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ABSTRACT

The critical conditions for hydrogen embrittlement (HE) risk of high strength galvanized steel (HSGS)
wires and tendons exposed to alkaline concrete pore solutions have been evaluated by means of electro-
chemical and mechanical testing,

There is a relationship between the hydrogen embrittlement risk in HSGS and the length of hydrogen
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evolution process in alkaline media. The galvanized steel suffers anodic dissolution simultaneously to the
hydrogen evolution which does not stop until the passivation process is completed. HSGS wires exposed
to a very high alkaline media have showed HE risk with loss in mechanical properties only if long periods
with hydrogen evolution process take place with a simultaneous intensive galvanized coating reduction.

1. Introduction

The use of galvanized steel tendons in prestressing structures is
restricted to external application of non-adherent type. The reason
to this limitation is the possibility of failure due to risk of hydrogen
embrittlement of the bare steel that can arise when loaded galva-
nized tendons or wires are in direct contact with high alkaline ce-
ment based materials. However, there are insufficient evidences to
this restriction that claim for a deeper investigation [1-8].

The effectiveness of hot-dip galvanizing to improve corrosion
resistance of steel has been widely studied in aggressive environ-
ments and because numerous papers have been published about
it, including real applications, nowadays the method is recognized
as an effective protection measure for reinforcement corrosion
[9-12].

The galvanized reinforcement shows a temporary instability
associated to the contact of the Zn with a fresh alkaline concrete
matrix. The reason for this is the high pH of the aqueous phase con-
tained in the pores of the concrete that usually varies between 12.5
and 13.5. In this typical range of pH the Zn is oxidized, and the
cathodic reaction arisen from water hydrolysis with hydrogen evo-
lution takes place on the galvanized surface [13-18]. The global
process can be described as:

Zn + 2H,0 — Zn(OH), + Ha(g) M
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The specific problem of hydrogen embrittlement risk in pre-
stressing galvanized tendons was first studied by Riecke [3], who
proposed a mechanism to understand the phenomena occurring
in alkaline media:

Anodic dissolution of zinc:Zn — Znj + 2e~ 2)

Cathodic reaction from water hydrolysis : 2H" +2e™ — H,(g) T

3)

The proton generated in the cathodic reaction is the agent that

could induce hydrogen embrittlement of the steel according with
the next sequence of reactions [3].

H' +e —Hy (4)
Hag + Hag — Hp 7 &)
H,0 + Hag + €7 — Hy 7 +OH™ 6)
2H,q + 1/20, — H,0 (7)
H.q — Hap (8)

Only the reaction (8) increases the risk to induce hydrogen
embrittlement in galvanized prestressing steel. The atoms of
hydrogen generated at the level of the cement paste-galvanized
coating interface can be absorbed and can diffuse through the
thickness of the galvanized coating towards the bare steel by bulk
or short-circuits diffusion paths.

The hydrogen embrittlement susceptibility of prestressing steel
is attributed to the ability that the atoms of hydrogen formed in
the corrosion process result absorbed in the Fe-C lattice (reversible
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diffusion) or trapped by defects present in the steel microstructure
(grain boundaries, dislocation piles-up) and in the metal lattice.
This last process induces hydrogen embrittlement risk by a degra-
dation mechanism that can deform the metal lattice [19]. As the
amount of hydrogen trapped in the steel increases, also does the le-
vel of embrittlement.

The length and intensity of the hydrogen evolution period on
galvanized steel in the alkaline environment generated by the
cementitious material is limited by the alkaline environment com-
position itself and the creation of a passive layer. The formation of
this passive layer in cement alkaline media was first described by
Lieber [20] through the mechanism given in Eqgs. (1) & (9) where
the Ca content in the alkaline pore media plays a key role:

Zn(OH), + 2H,0 + Ca(OH), — Ca(Zn(OH),), - 2H,0 (9)

The generation rate and the efficiency of the passive layer
formed, basically constituted by calciumhydroxizincate Ca(Zn
(OH)3),-2H,0, (CaHZ crystals) is function of the pH of the alkaline
media, and more specifically is determined by the proportion of
calcium ions in the pore solution [21].

