAINING ETCHANT

Weight Gain, mg/dm2

Exposure Time, days . . b} E ELi 25_3_
Sample No. - Etchant Transfer Time, sec
"1 35% HNO3 5 12,6 23 35 . ke
‘2 5% HF 5 ‘ 12,6 24 37 W
23 Bal Ho0 5 12.1 2k 37 50
b T - 5 13.1 25 39 Li
Avg., 12.6 24 37 4L
5 35% HNOz 60 19.5 33 71 83
6 5% HF 60 S 23.2 33 43 sl
N Bal HpO ' 60 20.7 34 k46 5k
8 : - 60 20.5 34 45 55
Avg. . 20.9 3L 51 61
9 35% HNO3 5 15.2 25 29 3k
10 ‘ 5% HF 5 13.9 22 25 32
11 0.01% Akweons 700 5 4.3 25 29 33
12 © Bal“Hx0 5 . 15.2 29 30 37
Avg. L - ~ 1.7 25 28 3k
13 35% HNO= ~ 60 17.1 30 31 Lk
14 5% HF 60 22.0 34 51 57 -
15 0.01% Akweons 700 60 oh.2 36 39 57
16 Dal II50 60 23.8 35 30 U8
Avg. ‘ 21.8 34 L0 51
17 35% HNO3 5 16.1 28 29 3k
18 5% HF 5 " 16.0 27. 29 30
19 0.02% Akweons 700 5 16.6 30 30 38
20 ’ Bal H,0 5 17.4 29 29 34
Avg. 16.5 29 29 3L
21 35% HNO3 60 : 25.2 36 39 L48
22 5% HF 60 26.1 37 Lo 51
23 0.02% Akweons 700 : 60 25.1 37 39 47
2l Bal H,0 60 27.3 39 L7 47
Avg. 25.9 57 41 LS
25 35% HNO3 5 16.6 28 30 36
26 5% HF 5 17.9 30 31 35
27 0.0L4% Akweons 700 5 18.3 32 32 36
28 Bal H,0 5 18.3 30 31 31
Avg. - : 17.8 30 31 35
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TABLE IV (Cont)

)

o

£

Saniple No. Etchant
29 35% HNOs
30 5% HF
31 0:04% Akweons TOO
32 Bal Hy0

Avg.
33 35% HNO3
3L 5% HF
25 0:10% Akweons TOO
36 Bal H0

Avg.
57 35% HNO3
38. 5% HF
39 0.10% Akweons 700
Lo Bal H0 '

Avg. :

Exposure Time, days

Transfer Time,  sec.

60
60
60
60

VT \J\A1\n

weight-caip,,mg/dme

57

S 10 2 38
33.8 47 L9 56
29.1 Lh2° 43 53
27.5 39 L1 ky
26.0 4O k1 47
29.1 _H2  .h 50
8.3 30 30 32
18.86° 31 20

20.2 34 .- .-
18.22 30 31 33
8.8 31 30 3L
35.3 50 50 5
'36.6 50 51 58
32.2° 45 46 50
35.6 49 k9 57
24.9- 49 L9 56

ok
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TABIE -V

750°F- STEAM CORROSION BEHAVIOR OF ZIRCALOY-2' ETCHED IN' AKWEONS® 790 SOLUTION

Weight Gain, mg/dm2

‘Exposure Time," days 1 1
Sample No. ' - _Etchant.. .- NEREG e
1 . 35% HNO3' 21 30
2 5% HF - . 18 - - 30
3 Bal Hy0 18 + 29
-k ; - 22 - 33
Avg. : ' ‘ - 20 ' 31
5 35% HNO3 .20 - - 30
6 5% HF ~ 20 31
7 0.1% Akweons 790 22 ) - 32
8 ‘ Bal HoO - 19 31
Avg. ‘ o 20 31
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TABLE, VI

