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. . sponsored by the United States Government. Neither the
Oak Rldge Natlonal Laboratory United States nor the United States Department of
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The purpose of this investigation was to determine the corrosion behaviér
of a high strength steel (ASTM A416—74 grade 270), typical of those used as
tensioning tendons in prestressed concrete pressure vessels, in several
corrosive environments and to demonstrate the protection afforded by coating
the steel with either of two commercial petroleumbase greases or ﬁortland
cement grout. In addition, the few reported incidents of prestressing steel
failures in concrete pressure vessels used for containment of nuclear reactors
are reviewed. The susceptibility of the steel to stress corrosion cracking
and hydrogen embrittlement and its general corrosion rate were determined in
several salt solutions. Wires coated with the greases and grout were soaked
for long periods in the same solutions and changes in their mechanical
properties were subsequently determined. All three coatings appeared to give
essentially complete protection but small flaws in the grease coatings were
detrimental; flaws or cracks less than 1 mm wide in the grout were without

effect.
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INTRODUCT ION

Presfressed concrete pfessure Yessels‘(PCPVs) fof nuélear reactérvcon-
tainmen;'are massive structures. Thgy are construéted of relatively higﬁ;
strength concrete which is heavily reinforced by both conventional steel
and'a steel pqstﬁensioning'system consisting of verticai tendons and
circumferential wire-strand windings. Performance requirements for PCPVs

dictate that extremely large capacity prestressing tendons fabricated from

'high—strength steels be utilized to reduce the concentration of steel as

much as possible. The wires or sfrands used to make up the prestressing
systems are often small. in diameter (6 to 7 mm) and are used at stresses up
to 75% .of their ultimate tensile strength (UTS). These two facts make
cérrosion protection.of the tendons imperative if the PCPVs are to operate
safely throughout their 30 to 40 year design life.

APresent practice for protecting the tendons in PCPVs is to fill the
conduits‘whiqh contéin the tensioned tendons with either a portland cement
grout or an organic substance compoéed of petroleum~-based greases or waxes
which contain specific additives.' Aithough steels are normally quife'com—
patibleAwith these materials, water leakage into the ducts, particularly if
impqrities are present, could cause serious cérrosion leading to failure of .
the load-carrying tendons. It wés the inleakage of water into the ducts

combined with other unusual circumstances that produced stress corrosion

cracking failures of prestressing tendons in a small-scale model of a concrete

pressure vessel at Oak Ridge National Laboratory.1



LY

3

The pfesént investigation was undertaken to determine the corrosion
behavior of a typical prestressing stéel in several eﬂviionments and to
~demonstrate the protection afforded .by two different organic matérials‘and
by a portland cement grout. Generally, the corrosive environments tested
were more severe than those expectéd.to’occur in any PCfV. 'In addition to
the exéerimental program, the few reported incidents of prestressiﬁg steel
failures in PCPVs for containment of nucleaf reacﬁoré are briefly réviewed.

EXPERIENCE WITH PRESTRESSING STEELS IN NUCLEAR POWER STATIONS

- Prestressed concrete was first used for nuclear pressure vessels in
1960.2 As of 1976, fifteen nuclear reactor concrete pressure vessels were
scheduled for operation in Europe and the United States with additional

3 Except for the Fort

: PCPVS in various stages of design -and .construction.
St. Vrain high—;emperature gas—cooled reactor where a PCPV provides primafy
containment, céncrete vessels are used only for secondary containment in
water-cooled reactors in the United States. In both cases large number of
tendons ére used; e.g., in the Fort St; Vfain PCPV 448 tendons each with 169
Qires 6.4 mm in diameter are used,” and in 806 to 1106 MW(e) water-cooled
reactors up to 1.1 X 10° kg of prestfessing steel are émployed.5 Despite
the large number of tendbps in use, incidentslinvolving corrosion,failures
are extremely limited.

In 1962 and 1963 during periodic inspections of the tension in the

longitudinal and transverse cables in the containment vessels of the Marcoule

G2 and G3 reactors in France, it was noted that the initial tension in some
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of thé cables had decreased by 30%.°8 Upon unload;ng and examining one of
.these gables it Qas found that approximately 50% of the wires had broken in
brittle fracture with corrosion the "apparent cause. Some parts'of the
circumferential cable which &as coated with several layers of a bituminoﬁs'
material exhibited minor rust. Prior to examination,'protecfion was provided
by peri?dic sweeps of drigd air to maintain thé relative humidity of the air
adjacent to the cables at 30 to 40%. Failure of the~tendoﬁs was apparently
due to hydrogen embrittlement caused by the excess‘humidity in the conduits.
To prevent further corrosion, the relative.humidity of the air Qas decreased
to 10%Z and the air flow was-changed.from periodic to continuous. Since then
two additional cablés have been replaced, but corrosion has apparently been
arrested. A

A statutory inspection of prestressing tendons a£ Wylfa Power Station
ip the United Kingdom-in 1971 revealed extensive pitting of exposed hoop

tendons with some pits as deep as 0.3 mm.’

