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ABSTRACT

Stress corrosion cracking behaviour of cold-drawn and stress-relieved prestressing steel of standard
quality conforming to 1.S. 1785— Part | has been studied in HyS saturated agueous solution with and
without chloride. The steel was found to be highly susceptible to cracking even under open circuit
condition at room temperature. The susceptibility decreased slightly with temperature in the range 30°C—
80°C. The threshold stress was tound to increase with pH of the medium from 15% of proof stress at pH
2.6 to 40 % of proof stress at pH 6.5. A limiting pH of 7 above which stress corrosion cracking did not occur
was obtained for water— H;S system and the corresponding value in 3.5 % NaCl— H,S system was found
to be 9. Cathodic polarisation decreased the time to failure while anodic poiarisation increased the time to
failure. Application of tensile stress was found to increase the corrosion rate and also the solubility of
hydrogen. The strain rate was found to have profound influence on the cracking pracess and the suscepti-
tility was high at very low strain rates. SEM fractographic studies revealed that the fracture mode was
predominantly intergranular. All these observations could be understood in terms of a decohesion model.
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INTRODUCTION

any strategic structures like bridges, pressure vessels, storage tanks,

piles, poles, railway sleepers and nuclear reactor protective shells are
of prestressed concrete in which the prestressing steel is in permanent state of
tension to compensate for the inadequate tensile strength of concrete. The
prestressing steel is four to six times stronger than mild steel and such high
strength steels are susceptible to stress corrosion cracking in a variety of
environments especially in sulphide medium.

Earlier work indicates that steels with hardness levels exceeding R .20
corresponding to yield strength of approximately 620N/mm? exhibit
susceptibility in sulphide medium [1]. Water must be present for sulphide
cracking to occur, since ionisation is necessary for the liberation of hydrogen
from H,S [2]. The time to failure increases as the concentration of H,S is
reduced [3]. In general, failure did not occur at pH values above 9 [4].
However, cold-drawn wires can crack at pH values as high as 12 [5].
Available data indicate that cracking resistance increases with temperature
[6]. A temperature limit exists above which steels are not susceptible to
sulphide cracking. Additions of acetic acid, cyanides, COy, chlorides etc. to
aqueous H,S solutions are reported to increase the cracking severity [8-10].
Cold working has a detrimental effect by increasing the hydrogen solubility
and by creating residual stresses [7]. Cracking resistance is significantly
reduced by manganese and chromium {11}]. There is no apparent correlation
between fracture toughness and resistance to sulphide cracking [4].

The common occurrence of sulphide cracking failures of many steels in
the intergranular mode led to the study of the grain boundary [6]. Auger
electron spectroscopy of the fractured surface indicated that S and Mn
precipitated in the form of a thin film of (Fe, Mn) S. Carbon is an efficient
trap for hydrogen and the high interaction energy between carbon and
hydrogen can lead to the occurrence of high local concentrations of
hydrogen in grain boundaries [11]. Micro auto radiography of tritium
observed through SEM or TEM was used to locate hydrogen trapped in the
microstructure of 7-9.4% Cr steel after cathodic charging. Many
investigators have observed transgranular cracking [8].

Above literature information indicates that high strength steels as a
class are readily susceptible to sulphide cracking. In fact, several instances of
prestressing wire failures in concrete structures in Germany have been
attributed to hydrogen sulphide released by reaction of carbon dioxide and
moisture with sulphides in cement [12]. Aluminous cements in particular
contain calcium sulphide. In 1957, 247 heat treated prestressing rods out of a
total of 252 broke during construction of a concrete highway bridge in Brazil
within 10 days of tensioning [13). The failure was traced to liberation of
hydrogen sulphide from a mixture of sulfur, lampblack, kaolin and motor oil
used during construction. Sulphur reacted with hydrocarbons in oil to
produce hydrogen sulphide.

Failures of prestressed conerete cowsheds, made with a special high
alumina cement incorporating blast furnace slag, have been reported [14]
after three years. The corrosion product contained iron sulphide. Hydrogen
sulphide evolved by the action of CO, on the Ca$ in the moist humid
atmosphere had embrittled the wire. Instances of embrittlement by
sulphides have also been reported [15-17].

