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EFFECT OF RESIDUAL STRESS-STRAIN PROFILES ON HYDROGEN-INDUCED
FRACTURE OF PRESTRESSING STEEL WIRES

J. Toribio! and V. Kharin2

We analyze the influence of the distributions of residual stresses and strains formed after the sur-
face treatment of cold-drawn steel wires used as the reinforcement of prestressed reinforced con-
crete on the susceptibility of these wires to hydrogen embrittlement characterized by the time to
fracture in the tests carried out according to the regulations of the FIP (Fédération Internationale
de la Précontrainte). A computational model is proposed for the prediction of the durability of
wires in corrosive hydrogenated media. In the model, the accumulation of hydrogen in potential
sites of fracture as a result of diffusion under the influence of stresses and plastic strains is anal-
yzed and a criterion of critical concentration of hydrogen specifying the time of local fracture de-
pending on the stress—strain state is formulated. The enables us to predict the influence of speci-
fic features of the distributions of residual stresses and plastic strains after various types of ther-
mal treatment on the durability of wires under the conditions of hydrogen embrittlement.

Introduction

Prestressing of concrete structures by means of steel wires offers a powerful civil-engineering technique
aimed at introducing desirable stresses and counterbalancing undesirable stresses so that the prestressing and ser-
vice loading would produce stresses within specified limits [1]. Prestressing wires are usually made of eutectoid
pearlitic steel heavily cold drawn to create elevated tensile properties. These wires, once subjected to high ser-
vice stresses, remain in this state forever, usually in hostile environments, e.g., due to atmospheric humidity. All
these features make them sensible to the presence of surface cracks, in particular, those of stress corrosion origin.
Stress corrosion cracking of prestressing steel wires was a subject of extensive studies, which substantiated the
important role of hydrogen-induced fracture (HIF) or hydrogen-assisted cracking in the deterioration of rein-
forced-concrete structures [2]. To evaluate the susceptibility of prestressing steels to stress-corrosion cracking in
general, and to HIF in particular, the International Federation for Prestressing [FIP (Fédération Internationale de
la Précontrainte)] adopted the use of the ammonium-thiocyanate test (ATT) for checking steels [3]. However,
despite being in use as a standard test method, it reveals neither how HIF goes in prestressing steel wires nor the
roles of various manufacturing and service factors. To this end, new contributions to the better interpretation of
the ATT and understanding of the process of hydrogen embrittlement in prestressing steel are welcome to gain
the capability of monitoring and improving the performance of wires in hostile environments.

Residual stresses introduced by various manufacturing operations (machining, joining, and heat treating)
and surface treatments (rolling, shot-peening, etc.) are known to be capable of affecting the strength and life of
the components [4]. With regard to the HIF of prestressing steel wires, the importance of residual stresses pro-
duced by the rolling process was demonstrated in terms of the lives of wires in the ATT solution [5]. In the case
of HIF, the role of the residual stresses is potentially twofold. First, their mechanical effect associated with the
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magnitude of residual stresses is additive to the stresses caused by applied loading [4]. In addition, the hetero-
geneous fields of residual stresses affect the rate of hydrogen transportation toward potential rupture sites in the

wire by the stress-assisted diffusion governed by the gradient of the hydrostatic component of stresses [6].
Moreover, in view of the facts that residual stresses are produced by inhomogeneous plastic deformation [4] and
that the indicated deformation also affects hydrogen diffusion in deformed metals [7-9], the nonuniform plastic
strains caused by surface treatments should also be taken into account as factors affecting the susceptibility of
wires to HIF.

The previous research [6] established an important milestone providing quantitative relationship between
the level of residual stress (represented by some hypothetical residual stress distributions) and the fracture be-
havior of prestressing steel wires under the conditions of HIF. However, the detailed analysis of the influence of
realistic residual stress and plastic strain profiles caused by different modes of surface rolling on the HIF sus-
ceptibility of cold-drawn prestressing steel wires has not been performed yet. In the present work, we go further
in the analysis, so that the earlier developed model [6] is advanced and applied to study the influence of residual
stress-and-strain distributions, e.g., similar to those formed after surface rolling, on the susceptibility of cold-
drawn prestressing steel wires to hydrogen embrittlement in FIP tests.

