
o^v' 

# ^ .c""6!* 
& - * , & * 

s c\ ^ASrf>* 
G<v && 

M*W \S^<> f 

.0,.£Sfer** •"tfSsS** 
~A - r 0 » : ^ 



NUREC/CR-0092 
ORNL/NUREG-37 
Dist. Category R5 

Contract No. W-7405-eng-26 

METALS AXD CERAMICS DIVISION 

CORROSION OF STEEL TENDONS IN CONCRETE PRESSURE VESSELS - REVIEW 
OF RECENT LITERATURE AND EXPERIMENTAL INVESTIGATIONS 

J. C. Griess 

Manuscript Completed — April 14, 1978 

Date Published: June 1978 

MOTICI 
TIM ivaorr * • wrrpHrt m m accomi at work 
•poMMTa •>- At t'niHw S u n C a n i l — I NnriMr * t 
UiwaN Stwm M T * c Uwwnt V i m tawjrfmni of 
EJVf^ . I W t^f OM H V fRW^OJOTl, NOT M y o f Awtf 
iflwmclon. iww.gnai.KW. o Arv -wMkrwjn. wwwn 
w? wwriwly. t u r a or N O / - * * , or M M I * * / hffjl 

• " " • i f viwnwriy owwww Aftta. 

Prepared for the 
U.S. Nuclear Regulatory Commission 

Office of Nuclear Regulatory Research 
Under Interagency Agreements DOE 40-551-75 and 40-552-75 

NRC FIN No. B011S 

Prepared by the 
OAK RIDGE NATIONAL LABORATORY 

operated by 
UNION CARBIDE CORPORATION 

for the 
DEPARTMENT OF ENERGY 

iv a; . (. xa»( i r.ij ;M' J« IS LIMIT ZI> 

http://iww.gnai.KW


CONTENTS 

ABSTRACT 1 

INTRODUCTION 1 

LOCALIZED CORROSION 2 

Pitting 3 

Crevice Corrosion 4 

Stress-Corrosion Cracking 5 

Hydrogen Embrittlement . . . , 6 

CORROSION OF CARBON STEEL 7 

General Corrosion of Steel in Aqueous Environments 8 

Stress-Corrosion Cracking of Steel 9 

Corrosion of Steel in Concrete and in 

Organic Compounds 12 

EXPERIMENTAL INVESTIGATION 17 

Experimental Considerations 17 

Experimental Procedures 18 

Results 20 

DISCUSSION 28 

SUMMARY 34 

ACKNOWLEDGMENTS 35 

REFERENCES , 35 

1L1 



CORROSION OF STEEL TENDONS ON CONCRETE PRESSURE VESSELS - REVIEW 
OF RECENT LITERATURE AND EXPERIMENTAL INVESTIGATIONS 

J. C. Griess 

ABSTRACT 

The fundamentals of localized corrosion are briefly 
discussed, and the literature concerning corrosion of carbon 
steel in aqueous environments, in particular the stress-
corrosion cracking of carbon steels, is reviewed. The 
behavior of high-strength steels in specific environments, 
including concrete and organic substances, is also summarized. 
The available Information Indicates that the corrosion of 
steels in correctly formulated concrete is minimal. Even 
appreciable concentrations of chloride, sulfate, sulfide, and 
nitrate salts can be tolerated in the concrete or grout 
without detrimental effects. Adherence to established stan
dards in the preparation and application of grouts in 
tendon-bearing conduits should guarantee very long tendon 
lifetimes. Little is reported about the behavior of tendons 
in proprietary organic greases or waxes, but very good corro
sion resistance is expected if the organic material remains 
intact. 

Stress-corrosion cracking tests performed with AISI 1080 
steel tendon wires, using the constant-strain-rate method, 
produced results expected from data In the literature. Crack
ing was observed only in neutral or acid solutions containing 
hydrogen sulfide, in ammonium nitrate solutions, and possibly 
in a dilute solution of sodium bisulfite. General corrosion 
tests in water and in dilute solutions of sodium nitrate, 
chloride, or sulfate showed that oxygen was an important factor; 
corrosion was substantially greater when oxygen had free access 
to the solution than when access to oxygen was restricted. In 
the tests with oxygen the heaviest attack on the steel tendons 
was at the waterllne of the solution. 

INTRODUCTION 

In the construction of concrete pressure vessels, high-strength steel 
tendons are usually strung through vertical conduits and stressed to 
some predetermined level. After tensioning, the conduits with the 
tendons in place are pumped full of either a concrete grout or an organic 
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substance (petroleum-base grease or wax with additives) to provide 
corrosion protection to the tendons. Although steels are normally quite 
compatible with concrete and most organic compounds, the presence of 
impurities in either substance, which could Le leached into pockets of 
water, could cause serious corrosion, eventually leading to fail.ure of 
the load-carrying tendons. 

In a test with a small-scale model of a concrete pressure vessel 
conducted at Oak Ridge National Laboratory, some of the cold-worked 
A1S1 1080 steel (conforming to ASTM A 416, grade 270) tensioning tendons 
failed, and the failures appeared to be caused by streps-corrosion 
cracking. The tendons were supposed to be protected *jy a proprietary 
wax, but there was evidence that wax did not completely fill all of the 
conduits. In addition, some unusual conditions existed during the test 
which could have been responsible for the cracking. Although it was 
not proven, ammonium nitrate in the environment was suggested as the 
cause of cracking. 

As a result of the above experience and at the request of the 
Nuclear Regulatory Commission, we conducted a review of recent literature 
on the cracking of high-strength steels and, subsequently, a limited 
experimental program to determine the relative susceptibility of 
cold-worked AISI 1080 steel to cracking in several environments. This 
report presents the results. Before presenting the results from the 
literature review and test program, a few pertinent facts about localized 
corrosion are reviewed. Recognition of these facts is essential to an 
understanding of the literature. 

LOCALIZED CORROSION 

For the purpose of this discussion, corrosion is defined as the 
destructive action of an environment on a metallic substance. In the 
process, the metal is oxidized and some component in the environment io 
reduced. That part of the process involving oxidation is called the 
anodic reaction, and the reduction part is called the cathodic reaction. 
In some forms of corrosion, visual examination of a corroded surface does 
not allow location of specific anodic and cathodic areas, but in other 
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cases, anodic and cathodic areas are clearly separated. Since the overall 
corrosion process in aqueous environments involves the transfer of elec
trons and the formation of ions, corrosion is an electrochemical process 
and is subject to the lavs of electrochemical kinetics. While it is 
not the purpose of this paper to dwell on the electrochemical nature of 
corrosion, one should not lose sight of this fact when discussing 
corrosion-related phenomena. 

Corrosion can manifest itself in two general ways: uniform dissolu
tion or thinning, and localized attack. Although the former mode of attack 
occasionally produces failures, by far the largest number of serious 
failures is produced by localized corrosion, which implies corrosion on 
only a small area of the metal exposed ;o the environment. Pitting, 
crevice corrosion, and stress-corrosion cracking (SCC) are probably the 
most common forms of localized attack, but others such as corrosion 
fatigue, grain-boundary attack, impingement and erosive attack, and 
selective dissolution of one element from an alloy (e.g., dezincification 
of brass) also are capable of producing failures. Although somewhat 
different in origin, hydrogen embrittlement is frequently classed as 
localized attack. 

