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This paper describes a wide variety of residual stress effects in stress-corrosion cracking (SCC) of metal-
lic materials on the basis of previous research of the author on high-strength steel in the form of hot-
rolled bars and cold-drawn wires for prestressed concrete. It is seen that internal residual stress fields in
the material play a very important—if not decisive—role in the SCC behavior of any engineering mate-
rial, especially residual stresses generated near the free surface or in the vicinity of a crack tip.

1. Introduction

Residual stresses may be present in metallic materials,
mainly near the surface, due to thermomechanical treatments
associated with the manufacturing process (hot rolling, cold
drawing, welding, etc.). Many times internal residual stress
fields are an undesired, although unavoidable, consequence of
the industrial production.

In addition, when a crack is present in the material, cyclic
loading due to the engineering conditions or experimental fa-
tigue precracking for stress-corrosion cracking (SCC) testing
in laboratory generate cyclic residual stresses of a compressive
nature in the vicinity of the crack tip which has been previously
subjected to far-field cyclic tension. This is due to the plastic
zone created by the load in the vicinity of the crack tip, sur-
rounded by an elastic region which compresses the former to
achieve compatibility of strains, thus creating compressive re-
sidual stresses that tend to close the crack tip over some dis-
tance.

In this report both the effects of manufacturing and cyclic
residual stresses on SCC are reviewed, as well as the combina-
tion of the two items: residual stresses generated by cyclic
loading but influenced by the manufacturing process. Because
hydrogen is present in most SCC processes due to local electro-
chemical conditions and its effect is deleterious on the resis-
tance properties of metallic materials, the analysis is mainly
focused on hydrogen-assisted cracking (or hydrogen embrittle-
ment) processes.

2. Manufacturing Residual Stresses

2.1 Residual Stress Effects of Manufacturing a
Cold-Drawn Wire

Internal residual stresses in the material play an important
role, since they transform a uniform stress state into a nonuni-
form one. In the particular case of wire structural elements ana-
lyzed in this paper, cold drawing generates residual stress

fields in the wires, with more pronounced gradients near the
surface. In Fig. 1 a plot is given of the axial residual stress dis-
tributions measured in high-strength steel wires after different
thermomechanical processes (Ref 1). The axial (zz) compon-
ent (that parallel to the wire axis) of the stress tensor was meas-
ured at different depths from the wire surface (radial direction)
by the electrolitic polishing method and x-ray diffraction,
showing that they can be tensions or compressions.

The importance of residual stresses in affecting the poste-
rior fatigue behavior of the material is now well known. The lo-
cal stress state in the vicinity of the surface is relevant to
nucleate short fatigue cracks near the surface, and it can even af-
fect the growth of macroscopic (engineering) cracks. The super-
position principle in linear elastic fracture mechanics
demonstrates that the stress-intensity factor is affected by the
previous residual stress fields in the material.

In addition, it is now well known that residual stress fields
can accelerate or delay (depending on their tensile or compres-
sive nature) the environmentally assisted degradation process,
mainly in those situations associated with the presence of hy-
drogen. The reason is that they modify the stress state in the vi-
cinity of the element surface and influence hydrogen entry and
diffusion toward the fracture process zone. The hydrogen em-
brittlement susceptibility of high-strength cold-drawn wires is
reported in the following section. 
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Fig. 1 Axial residual stress distributions measured in high-
strength steel wires after different thermomechanical processes,
for a wire radius of 7 mm and a material yield strength of 1500
MPa. Source: Ref 1
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2.2 Consequences in Hydrogen-Assisted Cracking of the
Wires

Reference 2 offers results of a wide experimental program
on hydrogen-assisted cracking of prestressing steel wires, fol-
lowing the standard test in ammonium thiocyanate proposed
by the International Prestressing Federation (FIP) to measure
the susceptibility of prestressing steels to hydrogen embrittle-
ment. Four commercial prestressing steel wires were tested ac-
cording to the FIP tests in an aqueous environment promoting
hydrogen-assisted cracking. All them were cold-drawn pearli-
tic steels, produced by patenting 12 mm diameter rods in a mol-
ten lead bath at 530 °C for about 10 s to produce fine pearlite,
after which the rods were cold-drawn to achieve 7 mm diam-
eter wires. Finally, the drawn wires were stress relieved at 425
°C for a few seconds and cooled in water or oil. Their chemical
compositions are shown in Table 1 and their mechanical prop-
erties are summarized in Table 2. The microstructure of the
four cold-drawn steels consisted of fine pearlite with an aver-
age pearlite interlamellar spacing of about 0.03 µm.