Critical examination of the literature review has revealed that excepting
some work carried out by Gilchrist and Narayan [18] on the influence of
microstructures, no detailed studies have so far been carried out on the
mechanism of cracking of prestressing steel in sulphide medium. This work
is thus concerned with stress corrosion cracking behaviour of cold-drawn
and stress-relieved prestressing steel in sulphide medium. Studies were first
conducted on specificity of hydrogen and sulphide ions. Then the threshold
values for both stress and pH were established. Effect of temperature was
also studied to see whether the process is thermally activiated or otherwise.
This was followed by electrochemical studies on E . and i, to understand
the role of stress on corrosion behaviour. The effect of HyS on the mechanical
properties and the role of stress on hydrogen permeation were finally
investigated to comprehend the actual failure mechanism. Examination of
fractographs was made to identify crack morphology.

EXPERIMENTAL

The material used was 7mm nominal diameter, single high-tensile, cold-
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drawn and stress-relieved wire of standard quality conforming to IS: 1785 -
Part 1 (equivalent to BS:2961 and ASTM Designation A82-62T). The
chemical composition of the material is given in Table-I and the mechanical
properties are given in Table-II. The specimen configuration used in the
experiments is shown in fig. 1. The specimens before use were abraded with
170, 2/0, 3/0 and 4/0 emeries and degreased with trichloroethylene.

Table-1: Chemical composition of the prestressing steel

% C % Mn % Si % Cr %S WP

0.85 0.80 0.02

0.29 0.04

027

Table-ll : Mechanical properiies

Ultimate tensile stress (N/mm?) ‘
Proof stress at 0.2' elongation (N/mm”) 1500
Breaking stress (N/mm®) 1200

Elongation s on gauge length of 30 mm 3.4
Rockwell hardness

Vi THREAD BSW

Fig. 1: High tensile steel specimen for stress carrosion studias

As the prestressing steel wire in practice is permanently held in a state of
uniaxial tension, it was decided to adopt constant load test for SCC studies
to represent the service condition. UNISTEEL stress corrosion testing
machine, Mark Il supplied by W.H. Mayes and Sons (Windsor) Lid,,
England which had a lever loading arrangement was used for this purpose.
The diagram of the constant load stress corrosion cell is shown in fig. 2. Time
to failure was studied as a function of applied tensile stress, temperature, pH
and polarisation.

Dynamic mechanical testing under a constant strain rate was carried out

in a MONSANTO TENSOMETER 2000 of 20 KN- capacity.

For electrochemical studies, a Wenking Laboratary Potentinstat Model
LB75M with fast response in conjunction with a Wenking Voltage Scan
Generator Model V3G 72 was used. A RIKADENKI X-Y Recorder RW 101
was used to record E vs i, E vs t and i vs t.

Hydrogen permeation studies were carried out using the
electrochemical method of Bockris and Devanathan [19]. The experimental
set up is shown in fig. 3. The permeation membrane was made out of the

7 min dia prestressing wire in a shaping machine. The mechanical properties
were determined for this membrane in Tensometer. Two identical half cells
were joined together with the permeation membrane in belween with teflon
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Fig. 2: Diagram of the conslani load stress corrasion cell

gaskets and stainless steel flanges and bolts. Hydrogen was generated
cathodically on one side of the membrane at a constant current density and
the flux of hydrogen arriving on the other side was constantnly oxidized and

Pl. COUNTER
ELECTRODE

Fig. 3. Expenmental call arrangement for hydrogen permeation sludies
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turned into an equivalent current which was recorded as a function of time.
From this permeation current -time transient, the diffusion coefficient of
hydrogen and solubility of hydrogen were calculated.

Fractured specimens were examined with a Scanning Electron Micros-
cope (JEOL, JSM 35 CF, Japan).
RESULTS AND DISCUSSION

a) Specificity of hydrogen and sulphide ions

In order to find out the specific environmental requirement for sulphide
cracking, constant load tests were carried out at 90% proof stress with
various combinations of solutions at room temperature and in each test the
time to failure was noted. The results are*reported in Table-III

Table Il : Time to failure in ditferent media

Stress: 90% of proof stress Temperature 303K (30°C)

No. Medium Time to failure
(min})

1.  Air NF
2. Distilled water NF
3. 3.5% NaCl solution NF
4. Hydrochleric acid (pH = 2.6) NF
5. 10% Na,S NF
6. Distilled water saturated with H,S 21
7. 3.5% NaCl soln. saturated with H,$ 25
8. * 3.5% NaCl soln. + 0.5% acetic acid saturated

with H,S (pH = 2.6) 13

NF — No fracture up to 200 hours

It can be seen that cracking does not occur even in 200 hours of static loading
in solutions of sodium chloride (3.5%) sodium sulphide (10%) or
hydrochloric acid (pH 2.6). The cracking occurs only when the above
solutions are saturated with H,S using a Kipps apparatus. This is specifically
necded for cracking to occur. Further the cracking is produced at room
temperature under open circuit condition without any need for polarisatidn.