Although these processes are well accepted for galvanized rein-
forcement, there is a lack of knowledge when considering the case
for galvanized prestressing steel and the hydrogen embrittlement
of the bare steel. The aim of this study is to assess this risk of
hydrogen embrittlement of galvanized steel tendons and wires un-
der service load conditions (80% Ultimate Tension Stress, UTS) in
alkaline environments containing Ca. The influence of the pH in
the surrounding environment and the duration of the hydrogen
evolution process on galvanized steel are considered and changes
in the mechanical parameters are evaluated.

2. Experimental

Two kind of commercial High Strength Galvanized Steels
(HSGS) presented as individual prestressing wires or as full ten-
dons were used. The bare wire was an eutectoid steel with a chem-
ical composition (in atom%) of: %C=0.8, %Si=0.2, %Mn=20.7,
%S < 0.03 and %P < 0.02. The parent steel was first submitted to a
cold drawing process for high strength mechanical properties of
the roll wire. The cold drawn wire was then galvanized by immer-
sion in a continuous process inside a hot dip Zinc bath at 450 °C for
8-10s to allow the intermetallic galvanized coatings to grow on
the surface of the steel wire but guaranteeing no losses of the high
mechanical properties. The cooling process varies in function of the
patented method used by the producer. The HSGS identified as G1
was an individual wire of 5 mm diameter provided as a rod. The
other galvanized steel, G2, was provided as a tendon and was com-
posed by seven wires of 5 mm diameter (six helicoidally wires
around a straight central one).

Longitudinal and transverse samples of both galvanized steels
were cut in order to study the characteristics of the galvanized
coating like the variation of the coating thickness, the microstruc-
ture and the chemical composition. The samples were embedded
in a resin, abraded with emery papers from grade 120 to 600 and
finally polished with diamond cloths of 3 pm. The polished sur-
faces were etched with Nital (2% HNO; in EtOH) and its microstruc-
ture was identified using optic and SEM microscopy. The
composition was determined with EDAX probe coupled to the
SEM. The galvanized sub-layers thicknesses were determined using
the Metreo Program coupled with a metallographic microscope.

The corrosion tests were performed in polypropylene contain-
ers stable in high alkaline environments. The shape of the cells
was different according to the length of the samples and the type
of test. The tests were carried out without applying external
mechanical load to the samples or by applying a load of 80%

(UTS). The later (80%UTS) was chosen in order to simulate the real
stress level of prestressed concrete structures. G1 wires and G2
tendons were used as working electrodes and the exposure area
was 1.57 cm? for G1 wires and 15.7 cm? for G2 tendons. A stainless
steel mesh was used as counter electrode and a saturated calomel
electrode (SCE) as reference. The tests were performed in alkaline
solutions with a pH from 12.5 to 13.5 in order to simulate the con-
crete pore solution. The solutions were made by addition of alkalis
like NaOH and KOH to a mother solution of saturated Ca(OH),:

1 Ca(OH),sat. pHys5.c =125
2 Ca(OH),sat. + NaOH 0.1M pHys.c =12.8
3 Ca(OH),sat. + KOH 0.2M pHys.c =132
4 Ca(OH),sat. + KOH 0.5M pHys5.c = 13.5

The corrosion potential (E.,;) and the polarization resistance
(Rp) were measured periodically throughout the test. The current
density (i) was calculated using the Stern-Geary relation:
icorr = B/Rp, where B is a constant that varies with the type of steel
and environment. In present case a mean value of B=26 mV
(59 mV/decade) was selected. This B value was considered accord-
ing to previous papers [22,23] and from Tafel slopes determination
[24] for galvanized steel reinforcements immersed in alkaline solu-
tion of similar pH than those used in present paper.