Background Theory

In general, HIF depends on the amount of hydrogen in potential microstructural fracture sites in the metal
so that the local events of rupture are associated with critical combinations of the responsible characteristics of
the stress—strain field and hydrogen concentration C over a relevant material scale x, (cell, “grain”, or domain
of interest), as described in [7-9]. HIF advances by the hydrogen-assisted nucleation of a (micro)crack in the
site with the locally worst concentration—stress—strain triple, which can be resolved to specify the critical con-
centration of hydrogen C,, as follows:

Ccr = Ccr(ci’ api)’ (1)

where 6; = 6;(x) and €,;= €,(x) are, respectively, the three principal components of stresses and plastic
strains (i = 1,2, 3) at the material point identified by a radius vector x, which finally gives C.. = C..(x). In
the particular cases of predominantly stress- or strain-controlled HIF, C, is related to the corresponding single
governing mechanical variable.

Hydrogen penetrates from the corrosive environment into the metal and is accumulated in potential fracture
sites until, in the course of evolution, its concentration C(x, t), where ¢ is time, attains the critical level C_, af-
ter a certain period of time 7, corresponding to the event of rupture. Then the criterion used to determine the
fracture time 7, takes the form

Ccr(xi’ Z‘f) = Ccr(xc)’ (2)

where a definite fracture locus x, must be specified.

Although hydrogen transportation toward potential damage sites comprises several consecutive stages [6—
9], hydrogen diffusion in the metal is often the slowest one that controls fracture time. In particular, this is the
case under the conditions of electrochemical hydrogenation, e.g., during the ATT [6, 7]. Diffusion in metals
proceeds toward the maximum entropy of the system, which corresponds to the uniform distribution of a given
amount of substance (represented by its concentration C) over the available occupation sites whose density can
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be characterized by the solubility factor Kg. This factor depends on the dilatation of the metal lattice induced by
the hydrostatic stress ¢ and on the amount of lattice imperfections (traps for hydrogen, cf. Hirth [10]) depend-
ing on the equivalent plastic strain €,, which may be expressed as follows [7-9]:

Vi

Ks = Ke(g)exp(Qo) with Q= L,

3)

where Kg, is the strain-dependent component of solubility, V is the partial molar volume of hydrogen in the

metal, R is the universal gas constant, and 7 is absolute temperature. This leads to the stress—strain affected
diffusion flux [7-9]:

_ _ VEse(2p)
J = D(ep)[VC C(QVG+ Kse(e) J] @)

where D = D(g,) is the diffusion coefficient of hydrogen in the metal which characterises its mobility and de-

pends, among other factors, on the density of lattice traps and, hence, on €,. The mass balance then gives the
diffusion equation in terms of concentration in the form:

o _ —divJ. (5)
ot

Hydrogen entry into the metal, i.e., the boundary condition for diffusion consistent with the role of diffu-
sion as the rate-controlling step [7-9] and with the expression for solubility (3), corresponds to the equilibrium

between its environmental thermodynamic activity and concentration inside the metal on the entry surface I':
C(T,1) = Cr, Cr = C,Kg(g,(T))exp(Qo(I)), (0)

where C, is the equilibrium concentration of hydrogen in a virgin material (stress- and strain-free) under given
environmental conditions. Hence, C, stands here as a measure of the environmental thermodynamic activity of
hydrogen, i.e., as the characteristic of hydrogenation capacity of the environment.

Analysis of HIF in Prestressing Wires

Description of the Test. According to the FIP proposal [3], the ATT for the evaluation of hydrogen sus-
ceptibility of prestressing steels is performed by sustained loading of smooth round wires submerged in a 20-
wt.% aqueous solution of ammonium thiocyanate (NH4SCN) and monitoring the time to fracture #; vs. the ap-

plied axial stress G,,,.