Corrosion p:otection of the
tendons was by a grease containing a proprietary corrosion inhibitor. -
Laboratory studies to identify the cause‘ﬁf the pitting concluded that
pitting was due to the combined action of contaminating salt from the sea
and moisture. from the air. The corrosion ‘inhibitor prevented corrosion only
.up to .a threshold concenﬁrétion of chloride at which poiqt the inhibitor was
unable to prevent attack at susceg&ible local areas. The corrosion rate
was also dependent on the relative humidity with corrosion Qccu;ring only at
. relative humidities above 337%.

Despite the application of phosphate paints and heaQ& greases, a number

of tendons installed in the bottom cap of the prestressed pressure vessel

under construction at Dungeness "B'" Power Station in Kent, United Kingdom,
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jgorroded badlf after a short period of unstressed storage in conduits.?® It
vﬁas‘later.found.;hat water had entered the tendon ducts and emulsified the
grease protecting the tendon wires. Ten tendons conﬁaining 1630 wires, each'
7 -mm 4in diamétef, were removed and examined, and 1550 wires were fouﬁd to
{begseverly pitted. An investigation indicated that the cause of ﬁhe pitting
was-electrolytic attack due to an impressed anodic current from dc welding
:ﬁequipment that had been grounded to metai components of the vessel. Since
then dc welding has been prohibited in the &icinity-of prestressing matefials
.and subsequent examinations at Dungeness have revealed no further abnormal
-:corrosion.

The -condition and functional integrity of nongrouted tendons in.
céecond#ry containment structures in the United States are assessed periodiéally.
“Five vessels prestressed with tendons containing 90 wires of 6.35 mm diam

- have been examined.® Of 760Q wires inspected, 7 discontinuities were found
with all breaks being discovered prior to the completion of construction. A
total of 86 wires were remerd and only three of these showed evidence of metal
loss-(piﬁting) amounting to a cross-sectional area reduction of 1%. This
attack occurred before application of the final corrosion protection.
Metallufgical’examinatién reyealed no evidence of stress corrosion cracking
or hydrogen embrittlement;

Corrosion observed iﬁ the prestressing steel tendons of PCPVs which
'provide containment for nuclear reacforS‘has not résulted in serious
failures to this time. In retrospect, most of fhe corrosion damage found
could have béen preveﬁted if proper storage, handling, and construction
practices héd been followed and well established corrosion prevention

practices had been employed.




EXPERIMENTAL PROCEDURES

This study involved two separate phases. In one the corrosion of
an uncoated typical tendon steel was investigated in several environments,
. .
and in the second the behavior of the steel coated with either organic

or cement grout coatings was examined in the same corrosive environments.

The high strength AISI IOSQ carbon steel used in this study was from:

.different heats which conformed to ASTM specification A416-74, grade 270.

~The compbsition of the steel is shown in Table 1. Its minimum UTS is

1860 MPa (270,000 psi). The individual tendon wires were austenitized at
approximately 815°C (1500°F), cooled in lead to about 500°C (930°F), and
transformed at this temperature to lower pearlite. This pearlite structure

was suEsequently cold worked to provide the high strength.

Corrosion Testing with Uncoated Wires

A major concern from the corrosion standpoint was stress corrosion
cracking. With the uncoated steel, stress corrosion cracking tests were
conducted using the constant-strain-rate method developed by Humphries and

Parkins.? With this technique, a tensile-type specimen while exposed to the

test environment is strained at a very slow constant rate until fracture

occurs, usually within a period of a few days. By comparing reduction in

_area, elongation, and/or time to failure under different conditions, the

relative susceptibility of a material to cracking in different environments
can be established. Examination of the fracture surface and metallographic
examination of the gage section near the fracture can provide additional

information about the fracture process.
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Table 1. Composition range of ASTM A416
_ grade 270 steel used in tests.