7SO°F. STEAM CORROSION OF ZIRCALOY-2 ETCHED. IN PRODUCT-BCO-CONTAINING.ETCHANTS

-
B I

Sample No . Etchant
1 35% HNO3
2 5% HF
.3 Bal Hy0
T <, --
Avg. o
5 35% HNO:
o 5% HF ?
7 Bal .Hy0
.8 ] -
Avg:
9. 35% HNO,
10 5% HF
11 0.01% BCO
12 Bal H20
Avg. '
13 35% HNO5
14 5% HF
15 0-01% BCO
16 Bél Hr0
Avg. .
17 5%
18 5% HF
19 0+ 02% BCO
20 Bal H20
Avg.
21 35% HNO3
22 5% HF
23 0:02% BCO
2k Bal H,0
25 55% HNO3
26 5% HF
27 0.04% BCO
28 Bal HpO

Avg.

26

HExposure Time, days

Transfer Time, sec’

> .

> s
5 .

5

60

60
60

60 . -

60
60
60

SNV AN

1\

Weight Gain, mg/dm2

2. 1.0 2+ 38
12.6 23 35 - k2
12.6 24 37 . W
12.1 24 37. 50
13.1 25 39 . Lb
12,6 .. 24 37 Lk
19.5 33 71 83
25.2 23 k3 ®m
20.7 34 L6 5k
20.5. 34 45 55
20.9. 54 51 61
213.6. - 25 . 37 bk
6.4 28 38 k2
13.6 26 38 L2
S 1k.s5 26 38 4]
1%.5 26 38 L2
25.6 36 L6 57
24,0 36 48 59
23.1 35 46 58
20.9 3% 44 53
22.9 35 Lo 57
11.7 24 26 T2
10.4 25 27 30
11.7 24 34 38
10.8 23 34 38
11.2 24 30 35
20k 33 45 L1
23.5 37 50 50
2k.o 371 k9 59
25.4 37 50 56
22,00 e 4y LR
12.6 24 35 39
10.8 23 34 36
11.7 24 33 37
12,3 24 37 Lo
11.9 24 35 56




TABLE VI (Cont)

WAPD-TM-141

. Sample No.

Etchant

29 +35% HNOz

30 0.04% BCO

31 5% HF

32 Bal H,0
Avg. :

33 35% HNO3

3k 5% HF

35 0.10% BCO

36 Bal H,0
Avg.

37 35% HNO

38 5% HF

39 0.10% BCO

Lo Bal Hy0
Avg.

. Exposure Time, days

. Transfer Time, sec:

60
60
60
60

A RCIRG RS,

 Weight Gain, mg/dm2

31 2 38
5.6 4 48 55
27.9 41 51 60
- 31.9 41 52 57
26.5 39 Ly 56
8.0 LO 50 57
12,1 25 34 37
2.1 24 34 35
12.1 26 34 38
12.5 - 24k 36 38
12.2 25 35 37
22.9 36 LL 57
23.8 37 L7 52
21.5 33 43 53
21.1 37 43 52
22.4 56 L4

et
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TABIE VII -

' CORROSION DATA OF COUPONS ETCHED IN THE HYDROGHLORTC-HYDROFLUORIC ETGHANT =~

Etched in HCl-HFAfdr 30 sec, rinsed : -

Etched in HC1-HF, for 60 sec, rinsed
Etched in HC1-HF for 120 sec, rinsed

Etched: in HC1-HF. for 180 sec, rinsed

Etchéd in HC1-HF for 30 sec, rinsed;

Re-etched in "reference™ etchant)’
thoroughly rinsed.