The tests [5, 6] considered in the present work were performed with prestressing steel wires of eutectoid
high-strength steel cold drawn from a rod of initial diameter d;, = 12 mm to get a wire of diameter d = 7 mm
and then submitted to stress-relieve heat treatment with cooling in oil. The 0.2%-offset yield stress of a wire was
0(, = 1435 MPa and its fracture toughness in an inert environment K- = 98 MPa~/m [5, 6]. A series of sam-
ples was tested in the as-received condition (specimens CO). The other samples were subjected to surface treat-
ment by the rolling process under loads of 80 and 260 N (specimens C8 and C26, respectively), cf. [5].
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Fig. 1. Profiles of the residual hydrostatic stress (solid lines) and equivalent plastic strain (dashed lines) in cold-drawn wires CO (a),
C8 (6), and C26 (c).

Distributions of Residual Stresses and Strains. To analyze the role of surface treatments on the suscepti-
bility of wires to hydrogen embrittlement, we used the data of X-ray diffraction measurements of the inhomo-
geneity of residual stresses and plastic strains [5]. These results are available for the depths from the specimen

surface down to 500 um and mostly for the sole axial component G, of the residual stresses. At the same
time, the analysis of hydrogen diffusion requires the distributions of hydrostatic stresses over the entire radius of
the wire along the radial coordinate r (for 0 < r < a = d/2, where a is the radius of the wire). To remove
this gap, the residual stresses were reconstructed on the basis of the indicated limited data of X-ray measure-
ments [5] for the stress ©,p in the wires under consideration. We restricted our analysis to the axisymmetric
problem in cylindrical coordinates (7, 0, z) and estimated the hoop residual stress Ggg (r) for the depths where
the measurements were performed according to the available distributions of axial residual stresses ©,4r) by
using a similitude hypotheses derived from the analysis of the more representative sets of measurements of both
O,r and Ogp in similar cases [4, 5]. Then, for greater depths (down to the axis of the wire), all distributions of
stresses were extrapolated by quadratic parabolas satisfying the global equilibrium conditions over the respective
transverse and axial cross sections of a wire. The radial stress ©,.p(r) was evaluated afterward from the recon-
structed distribution of Ggp (r) according to the standard equilibrium equation of the axisymmetric problem of
solid mechanics reduced, in our case, to the following problem:

d(rGrR) —

Cop. 7
dr R )
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The hydrostatic residual stresses

O, TOpgr + Or
3

GR:

obtained according to this procedure are presented in Fig. 1. It is seen that the rolling process introduces severe
inhomogeneity of residual stresses (samples C8 and C26) in contrast to relatively more uniform distributions ob-
tained after drawing without rolling (samples CO0).

These nonuniform residual stresses appear as a consequence of the inhomogeneous near-surface plastic de-
formation due to rolling. The variation of the width of X-ray diffraction peak was suggested as an indicator of
the inhomogeneity of plastic strains [5]. According to the reported measurements [5], the distribution of plastic
strains after cold drawing without rolling is relatively homogeneous. By using the condition of plastic incom-
pressibility and the reduction of the diameter of the rod by cold drawing, the corresponding background level of
equivalent plastic strains in wires after drawing can be estimated as €4 = 21In (d/dy). Then, for the wires C8
and C26 subjected to rolling, the equivalent distributions of plastic strains affected by this treatment can be ap-
proximated by using the corresponding X-ray data [5] in a rough piecewise-linear manner, as shown in Fig. 1.

Model of Hydrogen-Induced Fracture. As for fracture, the adopted model is basically identical to the
model proposed and substantiated in the previous work [6]. Thus, HIF is regarded as a stress-controlled pheno-
menon. Hence, for wires under consideration, the general-form criterion of HIF (2) is specialized and states that
fracture is initiated (and a surface crack of depth x, is assumed to appear) if the average hydrogen concentration

(Cr,n), = - | e, var ®)
X

¢ a-x,
attains the level C.((0,.p),) over acritical initiation scale x,; here, the effective crack opening stress ©, o is
the sum of the applied and residual axial stresses, i.e., G, = G,,+ G,p and its average value (o, ef)x, OVer
the same scale x,. is defined by analogy with the averaging procedure specified by relation (8). The phase of
subcritical crack growth from the size x,. to terminal rupture is neglected. For high-strength wires, it was shown
that this assumption is in reasonably good agreement with the experiments [6]. Therefore, the fracture condition
is expressed in terms of the critical value of the stress intensity factor K;:

Ki(x., 6, ¢r) = Kigacs 9

where Kpgac 1s the critical stress intensity factor for hydrogen-assisted cracking under given environmental
conditions.
It is assumed that the role of fracture embryo is played by a surface semielliptic crack with depth-to-width

aspect ratio equal to 0.2 (this is substantiated in [6]). For any G, .¢(r), the values of the stress intensity factor
can be found by the method of weight functions [11]. However, for all considered distributions of G_x(r) which
turn out to be quite similar in the analyzed case to the G (r)-paths depicted in Fig. 1 for the relevant range of
crack depths, it is shown that the values of Kj can be found with an error lower than 5% by the formula [6]:

Ky = 0.94(0, o), 7or, (10)
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Then, the critical scale for HIF is found from Egs. (9) and (10):

2
X, = l(%) . (11)
i O.94<0Z,ef>xf

Finally, if x, is determined, then the specific criterion for HIF in prestressing steel wires under considera-
tion can be established as a result of averaging of the relation (2) over the fracture scale x,. by analogy with rela-
tion (8). Hence, the equation used to predict the life of wire 7 takes the form:

(C(r, 1)), = Cor({O, epy)- (12)

This allows us to find Ir on the basis of the solution C(r, t) of the problem (4)—(6) of stress—strain assisted
diffusion of hydrogen in a loaded wire during the ATT.

Life Prediction for Wires

The model presented in the previous section makes it possible to elucidate the role of residual stress-strain
profiles (and respective surface treatments) in the HIF of wires and predict their time to fracture in hydrogenat-
ing environments. To apply the model to the analysis of ATT [5, 6], a set of material properties must be speci-
fied. According to the available experimental knowledge, the input data were chosen as follows:

The temperature was fixed to be 7 = 323°K. The partial molar volume of hydrogen in steels is known to
be practically constant: Vg =2 cm3/mole [6, 10]. As for the diffusion coefficient, the measured data are, as a
rule, characterized by a significant dispersion at ambient temperatures for nominally the same alloys, the data on
hydrogen solubility are also fairly ambiguous, and all these data are very sensitive to fine peculiarities of the
composition of alloy and its microstructure [10, 12]. The quantitative information about their dependence on
plastic strains is poor for most commercial alloys. Nevertheless, for the analyzed range of €, the following data
were suggested as reasonable estimations [6, 12, 13]:

D(g,) = Dyexp(-og,) with o = 2.9, (13)
Kg(g,) = 1 + Be, with B =4, (14)

where Dy, is the diffusion coefficient in strain-free steel rod (in the as-received state, i.e., prior to cold drawing);

Dy =3- 1072 m?/sec at the indicated temperature. Finally, Kiac = 0.27K;- for the commercial prestressing
steel in the ATT solution [6].

To evaluate the left-hand side of equation (12), the evolution of hydrogen concentration in the samples can
be determined in terms of the dimensionless concentration C(r, t)/Cr as a result of the solution of the problem
of stress-strain-assisted diffusion (4)—(6). (It is worth noting that, according to relation (6), the concentration Cr
is a function of stresses and strains.) Here, we use the trivial initial conditions, i.e., C(r, 0) = 0.

The numerical analysis of axisymmetric stress-strain-affected diffusion was carried out as described in [14,
15] following the standard weighted residual process to construct a finite-element approximation of the initial-
boundary-value problem (4)—(6).
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Fig. 2. Results of the numerical analysis of stress-strain-assisted diffusion for residual stress and plastic strain distributions in the CO
(a), C8 (6) and C26 (c) wires for various (indicated) periods of diffusion (hours).

In brief, we applied the Galerkin process to the continuum discretized into finite elements with the same
shape functions { W,y m=12,...,M }, where M is the number of nodes of the mesh, served as trial and
weighting functions, and also used to approximate the stress distributions & (r), the diffusion coefficient (13)
and solubility (14) depending on the plastic strain €,(r). Then the weak form of the weighted residual statement
of the problem rendered a system of ordinary differential equations with respect to time for the nodal values of
the concentration C. To solve this system, we used the unconditionally stable Galerkin scheme of time-domain

integration. Simulations were performed by using linear trial functions. Nonuniform space discretization was
employed to fit the steep gradients of stresses (see Fig. 1) and concentration. The smallest finite elements were

about 5 um in length.