Specimens used for testing were smooth round wires with
their surface in the as-delivered condition and loaded at con-
stant load by means of levers, as described elsewhere (Ref 2). If
no fracture occurred in a given time, the specimen was un-
loaded and the time recorded, in order to obtain a threshold
stress value. This was never under 600 h. For each stress level,
at least four tests were performed, and in many cases eight tests
were carried out.

The results are shown in Fig. 2 for the four tested steels. For
each level of externally applied stress σap, the average time to
rupture tR (or critical time) and the interval corresponding to
the standard deviation are plotted. Two important observations
can be made from these results. First, these tests present a high
level of scattering in time to rupture, a variable that reflects the
susceptibility of the metal to hydrogen embrittlement (or hy-
drogen-assisted cracking). Second, the scattering is non-uni-
form, but for high stress levels it is small and clearly increases
when the applied stress is lower. The explanation should be
sought in any variable able to modify the externally applied

stress state. In this conceptual framework, surface residual
stresses in the material may be the cause of these phenomena . 

2.3 Modeling of the Environmental Process: Life
Prediction

Reference 3 describes a diffusion-based computer model to
predict the operational life of structural elements working in a
hydrogen environment produced by the surrounding aggres-
sive atmosphere. The model allows the introduction of compu-
tations of residual stress laws that influence the hydrogen
concentration at the surface and the hydrogen diffusion toward
the inner points, thus conditioning the life of the structural
member in the harsh environment. Therefore the model predic-
tions can be compared with the experimental results of the FIP
tests in ammonium thiocyanate.

Diffusion Equations. The equations describing the hydro-
gen diffusion from the environment into the metal are based on
three main hypotheses:

• D1. Hypothesis of Absorption: The absorption of adsorbed
hydrogen at the metal surface is considered quasi-instanta-
neous.

• D2. Hypothesis of Transport: It is assumed that the main
hydrogen transport mechanism is stress-assisted diffusion.

• D3. Hypothesis of Cylindrical Symmetry: The hydrogen
entry and diffusion toward the inner points are assumed to
possess cylindrical symmetry, i.e., every point of a circum-
ference with its center at the cylinder axis is supposed to re-
ceive the same amount of hydrogen, the concentration
depending only on the radial length (distance from the free
surface).

From hypothesis D2, the equations for stress-assisted diffu-
sion are modified Fick’s laws to include terms dependent on
the hydrostatic stress (Ref 3):

J = −D(∇c − 
V∗
RT

  c∇s) (Eq 1)

∂c

∂t
 = D(∆c − 

V∗
RT

 ∇c ⋅ ∇s − 
V∗
RT

 c∆s) (Eq 2)

where c is the hydrogen concentration, J is the hydrogen flux, t
is the time, s is the hydrostatic stress (s = tr σ/3), D is the hydro-
gen diffusion coefficient , V* is the molar partial volume of hy-
drogen, R is the ideal gases constant, and T is the absolute
temperature. The term ∆ indicates the Laplacian operator (∆ =
div grad).

From hypothesis D1, the concentration of hydrogen at the
inner sample surface (c0

∗) is quasi-instantaneously reached,
which means that it is a direct function of the hydrostatic stress:

Fig. 2 Experimental results of the International Prestressing
Federation tests under a hydrogen environment, in the form of
externally applied stress (σap) vs. time to rupture tR (or critical
time). The interval corresponding to the standard deviation is
also plotted.

Table 1 Chemical composition (wt%) os steels used in FIP
tests

Steel C Mn Si P S N

A 0.82 0.60 0.18 0.010 0.024 0.007
B, C, D 0.81 0.60 0.27 0.014 0.029 0.011
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c0
∗ = c0 exp




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RT





(Eq 3)

This is a Boltzmann’s distribution where c0 is the equilib-
rium concentration for the metal-environment system when
the former is free of stress, and sΓ is the hydrostatic stress at
the boundary.