Etched in HC1-HF,for 60 sec, rinsed,
Re~etched in "reference" etchant,
thoroughly rinsed

Etched in HC1-HF ,for 120 sec, rinsed,
Re-etched in "reference" etchant,
thoroughly rinsed“

Etched in HC1-HF for 180 sec, rinsed,
Re-etched in "reference" etchant,
thoroughly rinsed

Etched in HC1l-HF .for 30 sec, not rinsed
Etched in. HC1-HF .for:60 sec;, not.:rinsed

Etched in HC1-HF for 120 sec, not rinsed

28

Corrosion_Tested

BB0°F Water

" T 750°F Steam
R (Weight Gain, mg/dm©) - . .-
Ik Days 28 Days o .Days 14 Days
20 30 29 4T
18 . 26 .28 b7 -
18 26 30 50
17 23 26 45
18 25 . - 30 L8
17 22 - 28 4.
17 2l 27 L7
18 25 27 L6
L 23 28 45
15 03 26 43
16 2L © 26 43
17 25 27 Lk -
12 20 6 3%
12 19 17 38
11 22 18 Lo
13 20 19 39
13 22 19 38
11 22 19 37
12 20 18 36
12 21 15 3L
11 21 15 36
11 19 17 3L
10 20 13 32
0 0 27 L8
9 10 33 53
5 10 " 52
8 14 46 65
L 6 LYy 58
12 12 Lo 56
8 8 39 57
1k 11 Lo 60
11 L 35 55
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TABLE VII (Cont)

Corrosion Tested
080°F Water T50°F Steam
(Weight Gain, mg/dm=)
IF Days 28 Days > Days 1L Days

Etched in HC1-HF for 180 sec, not rinsed 22 6 Ly 57

17 -2 48 65

15 -k L1 5
Etched in HC1l-HF for 30 sec, not rinsed, 9 30 1L 52
dried, re-etched in "reference" etchant, ¥ 19 16 35
thoroughly rinsed 9 18 13 4
Etched in HC1-HF for 60 sec, not rinsed, 9 18 14 32
dried, re-etched in "reference" etchant, 13 20 1l 95
thoroughly rinsed 12 20 16 34
Etched in HC1-HF for 120 sec, not rinsed, 1l 19 13 32
dried, re-etched in "reference" etchant, 16 22 15 35
thoroughly rinsed 10 18 15 33
Etched in HC1-HF for 180 sec, not rinsed, 10 19 14 22
dried, re-etched in "reference" etchant, 12 21 12 29
thoroughly rinsed 11 18 13 32
Etched in Nitric-Hydrofluoric, thoroughly 9 18 15 30
rinsed 9 18 1] 33

10 19 12 33

29



WAPD-TM-141

Fig. 1 Effect of Surface Condition on the Corrosion of Zirconium
' (Neg 20814-6)
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WAPD-TM-141

Specimens not rinsed after etching

Specimens not rinsed after etching but
scrubbed before corrosion testing

Fig. 2 Effect of Rinsing and Washing on the Corrosion of
Zircaloy-2 Specimens Tested in 680°F Water for 58 Days

(Neg 22899-2)
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WAPD-TM-141

Physical Contact-Water

e ,

Individually Mounted-Water

" Individually

Physical Contact-Steam Mounted-Steam

Fig. 3 Corrosion of Zirconium in 650°F Water and Steam
Containing 200 ppm Sodium Fluoride--Exposed 4 days

(Neg 20814-5)
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Fig. 4 Typical Surfaces after
Corrosion Testing--Showing
Insufficient Rinsing after
Etching 2%

(Neg 22899-3)

WAPD-TM-141
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WAPD-TM-141

Fig. 5 Typical Surfaces of Specimens Rinsed in 25 v/o
Nitric Acid at 110°F after Etching and Drying

(Neg 21798-6)
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WAPD-TM-141

Fig. 6 Typica‘l ‘Surfaces of Specimens Which Were Rinsed in
25 v/o Nitric Acid at 110°F after Etching and
Drying--Corrosion Tested for 3 Days in 750°F Steam

(Neg 21798-1)
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36

F

o

12

30 min at 1L40"F

(SN

! 3

n. , |

T Typical Surfaces of Specimens-Which.Were Rinsed
in 25 v/o H S0, after Etching and Drying

(Neg 22657-4)



WAPD-TM-141

| 3 in. |

10 min ét 80°F

10 min at 140°F

%0 min at 140°F

Fig. 8 Typlcal Surfaces of Specimens Which Were Rinsed in 25 v/o

Hy50), after Etching and Drying, Subsequently Corrosion Tested
for % days in 750°F steam