Host corrosion-related failures are produced by either pitting, 
crevice corrosion, SCC, hydrogen embrittlenient, or by combinations of 
them. In the following paragraphs, some pertinent facts about each of 
these types of attack are presented. 

Pitting 

When random penetrations which have depths equal to or greater 
than the diameter occur on freely exposed surfaces, the material is 
said to have undergone pitting. Pits are often nearly hemispherical 
and distinguished from cracks primarily by their shape and depth. 
Pitting is most likely to occur in an environment in which the metal is 
nearly inert (passive) but where breakdown of passivity occurs in very 
small random areas. Halide ions, particularly chloride ions, are 
notorious for their ability to produce pitting. 
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When pitting occurs, the anodic current density on the walls of the 
pit is much greater than the current density on the surface surrounding 
the pit, although the total anodic and cathodic currents must be equal. 
As a pit deepens, mixing of the electrolyte in the pit with the bulk 
solution is limited, and the composition of the solution In the pit is 
significantly different from that of the bulk solution. In most cases 
the pH of the solution in the pit Is lower than that of the bulk solution 
because of hydrolysis of the metal ions. Frequently, hydrolysis products 
precipitate at the mouth of the pit and further restrict mixing of the 
solution in the pit with the bulk solution. The acidity of the pit 
solution can be important in other forms of attack such as hydrogen 
embrlttlement or SCC. 

Crevice Corrosion 

In many aspects, crevice- corrosion is similar to pitting, but its 
origin is somewhat different. Crevice corrosion occurs when access of 
the bulk solution to parts of the metal surface is limited and in environ
ments when the metals are passive in the absence of crevices. In such 
solutions, passivity usually depends on the presence of an oxidizing 
agent, usually oxygen. 

When such a metal with a crevice is first placed in an aerated 
solution, all surfaces {those freely exposed as well as those in crevice 
regions) are exposed to the same solution. However, because of the minute 
quantity of oxygen in the volume of solution in the crevice, only a very 
sm.-ill amount of corrosion is required to consume all of the oxygen. 
Since mixing of the solution In the crevices with the bulk solution is 
very restricted, diffusion of oxygen Into the crevice cannot keep up 
with the demand for it in the corrosion process. As a result, the 
anodic reaction within the crevice is maintained by cathodic reduction 
of oxygen on the surfaces outside of the crevice. To electrically 
balance the positive metal ions formed in the crevice, negatively charged 
ions, under influence of the potential field, migrate Into the crevice. 
As with pitting, hydrolysis of the metal ions produces free acid in the 
crevice, and this leads to further acceleration of corrosion. Thus the 
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initiation of pitting and crevice corrosion is different, but once 
established the mechanisms that produce continued corrosion are essentially 
the same. 

Stress-Corrosion Cracking 

Stress-corrosion cracking is a form of failure experienced by alloys 
when subjected to a tensile stress during exposure to specific environ
ments. In most cases, pure metals are not subject to SCC, but there are 
exceptions. Usually there is an apparent stress level below which 
cracking will not occur; often this level is considerably below the yield 
stress as determined in air. Stress-corrosion cracks have the appearance 
of a brittle failure in a ductile material. Generally, the alloy under
going cracking is almost inert in the environment, with essentially all 
of the oxidation being concentrated in the crack. Not long ago, SCC 
was believed to be cor.fined to only a few systems (combinations of metals 
and environments), but now it is recognized as a general phenomenon 
which occurs in all or nearly all types of alloys when the proper combi
nation of heat treatment, stress, and environment exists. 

There are two distinct phases to the SCC process: an incubation 
period before a detectable crack forms, followed by a period of crack 
growth. The incubation period can be extremely variable, in some cases 
lasting for years. The crack growth rate tends to be relatively fast and 
depends on the stress intensity at the tip of the crack and the 
environment. 

Cracks frequently — but not always — originate from the base of 
pits. Most Investigators have indicated that the r.ajor purpose cf the 
pit is to provide a stress concentration, but at least one investigator2 

believes that in some cases the primary function of the pit Is to produce 
a solution of low pH within the pit which then initiates the crack. 

SCC, in the context used here, implies that at least part of the 
cracking process Involves an electrochemical dissolution of the metal 
at the tip of the crack and is sometimes referred to as "active-path 
corrosion." (This is in contrast to hydrogen-embrlttlement cracking to 
be discussed later.) That electrochemical processes are Involved is 
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shown by the fact that cracking can usually be prevented, or even stopped 
once started, by cathodic polarization of the metallic object. In addition, 
as with crevice and pitting corrosion, the solution within the crack is 
of different composition from that of the bulk solution — in most cases 
more acid. 

One major advance in studying SCC made during recent years has been 
the straining of test specimens at a very low constant rate while at 
the same time fixing the potential of the specimen relative to the 
environment.3 The effect of anodic polarization on most metals is to 
cause either active dissolution or passivation. In the electropotential 
range of active dissolution, the entire metal surface: corrodes rather 
than developing isolated cracks. Similarly, in the potential region of 
stable passivity, the alloy is essentially inert and cracking does not 
occur. It is only in the potential regions where a transition between 
passivity and active dissolution occurs that cracking conditions are 
established. In these narrow potential regions the constant straining 
of the metal locally disrupts passive films that are being formed, and 
active-path corrosion cracking occurs if the environment is capable of 
producing cracks. Once the response of an alloy to a given environment 
has been characterized (in terms of dissolution or passivation), it is 
only necessary to alter the potential either to allow cracking or to 
prevent it. The potential may be altered by the addition of oxidizing 
or reducing substances to the solution, by polarization from an external 
source, or by electrically coupling it in the same solution to a metal 
or alloy of different electrochemical activity. 

Other advances have been the use of precracked specimens to eliminate 
the incubation period and the application of linear elastic fracture 
mechanics.1' Application of the latter methodology allows the direct use 
of laboratory data for predicting the behavior of large structural 
components for which fracture is a critical design consideration. 

Hydrogen Embrittlement 

Hydrogen-embrittlement cracking results from the entry of hydrogen 
into the metal, which reduces its ability to deform. In the strictest 
sense, hydrogen embrittlement is not a corrosion proceos; that is, 



oxidation does not occur along the fracture surface. However, entry of 
hydrogen into metal may result from corrosion on the metal surface. 
Whereas cathodic polarization stops active-path SCC, cathodic polarization 
of a stressed metal subject to hydrogen embrittlement usually either 
enhances cracking or has no effect on it. 

Any process that generates atomic hydrogen on the surface of a 
susceptible metal can lead to hydrogen embrittlement. Cathodic polari
zation, either from internal or external sources, is the usual method of 
producing this hydrogen. The formation of molecular hydrogen involves 
the transitory existence of atomic hydrogen on the metal surface. Certain 
materials at the surface, notably H2S and HaAs, inhibit the discharge of 
molecular hydrogen, thereby allowing a greater steady-state surface 
concentration of atomic hydrogen and, correspondingly, allowing a greater 
concentration of hydrogen to enter the metal. For example, H2S cracking 
in sour gas and oil wells is not active-path SCC but is hydrogen-
embrittlement cracking. 

Hydrogen embrittlement of high-strength steels is a relatively 
low-strain-rate phenomenon, because the cracking mechanism involves 
diffusion of hydrogen to sites where failure initiates. Atomic hydrogen 
concentrates in the region of highest stress, and time is required for 
a critical quantity of hydrogen to arrive before crack growth begins. 
Consequently, hydrogen embrittlement of high-strength steels is not 
detected with impact loading. Generally, the greater the hardness of 
a steel, the more likely it is to be embrittled; consequently, 
cold-working a steel increases its susceptibility to hydrogen erbrittiement. 