The stationary solution of the diffusion partial differential
equation, Eq 2, is also a distribution of the Boltzmann type:

c0(x) = c0 exp 




V∗s(x)
RT





(Eq 4)

where x indicates any point of the domain.
Following hypothesis D3, the diffusion problem is that of a

cylinder of radius a and c = c0
∗ as the concentration at the inner

boundary (r = a and x = 0, r and z being cylindrical coordinates
and x the depth). Taking into account the cylindrical symmetry,
the diffusion equation leads to:
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(Eq 5)

in the interval 0 ≤ r ≤ a, with the initial condition:

c (r, 0) = 0 (Eq 6)

and the boundary conditions:

∂c

∂r
 (0, t) = 0; t ≥ 0 (Eq 7)

c (a, t) = c0
∗; t ≥ 0 (Eq 8)

Fracture Criterion.  The following hypotheses are adopted
with regard to the fracture process in hydrogen:

• F1. Hypothesis of Damage Localization: The fracture phe-
nomenon is spatially localized and the damage is assumed
to be concentrated as a discrete part-through crack perpen-
dicular to the bar axis, thus losing the cylindrical symmetry.

• F2. Hypothesis of Initiation: Fracture initiates when the hy-
drogen reaches a critical concentration cc over a distance xc
(process zone, damaged area, or critical size for initiation);

then it is assumed that a crack of depth xc is created (embrit-
tled zone). 

• F3. Hypothesis of Propagation: The propagation time, i.e.,
the time required to propagate the crack from the initial size
xc up to a critical value for final fracture, is neglected. Then
it is assumed that the initiation time coincides with the time
to fracture or critical time tc.

With hypothesis F1 the fracture phenomenon is modeled as
a damage process spatially localized, whereas hypotheses F2
and F3 imply a time localization. This implies that initiation
and fracture criteria are equivalent and that there is no subcriti-
cal crack growth.

Life Prediction. Residual stress distributions generated in
the vicinity of the wire surface during the manufacturing proc-
ess can be introduced into the model, thus influencing the hy-
drogen entry. Six laws were considered (Fig. 3a). Distribution
1 is that of a material free of residual stresses; laws 2, 3, 4, and
5 correspond to materials with positive and negative residual
stresses associated with the manufacturing process. Plot 6 rep-
resents a material that has undergone a rolling process after
manufacture, introducing strong compressive residual stresses.

Figure 3(b) shows model predictions compared with the ex-
perimental scattering band of Fig. 2 (shaded area). The agree-
ment is excellent, because curve 1 exactly fits the central
tendency, and curves 2, 3, 4, and 5 cover the experimental
band. Compressive residual stresses extend the life of the
wires, while tensile residual stresses decrease it. Very strong
residual stresses (curve 6) extend the wire life even more. The
importance of the externally applied stress in the scattering of
the results (higher for lower stresses) is thus emphasized.

3. Cyclic Residual Stresses

3.1 Residual Stress Effects of Fatigue Precracking

Experimental evaluation of SCC is usually achieved in the
framework of fracture mechanics, by means of constant load
testing, constant strain testing, or slow strain rate testing. For
this purpose, the only consensus standard currently fully devel-
oped is ISO 7539 (Ref 4).

Although a variety of specimens (initially plain, notched,
and precracked) can be used, ISO 7539-6 is devoted to pre-
cracked samples. These specimens present clear advantages
because they are quite realistic—crack-like defects are very
frequent in structural materials—and because the effect of the
environment is localized in the vicinity of the crack tip, apart
from the fact that fracture mechanics techniques are applicable.

Table 2 Mechanical properties of steels used in FIP tests

0.2% offset Ultimate tensile Elongation Reduction, 
yield strength, strength (UTS), under UTS, of area, KIc,

Steel MPa MPa % % MPa√m

A 1455 1700 6.0 30.0 98
B 1460 1681 5.5 29.5 98
C 1410 1653 5.6 27.2 98
D 1460 1682 5.5 27.0 98
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Cyclic residual stresses, the compressive type, generated
near the crack tip during the fatigue precracking procedure
play an important role in SCC and produce an extremely high
scatter in experimental results if they are not carefully control-
led during the test. These effects have been considered in ISO
7539-6, which recommends that precracking should be com-
pleted below the expected SCC threshold KISCC if possible.