The accumulated hydrogen inside the high strength galvanized
steel was determined with a non standard method developed by
Gaillet [25]. After the exposure to the hydrogen source inside the
alkaline media the galvanized steel samples were immersed in a
mercury bath at room temperature. Hydrogen accumulated inside
the metal, spontaneously diffuses out of the steel wire and the gas
is collected in a device placed at the top of the mercury bath, in ab-
sence of air.

Two mechanical test protocols were followed in order to deter-
mine the influence of hydrogen generation process in the mechan-
ical properties of HSGS. The tests were carried out in galvanized
wires and tendons:

(1) Constant load + Tensile Test of the samples (TT): During this
test procedure, G1 and G2 HSGS wires and tendons were
loaded at 80% of UTS according to in situ conditions of con-
crete prestressed structures and exposed to different alka-
line media in order to reproduce different hydrogen
evolution lengths. The alkaline solution was removed and
a mechanical test was performed at a velocity of 5 MPa/
min. For reproducibility assessment of the phenomena, three
G1 wires were tested in each testing conditions so mean val-
ues could be obtained.

(2) Constant load + Slow Strain Rate Test of samples (SSRT): This
test procedure was carried out in tendon G2, previously
loaded at 80% UTS and exposed to a solution of pH 13.5 over
a period of 6, 24 and 48 h of having different length of the
hydrogen evolution process. Once the exposure time
finished, the tendons were tested by SSRT (strain rate =
1077 s71) inside the alkaline environment.

After mechanical test, a SEM study of the fracture surfaces
was performed when brittle damage was detected in order to

observe microstructure fracture regions associated to hydrogen
embrittlement.

3. Results and discussion
3.1. Galvanized coating properties

The thickness of the galvanized coating and its microstructure
have a relevant role in the corrosion performance of galvanized



reinforcement in alkaline environments, both in passivation and
corrosion processes [10,13,17]. For HSGS steel this is an aspect of
particular concern due to the risk of hydrogen embrittlement.
SEM and metallographic images of the G1 and G2 galvanized coat-
ings are shown in Fig. 1. The chemical composition, the structure
and thickness of the total galvanized coating and of the sub-layers
were determined.

It can be observed that the galvanized coating microstructure is
formed by the typical sub-layers of conventional hot-dip galva-
nized steel |26-29]. The chemical composition and the morphol-
ogy of the sub-layers allow to identify not only the presence of
an external pure Zn layer () but also the internal sub-layers, y
and §, that contain progressive increase of Fe content towards
the inner in the alloy. Table 1 compiles the chemical composition
and thickness variation of the different sub-layers.

According with the experimental values obtained, the galva-
nized coating of both G1 and G2 show a high thickness variability,
being the external pure Zn-layer which shows the highest disper-
sion, closely associated with the cooling process employed. The
mean coating thickness values determined for the galvanized coat-
ings are 33 6 pm for G1 and 41 + 4 pm for G2, respectively. The
maximum thickness was respectively 41 and 50 pm. However, a
smaller total thickness of 10-15 pm was also measured in local
zones of the galvanized coating. These local low coating thick-
nesses have a high importance for the further performance of the
HSGS under hydrogen evolution process in the alkaline environ-
ment, The mechanical properties were characterized in G1 and
G2 individual wires and in G2 tendon. Table 2 shows the values ob-
tained for both materials, showing that all fulfil, after the galva-
nized process, the mechanical requirement (G, > 1700 MPa) for
prestressed wires,

3.2. Influence of the pH media in the corrosion process during
hydrogen evolution

Hydrogen evolution process in unloaded and loaded galvanized
wires at 80% UTS exposed in several alkaline media were identified
by means of the analysis of corrosion potential (E.,) and of corro-
sion current density (i.oy) measures. Fig. 2 shows the E .y and o
evolutions in G1 wires.