‘Element 4 | : Wt percenta
Carbon ’ 0.75 —0.81
'Silicon 0.26 —0.28
Magnese . 0.62 —0.84

" Phosphorus - 0.012-0.021
Sulfur " 0.018-0.028
Cop];'er - © 0.01 —0.02

Iron . . Balance

aMaterial supplied from more than one
beat.
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For the stress-corrosion cracking tests the.center‘stréight 5 mm
{0.20 in.) diameter wire pf a seven-wire tendon was used. Light surface
.Tust was removed wi;h fine emory paper and the specimens were degrease& in
acetone before use; A gage section was not machined in the wires since we
ﬁénted to retain the original‘surfaée condition of the cold-drawn wire.

The wire in the presence of the test environment was strained at a rate ofA
4.2 % 10f7/s in an Instron tensile machine. The length between the grips
was 0.20 m (8 in.) but only the center 75'mﬁ (3 in.) length was exposed  to
the solution which was held in a polyvinyl chloride bottle. To prevent any
-amusual effects at the solutioﬁ-air interface or in the crevice where the
4wire-bassed thréugh a rubber stopper in the bottom of the bottle, all the .
Lwirefexcept'a-75—mm (3 in.) test length at the cénter was coated with a
stop—off varnish. After fracturé, one end of the specimen was mounted
.axially and metallographically polished to look for secondary cracks.

The corrosion rates of unstressed wires were determined-in several
different aqueous environments. In one series of tests, weigﬁed.ZSfmm
(1-in.) ieggths‘of wir; were totally immersed in different solutioms. In
‘these tests the 5-mm-diam wires were placed in 6-mm-diam glass test tubes
and weré immersed to a depth of about 10 mm above the specimen height in the
‘test solutions, which included dilute solutions of chloride, nitrate, and
sulfate salts, and potable énd distilled water. The total volume of
solution was only about 500 mm®. These conditions were intended to simulate
those that could exist in the interstices of wires in the tendons.
Evaporafive losses were replaced periodically with distilled watef.' Although
the tubes were open to the air, the small clearance between the tube wall
and the specimen restricted access of oxygen to the specimen. As corrosion

proceeded, the buildup of corrosion products on the specimen further limited
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access of oxygen. These tests léﬁted for ZOOQ h, but duplicgte specimens
were removed from'test afﬁer 1000 h. Ali sbecimens were descaled in
Clarke's solution’® (2 g Sb203; and 5 g SnClz dissolved in 100 ml of 37%
HC1) befote final weighing.

In another series of tests, single wires 0.3 m (12 in.) lqng were
immersed in dilute solutions of Na»S0, and NaCl aﬁd in distilled Qatef at
room temperature fér‘éSOO h. The volume of solution was about 1 iiter and

-was freely'exposed to air; water lost by evaporation was réplaced every
>/few days. The test specimens e#tended above the water level so that attack
‘at the water-air interface could be éxamined. At the end of the test-thé

, Speéimgns were descaled, and ;ﬁe diameter of the wire above and below the”

waterline was compared.

Testing with Coated Wires
To évaiuatg the effectiveness of coating materials in preventing

corrosion of,tendoh steels, two different types of tests were conducted.
in one case, the specimens after coéting were stressed to 60% of the UTS
while in contact with the corrosiﬁe solution, and in the second the coated
speéimens were first exposed to the solution for relatively long times witﬁ—
out an applied stress and were subsequently strainedvto failure. In Both
cases the center straight wire from the tendon was used, and it had a
diameter of 4.36 mm (0.17 in.) which was slightly'leés than that of the
wires used in the previously described corrosion tests. The two organic
-éoatiugs uéed in these tests, designated "A" and "B", are commercially

available petroleum-based greases containing corrosion inhibitors and
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:?olar:agénté‘to facilitate wetting ofrthe wires and displacement of moisture.
,iThey were applied according to the manufacturers' recommendations to a
Athickaess of about 1 mm. Test specimens protected by grout were prepared

by casting 15.9 mm (0.6 in.) diameter cylinders 3.8 mm (1.5 in.) long

around the wires. The area of the wires not coated with a grout or gréase~
<that could be contacted with the test solutions was éovere& with a polyurethane
4Ansulating paint. _All tests were conducted -at ambientvtemperature except for
_ethose using ammonium nitrate solutions, and a conventional tensile machine
:was used to stress the specimens. In some cases the effect of flaws in the
scoatings was evaluated. Fiaws were placed in the organic coatings by
:gcraping the wire to which the coating had been applied with a similar wire
so that a thin strip of unprotected wire resulted. Flaws were cast in grout
ranging in width from 0.0l to 3.2 mm by using plastic shim stock which was
removed after the grout hafdened.