3.2 Consequences in the Stress-Corrosion Cracking
Threshold

The consequences of cyclic residual stresses in the initiation
of SCC were analyzed in a previous work (Ref 5). It dealt with
the influence of the maximum stress-intensity factor during fa-
tigue precracking (Kmax) on the SCC threshold KISCC of a high-
strength prestressing steel (in the form of hot-rolled bar),
distinguishing between the two main corrosion phenomena as-
sociated with eutectoid steels in aqueous environments: local-
ized anodic dissolution and hydrogen-assisted cracking.

The thresholds were measured by means of constant-strain
tests, as described elsewhere (Ref 5). Figure 4 gives the SCC
thresholds KISCC for hydrogen-assisted cracking (KIHAC) and

localized anodic dissolution (KILAD) as a function of the maxi-
mum stress-intensity factor during the last stage of fatigue pre-
cracking (Kmax). Therefore the threshold (KISCC) does not seem
to have an intrinsic character, but rather depends on certain
variables such as the maximum stress-intensity level during the
last step of fatigue precracking, which strongly influences the
threshold itself, as shown in Fig. 4. Values are divided by the
critical stress intensity factor KIc and the rough tendencies are
the following:

(KIHAC /KIc) = 0.12 + 0.92 (Kma x/KIc) (Eq 9)

(KILAD /KIc) = 0.54 + 0.84 (Kmax /KIc) (Eq 10)

This emphasizes the very important role of compressive resid-
ual stresses generated during fatigue precracking in delaying
the initiation of SCC processes, i.e., the threshold KISCC (KIHAC
or KILAD) is clearly dependent on residual stress distributions
produced by the fatigue precracking regime and controlled by
the maximum stress-intensity factor Kmax.

3.3 Consequences in Stress-Corrosion and/or
Hydrogen-Assisted Cracking

This section analyzes the consequences of cyclic residual
stresses in the development of SCC. Emphasis is placed on the
effect of the maximum fatigue precracking load during the last
step of precracking (Kmax) on the ulterior crack propagation be-
havior of the steel in an aggressive environment. The experi-
mental program consisted of slow strain rate testing of a
high-strength prestressing steel  in the form of hot-rolled bar in
aqueous solution, as described elsewhere (Ref 6).

Macroscopical Analysis. Figure 5 shows the experimental
results in a plot representing the failure load in the solution (di-
vided by the reference value in air) as a function of the electro-

(a)

(b)

Fig. 3 (a) Residual stress distributions considered in the com-
putations. (b) Model predictions for the different residual stress
laws and comparison with the experimental results of the Inter-
national Prestressing Federation tests (shaded area)

Fig. 4 Stress-corrosion cracking thresholds KISCC  for hydro-
gen-assisted cracking (KIHAC) and localized anodic dissolution
(KILAD) as a function of the maximum stress-intensity factor
during the last stage of fatigue precracking (Kmax)
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chemical potential. The different curves correspond to diverse
overload levels (Kmax).

There are two regions of potential in which the effect of the
environment reduces the fracture load: the bottom region is
that of the cathodic regime, and the environmental mechanism
is hydrogen-assisted cracking, whereas the upper one repre-
sents the anodic regime, and the mechanism is localized anodic
dissolution.

For both hydrogen-assisted cracking and localized anodic
dissolution, the susceptibility to the environment decreases—
i.e., the fracture load increases—as the overload increases, and
this happens for all values of Kmax. These retardation effects are
produced by the presence of compressive residual stresses in
the vicinity of the crack tip as a consequence of the cyclic plas-
tic zone created by the fatigue precracking procedure (cyclic
residual stresses). In this case the crack tip is, in a certain sense,
prestressed by fatigue. The higher the overload level, the more
pronounced the prestressing effect, which delays the environ-
mental damage process and improves the material performance
in a corrosive environment.