Soon after galvanized wires enter in contact with the alkaline
environment, cathodic polarization of the galvanized steel is de-
tected reaching lower potentials than 1000 mV/SCE which indi-
cate a hydrogen evolution process taking place on the surface of
the galvanized steel [15,18,21,24]. The end of the hydrogen evolu-
tion period is easily identified due to the rise up of the corrosion
potential to values around - 600 mV/SCE. In the lower pH media,
the hydrogen evolution process finishes before the 5 + 2 h of exper-
iment. In wires exposed to pH 13.2, the hydrogen evolution process

Table 1
Chemical analysis and thickness of galvanized coatings. Sub-layer characterization.

Sub-layer Chemical composition (atom% Zn/  Thickness coating (um)
Fe)
Gl G2 Gl G2
é 90.6/9.6 90.7/9.2 5871138 628+093
¥ 93.3/6.6 93.2/6.7 13.05£2.73 13.61x3.47
i 99.4/0.5 99.6/0.4 21.75+£497 1474613
Table 2
Mechanical properties in G1 wires and G2 wires and tendons.
Max. stress (MPa) Yield point (MPa) Strain (%)
Wire G1 2127 1962 3.1
Tendon G2 1860 1653 35
Wire G2 1954 1792 4.2

is delayed by 35 + 5 h and in wires exposed at pH 13.5 the hydro-
gen evolution does not stop during the 48 h of testing.

Similar information can be deduced from the i . results. Dur-
ing the hydrogen evolution period, the wires show maximum ico
values around 100 pA/cm?, and when the hydrogen evolution pro-
cess finishes and the passive layer is formed, the ico drops two or-
ders of magnitude at values of around 1 pAfecm?. This behavior is
directly related to the amount of Ca®* ions present in the alkaline
environment that participate in the formation of CaHZ crystals
forming the passive layer on the surface of the galvanized steel.
The Ca content decreases with the increase of pH which makes
the passivation more difficult to occur. Similar trend was found
in the response of galvanized coatings of reinforcement [17,30-32].

The effect of the stress level in the steel can also be observed in
the Fig. 2. While the wires stressed and exposed to pH 12.5 and
12.8 do not show differences compared to not-stressed wires, the
wires exposed to pH 13.2 (therefore Ca®* concentration drops) an
extension of the end of the hydrogen evolution process and the
start of the passivation stage is detected. This delay could be asso-
ciated to the generation of microcraks defects induced in the galva-
nized coating by the stress applied [33]. This presence of
microcracks would increase the Zn and Zn/Fe area exposed to the
alkaline media, intensifying the Zn dissolution and retarding pas-
sivation of the galvanized steel. Further on, these micro-cracks
could facilitate the absorption and penetration (shortening diffu-
sion paths) of the hydrogen generated in the corrosion process into
the galvanized coating.

The Eon and iy Were also carried out in tendons and similar
trends with the pH were found, although more deviation in the
length of the hydrogen evolution period was detected. This

Fig. 1. Thickness measurements using optic microscope of the galvanized coating G1 (left) and sub-layers identification on a SEM image galvanized coating G2 (right).
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Fig. 2. E., (left) and i, (right) measurements in G1 wires (unloaded, full lines and loaded at 80% UTS, dashed lines) exposed to the alkaline media.

deviation can be associated to the different geometry of the ten-
dons which could difficult the total passivation of the galvanized
surface.

The icor generated during the test can be related to the anodic
dissolution of the Zn by means of the Faraday law. The loss of gal-
vanized coating has been calculated considering a general and
homogeneous corrosion of the galvanized coating as Fig. 3 shows.

This approach is accurate enough in most cases, although some
authors [32,34] suggest a more heterogeneous corrosion of the
galvanized coating in reinforcements at higher pHs. In the HSGS
studied, the corrosion of the galvanized coating has shown to be
more concentrated in small areas inducing local losses of the galva-
nized coating as shows the Fig 4 in which local regions with higher
dissolution can be observed and even the total loss of the external
1 sub-layer of pure Zn can be clearly identified. .