With the specimens stressed during exposﬁre, only 0.1M HaS (pH "4)

‘was used as test solutibn. The organic coatings were applied to éompletely
cover the wire surface over the 50.8 mm (2-in.) test length and the specimen
was mpunted.in a plastic bottle as described above. The grout coated
specimens were similgrly mounted. The bottle was then filled with
.demineralized ﬁéter and st was bubbled through the water for about 15 min.
The bottle was sealed and the specimen was loaded to 60% of its UTS and
maintained at that level for 6 days unless the specimen failed before then.
The leﬁgth between the grips was 216 mm (8.5 in.). If failure did not occur
within 6 days, the specimen was removed from the environment and pulled td
failure atla cross head velocity of 0.51 mm/min to determine if the exposure
reduced the UTS and ductility (time to failure) compared-to control specimens

exposed only to air.
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aCoatgd specimens in the.unstressed condition werevexposed to .solutions
of 0.1M H2S, 0.1M NaCl, and 0.2M NHQNOg.. The first two weré used at room
" temperature, but because of the stréss corrosion cracking results (seg later
section), the ammonium nitrate solution was maintained at 66°C (150°F). A
63.5 mm (2.5-in.) diameter‘polyVinyl éhioride pipe with stoppers in each
end was used to expose the gage length of specimens to the H3S solution.
"

Hloles-were drilled through the pipe and the specimens were centered in
_-these by appropriate sized rubber stoppers (Fig. 1).. Water in, the pipe was
xesaturated with H,S at frequent intervals. Exposure to the other ﬁwo
solutions was carried out in stainless steel pans with holes drilled
-through the bottom, and the specimens were held in position by means of
nubber.stoppers.- After various exposure times, specimens were removed frdm

‘the “test environment and pulled to failure at a cross head speed of 0.51

mm/min.

RESULTS

Stress Corrosion Cracking Tests

The results froﬁ the slow constant strain rate tests are shown in
Table 2. Test 1 confirmed that the UTS conformed to ASTM A416 grade 270.
Tests 2 through 6 were conducted with 0.2M NH4NOj3 since this reagent was
»sﬁspected of causing failure in the thermal cflinder test at Oak Ridge
National I;aboratory..1 No evidence of cracks was found at 21 and 38°C, but
cracks formed at 52 and 66°C. Figure 2 shows representative views along

the axis of the specimens tested at the four témperatures. Even though cracks
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Table 2. Results obtained from constant-strain-rate tests with
high-strength steel wires (Strain rate 4.2 x 10~7/s)

13

Temp'c:rature Time to Load
Test medium C pH bx(.sz)ak’ (kN) Cracks
1. Air 21 55,5 41.9 No
2. 0.2M NH4NO 4 21 50 TS 40.1 No
3. 0.2M NH4NO; 21 53 66.5 3955 No
4. 0.2M NH4NO 4 38 5ied 47.0 39.0 No
5. 0.2M NH4NO g 52 D53 49.5 38219 Yes
6. 0.2M NH4NO 3 66 50 50.5 83859 Yes
7. 0.01M KC1 + CaO 21 T139 55.3 39,1 No
8. 0.01M Kc1 66 e 60.8 38.9 No
9. 0.03M KC1 21 5D 58.1 39.3 No
10. 0.03M KC1 + HCL 21 320 60.8 39,3 No
11. 0.1M H,S + HC1 21 3.0 6.6 15.0 Yes
12. 0.1M H,S 21, 4 4eid sl Yes
13. 0.001M Na,S 21 11 Lo e 57.8 38.4 No
14. 0.001M Na,S + HC1 21 7.4 53.8 3951 No
15. 0.001M Na,S + HC1 2] 4.3 19.3 352 Yes
16. 0.003M Na,S + HCL 201 4.3 170 34.2 Yes
17. 0.0003M Na,S + HCl 21 63 52.0 B9ES No
18. 0.0003M Na,S + HC1 2% 4.3 54.8 39.3 No
19. Deionized water 21 6.0 57D 391510 No
20. Deionized water + CO, 2! 4 55.8 39.3 No
5% Hy0 # €Oy + 750 ppu 21 5.1 57.6  39.3  No
H3AsO0; :
22. Zn plate, H,0 21 5.8 80.6 39.5 No
23. Zn plate, 0.2M Na,SO, 21 50 54.9 39155 No
24, Corroded in water, 3 days 21 39 50.9 3953 No
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were evident in the steel at the two higher temperatures, no effect on
either time to failure or-on the load at failure was apparent. The large
‘diameter of the wire and the slow rate of crack propagation were responsible
for this observation. The formation of cracks at 66°C and the absence of
cracks at 21°C agree with the results from U-bend specimens exposed to the
same solution; U-bends cracked in a few days at 66°C but remained intact at
21°C during 100-day tests.?