Microscopical Analysis.  A fractographic analysis by scan-
ning electron microscopy (SEM) was carried out on the frac-
ture surfaces of the samples to detect any effect of residual
stresses on the microscopical damage/fracture behavior. Fig-
ure 6 shows SEM micrographs for the cathodic regime (hydro-
gen-assisted cracking, E = –1200 mV SCE). Three different
microscopic fracture modes can be distinguished in all the mi-
crographs. The left part is the fatigue precracking mode (F),

whereas the right one corresponds to the cleavage-like unstable
crack propagation (C). Between these two parts a transition to-
pography appears, with microdamage features and different
extension depending on the overload Kmax. It is the so-called
tearing topography surface (TTS) associated with the hydro-
gen embrittlement processes in this kind of steel. Figure 6
clearly shows that the TTS size (depth measured in the direc-
tion perpendicular to the crack border line) decreases as the fa-
tigue load increases, and thus the TTS extension is about 200
µm for Kmax = 0.28 KIc, 125 to 150 µm for Kmax = 0.45 KIc, and
10 to 15 µm for Kmax = 0.80 KIc.

Figure 7 shows SEM micrographs for the anodic regime (lo-
calized anodic dissolution, E = –400 mV SCE). For Kmax =
0.28 KIc, only two microscopic fracture modes can be distin-
guished, so that a cleavage-like unstable mode of fracture is
achieved adjacent to the fatigue precrack. For Kmax = 0.80 KIc,
a transition topography can be singled out, with a kind of dam-
age appearance. This area is a very narrow band ahead of the
crack tip, with an average width of 10 to 15 µm.

Discussion. In the case of hydrogen-assisted cracking (Fig.
6), the fact that TTS depth decreases as the fatigue load in-
creases reveals an important effect of the compressive residual
stresses generated during fatigue precracking, which delay the
hydrogen entry from the solution into the metal, thus decreas-
ing the size of the process zone and increasing the fracture load.
The stronger the overload level, the higher the compressive re-
sidual stresses, and the lower the penetration of hydrogen into
the fracture process zone. 

For localized anodic dissolution (Fig. 7), the special micro-
scopic failure mode appears only in the case of very strong fa-
tigue overloads, and again it may be attributed to the presence
of a intense compressive residual stress field in the area sur-
rounding the crack tip. There is a double effect in this case:
overloads produce a certain kind of microdamage in this area
(which could explain the microscopic appearance of such a re-
gion), whereas the crack tip is prestressed by the negative residual
stresses, which delay metal dissolution up to a certain moment at
which the material cleaves and final fracture takes place.

3.4 Modeling of Cyclic Residual Stress Laws

It would be useful to know the cyclic residual stress distri-
bution ahead of the crack tip. There are three kinds of difficulty
in solving this problem. First, from the theoretical point of
view, it is impossible to know the exact stress distribution in
the vicinity of the crack tip after fatigue precracking (and there-
fore prior to the fracture test), because the stress singularity is
relaxed by the plastic zone spread. In addition, the numerical
approach to the problem (finite element method, boundary in-
tegral equation method) is very complex, due to the stress con-
centration and to the loading/unloading process. Finally, the
residual stress distribution after fatigue precracking is repre-
sentative only at the beginning of the fracture test, because it
changes during it. From these considerations it seems that the
formulation of a simple model is sufficient indication of the re-
sidual stress distribution ahead of the crack tip.

A classical model of compressive residual stresses in the vi-
cinity of the crack tip is that of Rice (Ref 7). This model is ap-
plicable to an elastic, ideally plastic, material under cyclic
loading, and it predicts the residual stress distribution in front

Fig. 5 Experimental results of slow-strain-rate tests on cylin-
drical specimens precracked under different Kmax levels, where
Kmax is the maximum stress-intensity factor during the last step
of fatigue precracking
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of the crack tip at the end of the final fatigue precracking step,
and therefore prior to an SCC or hydrogen embrittlement test.
During this test the residual stresses in front of the crack tip are
redistributed as the external load increases, and the compres-
sions become tensions. 

Figure 8 shows the stress distribution proposed by Rice for
the maximum (K = Kmax) and minimum (K = Kmin) fatigue
loads. In both cases the maximum and minimum stresses are
equal to the yield strength of the material σY (with positive and
negative sign, respectively). Distribution corresponding to K =
Kmin represents the residual stress state after a cyclic load-
ing/unloading process similar to that of fatigue precracking
(prior to any stress corrosion test with precracked specimens).
As depicted in this plot, cyclic residual stresses ahead of the
crack tip are compressions.