Although the global corrosion process until passivation of the
galvanized steel in the alkaline media follows an exponential trend,
two individual processes can be easily identified by showing differ-
ent slopes from Fig 3. In the first stage, the slope is high which indi-
cates that the dissolution of the external Zn layer (#) is very active
and takes place simultaneously to the hydrogen evolution process.
The second stage is identified by the decay in the slope (trend to
zero) indicating that the hydrogen evolution process has finished
and the passive layer is being generated. The reason is attributed
to the formation of CaHZ crystals and their deposition on the sur-
face of the galvanized steel that allows isolation of the Zn from the
alkaline environment. The ability to generate CaHZ crystals in the
environment is fundamental in this stage, as it stops the hydrogen
evolution and passivates the galvanized steel. The models to ex-
plain the corrosion differences at different pHs previously reported

100

[17,21,22,30-32], are based on the Ca?* saturated media and on the
concrete pores. In this respect, the evolution of cement hydration
during first hours and changes in the pore solution composition
are vital [35]. Initially the pore solution owns high contents of
Ca%* dissolved, that decreases with the advance of setting and ce-
ment hydration, with an increase in the pH. This process varies
with the amount and type of cement.

After 48 h the coating loss estimated at pH 13.5 (the hydrogen
evolution and the active corrosion of Zn extends throughout the
whole duration of test) shows a maximum mean value of 10 pm
(see Fig. 3) that, according to Fig. 4, can be associated to the total
loss of the external pure Zn layer in some specific regions of the
galvanized coating. The thickness of the external #-coating of pure
Zn varies from 20 to 10 um (given in Table 1), so during hydrogen
period the total loss of the external Zn layer may occur in this
aggressive alkaline environment. The Zn layer #, is considered to
have more resistance to hydrogen transport [36] to that showed
by the steel, so the simultaneous reduction of the galvanized
coating during hydrogen period will favor the hydrogen diffusion
inside the galvanized steel, particularly in very alkaline environ-
ments and long hydrogen evolution periods as mechanical results
will confirm later.

3.3. Detection of hydrogen inside the galvanized steels

In order to detect the presence of hydrogen inside the galva-
nized steels wires, G2 tendons were subjected to 80%UTS and ex-
posed to alkaline media. The tendons were removed from the
alkaline media after 48 h of exposition to the aggressive media,
soon after a piece of each wire directly exposed to each alkaline

Coating loss (um)

...@-- pH 12.5 (80% UTS)
---m--- pH 12.8 (80% UTS)
---A-- pH 13.2 (80% UTS)
---¢-- pH 13.5 (80% UTS)
—o—pH 125
—8—pH 12.8

— A pH13.2

—<o—pH 13.5

0.01 1 1 1
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Fig. 3. Galvanized coating loss from i, measurements in G1 wires over 48 h in different alkaline and load conditions.



Reference
sample

0.1 mm

After 48 h in
pH 13.5

0.1mm
—

Fig. 4. Galvanized layer of G1 wire. (a) Reference case, without immersion in any media, (b) After 48 h of immersion in the alkaline solution pH 13.5.

media was cut out from the tendon and immersed in the mercury
bath to determine the hydrogen accumulated, expressed by ml/
100 g of steel. The values of hydrogen accumulated are represented
in Fig. 5. The lengths of the hydrogen evolution process in the ten-
dons founds were: 4 h for the pH 12.5, 12 h for the pH 12.8 and
48 h for the pH 13.5, The initial amount of hydrogen determined
in HSGS wires not exposed to alkaline media were determined
and used as reference (0.5 ml/100 g).