Cracks were not found in any of the specimens exposed to chloride-
containing solutions (tests 7 to 10), regardless of the pH of the solution.
These results are in conformance with the generally-accepted belief that
chloride ions do not produce cracking in steels of this type.

As expected, HyS produced rapid failure in the test specimens when the
pH was low and the H,S concentration was relatively high (tests 11 and 12).
Figure 3 shows cracks observed in test 12. In 0.001M Na,S at a pH of 1l1.1
or 7.4 (tests 13 and 14), no cracking was observed, but when the pH was
adjusted to 4.3 (test 15), cracking occurred. At this iower concentration,
failure took longer than at the higher sulfide concentration. Cracking
occurred slightly faster when the Na,S concentration was increased to
0.003M (test 16). When the sulfide concentration was reduced to 0.0003M
(test 17 and 18), no cracking was observed even though the pH of the
solutions was less than 7. Although the solutions were sparged with nitrogen
before the Na,S was added and the polyvinyl chloride bottle containing the
solution was stoppered, it is probable that the small amount of sulfide in
the solution was oxidized to sulfur early in the test by traces of oxygen

in the bottle.
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“The rest.of Table 2 shows ghat cracking was not produced in distilled
"&watgr with carbon dioxide or when arsenious acid was added to the water. In
the latter case the wire was heavily pickled in uninhibited hydrochloric acid
+and remained in the test solution overnight before the specimen was pulled.
Electroplating ‘the specimen with zinc, except for én:area 200 mm? in the
amiddle of the wire, also had no gffect on cracking in either water or a
sdilute sodium sulfate solution..

In .all cases except'where cracking occurred in the presence of éulfide,
cup-cone-type failures were observed, and the reduction.in area varied
-xandomly between 36 and 43Z.except in test 2, when it was 47%. 'In tests 11
-and 12, no reduction in area ‘could be measured,'and in tests 15 and 16 the
xeduction in area was 6nly 4%. Even though cracks were not observed in
most cases, most of,the:failﬁres occurred in the 75-mm (3-in.) length exposed

to the test solution.

‘General Corrosion Rate Determinations

IS

The corrosion rates observed for the tendon wires exposed to.very small
volumes of solutions are shown in Table 3. Each value represents a single'
specimen. After 1000 h in some cases and after 2000 h in most cases, the
volume of corrosion products prevented removal of the specimen from the glass
tube, and it was necessary to break the tube to recover the spécimen. Table
3 shows that ﬁnder these conditions, corrosion rates were low andlnearly

independent of the environment. There was nu significant localized attack

-

‘in any case. Vacuum fusion‘analysis of specimens exposed to each solution for
2000 h showed hydrogen content increases ranging from less than 1 ppm to a

maximum of 2.4 ppm.
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Table 3. Corrosion of tendon wires in different
environments with restricted access to oxygen.

Test environment

Corrosion rate (um/year)®

1000 H 2000 H

Potable water 5.8 5.3

Distilled water 5.1 5.3

0.0lM Naél 6.4 9.7

0.03M NaCl 6.6 7.9

0.001M NaNOj 7.4 23.1

0.01M NaNO; 11.2 8.1
; 0.002Y Na;S04 5.8 7.6
0.02M Na,SO, 7.6 13.2
0.2M Na,SOy 8.9 13.5

% mpy =-25.4 um/year;
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The 0.3 m (12-in.) long wires exposed to large volumes of solution that
was freely expoéed to air corroded more than the specimens with limited
air exposure. Corrosion rates calculated from differences in ﬁiameté: above
and below the water line after 6500 h were 76, 152, and 254 pm/yr (3, 6,
10 mils/yr), respectively, for distilled vater, 0.054 NaCl, and 0.1 Na,SO,.
Attack was greatesﬁ‘at the solution-air interface, but localized attack -
in the fdrm of broad elongated pits was noted belbw the waterline in all
‘cases. Therefore, maximum penetration rates were coﬁsiderably greater than
indicated. above. Compérison of these corrosion rates with thpse shown in

Table 3 élearly shows that free access to‘oxygen greatiy accelerates"

corrosion.