(Neg 22657-10)
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WAPD-TM-141

Rinsed in Water at 60°F

Rinsed in 25% H,S0, at 60°F

Rinsed in Water at 100°F

Rinsed in 25% H5S0), at 100°F

Fig. 9 Typical Surface Appearances of Coupons Tested for 14 Days
in 750°F Steam after Rinsing in 25% Sulfuric Acid or Water
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(Neg 24039-5)

100

THT-WL-AdVM



WAPD-TM-1k41

0.5 w/o Antarox G-100 0% Antarox G-100

Fig. 11 Improvement in Pickled Surface When Antarox G-100 Is
Added to the 39% HNO5-3.5% HF-57.5% H,0 Etchant

(Neg £4039-3)
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PICKLING RATE, MILS/MIN

3.6

3.4

0.8

0.6

0.4

0.2

WAPD-TM=141

80°F

0.1 0.2 0.3 0.4

ANTAROX G-100, W/0

Fig. 12 Pickling Rate of Zircaloy-2 in

35% HN03-5% HF Plus Antarox G-100

0.5
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WAPD-TM-141

Fig. 15 Surface Appearances of Zircaloy-2 Coupons Corrosion Tested
for 7 Days in 750°F Steam Which Were Etched in Antarox and
Non-Antarox~Containing Solutions

(Neg 25195)
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PICKLING RATE, MILS/MIN

WAPD-TM-141

3.2
2.8
PICKLING ACID
35 V/0 HNOg4
5% 5 V/0 HF

BAL H,0

i
o

&)

N

140°F
0.8
I00°F
80°F
0.4 ———
0
0 0.1 0.2 0.3 0.4 0.5

AKWEONS 670, W/0

Fig. 14 Pickling of Zircaloy-2, Effect of Akweons 670
(Neg 25390-3)



WAPD-TM-141

STANDARD 0.01 W/0 0.02 W/0 | 0.04 W/0 °~‘Q.,;Wf/0_f

tig. 1H Zircaloy-2 Corrosion Coupons Corrosion Tested for 10 Days
in 750°F, 1500 psi Steam; Swift Akweons 674, Fast Rinse

(Neg 23311-6)

Lk



WAPD-TM-141

Fig. 16 Zircaloy-2 Corrosion Coupons Corrosion Tested for 10 Days
in T50°F, 1500 psi Steam; Swift Akweons 674, Slow Rinse

(Neg 23311-2)



WAPD-TM-141

STANDARD O0.01W/0 0.02W/0 0.04w/0 O0.10 w/o

Fig. 17 Zircaloy-2 Corrosion Coupons Corrosion Tested for 10 Days
in 750°F, 1500 psi Steam; Swift Akweons 700, Fast Rinse

(Neg 23311-3)
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APD-TM=-141

STANDARD 0.0l W/O 002W/0 0.04 W/O 0.10 W/0

Fig. 18 Zircaloy-2 Corrosion Coupons Corrosion Tested for 10 Days
in 750°F, 1500 psi Steam; Owift Akweons 700, Slow Rinse

(Neg 23311-5)
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PICKLING RATE , MILS /MIN

3.2

3.0

28

26|~

24—

2.2

20

140° F
-\.\'- —
I00°F
80°F
02\ =
0
0 002 0.04 0.06 0.08 0.0

AKWEONS 674, W/O

Fig. 19 Pickling of Zircaloy-2 in
35% HNOB-B% HF Plus Akweons 6Th4



PICKLING RATE, MILS/MIN

36

34
32
3.0
2.8

26

0.6
0.4

0.2

WAPD-TM=-141

140° F

Fig.

0.02 0.04 0.06 0.08

AKWEONS 700, W/O

20 Pickling of Zircaloy-2 in
35% HN05-5% HF Plus Akweons 700
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WAPD-TM-141

Standard 0.1 w/o gwift Akweons 700

T'ig. 21 Zircaloy-2 Corrosion Coupons Corrosion Tested
for 7 Days in 750°F, 1500 psi Steam; Fast Rinse

(Neg 23431)
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PICKLING RATE, MILS/MIN.