The penetration of hydrogen in the galvanized steel after 48 h
exposed at several pH media was confirmed, as shown in Fig, 5.
The values obtained are directly related with the length of the hydro-
gen evolution process. The amount of hydrogen accumulated in the
metal is higher as the pH increases. The increase in corrosion activity
and length of hydrogen evolution process (delay in the passivation
stage) induces an increase in the volume of hydrogen accumulated
inside the steel. The loss of galvanized coating during hydrogen
evolution period plays an important role in the penetration and
accumulation of atomic hydrogen inside the steel. The Zn coating
acts as a barrier against hydrogen penetration and diffusion retain-
ing hydrogen in its crystal structure due to the interstitial spaces in
the hexagonal Zn lattice [36]. The progressive oxidation of the Zn
coating reduces the thickness of the galvanized coating and finally
allows the penetration of atomic hydrogen to the bare steel,

Similar diffusion response of hydrogen release has been found
in the literature [25] using the same detection method for pre-
stressing carbon steel previously charged with hydrogen by

100
r —e—TendonG2pH12.5
- —@—Tendon G2pH 12.8
_ L —4&—TendonG2pH135
=)
S 10 ¢
= £
g r
=]
&
o 1F
ot r
5 C
>‘ -
T L
0.1 1 10 100

Time (hour)

Fig. 5. Hydrogen accumulated in galvanized tendon G2 after exposure to several
alkaline pH.

cathodic polarization. The hydrogen accumulation content
obtained by this method was lower than the one using other
methods; this is because in the mercury bath procedure only the
free diffusible hydrogen is determined but not the hydrogen
trapped or occluded in the iron lattice that can only be removed
using more aggressive methods, as heating [34].

3.4. Mechanical properties determination

Mechanical properties of individual wires and full tendons ex-
posed at 80% UTS to the different alkaline media during 48 h were
determined by TT tests. The results show different performance
depending on the pH of the environment. Fig. 6 shows an example
of the strain-stress curves obtained at several alkaline media.

The mechanical properties of wires exposed in aggressive media
during 48 h show a clear trend: when pH media increases the
mechanical properties are reduced. That is, there is a direct rela-
tionship between the lengths of the hydrogen evolution process
with the reduction of the mechanical properties.

Fig. 7 summarizes the results obtained in mechanical tests
where the relative cross section reductions of wires are compared
with the pH of the aggressive media. The horizontal dash line
which appears in Fig. 7 corresponds to the cross section of the steel
before exposure to alkaline media. A reduction of the cross section
under the reference values has been taken as indicative of the
hydrogen embrittlement process. According to this, only wires
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Fig. 6. Stress-Strain curves of individual galvanised wire G2 after 48 h exposition in
several alkaline pH.
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exposed to the most alkaline media {where the hydrogen evolution
process takes place during all test) suffer HE and a simultaneous
intensive galvanized coating reduction takes place. The repeatabil-
ity represented in the figures in each testing conditions reflects the
reproducibility of the phenomena.

The performance of full tendons (G2 material) in contact with
alkaline media was also considered. Reductions in the mechanical
properties were found only in those tendons exposed at pH 13.5
during 48 h, in agreement with the results found with the isolated
wires. In the case of tendons, the damage induced by hydrogen
embrittlement process takes place mainly in the external wires
but not in the central one, The failure by HE of a tendon is consid-
ered when one wire breaks under strain-stress tests.

The mechanical parameters analyzed have not shown clear
signs of embrittlement in galvanized steel wires or tendons
exposed to the lower pH media where the hydrogen evolution pro-
cess not exceed 12 h (pH: 12.5, 12.8). This is indicative that the
hydrogen amount generated in this case was not enough to affect
the mechanical properties of the cold drawing steel. The wires ex-
posed at pH 13.2, which present a mean length time of hydrogen
evolution process of 35+10h, are in the limit to suffer HE,
although this is not detected in the mechanical parameters of the
wires, This behavior is attributed to two reasons:

(1) The amount of hydrogen generated at the coating surface is
important but the hydrogen does not reach the bare steel.
Therefore, the galvanized coating in this case was able to
perform as an efficient barrier against hydrogen diffusion
into the steel.
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Fig. 8. 5SRT in G2 tendons tested after several exposition times in the pH 13.5.

(2) The amount of hydrogen diffused towards the bulk of the
steel has not been sufficient to occlude inside the Fe latticed
inducing embrittlement [19].