Coated Wires Stressed During Exposure

A series of tests wigh bare wires exposed to 0.1M H,S showed that as
the stress level increased both the time to failure and the scatter in the
data deéreased up to about 507 of the failure stress (Fig. 4). From 50
to 90%, failures occurréd in 1 to 2 hours, independent of stress level.

Results obtained with the coated specimens thét were stressed during
~exposure to 0.1M H,S are summarized in Table 4. None of the specimens
covered with unflawed coatings of either of the organic greases or grout
cracked during approximately 6-day exposures at 60% UTS, and subsequent
tensile'tesﬁs showed that no degradation of either load carrying eapaciﬁy

or ductility (time to failure) had occurred. Flaws in either organic

coating resulted in fracture of the wires in short times. On the other hand,
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~Table 4. Loads at failure and failure times for specimens
-exposed in 0.1M H;S at room temperature.

Average failure .Average failure
Coating material loadd time
() ‘ (h)
-Otganic "A"

Unflawed | 28.58 152.0
 Flawed 7.7 ‘ 14.0
Organic "B" |

Unflawed ‘ ‘ 28.63 | 149.0

Flawed | s 17.17 ( 63.8
Portland cement grout- |

Unflawed - AR 28.36 162.7

0.1-mm flaw - 28.60 260.0

0:3-mm flaw ©27.86 ‘ 180.9

1.3-mm flaw ‘ 17.17 1118.3

1.6-m flaw. 17.17 . | 48.1

3.2-mm flaw 17.17 34.6

querage load and time to failure for control specimens were
28.62 kN and 34.7 min., respectively.

bNo failure occurred for indicated exposure at 60% UTS; ™
failure load obtained from standard tensile test.
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flaw widths of 0.1 and 0.3 mm in the gfout produced. no detrimental effects,
but as the flaw width incfeased beyond 0.3 mm cracking failures at 60% UTS

*

-occurred in progressively shorter times.

Coated Wires Unstressed During Exposure

Tabies 5; 6, and 7, summarize the results obtained with both coated
«and uncoated wirgs that were exposed for various times to 0.1M H,S, 0.2M NHuNoa;
and 0.1M:NaCl, respectively, without applied étress and then subsequently
_tensile tested. .The average failure load and time to failure for unexposed
-specimens were 28.62 kN and 34.65 min, respectively.

Iable 5 shows that forbwires completely_co?ered with either organic
material or cement grout, exposure‘to HyoS-saturated watetAfor up to 120 days
..had little or no effect on UTS or ductility. Completely-unprétected specimené
under the same condition showed a minor decrease in UTS and a major loss of
ductiiity. Specimens with flaws in the organic coatings showed significant
losses in both ductility and UTS after 119 days and proportionately smaller
losées a? shorter times (not shown in Tabie 5). On the other hand, flaws up

to 0.76 mm wide in portland cement grout prodﬁced only very minor effecté
even after 119 days.

In the ammonium>nitrate solutions (Table 6) the unprotected wires lost
about 14% in UTS and 66% in ductility after 42 days and no further chaﬁges
were noted for the remainder of the 132;day test. Both organic materials
provided complete protection for the duration of the test, but the pro-

tectivess of the grout seemed to decrease slowly with time. The ammonium



Table 5. The average load at failure and time to failwre
for wires exposed to 0.1M H,S without applied
stress and subsequently pulled to failure.

Exposure Average load Average time

‘Coating material time ~ at failure? to failure?
' (days) (kN) (min)
Eone | - 33 26.28 13.2
Organic "A" . | 33 27.84 34.2
Organic "B" | 33 . 27.98 32.6
Portland cement grout = 33 27.95 3.5
Home B o 26.37 13.8
~-Organic "A" 1 | 27.65 31.9
Organic "B" - 77 | 28.06 , 35.9
Portland cement grout . 77 28.02 32.9
None = 120 ‘ 25.36 | 10.4
Organic "a" 120
Organic "B" 120 . 28.65 .. 29.8 -
Portland cement grout 120 28.43 30;6
Flawed organic "A" 119 23;91, 10.5
Flawed organic "B" - 119 24.24 | 12.5
,Portiand'cement grout
0.01-mm  flaw 119 26.71 3.3
0.10-m flaw . 19 26.82 | 34.8
0.51-mm flaw 119 26.13 32.8
0.76-mm flaw 119 25.58 32.0

aAverage load and time to failure for control specimens were 28.62 kN
and 34.7 min., respectively.
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Table 6. The average load at'failure and time to failure
" for wires exposed to 0.2M NH,NO, at 66°C without applied

stress and subsequently pulled to failure.