"~ WAPD-TM-141

0 002 004 0.06 0.08 0.10

DUPONT BCO Ww/0

Fig. 22 Pickling of Zircaloy-2 in
35% HN03-5% HF Plus DuPont BCO
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90 _ , : ;
', ‘ R —%66 DAYS

~ ®
O O
l :

3

3
l

H
@)

—A%
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~ ETCHANT# | 2 3 4 5 6 7
V/O Hp,S04 O 4 12 19.5 27 - 35 39
WO HNO3 39 35 27 195  I2 4 0

Fig. 05 750°F Steam Corrosion of Zircaloy-2 Etched
at 80°F in Various Sulfuric Acid Solutions
(Neg 23700-13) S
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ETCH # | 2 3 4 2 6 7
V/0 H»S04 O 4 12 195 27 35 39

V/0 HND3z 39 35 et 19.5 12 4 0

Fig. 26 T50°F Steam Corrosion of Zircaloy-2 Etched
at 100°F in Various Sulfuric Acid Solutions

(Neg 23700-12)



WAPD-TM-141

HQSOM Substituted Etchant--TImmediate Rinsing

Reference Etchant--3-min Delay before Rinsing

H550, Substituted Etchant--3-min Delay before Rinsing

Fig. 27 Ourface Appearance after 7 Days Expogsurc in T50°F Stcam
of Coupons Rinsed with and without Delay in Transfer

(Neg 23700)
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30-sec etch (Neg 23146-10) 60-gec etch (Neg 23146-15)

120-sec etch (Neg 23146-4) 180-sec etch (Neg 23146-8)

Fig. 28 Corrosion of Zircaloy Coupons Exposed for 14 Days at 750°F
after Being Etched in HC1-HF for Varying Lengths of Time
and Thoroughly Rinsed
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WAPD-TM-141

30-sec etch (Neg 25146-12) EOYBee whek (e BoIbEEE b

120-gec etch (Neg 231L6-1k) 180-gec etch (Neg 23146-11)

Fig. 29 Corrosion of Zircaloy Coupons Exposed for 1h4 Days at 750°F
after Being Btched in HCl-HF For Varying Lengths of Time.
Coupons Were Not Rinsed Prior to Corrosion Exposure.



WAPD-TM-141

30-gec etch (Neg 23146-13) 60-gec etch (Neg 25146-6)

120-gec etch (Neg 23146-9) 180-sec etch (Teg 23146-2)

"ig. 30 Corrosion of Zircaloy Coupons Exposed to T50°F Steam after
Being Etched in HC1-HF for Varying Lengths of Time, Not
Rinsed, Permitted to Dry, Then Re-Etched in HNO3-HF to
Remove 2 mils per Surface and Thoroughly Rinsed

1



WAPD-TM-1L41

30-sec etch (Neg 23146-1) 60-sec etch (Neg 23146-16)

120-sec etch (Neg 23146-17) 180-sec etch (Neg 23146-3)

Fig. 31 Corrosion of Zircaloy Coupons Exposed for 14 Days in 750°F
Steam After Being Etched in HCLl-HF for Varying Lengths of
Time, Rinsed, and Re-Etched in HNO5-HF to Remove 2 mils per
Surface. Coupons Were Thoroughly Rinsed Prior to Corrosion -

Exposure.
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WAPD-TM-141

I [ l I
A | _H2S04~NaNO,  ORIED, SCRUBBED

HNO3—HF OR
H,S0, —NaNO,

ORIED, SCRUBBED

HNO - HF

H, S04~ NaNO,
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| 1 I

UNWL\SHEDl

EXPOSURE TIME, DAYS
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Fig. 32 Corrosion of Zircaloy-2 in A30°F Water é%,iﬁf'

Being Etched in HNOB-HF and HQSOM-NaNO2
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