b) Threshold stress

The specimens were subjected to different percentages of proof stress and the
time to failure was noted in each case. The results are presented in fig. 4. It
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Fig. 4: Applied stress vs time to failure in
a) 3.5% NaCt+ 0.5% acetic acid+ H,S (saturated) (pH=2.6) Room

temperature 303 K2

b) 3.5% NaCl + 0.04 N NaOH + H,S (saturated) (pH = 6.5) Room temperature
303K

can be seen that at a pH of 2.6, the threshold stress is around 15% of proof
stress and by increasing the pH from 2.6 to 6.5, threshold stress value is
increased from 15% to 40% proof stress.

c) Effect of pH

3.5% NaCl solution saturated with H,S was taken as the base medium and
the pH was adjusted either by addition of acetfc acid or by sodium
hydroxide. The results are shown in fig. 5.
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Fig. 5: pH vs time to failure in 3.5 % NaCl— H,S system, stressed to 90 % of proof stress

It is seen that time to failure increases exponentially with pH and that there
is a limiting pH around 9 beyond which fracture in the presence of HjS is
completely inhibited.

Similar studies were made in double distilled water saturated with H,S.
The results are given in fig. 6. In this case also, the time to failure increases
exponentially with pH and the limiting pH value beyond which there is no
failure is around 7.
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Fig. 6: pH vs time 1o failure in distilled water—H,S system, stressed to 90% of proof
stress

d) Effect of temperature

Effect of temperature on time to failure was studied in double distilled water
saturated with HyS (pH 4) at 90% proof stress. Temperature was maintained
constant by using a water jacket around the cell and circulating constant
temperature water. It is seen from fig. 7 that the temperature has relatively
minor influence on time to failure. By increasing the temperature from 30°C
to 80°C, time to failure gets almost linearly increased from 21 minutes to 30
minutes indicating that the process is not thermally activated.
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Fig. 7: Temperature vs time to tracture in double distilled water— HoS system—
stressed to 90 % of proof stress

e) Potential-time studies

The variation of corrosion potential was followed with time in 3.5 % NaCl +
0.5 % acetic acid solution saturated with H,S at different stress levels. Fig. 8
1 shows that in general, the potential moves in the more negative direction and
tends to attain a steady state value of around —670mV vs SCE. This
indicates that initially corresion increases and then attains a steady state
value independent of stress.
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Fig. 8: Variation of corrasion potential with time in 3.5%NaCl + 0.59%acetic acid + HgS
(pH 2.6)

f) Polarisation studies

To see the influence of stress on the corrosion process, cathodic and anodic
polarisation studies were made in double distilled water saturated with H;S
(pH 4) at 0% and 60 % of proof stress. Corrosion current ‘i’ and corrosion
potential ‘E ..’ were obtained by Tafel interpolation method. It is seen from

fig. 9 and Table-IV that compared with 0% stress, application of 60 % proof
stress increases i, from 17 tp 40 uA/cm? and shifts E,, in the more
negative direction.
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Fig. 9: Effect of stress on icer in double distilled water-HoS system

Table IV: Effect of stress on E .. and i,

Medium : Double distilled water saturated with H,S
pH : 40
Temperature: 303K (30°C)
No. Percentage of E o icor
proof stress (mV vs S.C.E) (uA/ cmz)
1 0 ~710 17
2 60 -710 40

When the polarisation studies were carried out in 3.5% NaCl + 0.5%
acetic acid saturated with H,S solution (pH 2.6), stress was found to have no
significant effect on i.o. and E,, as can be seen from Table - V. This is in
conformity with the inference drawn from potential - time studies.