CORROSION OF CARBON STEEL 

Since prestressed steel tendons are expected to retain their 
integrity for many years, and since in most applications the tendons are 
stressed to about 75% of their yield point, it is clear that even low 
general corrosion rates can lead to ultimate failures by reduction of 
the cross-sectional area of the tendons. Thus, even though in the 
previous section it was indicated that most service failures result 
from localized attack, general or uniform attack must be considered 
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when long-term service life Is required. Furthermore, under certain 
conditions, even moderate general attack of high-strengtn steels can 
lead to hydrogen embrittlement. 

In this section a few observations will be made about the general 
corrosion of steel, and this will be followed by a brief review of 
stress-corrosion cracking of steels. Finally, some pertinent literature 
on the corrosion of steels in concrete and organic greases will be 
reviewed. 

General Corrosion of Steel in Aqueous Environments 

The general or uniform corrosion of Iron and steel In aqueous solutions 
is discussed in standard reference books, and only a few comments pertinent 
to more or less unform corrosion of steel tendons are presented here. 
Most of the following Information is based primarily on refs. 3-7. The 
most Important variable In the corrosion of steel Is the composition of 
the aqueous environment to which It is exposed. When steel corrodes In 
air-saturated water with neutral pH, the anodic reaction Is the conversion 
of iron atoms to ferrous Ions, and the cathodlc reaction is primarily the 
reduction of dissolved oxygen to hydroxy! ions, but a small part of the 
cathodlc process Involves reduction of hydrogen Ions to hydrogen. 
Kemr-val of oxygen from such solutions significantly reduces the corrosion 
rate. Increasing the hydrogen Ion concentration with a nonoxfdi/Ing 
acid Increases the corrosion rate, and In deaernted solutions the forma
tion of hydrogen becomes the cathodic process. Under these conditions, 
and probably even in air-salurated water, some hydrogen ran enter the 
metal and under proper conditions lead to embrittlement. Increasing the 
alkalinity of water greatly reduces Its corroslvlty, and at high enough 
alkalinity the embrittlenient of steels at room temperature is unlikely. 

Aerated neutral saline solutions are particularly aggressive to 
steel, but if the solution is made sufficiently alkaline, essentially 
no attack occurs; that Is, the metal is passive. However, at some 
intermediate alkali concentration where passivity is incomplete, severe 
pitting occurs. As Indicated In the previous section, it Is In those 
cases of borderline passivity where severe localized attack Is to be 
expected. 
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Specific Information on the general corrosion of steels with as much 
as 0.8Z carbon was not found. However, in salt water, steels with carbon 
contents ranging from 0.05 to 0.22 carbon showed equivalent behavior, 
and It seems likely that this result would hold true for steels of still 
higher carbon content. 

Steels sometimes undergo unexpected corrosion In oxygen-free environ
ments that contain sulfate tons. These high corrosion rates are frequently 
caused by anaerobic bacteria, which reduce sulfate to hydrogen sulfide as 
part of their metabolic process. This point is raised here because 
some greases that have been used In contact with steel tendons contained 
organic sulfonates which may be reducible to sulfides by bacterial action. 

Stress-Corrosion Cracking of Steel 

It was formerly believed that carbon steels were only susceptible 
to active-path SCC in caustic or nitrate solutions, and many studies 
with steels have been carried out In these environments. In both sodium 
hydroxide and nitrate solutions the mode of failure has been shown to 
be active-path SCC. In caustic: solutions the severity of cracking 
increases as both temperature and caustic concentration increase. 
Generally, at room temperature, caustic concentration must be above 
several percent to produce cracking. In nitrate solutions, cracking 
has been experienced at or near room temperature, but the -̂.verity 
Increases as the temperature Increases. *' Generally, tlî  rime to 
produce cracks decreases with increasing nitrate concentration, but this 
Is not universally true. For example, cracks formed in AISI 1080 steel 
in 0.2 M NHHNO^ at 70°C but not in a saturated solution at the same 
temperature.17 Also, the time for cracking to occur Increases as the 
pH of the solution Increases. 

In recent years It has been shown that mild and low-alloy steels are 
susceptible to cracking in many different environments. Thus, cracking 
has been observed In liquid ammonia,1'' in water containing both CO and 
CO2, 1 5 in solutions of carbonates and blcarbonates, in solutions 
containing acetate ions, in phosphate solutions, and in solutions 
of ammonium carbonate.19 In addition, cracking In aqueous solutions of 
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hydrocyanic acid has been reported, but in this case Ll is probable that 
the cracks were due to hydrogen embrittlement. In most of these cases, 
cracking was demonstrated using the constant-strain-rate method combined 
with anodic polarization. The above list indicates tnat cracking can 
occur in many different environments, most of which were formerly 
considered to be innocuous. 

Investigations with high-strength steels have been carried out by 
a number of investigators. Gilchrist and Narayan21 studied the behavior 
of a high-carbon (0.83% C) eutectoid steel in several different metallur
gical conditions and showed that cracking occurred in all microstructures, 
with failures both by active-path corrosion and hydrogen embrittlement. 
In ferric sulfate solutions, failures did not occur without polarization, 
but either anodic or cathodic polarization produced cracks. In ammonium 
nitrate solutions, cracking occurred at the open-circuit potential and 
on anodic polarization, but cathodic polarization completely prevented 
attack. Hydrogen sulfide produced cracking under all conditions, but 
chloride solutions containing sodium arsenate did not produce cracking 
at the open-circuit potential; cracking did occur, however, with either 
anodic or cathodic polarization. In general, cold-drawn wires with a 
fine pearlitic structure were more resistant than quenched and tempered 
wires, although under the proper conditions both could be cracked. 

Asphahani and Uhiig showed that when AISI 4140 steel was heat-
treated to hardnesses greater than R̂  42, cracking occurred in short 

c 
times in boiling distilled water. Cold-rolling to 60% reduction (R 46.5) 
resulted in immunity to cracking in boiling water and 3% NaCl, although 
in the latter environment, cracking could be produced by control of the 
potential. In another study by Uhlig et al. 2 3 a similar effect of 
cold-rolling was noted with furnace-cooled pearlitic steels. In this 
ca»e, steels with up to 0.2% carbon were susceptible to cracking in 
ammonium nitrate solutions, but at greater carbon contents (up to 0.65%) 
cracking did not occur. Cold-rolling of these steels produced immunity 
to cracking at all carbon levels. 

Phelps2** noted that steels with yield strengths of about 200 ksi 
or greater are susceptible to cracking in a number of environments, 
including various natural atmospheres. 
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The published information generally indicates that the higher the 
yield strength or hardness of a steel, the greater its tendency to 
crack. Cold-working the steel reduces, but does not totally eliminate, 
its susceptibility to cracking. 

Because of failures experienced over the years in sour gas and oil 
wells, a very large amount of information about H2S cracking has been 
generated. In these cases, H2S leads to hydrogen embrittlement of 
susceptible steels. A recent review article summarizes the most signi
ficant facts on the subject, and only a few of the pertinent papers will 
be referenced here. 