The values of ω and ∆ω represent the depth of the mono-
tonic (Kmax) and cyclic (Kmin) plastic zones respectively, and
their values are given by (Ref 7):

ω = 
π
8

 




Kmax

σY





2

(Eq 11)

∆ω = 
π
32

 




∆K

σY





2

(Eq 12)

where σY is the yield strength of the material, Kmax is the maxi-
mum stress-intensity factor during fatigue precracking (last
step of loading, just prior to the SCC test), and ∆K is  the stress-
intensity range in that step (∆K = Kmax – Kmin).

Fig. 7 SEM micrographs at the crack tip for localized anodic
dissolution (E = –400 mV) and Kmax = 0.28 KIc (top) and 0.80
KIc (bottom). For the latter value there is a transition topography
between the fatigue precrack and the cleavage-like unstable
mode of fracture.

Fig. 6 SEM micrographs at the crack tip for hydrogen-assisted
cracking (E = –1200 mV) and Kmax = 0.28 KIc (top), 0.45 KIc
(middle), and 0.80 KIc (bottom). F, fatigue precrack; TTS, tear-
ing topography surface (transition topography); C, cleavage-like
(unstable fracture)

178Volume 7(2) April 1998 Journal of Materials Engineering and Performance



Precracking stress distribution (that of the last peak of ten-
sile load in fatigue) is recovered when the tensile load is ap-
plied in the fracture test, i.e., compressive residual stresses are
deleted when the specimen is reloaded up to the same tensile
stress level as during fatigue. Consequently, for SCC testing
with precracked specimens, slow strain rate testing in the
cathodic regime (hydrogen-assisted cracking) should be per-
formed at the minimum possible strain rate, to allow enough
time for hydrogen to diffuse after recovering the initial tensile
stress distribution.

3.5 Modeling of the Environmental Process: Hydrogen
Diffusion at the Crack Tip

This section is focused on the modeling of diffusion un-
der dynamic loading with special emphasis on slow-strain-
rate testing conditions. A numerical procedure is used to
simulate crack-tip hydrogen concentration distributions af-
fected by near-tip elastoplastic stress fields, as described else-
where (Ref 8).

To model the environmental process, the boundary-value
problem of hydrogen diffusion in the vicinity of the crack tip
was solved numerically using the DuFort–Frankel scheme.
The evolution of hydrostatic residual stresses was modeled as
depicted in Fig. 9(a) on the basis of previous computational re-
sults (Ref 9). The evolution of hydrostatic stress distribution
σ(x) is given in the vicinity of the crack tip, from the cyclic re-
sidual stress distribution (K = 0) after fatigue loading (un-
loaded solid) to the tensile residual stress distribution
corresponding to the solid loaded at K = Kmax, including also

the distributions of hydrostatic stress for intermediate steps of
loading (thin inner curves between the initial and final thicker
lines). 

Figure 9(b) shows the hydrogen concentration profiles for
sustained load (solid lines) and rising load associated with
slow-strain-rate testing (dashed line) at different times in a di-
mensionless time scale (τ = Dt/xR

2). Numerical results demon-
strate that hydrogen accumulation in prospective fracture sites
near the crack tip during the initial stage of slow-strain-rate
testing up to the maximum stress-intensity factor of the crack
prehistory displays low sensitivity to loading rate (in terms of
stress-intensity factor rate) and strong dependence on cyclic re-
sidual stress fields produced at precracking. When near-tip
straining proceeds beyond the extent of the residual plasticity
influence, the role of loading rate becomes more spectacular. It
depends on the diffusion coefficient of hydrogen and on the lo-
cation of responsible material cells where microfracture pro-
ceeds, as well as on the characteristics of material plasticity
that define the near-tip stress field at each instantaneous load
level. 