Exposure Average load Average time
Coating material time at failure@ to failure?

' (days) (kN) (min)
None 42 24.58 11.5
Organic "A" 42 27.32 36.2
Organic '"B" 42 27.24 35.1
Portland cgment‘grout 38 28.62 34,7
None 78 26.77 14.7
Organic "A" ?8- 28.36 34.1
Organic "B" 78 38.39 37.i
Porfland cement grout 87 38.14 27.2
Noe . " 132 25.91 11.7
Organic "A" 132 28.65 35.6
Organic "B" 132 28.47 34.3
Portland céﬁent grout 122 26.47 25.2
Flawed organic "A" 130 26.47 - 36.0
Flawed "B" 130 26.80 3.3
Portland cement grout

0.03-m flaw 130 26.36 25.0

0.25-mm flaw ‘130 25.80 23.0

0.76-mm flaw 130 25.69 22.3

'3.18-mm flaw 130 25.91 19.3

aAverage load and time tb'failure for control specimens were 28.62 kN
and 34.7 min., respectively. ‘
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Table 7. The average load at failure and time to failure

for wires exposed to 0.1M NaCl without applied
stress and subsequently pulled to failure.

3.18-mm flaw

. ‘ ‘Exposure Average load Average time
"Coating material. time at failure?. to failure@
(days) . (kN) (min)
None 71 27.53 \17;8
Organic "A" 71 28.62 "36.1
©Organic "B" 71 28.47 36.4
Poftland cement grout 71 28.51 37.8
‘None 107 25.72 13.9
Organic "A" 107 2}.13 30.4
Organic "B" 107 26.99 29.5
Portland cement grout Y107 ©27.02 32.9
None 164 24.76 12.6.
Organic "A" 164 26.34 33.0
Organic "B" 164 26.43 32.8
Portland cement grout 164 26.80 32.4
- Flawed organié At 153 - 25.58 34;8
Flawed organic "B" 153 25.13 30.3
Portland ceﬁent grout
0.03-mm flaw 153 26.58 31.5
0.25-mm flaw T 153 26.91 36.5
0.76-m flaw 153 26.24 37.3
153 23.58 " 8.8

: aAverage load and time to failure for control specimens were 28.62 kN
and 34.7 min., respectively.
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nitrate solution at 66°C causes degradatién of grout, a fact which probably:
-allowed ammonium nitrate to come ip direct contact with the steel after
some time. Specimens with flaws in.the grout showed abbut~thé same result.
On the other hand, speciméns with flaws in the organic coatings showed
little if any loss-in properties, possibly because at 66°C the organic
greases flowed over the defected areas early in the test an& protected them.
In the 0.1M NaCl solution (Table 7) wires protected by all three
materials seemed to slowly’decrease in UTS and time to failure so that
affer 164 days the loss ﬁas 5 to 7% in both cases. Unproteéted specimens
behaved in a similar fashion but the percéntage loss in UTS andAtime to
failure were 13 and 647, respectively, after 164 days. ‘Specimens in which
the,organic coatings contained flaws showed‘abouf the same behavior as
ﬁhe unflawed materials. Flaws from 0.03 to 0.76 mm wide in grout coatings
had no significant effect, but for a flaw 3.18 mm wide the mechanical
properties of the steel were slightly poorer after 153 days than totally
unprotected specimens ekposed for 164 days.

1

DISCUSSION

The steel wires used in this study were made from AISI 1080 steel
which was tempered and cold drawn to obtain the high strength required of
tendon steels. At room temperature this steel was not susceptible to
conventional stress corrosion cracking in the presence of impurities usually
found in grouts or orgénic coatings (sulfates, nitrates, chlorides) but
Qnder some conditions this steel was subject to hydrogen embrittlement.