On the contrary, the galvanized steel exposed to pH 13.5
(when the hydrogen evolution process was detected during whole
test time), a clear decrease of strain in tensile test is detected. In
these tests, a maximum strain (&) reduction of 30% was found. The
explanation given is that during hydrogen evolution period an
intensive attack of the galvanized coating occurs, decreasing its
thickness and even completely consumed in local places, as
shown in Fig. 4, so that higher content of hydrogen easily diffuses
and enters the steel microstructure producing embrittlement of
the steel,

In order to study the influence of the exposition time to the
most alkaline media, SSRT was performed with tendons exposed
at 6, 24 and 48 h. These results are shown in Fig. 8. After 6 h of
exposure, a similar stress-strain curve to that of the reference is
obtained. However the increase of exposition time to alkaline med-
ia induces an increase of hydrogen embrittlement risk. In both
cases {24 and 48 h) a reduction of 30% in the strain parameter
was detected. This reduction of strain highlights an H-induced
embrittlement of the galvanized tendons in contact with alkaline
environments.

The analysis of the fractures by SEM was performed in those
samples where losses of ductility were detected. Fig. 9 shows an
example of the reference fracture in air of a galvanized wire
(Fig. 9-left), and a brittle fracture surface with lower necking and
lower area reduction of a galvanized wire exposed to a pH 13.5
over 48 h (Fig. 9-middle). Also a detailed analysis inside the frac-
ture surface shows fracture zones with the formation of cleavage

Fig. 9. SEM fracture observations of galvanized steel wire after 48 h at 13.5 and 80% load. (Left) general fracture, (right) detail in the brittle area.
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Fig. 10. Relation between hydrogen detected in galvanized steel (left) and Zn coating loss (right) with variation of the mechanical properties.

planes as those of Fig. 9-right, typically associated with hydrogen
embrittlement phenomena [33,34,36].

According to the results obtained in this study, a close relation-
ship can be established between the corrosion processes taking
place on the surface coating in contact with the alkaline environ-
ment (hydrogen evolution and Zn dissolution) and the mechanical
properties. The amount of hydrogen accumulated inside the galva-
nized steel has a relationship with the mechanical properties losses
in the wires, as shown in Fig. 10-left. In those cases that hydrogen
has reached the bare steel and hydrogen embrittlement was de-
tected (48 h in pH 13.5) the hydrogen accumulated inside the gal-
vanized steel was at least 30 ml per 100 g of steel, inducing a
mechanical strain reduction of 30%. The high content of hydrogen
accumulation is also accompanied by a reduction of around 75% in
the thickness of the external Zn coating, as can be deduced from
Fig. 10-right.

In the present study, it has been determined that 48 h of hydro-
gen evolution on the galvanized steel was needed to achieve
hydrogen embrittlement process in the steel. However, the risk
of suffering hydrogen embrittlement in real prestressed structures
can be lower in because the hydrogen evolution period is limited to
less than 8-10 h, as reported in previous studies [1,4]. In fact, the
kinetic of the corrosion process in galvanized prestressing steels
is more limited due to the high electrical resistance offered by
the concrete. The ohmic resistance progressively increases with
the hardening of concrete just few hours after mixing.

4. Conclusions

1. HSGS in contact with alkaline environments induces two phe-
nomena that act simultaneously: Active dissolution of the gal-
vanized coating, and hydrogen evolution on the surface of the
galvanized coating. These electrochemical reactions are intensi-
fied by the increase of pH (from 12.5 to 13.5). Also, the load
applied in a prestressed structure in service (80% UTS) enhances
both processes.

2. When hydrogen evolution takes place, part of this hydrogen is
accumulated in the galvanized coating, acting as a barrier
against the hydrogen diffusion towards the bare steel

3. Hydrogen embrittlement evidence has been found only in wires
exposed to the higher alkaline media (pH 13.5), where the
hydrogen evolution process takes place throughout the entire
test with high local losses of external # layer.
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