4. Manufacturing-Influenced Cyclic Residual
Stresses

4.1 Mechanical Effects of Manufacturing a
Cold-Drawn Wire

The effect of cold drawing on the mechanical properties of
a (previously) hot-rolled bar is well known and consists of a
clear improvement in mechanical properties, which is the main
objective of this manufacturing procedure, to achieve a mater-
ial with a very high yield strength able to undergo intense me-
chanical levels while at the same time maintaining the elastic
range condition.  

Apart from manufacturing residual stresses described in a
previous section of this paper, cold drawing produces an unde-
sired microstructural effect on the material: a preferential ori-
entation of the pearlite lamellae aligned parallel to the cold
drawing direction (Ref 10), resulting in anisotropic properties
with regard to fracture behavior in air and aggressive environ-
ments. The main consequence is to change the crack propaga-
tion direction approaching that of the wire axis (cold drawing
direction or main average orientation of the pearlite lamellae)
and to produce a mixed-mode state in both fracture in air and in
SCC.

The following section describes the consequences of cold
drawing on the SCC behavior of cold-drawn wire. It is shown
that the improvement of mechanical properties as a result of
cold drawing produces secondary effects in the form of better
properties against localized anodic dissolution phenomena, but
that on the other hand, it produces poor performance in hydro-
gen-assisted cracking processes (in comparison with the hot-
rolled original steel, which is not cold-drawn). The reason is
the combination of the two effects analyzed previously, i.e., re-
sidual stresses generated by cyclic loading but influenced by
the manufacturing process.

Fig. 8 Schematic representation of the cyclic residual stress
distribution ahead of a crack tip which has (previously) been
subjected to far-field cyclic tension, according to Rice’s model
for an elastic, ideally plastic, material. Source: Ref 7
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(a) (b)

Fig. 9 (a) Evolution of hydrostatic stress σ in the vicinity of the crack tip, from K = 0 to K = Kmax, where σY is the yield strength of the ma-
terial, σ0 is the hydrostatic stress at the crack tip, and δt is the crack tip opening displacement. (b) Hydrogen concentration C at sustained
load (solid lines) and slow-strain-rate testing conditions (dashed lines), in a dimensionless time scale τ = Dt/xR

2 , where CΓ is the concentra-
tion at the boundary (crack tip), xR is the depth of the maximum hydrostatic stress point, D is the hydrogen diffusion coefficient, and t is the
time. In both figures x is the distance from the crack tip.

(a) (b)

Fig. 10 Influence of the fatigue precracking load (Kmax) in the anodic regime (localized anodic dissolution). (a) Hot-rolled bar. (b) Cold-
drawn wire
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4.2 Consequences in Stress-Corrosion Behavior of the
Wires

This section deals with the consequences of manufactur-
ing-influenced cyclic residual stresses in the stress corro-
sion behavior of cold-drawn wires (with reference to the
hot-rolled bars). The experimental program consisted of
slow-strain-rate testing of both hot-rolled bars and cold-
drawn wires in aqueous solution, as described elsewhere
(Ref 10).

For a typical anodic regime of cracking (–400 mV: local-
ized anodic dissolution), the results depend slightly on pH (Fig.
10). For the hot-rolled bar (Fig. 10a), the test severity decreases
as the maximum fatigue load increases. This effect is again due
to the compressive residual stresses ahead of the crack tip. The
cold-drawn wire (Fig. 10b) is almost insensitive to localized
anodic dissolution. The fundamental conclusion is that the cold
drawing process is beneficial for the SCC performance at an-
odic potentials (anodic dissolution or pure SCC).

For a typical cathodic regime (–1200 mV: hydrogen-assisted
cracking) the results are practically independent of pH (Fig. 11).
For the hot-rolled bar (Fig. 11a), the test severity decreases as
the maximum fatigue load increases, and this occurs for all val-
ues of Kmax. For the cold-drawn wire (Fig. 11b), the effect is the
same from the qualitative point of view (tendency), but not
from the quantitative point of view (numerical values), because
for all variability ranges of  Kmax the behavior of the cold-
drawn steel is clearly below that of the hot-rolled steel. More-
over, there are certain Kmax values (Kmax < 0.50 KIc) for which
the effect of the maximum fatigue load on the susceptibility of
the cold-drawn wire to hydrogen embrittlement is negligible.
The conclusion is that the cold drawing process is damaging for

the SCC performance at cathodic potentials (hydrogen-as-
sisted cracking), in spite of the improvement of mechanical
properties that it imparts to the steel. Therefore, the advantage
of high strength, and subsequently increased bearing capacity
in air environment, is offset by the disadvantage of high  sus-
ceptibility to hydrogen embrittlement. 