Cracks were produced in ammonium nitrate solution but temperatures had to
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be:nbove room temperature. Aqueous environments produced within grouts or
Jorganic greases or waxes containing alkaline-producing additives have high
pH valueé, and its doubtful that cgacking would occur in alkaline ammonium
nitrate solutions even at higher temperatures. It should be noted, however,
- -that the addition of substantial amounts of calcium chlori&e (2—5%) to -
concrete produces severe pitting in stéel embedded'inlconcfete.l-l’12
Test wires failed in short times when strained in solutions of H,S in
~-mater at a pH of 4 or less, but where the pH was raised to 7 or above
cracking failurés did not occur. There are, however, reported incidents
-0of cracking occurring'at pH values as high as 9.5.1%1* Cracking of high-
.strength steels in the presence of H2S is due to hydrogen embrittlement, the
H,S facilitating the entry of hydrogen into the steel by interferring with
‘the formation of molecnlar hydrogen in the cathodic part of the cofrosion

5

reaction.!® 13,14

Only molecular hydrogen sulfide is effective, and as the

- pH of a solution is increased H;S dissociates. into HS™ and S~ ions and

: : cracking does not occur. At the pH of correctly formulated concrete (>12)

H,S in the cement is without effect on the mechanical properties of the
steel. A similar situation should exist with those greaseé that contain

alkaline—producingAadditives;

The corrosiveness of several dilute solutions to bare high-strength
steel wires depended on the availability of oxygen. With restricted access
to oxygen corrosion rates were significantly lower than when the 'solutions

"were freely exposed to air. Although we did not investigate the effect

of pH on the corrosion rate of these steels, it is likely that even in the

presence of oxygen the corrosion rates would be very low in alkaline solutions.




SEYART Wb S R LUt

SAUES A

28

Therefore, if pockets of water in contact with tendons should develop in

grout—- or grease-filled gonduits, corrosion of the steel would be low

. because of limited availability of -oxygen and because of the alkalinity

-of the solution in contact with grouts or organic materials containing

alkaline additives. In such cases hydrogen embrittlement produced by
the corrosion reaction is unlikely since even in neutral solutions very
little:hyd:ogen was picked up by the steel in 2000-h tests.

All coatings applied to the test specimens provided almost complete

protection even though they were tested in environments much more aggressive

than would be expected in a PCPV. Those specimens coated with either of the
two organic materials selected for study, showed no signs of attack on
exposure to 0.1M H2S when stressed at 60% UTS for about 6 days. Subsequent-

L

tensile tests showed no degradation of mechanical properties. However, if

.a small amount of coating was removed, failures occurred in relatively short

times. Portland cement in the same type of test also provided complete
protection, and with flaws up to 0.3 mm wide no failures occurrea; thever
with flaw widths of 1.3 mm or greater, féilures took place in less than 6
days. ‘It seems probably that. with a'Sufficiengly small flaw or crack in

the relatively thick concrete coating, the pH of the small volume'of'

solution within the crack remained high enough so that the H;S dissociated

3

and cracks could not form.

Exposure of unstressed coated specimens to 0.1M H,S and subsequent
tensile testing also showed the coatings to be completely effective.
However, exposure of uncoated specimens and organic coatings with flaws

to 0.1M H»S caused slight losses of load-carrying capacity and substantial
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reductions in times to failure duriﬁg tensile tests.' On the other'handl
concréte'coatings with flaws as wide as 0.76 ﬁm'resulted in only very small
losses in mechanical properties after exposure to H2S. Similar results
were obtained in ammonium nitrate ;nd sodium.chloride solutions. In the-
ammonium nitrate solution flaws in either organic coating did not cause

loss of mechanical properties, apparently because at the test temperature

of 66°C the organic materials flowed over the flaws and protected them.

' SUMMARY

The stféss—corrosion cracking susceptibility of a typical cold-drawn
high-strength steel (ASTM A416 steel 270) to several solutions was determined
ﬁsing a 'slow constant strain rate technique. Thé steel dévelbped cracks in
0.2M NH,NO; but only at températures above 38°C (100°F). Brittle failures,
apparéntly because of hydrogen embrittlement, also occurred in hydrogen
sulfide solutions if the pH was less than 7. Cracking did not occur in
chloride solutions regardless of pH. The corrosion rate of the steel was
low in diluté§§olutions of NaCl, NaNOj3, NayS0O, when access to oxygen was
restricted, Sut it was substantially higher with free access to air; in
the latter case broad pits formed, even in‘pure water. |

Both.organié coating materials tested and ﬁortland cement grout p;ovided
comﬁlete.protectibn to the steél in the above‘aggressive'environment,.pro—
Qided the coafing remained intact. With portland cement crack widths up

'to 0.76 mm did not result in loss of protection. These results indicate that
in a PCPV the use of certain commercial organic greases or portland cement
grout for filling the conduits containing high-strength steel tendons should
provide protection to the tendons even if low concentrations of aggressive

salts inadvertantly get into the conduits during filling.
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