According to an NACE committee,26 steels with hardnesses of R < 22 
c 

are not expected to be susceptible to H2S cracking. It has been shown 
that cracking 01 susceptible steels occurs with as little as 1 ppm H2S 
in solution, although failures take much longer than with higher 

2 7 concentrations. It has also been shown that the active species in 
aqueous solution is the undissociated H2S molecule, not HS or S 2 — ions. 2 7' 2 

As a result, sulfide cracking is much more likely in acid solution (pH of 
2 to 6), where the major part of the sulfide exits as H2S, than in more 
alkaline solutions, where dissociation of the H2S takes place. However, 
failures have been observed at solution pH values as high as 9.5. ' 
The presence of chloride ions in H2S solutions produces no detectable 
effect on cracking, 2 1' 3 0 and the time to failure is a minimum at 25°C 
according to Townsend,31 or 50°C according to Kawashima et al. 2 8 Generally, 
cold work has a detrimental effect on H2S cracking. 3 2* 3 3 For example, 
Baldy33 demonstrated that with an N-80 steel, 1% cold work lowered its 
load carrying ability from 70-75,000 psi to 40-45,000 psi in H 2S solutions. 

Uhlig31* noted that 3% NaCl solutions containing low concentrations 
of sulfites or thiosulfates produced cracks in stressed high-strength 
steels. Cracking did not occur with sulfate. He showed that sulfite and 
thiosulfate ions, but not sulfate ions, are reduced at a steel surface 
to hydrogen sulfide, which is the agent responsible for the cracking. 

The evidence is very clear that even very low concentrations of 
H2S in aqueous environments can produce cracking in high-strength steels. 
Fortunately, cracking is not likely to occur in strongly alkaline 
environments such as those associated with concrete. But in acid, neutral, 
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or slightly alkaline (pH of 7—9.5) solutions, cracking of such steels is 
highly probable with H2S present. While H2S facilitates hydrogen embrittle-
ment of steels, it should be noted that embrittleoent can be produced in 
its absence. Generation of hydrogen on a steel surface, either from 
corrosion reactions or by external polarization, may allow sufficient 
atomic hydrogen to enter the steel to embrittle it. 

Corrosion of Steel in Concrete and in Organic Compounds 

To understand corrosion of metals in concrete, one must have at 
least a qualitative knowledge of the chemical nature of concrete. The 
following paragraph taken directly from a translation of a recent paper 
by Rieche3 is a brief description of the chemistry of concrete: 

The setting and hardening of cement are consequences of 
chemical reacti'ns between its components and the mixing water, 
fhe products of these reactions are gel-form, i.e., extremely 
fine-grained fiber, s/ieet, and tubular-shape particles which 
initially occur primarily in the water-filled spaces that 
occur between the cement particles and the additive particle 
grains. They form an iritially local interwoven structure 
which is continuously strengthened by further products of 
hydration, and form a stiff bridgework connecting the solid 
particles. As a result of this, their mobility is increas
ingly restricted, and the cement grout, mortar, or concrete 
sets. This gel, which is formed in the process of hardening, 
which contains water, but is rigid, and which forms as the 
result of progressive hydration, is permeated by a large 
number of gel and capillary pores. The gel pores exhibit 
diameters of the order of magnitude of only a few molecular 
diameters (10"3 to 10 - 2 ym) and run throughout the entire 
cement stone in a matrix-like fashion. In contrast, the 
capillary pores are in the range from 10~ 2 to 1 ym. The 
Ca(0H>2 formed in the hydration of the cement is deposited 
in both the gel pores and the capillary pores. Whereas the 
relatively wide capillary pores can dry out, depending on 
the humidity conditions of the environment, the gel pores of 
the cement-glue are always filled with water, which is itself 
saturated with calcium hydroxide. Just like the components 
of the concrete, the steel is also firmly surrounded by 
well-adhering cement gel. Thus the surface of a steel embedded 
in concrete is directly surrounded by saturated Ca(0H>2 solu
tion which exhibits a pH value of 12.6, and thus causes the 
well-known corrosion protection of the steel by passivation. 
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Thus it seems appropriate to perform corrosion rests in an aqueous line 
solution which serves as a model for concrete, and some investigators 
have done this. 

Because of the alkaline nature of concrete, reinforcing cr pr&stress-
ing steels have good corrosion resistance when the concrete is correctly 
formulated and applied. One method by which the alkalinity of the concrete 
is destroyed is through the process of carbonation, that is, the reaction 
of CO2 (usually from air) with the Ca(0H>2 in the concrete. This is a 
slow and continuing process and may, in time, penetrate the concrete to 
a depth of 1/4 to 1 in., depending on the quality of the concrete.36 

As a result of this reaction with CO2, the pH of the environment becomes 
as low as 9 to 9.5. At this pH, steel is no longer passive,37 and 
corrosion of the steel is possible if water and oxygen are available. 
Furthermore, if the concrete contains sulfides, as in cases where 
blast-furnace slags are irrorporated in it, H2S cracking can be expected 
at pH's of 9 to 9.5. 2 7' 2 9 

It is the permeability of the concrete as well as its thickness over 
reinforcing or prestressing steel that determines how well the steel is 
protected. Obviously, highly permeable concretes will undergo carbonation 
and will allow the diffusion of corrosive materials in the environment 
(CI , O2, H2O, CO2) to the steel surface much more readily than will 
very dense concretes. The water-cement ratio is the primary factor in 
determining the permeability of concrete. Szilard37 recommends that the 
ratio not exceed 0.5, with the preferred value being 0.40. Even with 
dense, impermeable concretes, a minimum concrete thickness over the 
steel of 1 in. in mild environments and 2-1/? in. in marine environments 
is recommended. 

Chloride is an Important cause of the corrosion of steels, and a 
number of Investigators have studied the effect of this ion on corrosion 
of steel In concrete. Hausmann,38 using saturated, as well as more 
dilute, lime solutions with chloride additions as test media, concluded 
that in aerated solutions, corrosion of steel does not occur if the 
molar ratio of chloride to hydroxide ions is less than 0.6; in saturated 
line solutions, attack began at a chloride concentration of about 700 ppm, 
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but in the absence of oxygen much higher concentrations of chloride could 
be tolerated. Since Hausmann used unstressed specimens, SCC was not 
observed, but pitting and general corrosions were. 

Honfore and Verbeck39 studied corrosion of prestressing wire 
(composition unspecified) embedded in various concretes containing added 
C&C12- The wires were externally loaded to 140 ksi, and after 28 days, 
corrosion in the form of pitting was observed on all specimens. Cold-drawn 
wires supplied by the manufacturer (presumably using cooled and lubricated 
dies) showed no tendency to crack, but wire cold-drawn in the laboratory, 
using an uncooled and unlubricated die, tended to develop longitudinal 
cracks, that is, cracks parallel to the direction of applied stress. No 
sign of conventional SCC was found. Treadaway''0 also studied the behavior 
of cold-drawn steel (0.8%C) stressed to 70% of its ultimate tensile 
strength in concrete containing 2 to 52 CaCl2* After periods ranging 
from 2 to 27 months, no cracks were found, although severe general corro
sion and pitting occurred, the extent of attack being greater the higher 
the CaCl2 concentration. Similar results were obtained by Godfrey.wl 