4.3 Modeling of the Environmental Process

This section is devoted to discussing why there is such para-
doxical behavior of the two steels in hydrogen environment,
with consideration of the important role of cyclic residual
stress distribution in the vicinity of the crack tip, which is mod-
eled in a simple way and influences the hydrogen penetration
into the sample in both situations (Ref 11). The diffusion model
includes not only transport of hydrogen toward the points of
minimum concentration, but also toward those regions of
maximum triaxial stress state. Diffusion equations are as
shown in previous sections of this paper.

The model proposed here allows a first explanation, at least
qualitative, of the experimental results for the hydrogen-as-
sisted cracking summarized in Fig. 11. Equations 1 and 2 show
the importance, from the hydrogen diffusion point of view, of
the hydrostatic stress in the vicinity of the crack tip: hydrogen
flows not only toward the places with minimum concentration,
but also toward those with maximum tensile hydrostatic stress.
As a consequence, compressive residual stresses (created by
plasticity in the vicinity of the crack tip during fatigue pre-
cracking) reduce hydrogen entry and therefore delay the em-
brittlement. 

Taking into account the mechanical properties of both
steels, it can be seen that in the hot-rolled bar (lower yield

(b)(a)

Fig. 11 Influence of the fatigue precracking load (Kmax) in the cathodic regime (hydrogen-assisted cracking). (a) Hot-rolled bar. (b) Cold-
drawn wire
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strength) the plastic zone after fatigue precracking is bigger,
and the compressive residual stresses in the vicinity of the
crack tip are extended along a broader region. This explains the
result that the steel of highest yield strength (cold-drawn wire)
is the most susceptible to hydrogen embrittlement.

In addition, Rice’s model (Ref 7) is able to predict the depth
of the maximum hydrostatic stress point, whose importance is
determinant in hydrogen diffusion. This point is always at dis-
tance w from the crack tip (Fig. 8). For the fatigue precracking
tests performed (Ref 11) in all casesKmin ≅ 0, and therefore ∆K
≈ Kmax. Designating λ as the dimensionless ratio of the maxi-
mum stress-intensity factor during fatigue precracking to the
fracture toughness:

λ = 
Kmax

KIc
(Eq 13)

and:

ω = 
π
8
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π
32
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where the ratio (KIc/σY) is a characteristic of the material. For
the two steels analyzed here, such a distance is ω = 2.099 λ2

(mm) for the hot-rolled bar and ω = 1.232 λ2 (mm) for the cold-
drawn wire, where λ is the dimensionless ratio of Kmax to KIc
(0.28, 0.45, 0.60, and 0.80). Value ω is clearly higher for the
hot-rolled bar. This length represents the distance that hydro-
gen has to cover to reach the critical point. Hydrogen concen-
tration at such a point is higher for the cold-drawn wire,
because it is nearer the crack tip. As a consequence, the fracture
load in hydrogen environment, expressed as a percentage of the
fracture load in air, is lower for the cold-drawn steel than for
the hot-rolled steel, as depicted in Fig. 11.

These considerations explain why the cold drawing process
improves the mechanical properties of the steel while at the
same time increasing its susceptibility to hydrogen embrittle-
ment, a problem from this particular point of view.

5. Conclusions

• Residual stress fields may be relevant to the SCC perfor-
mance of structural materials.

• Manufacturing residual stresses may be tensile or compres-
sive, and thus the effect on SCC may be harmful (enhanc-
ing the SCC) or beneficial (delaying the SCC). 

• Compressive residual stresses generated in cracked ele-
ments by cyclic loading have a beneficial (delaying) effect
on the SCC performance of the material.

• Manufacturing influences the level of compressive resid-
ual stresses produced by cyclic loading in cracked elements
and thus affects the SCC behavior.

• The described effects are particularly pronounced in the
case of SCC processes in which hydrogen is present (hy-
drogen-assisted cracking phenomena).
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