Table V: Effect of stress on E_,, and i,

Medium : 3.59 NaCl + 0.5% acatic acid + H,S
pH 126
Temperature : 303K (30°C)
No. Percentage of Ecor icorr
proof stress (mV vs S.C.E) (#A /cm?)
1 0 — 660 2000
2 40 — 650 2100
3 50 —650 2000

g) Potentiostatic studies

The specimen was exposed to-3.5% NaCl + 0.5 % acetic acid saturated with
HoS solution (pH 2.6) and stressed to 40 % of stress. Each specimen was held
at different constant potentials and the time to failure was noted. It is
observed from fig. 10 that the time to failure decreases as the potential of the
specimen is shifted in the cathodic direction. There appears a critical
cathodic potential around 130mV. Upto an overpotential of 130mV, the
time to failure decreases steeply and then remains constant indicating that
the rate controlling mechanism attains a steady state at this potential.
Anodic polarisation on the other hand is found to increase the time to failure.
This study thus indicates that cathodic charging of hydrogen atoms brings
about accelerated failure.

h) Effect of strain rate

The dissolved hydrogen in metal can produce severe damage to the metal
causing considerable decrease in strength and ductility. To see the effect
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Fig. 10: Time to failure vs potarisation potential in 3.5 % NaCl + 0.5 % acetic acid +
HgS, stressed to 409 of proof stress

produced by hydrogen on the mechanical properties, tests were
conducted in MONSANTO Tensometer under different strain rates with the
specimen kept immersed in a medium of 3.5% NaCl + 0.5% acetic acid +
H,S (pH 2.6) during the test. The results are presented in Table- VI and
fig.11.

Table VI: Effect of strain rate on mechanical properties
a) Testing in H,S medium
Medium . : 3.5% NaCl + 0.5% HAc + H,S
pH 126
Temperature : 303K (30°C)

No. Strain rate uTs RA
(x107%/8 (N/mm?) (%)

1 0.33 1670 5.23
2 0.66 1715 12.87
3 1.65 1670 23.76
4 3.3 1685 27.16
5 6.6 1735 34.94
6 9.9 1675 37.06
7 16.5 1685 42.29
8 33.0 1695 44.27
b) Testing in air

1 0.33 1750 40.0
2 0.66 1670 430
3 1.65 1670 38.0
4 6.6 1755 39.0
5 16.5 1760 37.0
6 33.0 1730 45.0

For comparison, the resuits of the tests conducted in air are also included. It
is seen that in presence of the H,S medium, only the percentage reduction in
area is significantly affected. The ultimate tensile strength is not appreciably
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Fig. 11: Effect of straining rate on reduction in area of section in 3.59% NaCl + 0.5%
acetic acid + HgS (pH = 2.6)

affected. This study shows that the strain rate*has profound influence on the
cracking process and at very slow strain rates, the susceptibility is high.

i) Hydrogen permeation studies

0.4 and 0.5 mm thick membranes were prepared out of 7 mm dia. prestressing
steel, abraded to 4/0 finish, annealed, degreased and used in the studies.
From the experimental values of steady state permeation current ‘]’ and half
rise transient ‘T ,o’, diffusion coefficient ‘D’ and solubility of hydrogen C,
were calculated [20]. The results are presented in Table VIIL

Table VIl : Hydrogen permeation studies -Effect of applied tenslle
stress

i) Thickness 0.04 c¢m, Cathodic current 50 mA/cm?

Applied stress | Ty D ) C,
(% proof stress) (uA/cm?) (sec.) (x 1079) (gm atom/
ccx 10_6)
0 5 294 0.8 2.6
50 6 294 0.8 31

ii) Thickness 0.05cm, cathodic current 100 mA/cm?

0 1.8 60 58 0.16
50 2.7 60 < 5.8 0.24
75 3.6 60 5.8 0.32

It is seen that the application of tensile stress increases the permeation
current as well as the solubility of hydrogen. This is in conformity with the
observation made by Beck et al [21] on 4340 steel that the diffusion
coefficient of stress and only the solubility was affected by stress.

j) Fractography

Samples whch were fractured in media of different pH were first observed.
Samples fractured under slow straining rate and fast straining rate were also
observed for existence of different mechanism.

Fig. 12 shows the fractured surface of a specimen fractured in a H,S
medium of pH 2.6 at 90 % proof stress. Major portion is of intergranular type,
but dimpled rupture is also identified. Perhaps the final portion of the fast
fracture was ductile. In this case the time to fracture was shortest.
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Fig. 12: SEM Fraclograph of specimen fractured in 3.5 % MNaCl + 0.5 % acetic acid +
HyS [pH = 2.8}, 90 % prool stress

Fig. 13: SEM Fractagraph of specimen fractured in 3.5 % MNaCl + 0.5% acelic acid +
HyS (pH = 2.6}, 40 % prool siress

Fig. 14: SéM Fractograph of specimen tractured in double distilled water— H,S (pH =
4), 90 % proof stress

At 40 proof stress in the same medium where the time to failure was
more, the fracture as observed in fig. 13 is predominantly intergranular with
some cleavage facets.