On the other hand, Rieche 3 5 showed that cracking as well as pitting 
of carbon steel (0.4% C) could occur in saturated limewater to which 
chloride was added, if the applied stress and chloride concentre, ion were 
high enough. Over a large concentration range, open-circuit pot^itials 
fell within an SCC region of potential so that cracks in stressed materials 
could develop spontaneously. His data indicated that at chloride concen
trations below about 0.01 M (350 ppm), cracking should not be possible. 
He therefore postulated that limiting the chloride concentration to a 
maximum of 300 ppm would prevent SCC. The reason why cracking was observed 
by Rieche and not by the other investigators39-1*1 is not completely clear 
from the information presented. It has been noted by several 
investigators 3 5' 3 6* 3 9 that the components of cements are capable of 
chemically binding chloride so that it is not available to produce 
corrosion, and this may partly explain the difference; that is, the 
"effective" chloride concentration in the concrete could have been much 
less than the total chloride, perhaps less than 0.01 M, Regardless of 
the reason, it Is clear that calcium chloride should not be used as an 
additive tc concrete that is to be in contact with steel, nor should 
seawater or unwashed sea sand be used in mixing the concrete. 
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Generally, H2S cracking of steel in concrete is not expe.ted because 
of the high alkalinity of concrete, but Rieche35 and Cornet1*2 report 
apparent cases of esibri*:element caused by the presence of H2S where the 
alkalinity of the concrete was diminished or when cracks in the concrete 
allowed H2S to come in contact with steel. On the other hand, Rieche 3 5 

showed th;t in saturated lime solutions containing 0.02 M rr greater CaS, 
cracking of high-strength steels could occur. Using two similar steels, 
each containing about 0.4% carbon, he showed that neither cracked on 
cathodic polarization, but both cracked on anodic polarization. One of 
the steels cracked at the open-circuit potential, whereas anodic polariza
tion was necessary to produce cracking in the other. With only Ca(0H>2 
solutions, cracking could not be produced under any conditions. This 
appears to be the first time that active-path SCC has been reported in 
the presence of sulfide. 

Rieche 3 5 also examined the effect of nitrate concentration in 
saturated Ca(0H)2 solutions on the cracking of steel and showed that at 
nitrate concentrations greater than 0.01 M (620 ppm N O 3 - ) , cracking 
occurred only on anodic polarization. Regardless of potential, no 
failures occurred at concentrations of 0.01 M or less. 

The importance of pockets of air in concrete that are in contact 
with steel has been pointed out by several inv< stigators. 3 6* 3 8* 3 9' 1' 3 

All data indicate that steel corrodes more severely at voids in the 
concrete than on adjoining areas covered with cement. Thus in filling 
conduits containing prestressing steel tendons, care must be taken to 
prevent such air pockets from forming; compressed air should never 
be used to force grouts into conduits. 

One form of failure that is possible with grouted tendons is 
dissimilar-metal (galvanic) corrosion. If, for example, a stressed 
tendon embedded In grout is electrically coupled with a more active 
metal such as aluminum or zinc, the tendon becomes the cathode of the 
cell and under some conditions hydrogen can be liberated on its surface, 
enter the metal, and embrittle it. Examples of such failures are presented 
in the literature. 3 5 , , , ,* The hydrogen embrittlement of galvanized 
high-strength steels has also been studied;1* when zinc was removed 
from small areas of the surface and the steel placed in concrete, cracking 
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usually occurred at about 802 of the yield stress. Furthermore, 
examples of cracking of prestressed steels coupled to more noble metals 
have been cited by Rieche, 3 5 and in these cases the cracking was apparently 
due to active-path SCC. In addition to dissimilar-aetal cells, similar 
types of electrochemical cells may develop because of differences in 
concentration of chloride, oxygen, acidity, and possibly other materials 
along a wire. Stray dc currents such as from an improperly grounded 
welding machine can also produce corrosion. 

From the above considerations it is apparent that the corrosion of 
steels in concrete is not a problem if simple and reasonable precautions 
are taken in making and applying the grout or concrete. 

In one reported Incidence of corrosion of steel tendons that were 
presumably protected by an organic substance, stray currents appear to 
have been responsible for the observed damage.8 A heavy petroleum 
grease containing a sodium petroleum sulphonate as a wetting agent 
coated all surfaces. Contamination of the coated tendons with water 
resulted in emulsification of the grease on part of each tendon. Examina
tion of these tendons six months after installation in the ducts showed 
pits up to 2 mm deep under both emulsified and sound grease. In 
laboratory tests with identical tendons, some coated with emulsified 
grease and some with sound grease, no pits or other forms of attack 
occurred, but on anodic polarization, pits formed identical to those 
observed in the ducts. 

The only other case of failures of tendons protected by organic 
materials that we are aware of are those observed in a concrete thermal 
cyclinder test at Oak Ridge National Laboratory and referred to in the 
Introduction.1 In that case the tendons were protected by a wax, but 
water inadvertently entered some of the ducts containing the tendons. 
In addition, improperly formulated epoxy resin in the cylinder added 
high concentrations o f nitrogen compounds to the environment. It was 
suspected that a nitroge. compound, possibly ammonium nitrate, was the 
responsible agent. 

Unfortunately, the information available on the behavior of steels 
when coated with greases or other protective organic compounds is very 
limited. Also, the chemical stability of these compounds over very long 
periods of time and the effects of any degradation products on corrosion 
products on corrosion are not well known. 
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EXPERIMENTAL INVESTIGATION 

Experioental Considerations 

The approach to studying stress-coriosion cracking that was used 
in many former investigations involved exposing candidate materials, 
stressed to some predetermined level, in a given environment, and 
measuring the time to failure. When specimens cracked in less time 
than the duration of the test, the susceptibility of the material to 
cracking was established. If the material did not crack during the 
test, the material was considered resistant to cracking in the environ
ment. To be sure of immunity, however, one would have to expose the 
stressed material for very long times — probably as long as the intended 
use of the object. Obviously this is not practical in most cases. 
Furthermore, cracking is statistical in nature, and to obtain significant 
data, relatively large numbers of specimens should be exposed under 
each test condition, yielding a distribution of failure times. Thus, 
with conventional stress-corrosion cracking tests, one is usually faced 
with large numbers of tests conducted for long periods of time if one-
is to have confidence in knowing the susceptibility of a given alloy 
to cracking in a specific environment. 

Another approach to the study of stress-corrosion cracking uses the 
constant-strain-rate method as described by Humphries and Parkins.3 

With this technique, a tensile-type specimen is exposed to the test 
environment and Is pulled at a very slow constant rate until fracture 
occurs, usually within a period of a few days at most. 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 surface in the gage section 
can provide additional information about the fracture process. Additional 
insight Into the cracking process and the influence of changes in the 
oxidizing potential of the solution can be obtained by impressing an 
electrochemical potential on the specimen using a potentiostat and 
studying the time to failure at different potentials. Even though all 
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the subtleties of the constant-strain-rate technique may not be fully 
understood, the data obtained from these tests provide engineering 
information on the properties of materials under controlled environmental 
conditions. While this test method provides information on the tendency 
of a material to crack, it does not provide direct information on the 
statistical probability of cracking at a specific stress level. 

In view of the above considerations and because cf budgetary and 
time limitations, the slow-strain-rate method was used to examine the 
cracking tendency of cold-worked AISI 1080 steel tendon wires in selected 
environments. The general corrosion rate of the steel under several 
conditions was also determined. Most of the experiments were conducted 
in near neutral environments because at these pH values attack is usually 
more severe than in alkaline solutions such as exist in concretes. Also, 
no attempt was made to study pitting and the cracking that frequently 
originates at the base of pits. 

