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Application of Inhibitors to Reduce
the Hydrogen Uptake of Steel During
Electrochemical Chloride Extraction

M. Siegwart,* B.J. McFarland, ™" J.F. Lyness, and A. Abu-Tair"

ABSTRACT

INTRODUCTION

Chloride attack (s a major cause of deferioration of reinforced
and prestressed conerete structures. Electrochermical chloride
extraction is the removal of chlorides from the vicinity of rein-
Jorcement, leaving othenwise sound concrete tntact. Atomic
hydrogen is created at the surface of cathodically polartzed
reinforcement as a result of the critical threshold potential for
hydrogen generation being exceeded during electrochemical
chloride extraction. High-strength steels in prestressed con-
crete structures are susceplible to brittle fracture because of
the absorption of hydrogen; therefore, the application of
electrochemical chloride extraction on prestressed concrete
structures has been questioned in the past. However, a re-
viewr shotwed that some high-strength steels seem to be less
affected by hydrogen embrittlement. In addition, inhibitors
have been used previouwsiy with concrete structures to reduce
corrosion risks. Inhibitors can also be used o miligaie
hdrogen absorption. Based on a thorough review of the
application of inhibitors and the hydrogen embrittiement
phenomenon, this paper reports on the efficiency of inhibitors
Jar the suppression of hydrogen uptake of steels in artificial
concrete pore solution and evaluates the migration properties
of inhibitors in concrete,
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The formation of a protective surface film in an alka-
line environment protects steel in reinforced conerete
from corrosion. In the presence of chloride, the pro-
tective layer breaks down as a result of the formation
of a water-soluble iron salt. The reaction of iron salt
with oxygen in water releases the chloride, which can
dissolve more iron in the passive film. This reaction
occurs even in noncarbonated concrete, with a pH
value »12.5, if chloride concentrations at the rein-
forcement exceed corrosion thresholds.

The application of electrochemical chloride ex-
traction (ECE) is aceepted as a rehabilitation method
for ordinary reinforced concrete as ordinary rein-
forcement dees not suffer from brittle fracture. To
evaluate the susceptibility of high-strength steels
(HSS5) to brittle fracture, various studies have been
conducted, but the results appear conflicting. The
application of ECE to structures with HSS has been
gquestioned because some studies have shown the
susceptibility of steels to hydrogen embrittlement
(HE). However, a significant proportion of bridges
contain prestressed steel and are chloride contami-
nated. The application of ECE to these structures
could extend their design life while avoiding the
major costs associated with reconstruction. Results
presented in this paper show that some inhibitors
have the ability to suppress hydrogen uptake into
HSS, but it remains uneertain whether they can be
used in structures to avold the embrittlement of HSS.
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PRESTRESSED CONCRETE

Approximately one million tons per year of pre-
stressing steel are used worldwide, and the most
widespread corrosion problems exist in post-tensioned
parking garage decks and in post-tensioned strue-
tures involving unbonded tendons. In the period
between 1950 and 1979, 242 cases of corrosion dam-
age were reported in prestressed and post-tensioned
concrete.’

The most common steel for prestressing is cold-
drawn carbon-manganese steel. As the strength of
steel increases, the damage caused by dissolved
hydrogen tends to become more intense,” and small
changes in hardening treatment can give large varia-
tions in HE resistance. Cold-worked and hardened
steels show a better resistance against HE than
quenched and tempered steels.” Phase boundaries
of cold-drawn wires lie parallel to the tensile axis;
therefore, they can incorporate large quantities of hy-
drogen without suffering from brittle fracture.” It has
been shown, however, that when the rolling direction
of the steel {s perpendicular to the tensile axis, the
steel is more prone to HE because of the presence of
elongated nonmetallic inclusions in the matrix.”

HYDROGEN GENERATION AND EFFECT ON HSS
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lease of valence electrons (M™ ions) and chlorides
form soluble corrosion products (M'CL). Acidity in
the pit is increased by hydronium jons to a pH value
of 3.5, and, as a result of the lack of oxygen acting as
a depolarizer at the cathode, hydrogen ions act as
depolarizers in the corrosion pit,

There are a number of theories to explain HE.
The planar pressure theory suggests that very high
pressures are created by hydrogen gas in the voids,
thereby causing fracture failure. Other defects in the
metal contribute to the effect. However, this cannot
explain the HE of steels in equilibrium with hydrogen
at very low pressures. The role of hydrogen in deco-
hesion models is to weaken the atomic steel bonds.
Cleavage crack growth and grain boundary separa-
tion is the mode of failure according to this model.®
However, transgranular cracking cannot be suffi-
ciently explained by the decohesion theory. The sur-
face energy of a newly formed crack is lowered by
hydrogen. The stress intensity necessary for brittle
fracture is thereby reduced. This failure mechanism
is proposed by the surface energy theory.” To be
effective in lowering the energy required for fracture,
hydrogen adsorption must occur at the same time
as the fracture. There is almost no evidence for the
hydride formation in steels. However, this mecha-
nism may be important to the induction of cleavage
by a brittle surface hydride film. Loeal plastic theo-
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