When the medium is free of chloride i.e. double distilled water saturated
with H,S (pH 4) cleavage facets are observed (Fig. 14).

When the pH is increased to alkaline side, corrosion protection is more
predominant and secondary cracks are observed (Fig.15). The mode is
intergranular with easily identifiable grain boundary facets. Cathodic
charging in the same medium, leads to mixed type of fracture as was
observed in pH 2.6 (Fig. 16).

Fig. 15: SEM Fractograph ol specimen fractured i 0.1 N NaOH— 3.5 % NaCl + HyS
(pH = 8.5), 90 % proof stress

Fig. 16: SEM Fractograph of specimen fractured in 0.1 N NaOH + 3.5% NaCl + H3
ipH = 8.5), 90 % proal siress, cathodic patential 1000 mV

Fig. 17 shows fractographs of samples fractured under slow strain rate.
Tear ridges and globular inclusions are identified. Under fast strain rate, a
mixed mode of dimple [racture + intergranular fracture is observed
(Fig. 18).
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Fig. 17: SEM Fractograpn of specimen fractured under slow strain rate in 3.5% NaCl +
0.5% acelic acid + M5 (pH = 2.6)

Fig. 18 SEM Fractagraph of specimen fractured under fast strain rate in 3.5 % NaCl +
0.5% acatic acid + HgS (pH = 2.6)

From the above observations, it may be broadly concluded that the
failure mode is mixed type but predominantly intergranular.

CRACKING MECHANISM

The recombination of atomic hydrogen is generally inhibited by the
presence of sulphides [22]. H.S poisons the surface available for the
recombination of atomic hydrogen and thus promotes its entry into the steel.
Hydrogen adsorption is the important factor influencing cracking of steel in
hydrogen sulphide solutions. Acetate ions stimulate hydrogen adsorption
while chloride ions inhibit [23].

Solution pH has a significant effect on sulphide cracking susceptibility.
The corrosion rate in HyS solutions is influenced by the nature of the film
formed on the steel surface [24]. The increase in corrosion rate with a
decrease in pH is due to a decrease in the protective properties of the surface

film. As the pH increases, threshold stress also increases. This shows that
stress has a very important role in the cracking mechanism and as a more
protective surface film is formed at high pHs, more stress is required to
weaken the film and bring about the cracking.

A study of the time to fracture at different potentials reveals that time to
failure decreases considerably even at very low cathodic overpotential while
time to failure increases quite appreciably at low anodic overpotential. This
only shows that as more hydrogen is produced at the surface, because of the
concentration gradient, more atomic hydrogen is able to get into the metal
and cause the fracture.

Studies on the effect of temperature has shown that the process is not
thermally activated. From the hydrogen permeation studies, is is observed
that the application of tensile stress results in increased hydrogen solubility.

Since ultimate strength of the material is not affected in this system,
formation of brittle hydride phase is not a possibility. Pressure theory is to be
discounted on the fact that the crack propagation is so fast in this system
studied at room temperature and atmospheric pressure that there is no time
and favourable conditions for build up of pressure inside.

In a highly cold worked metal like the one used in this study, edge
dislocation energy decreases and clacescence is easy. Hydrogen can
seriously affect the cohesiveness of such metals by interaction with the
dislocation network. The diffusing hydrogen has to interact with a highly
stressed region. Decohesion therefore seems to be the more appropriate rate-
controlling mechanism. High strength steel of this type has a large number of
highly elastically stressed regions and thus there exists a thermodynamic
motivation for large accumulation of dissolved hydrogen and this atomic
hydrogen concentrates at the point of maximum triaxial stress and decreases
the cohesive strength at that point and brings about fracture at lower
nominal stresses.

The mechanism thus involves the cracking of Fe5 film, the liberation of
hydrogen at the crack tip, its absorption and stress-induced diffusion leading
to accumulation at weak grain boundaries consequently resulting in
cracking by decohesion.

CONCLUSION

The cold drawn and stress-relieved prestressing steel is highly susceptible to
cracking in Hy8 medium, the susceptibility slightly decreasing with
temperature, The threshold stress is very low and it is found to increase with
pH of the medium from 15% of proof stress at pH 2.6 to 40 % of proof stress at
pH 6.5,

A limiting pH of 7 above which stress corrosion cracking did not oceur
was obtained for water H,S system and the corresponding value in 3.5%
NaCl-H,5 system was found to be 9.

The fracture mode is predominantly intergranular. The mechanism
appears to be one of hydrogen embrittlement by decohesion along grain

boundaries.
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