Experimental Procedures 

The tensile tests described here were conducted on the center 
straight wire of a seven-wire tendon made from cold-worked AISI 1080 
steel and conforming to ASTM A 416, grade 270. The diameter of the 
wire was 5 mm (0.20 in.), and for the present test the surface of the 
wire was used as received, except surface rust was removed with fine 
emery paper. For the stress-corrosion tests, the wire in the presence 
of the test environment was strained at a constant rate in an Instr&n 
tensile machine which had a maximum capacity of 4500 kg (10,000 lb). 
The length between the grips was 0.20 m (8 in.), but only the center 
75-mm (3-in,) length was exposed to the solution, which was held in a 
polyvinyl chloride bottle. A gage section was not irachined in the wire, 
since we wanted to retain the original surface condition of the cold-
drawn wire. To prevent any unusual effects at the solution-air inter
face or in the crevice when the wire passed through a stopper in the 
bottom of the bottle, the 75-mm test length was defined by the use of 
a stop-off varnish and was covered with solution both above and below 
the test section. All tests were conducted at the open-circuit corrosion 
potential. 
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The minimum crosshead speed of the tensile machine was 8.33 x 1(T2 um/s 
(0.0002 in./min) and with the 0.20-m length of the specimen corresponded 
to a strain rate of 4.17 * 10~7/s. This minimum strain rate was used in 
all tests except two. After a specimen failed a 25-mm (1-in.) length, 
including one failed end, was metallographically polished along the axis 
to look for cracks on the surface exposed to the solution. 

The general corrosion rates of A1SI 1080 steel tendon wires were 
determined in several different aqueous environments. In one series 
of tests, weighed 25-mn (1-in.) lengths of wire were totally immersed in 
different solutions. In these tests the 5-mm-diam wires were placed in 
6-mn-diam glass test tubes and were immersed to a depth of about 10 mm 
above the specimen height in different test soLutions, which included 
dilute solutions of chloride, nitrate, and sulfate, and potable and 
distilled water. The total volume of solution was only about 500 mm3, 
and these conditions were intended to simulate those that could exist 
in the interstices of wires in the tendons. Evaporative losses were 
replaced periodically with distilled water. 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 access of oxygen. These tests lasted for 2000 hr, but duplicate 
specimens were removed from test after 1000 hr. All specimens were 
descaled in Clarke's solution1*6 (2 g Sb203 and 5 g SnCl2 dissolved in 
100 ml of 37% HC1) before final weighing. Other specimens that had been 
exposed to some of the solutions for 2000 hr were analyzed for their 
hydrogen content. In these cases the specimens remained in test until 
analyzed. The corrosion product was then removed with emery paper, 
and the hydrogen in the steel was determined by vacuum fusion. 

In another series of tests, single wires 0.3 m (12 in.) long were 
immersed in dilute solutions of Na2S0<, and NaCl and in distilled water 
at room temperature for nine months. The volume of water was about 1 
liter and was exposed to the air; water lost by evaporation was replaced 
every few days. The test specimens extended above the water level so 
that attack at the water-air interface could be examined. At the end 
of the test the specimens were descaled in Clarke's solution, and the 
diameter of the wire above and bejow the waterline was compared. 
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Results 

The results obtained from the constant-strain-rate tests are shown 
in Table 1. Tests 1 and 2 confirmed that the tensile strength conformed 
to ASTM A 416 grade 270 (minimum tensile strength of 190 kg/mm 2). Since 

Table 1. Results Obtained from Constant-Strain-RateC 

Tests With AIS1 1080 Steel Vires 

est Test Medium Temperature 
CC) 

PH 
Start/Finish 

Time to 
Break 
(hr) 

Lead 
(fcs) Crack 

1 Air 21 0.2 3990 So 
2 Air 21 55.5 4280 No 
3 0.2 y. NHsNO, 21 5.0/7.0 57.5 4100 So 
4 0.2 V >0KSO; 21 5.3/7.0 66.6 4010 .to 
5 0.2 H NIUKO) 38 5.3/7.7 47.0 3980 So 
6 0.2 V NHHNO) 52 5.3/7.3 49.3 3970 Yes 
7 0.2 » Nik NO, 66 5.0/7.4 50.5 3970 Yes 
8 0.2 fi NHsNOj 66 5.0/7.0 5.2 3950 Yes 
9 0.01 v KC1 + Cai 21 11.9/11.5 55.3 3990 So 
10 0.01 ft KC1 66 5.3/6.3 60.8 397C So 
11 0.03 M KC1 21 5.5/6.4 58.1 4010 So 
12 0.03 M KC1 + HC1 21 3.0/3.1 60.8 4010 So 
13 0.1 K NaHSO, 21 4.5/6.5 44.0 3920 Yes 
14 0.1 M H 2S + HC1 21 3.0/3.0 6.6 1530 Yes 
15 0.1 V, HjS 21 "A 4.7 1130 Yes 
16 0.001 V Na2S 21 11.1/11.2 57.8 3920 So 
17 0.001 M Na2S + HC1 21 7.4/7.7 53.8 3990 So 
16 0.001 M NajS + HC1 21 4. J/6.0 19.3 3600 Yes 
19 0.003 W Na2S + HC1 21 4.3/7.0 17.0 3490 Yes 
20 0.003 V NajS + HC1 21 6.3/ 52 0 4010 So 
21 0.003 M NajS + HC1 21 4.3/ 54 8 4010 So 
22 Deionized H 20 21 7 57.5 3980 So 
23 Deionized H 20 + CO? 21 4.0/4.0 55.8 4010 So 
24. HjO + C0 2 + 750 ppm H 5 \=0, 21 5.1/5.1 57.6 3980 So 
2 b l Zn plate, H 20 21 5.8/6.3 60.6 4030 So 
26° Zn plate, 0.2 M NajSO, 21 5.7/6.0 54.9 4030 No 
27^ Corroded in HjO, three days 21 5.9/6.5 50.9 4010 No 

The strain rate was 4.17 * 10 '/s except in test 1, where it was 1.08 * 10~Vs. 
and in test 8, where it was 4.17 » 10'Vs. 

''Specimen except center 12.5 mm (0.5 in.) was zinc-plated before test. 
Specimen was placed in 8-mn glass tubing and surrounded by tap water for three 

days Before training. 

the entire wire was of constant diameter, there was concern that failure 
would occur preferentially at the grips, but this problem was not 
encountered. Tests 3 through 8 were conducted with 0.2 Af NrUNOa, since 
this reagent was suspected of causing failure in the thermal cylinder 
test at Oak Ridge National Laboratory.1 No signs of cracks were found 
in specimens tested at 21 and 38°C, but cracks were found at 52 and 66°C. 
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Figure 1 shows representative views of the specimens tested at the four 
temperatures when the strain rate was 4.17 x 10 - 7 I s . At a tenfold greater 
strain rate (test 8), cracks were noted, but the depth of penetration was 
less than at the lower strain rate. Even though cracks were evident in 
the steel at the two higher temperatures, no effect on either the time 
to failure or on the load at failure was noted. The large diameter of 
the wire and the relatively slow rate of crack propagation were responsible 
for this observation. With a smaller-diameter test section and a slower 
strain rate, the effect of the cracks on the time to failure would have 
been obvious. The formation of cracks at 66°C and the absence of cracks 
at 21°C agree with the results obtained with 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.1 

No cracks were found in any of the specimens exposed to chloride-
containing environments (tests 9-12), regardless of the pH of the 
solution. This is in conformance with the generally accepted belief that 
chloride ion is not an aggressive cracking agent for steels of tM? L/pe, 
although Rieche 3 5 did observe cracking in a steel of 0.4% carbon content 
in the presence of chloride ions. 