For all three profiles of the residual stress—strain field in wires shown in Fig. 1, the dimensionless results of
computations of the diffusion process are presented in Fig. 2 together with the corresponding equilibrium distri-
butions of concentration as t — o given by the known steady-state solution of the problem C,(r) =
C,Ki(o(r), SP(F)) [7-9]. The effect of the rolling-induced stress—strain field is noticeable mostly in the near-

surface zone, where the interaction of stress- and strain-controlled solubility terms [cf. Egs. (3), (13), and (14)
and Fig. 1] causes respective concentration peaks. A slight delay of hydrogenation is observed, which increases

with more intense rolling, in part due to the local decrease in diffusivity D(g,) at elevated intensities of plastic
strains €, (i.e., the density of traps; cf. Eq. (13) and Fig. 1).

To give theoretical predictions of the lives of wires in terms of the plots of applied stress vs. time to frac-
ture, the values of C_, for respective wires were calculated according to the presented HIF model after diffusion
simulations as the average values (8) of the obtained solutions C(r, t) for the experimentally determined times
to fracture in the ATT solution of all three wires at a certain single load level, namely, for the values of ¢ = Iy

available for all three wires at the same load level 6,,= 1346 MPa [5], as shown by the squares in Fig. 3.
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Fig. 3. Theoretical predictions of the lives of prestressing steel wires 4 vs. the applied stress Gapin the ATT solution for CO (1), C8

(2) and C26 (3) samples and the respective source data of single experiments (squares) [5]; the dark rhombi mark the experi-
mental data for a steel similar to CO [6].

Then the entire G, ,(#)-curves were reconstructed as a result of the solution of Eq. (12) by using the results
of the diffusion calculations together with the values of C_, estimated according to the data of the mentioned
experiments, which were regarded as constants for the respective wires C0O, C8, and C26 in a relatively narrow
range of the applied stresses under consideration. These curves are displayed in Fig. 3. The experimental data
[6] obtained for various load levels for a steel nominally identical to CO but from a different commercial stock
are also shown in Fig. 3.

The agreement between the model predictions and the experimental results is satisfactory and, hence, the
presented HIF model seems to be able to give reasonable predictions of the life of prestressing steel under the
conditions of hydrogen embrittlement with regard for the role of residual stress profiles induced by the processes
of surface treatment. The model provides a tool to analyze and explain their effect by the influence on the stress-
and-strain-assisted diffusion of hydrogen toward the rupture sites.

The presented theory can be used, in particular, to reduce the terms and costs of the experiments aimed at
the evaluation of the susceptibility of wires to hydrogen embrittlement by performing only limited short-term
tests at elevated load levels, estimating the critical concentration C_ according to the data of these tests, and
then reconstructing the entire G,,—; curves as described earlier. These theoretical curves must give safe (low-
er-bound) estimations of the life for lower load levels. This is true because, for lower Cup the actual critical
concentrations can be only higher than the value of C,, theoretically estimated according to the elevated-load
data and, hence, the actual time of hydrogenation required to reach the critical condition must be longer than the
theoretical prediction. Obviously, the adequate estimation of the diffusion coefficient D is crucial for the quan-
titative reliability of these predictions in absolute values, although this does not affect the evaluation (prediction)
of the consequences of surface treatments in relative terms.

CONCLUSIONS

A model based on the theory of stress-and-strain-assisted diffusion of hydrogen in metals and on the stress-
based criterion of hydrogen-assisted local fracture was developed to predict the lives of high-strength steel wires
under the conditions promoting hydrogen-induced fracture (HIF).

The realistic residual stress and plastic strain profiles in the prestressing steels subjected to various surface
treatments were reconstructed on the basis of the data of limited X-ray diffraction measurements and their effects
on the HIF susceptibility were calculated according to the proposed model. Satisfactory agreement was obtained
with the available experimental data concerning the time to failure in standard FIP tests.
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The proposed computational model seems to be a promising tool for the prediction of the lives of prestress-

ing steel wires under the conditions of HIF on the basis of the data of reduced testing and for the analysis of the
influence of various residual stress and strain profiles induced by surface treatments.
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