There appeared to be some evidence of cracking in 0.1 M NaHSC>3 
(test 13) as illustrated in Fig. 2, which shows one of several localized 
penetrations along the surface of the wire near the failed region. Only 
in the case of ammonium nitrate solutions were similar penetrations 
observed. Obviously, the ammonium bisulfite was not reduced to hydrogen 
sulfide at a rate fast enough to produce hydrogen embrittlement as 
reported by Uhlig.3* 

As expected, H2S produced rapid failure in the test specimens when 
the pH was low and the H2S concentration was relatively high (tests 14 
and 15). Figure 3 shows cracks observed in test 15. In 0.001 M Na2S 
at a pH of 11.1 or 7.4 (tests 16 and 17), no cracking was observed, 
but when the pH was adjusted to 4.3 (test 18), cracking occurred. At 
this lower concentration, failure took longer than at the higher sulfide 
concentrations, and the cracks were generally finer (Fig. 4). Cracking 
occurred slightly faster when the Na2S concentration was increased to 
0.003 M (test 19), but the nature of the cracks was the same as shown 
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Fig. 1. Attack on AISI 1030 Steel Tendon Wire in 0.2 M NHi»N03 at 
Different Temperatures. Strain rate, 4.17 * 10~ 7/s. 250*. 
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Fig. 3. Cracks Formed in AISI 1080 Steel Wire in 0.1 M H 2S (pH % 4) 
at Room Temperature. 100*. 
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Fig. 4. Cracks Formed in AISI 1080 Steel Vendon Wire in 0.001 M 
Na2S with pH Adjusted to 4.3. 

in Fig. 4. When the sulfide concentration was reduced to 0.0003 M 

(tests 20 and 21), no cracking was observed. Although the solutions 
were sparged with nitrogen before the Na2S 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 early in 
the test to sulcur by traces of oxygen in the bottle, "ertainly, at 
the end of the test no odor of hydrogen sulfide could be detected above 
the solution. 

Deionized water either by itself (test 22) or with carbon dioxide 
bubbling through it (test 23) did not produce cracking. Cracking also 
did not occur when the steel was corroded in water tor three days before 
the specimen was pulled. Similarly, the presence of carbon dioxide and 
750 ppm arsenious acid in water failed to produce cracks (test 24). In 
the latter case the wire was heavily pickled i • uninhibited hydrochloric 
acid and remained in the test solution overnight before the specimen was 
pulled. 
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Two specimens (tests 25 and 26) were electroplated with 0.013 mm 
(0.0005 in.) of zinc except for a 12.5-mm (0.5-in.) length in the middle 
of the wire. When exposed to the aqueous environment, the unplated area 
was cathodic to the zinc, and the possibility of hydrogen embrittlement 
existed. However, neither in pure water nor in 0.2 M Na2S0i. did cracking 
occur. 

In all cases except where cracking occurred in the presence of 
sulfide, cup-cone-type failures were observed, and the reduction in area 
varied randomly between 36 and 432 except in test 3, when it was 47Z. 
In tests 14 and 15, no reduction in area could be measured, and in tests 
18 and 19 the reduction in area was only 4Z. Even though cracks were not 
observed in most cases, most of the failures occurred in the 75-mm (3-in.) 
length exposed to the test solution. Only in tests 12, 16, 20, 21, 25, 
26, and 27 did the wire break outside the solution-exposed length, and 
in tests 25 and 26 the exposed steel was cathodically protected by zinc. 
The above observation suggests that general corrosion of the steel contri
buted to the failure process, although the amount of corrosion that 
occurred during the test period must have been very small. 

The corrosion rates observed on the tendon wires exposed to the 
very small volumes of solutions are shown in Table 2. After 1000 hr in 
some cases and in most cases after 2000 hr, the volume of corrosion 
products that had formed prevented removal of the specimen from the glass 
tube, and it was necessary to break the tube to recover the specimen. 
Table 2 si.ows that under these conditions, corrosion rates were low and 
nearly independent of the environment except in one case; both specimens 
exposed for 2000 hr in 0.001 M NaN03 corroded at rates of nearly 25 um/year 
(1 mpy). There was no significant localized attack in any case. 

The hydrogen content of specimens exposed for 2000 hr are shown in 
Table 3. The control specimen had been exposed only to air. The hydrogen 
content of the steel was low, but exposure to any of the environments 
produced a detectable increase of the hydrogen content. Comparison of 
these results with those in Table 2 shows that the amount of hydrogen in 
the steel was not proportional to the corrosion rate. However, the 
smaller hydrogen content in the nitrate solution may be related to the 
oxidiz .ng nature of the nitrate ion. 
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Table 2. Corrosion of AISI 1080 Steel 
Tendon Wires in Different 

Environments 

Test Environment Time Average Corrosion 
(hr) Rate (pm/year) 

Potable water 1000 5 .8 
2000 5 . 3 

D i s t i l l e d water 1000 5 .1 
2000 5 . 3 

0 .03 M NaCl 1000 6 . 6 
2000 7 .9 

0 .01 M NaCl 1000 6 . 4 
2000 9 .7 

0 . 0 1 M NaN03 1000 11 .2 
2000 8 . 1 

0 .001 M NaN03 1000 7 .4 
2000 23 .1 

0 . 2 M Na 2S0i, 1000 8 . 9 
2000 13 .5 

0 .02 M Na 2 S0- 1000 7 .6 
2000 13 .2 

0 . 0 0 2 M Na 2S0., 1000 5 .8 
2000 7 .6 

Table 3. Hydrogen Content of AISI 
1080 Steel Tendon Wires Exposed 
to Different Environments 

for 2000 hr at Room 
Temperature 

Environment Hydrogen Content 
(ppm) 

Control 1.14 

Potable water 1.99 

0 .03 M NaCl 3 .51 

0 .01 M NaNOj 1.65 

0 .2 M Na 2S0i. 2 .89 
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The wires (0.30-n lengths) exposed to large volumes of solution that 
was freely exposed to air showed considerably more corrosion than did the 
short specimens exposed to small volumes of solution with restricted 
access to oxygen (air). Table 4 shows the corrosion rate calculated 
from the difference in diameter above and below the waterline after 
exposures of nine months. 

Table 4. Corrosion Rates for 
M S I 1080 Steel Tendon Wires 
Exposed for Nine Months to 

Solutions with Free 
Access to Air 

„ . _ Corrosion Rate Environment , , » (Mm/year) 
Distilled water 76 
0.05 M NaCl 152 
0.1 M Na2S0i, 254 

Table 4 also shows that with free access of oxygen the steel corroded 
at a greater rate than when access to oxygen was limited. In all of the 
above cases, attack was greatest at the solution-air interface, but 
localized attack in the f n of pitting was noted below the waterline in 
all cases. Figures 5, 6, md 7 show the corrosion observed. In each 
figure (a) shows attack at the waterline, (b) shows reprefmtative 
attack on the submerged part of the wire, and (c) compares a cross 
section through the steel at the waterline with one above the waterline 
and illustrates the maximum reduction in cross sections produced by 
corrosion. 

DISCUSSION 

The experimental results obtained with the AISI 1080 steel are in 
general agreement with published data, 'racking was observed in the 
solutions containing H2S when the pH was low but not when the pH was 7 
or above. Thus, steel tendons surrounded by correctly formulated and 



29 

(b) 

^"•^Y-151708 
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Fig. 5. Corrosion of MSI 1080 Steel Tendon Wire During a 9-Month 
Exposure to Distilled Water at Room Temperature, (a) Attack at waterline; 
(b) attack on submerged wire; (c) comparison of cross sections at the 
waterline and above the waterline. Diameter of wire is 5 mm. 
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applied concrete in which the pH of the incorporated water is greater 
than 12 should not become embrittled, even if the concrete contains 
appreciable concentrations of sulfide. On the other hand, it is doubtful 
that water in contact with greases or waxes would develop pH values greater 
than 9.5. Below this value, cracking has been observed. 

The only other environments in which cracking was experienced were 
ammonium nitrate and sodium bisulfite solutions. In both cases it is 
likely that cracking could have been eliminated if the pH of the solution 
had been increased. In the nitrate solution, temperatures also had to 
be above 38°C (100°F) to produce cracks. In the case of the sodium 
bisulfite solution, there was only superficial evidence of cracking, and 
additional testing should be conducted before any definite conclusion is 
drawn about the susceptibility of AISI 1080 steel to cracking in bisulfite 
solutions. However, sodium bisulfite would not exist in strongly alkaline 
solutions (sodium sulfite becomes the stable form), and in the alkaline 
environment, reduction to hydrogen sulfide would be unlikely. All other 
attempts to produce cracks in AISI 1080 steel were unsuccessful. 

On the other hand, AISI 1080 steel has poor corrosion resistance to 
most aqueous neutral solutions and water when exposed to air, and in such 
environments reduction in cross-sectional area could lead to tendon 
failures. In tests reported here, attack was particularly severe at the 
waterline. Although tests were not conducted under alkaline conditions, 
attack would undoubtedly have been much less. In small volumes of solution 
with limited access to oxygen, corrosion was much less, and only a small 
amount of the corrosion-product hydrogen entered the steel. The amount 
was probably so small that it would have no effect on embrittlement of 
AISI 1080 steel. One of the reasons for using tendons made from this 
steel is that it is less susceptible to hydrogen embrittlement than 
many other more highly alloyed high-strength steels. 

The corrosion of steel in concrete has been the subject of many 
investigations, and the literature indicates that with reasonable precau
tions, corrosion is not a serious problem. One of the necessary precautions 
is to limit the concentration of chloride ions to a maximum of 300 ppm 
(approximately 0 k01 M), nitrate to no more than 620 ppm (0.01 M), and the 
sulfide (as metal sulfide) to 640 ppm (0.02 M). These are maximum values 
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recommended by Rieche 3 5 and are appreciably higher than those specified 
in U.S. Nuclear Regulatory Guide 1.107 [100 ppm CI (200 ppm if pH > 12), 
100 ppm NO3, 2 ppm S (soluble)]. To achieve these lover values should 
present no undue hardship or expense, and therefore it appears reasonable 
to take advantage of the added safety factor. Another precaution is to 
use minimum water in preparing the grout (water/cement ratio = 0.40). 
This produces a grout with minimum porosity and greatly reduces carbona-
tion, which could possibly lead to hydrogen embrittlement in extreme cases. 
Application of appropriate standards and procedures should result in 
tendon lifetimes at least equal to the design life of the vessel. The 
fact that many prestressed concrete vessels, bridges, and other structures 
are in use, many of them for many years, is proof that corrosion of 
prestressing steel in grouts can be reduced to an insignificant level. 

There appears to be much less experience using greases or other 
organic compounds in protecting tendons in prestressed structures, and 
therefore the prcblem of assessing the potential for corrosion is not 
an easy one. Generally, such organic materials provide a very protective 
environment so long as they remain int<*ct and free 01 v^l^r. Even with 
low levels of impurities, the greases are nonconductors (if dry; m.l as 
such should produce negligible corrosion. However, the chemical stability 
of these materials over very long periods of time — in a low radiation 
field if used in nuclear reactor containment vessels — and the nature 
and corrosivity of the degradation products are not well documented. One 
apparent point is that if water is present in the grease-filled ducts 
containing the tendons, the pH of the water will not be as alkaline as 
the water in a grout, and, therefore, the potential for corrosion would 
be greater with grease than with grout. 

Two areas of tendon corrosion that have been inadequately investigated 
are (1) the Initiation of cracks from the base of pits or in crevice 
regions, and (2) cracking that could occur because of galvanically 
coupling stressed tendons to a metal or alloy of different electrochemical 
activity. As noted earlier, the solutions that exist in active pits or 
crevices tend to be acid, and if a sulfide inclusion in the steel were 
exposed to such a solution, a relatively high concentration of H 2S would 
exist locally, possibly enough to cause failure; or even in the absence of 
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H2S the acid environment nay be able to produce active-path SCC as 
postulated by Brown.' Ideal sites for crevice corrosion exist among the 
strands of tendons. 

In the case of galvanic couples, two questions that have not been 
answered are (1) how readily are high-stength steel tendons embrittled 
by coupling to more active metals, and (2) can coupling to more noble 
metals lead to active-path SCC in an otherwise innocuous environment? 
The fact that tendon steels are usually cold drawn should retard active-
path SCC, but probably facilitate hydrogen embrittlement. 

SIBWAHY 

The general forms of localized corrosion were discussed, and the 
recent literature concerning the general corrosion and stress-corrosion 
cracking of carbon steel was reviewed. The behavior of high-strength 
steels used as prestressing tendons in either concrete grouts or protective 
organic materials (waxes or greases) was also reviewed. Although very 
little information exists about corrosion of steels in the latter environ
ment, organic substances normally produce insignificant attack on steel; 
there is however, a dearth of information on the long-term stability of 
such compounds and the corrosiveness of their degradation products. The 
literature shows that the corrosion of high-strength steels in correctly 
formulated and applied concrete is very low, even if appreciable concen
trations of chloride, nitrate, or sulfide salts are present. 

Stress-corrosion cracking tests carried out with AISI 1080 steel 
tendon wires, using the constant-strain-rate method, produced the results 
expected from literature-reported information. Thus, steel wires cracked 
rapidly in solutions couiainlng hydrogen sulfide if the pH of the solution 
was 7 or less but not in alkaline solutions. Cracks also formed in 
0.2 M ammonium nitrate but only if the temperature was above 38°C (100°F). 
Indications of cracking were alto found in a sodium bisulfite solution. 

AISI 1080 steel wires corroded appreciably in air-saturated solutions 
of 0.2 M Na?S0i,, 0.05 M NaCl, and in distilled water; attack was particu
larly 8evere at the waterline. Attack such as noted could lead to failures 
due to reduction in the cross section of the load-carrying tendons. In 
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small volumes of similar solutions that had only limited access to air, 
AISI 1080 steel showed lower corrosion rates and only very small uptake 
of hydrogen. The severity of attack on steel tendons in the event water 
pockets form around them will depend to a large measure on the availability 
of oxygen. 
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