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12 Abstract: The present work shows a novel physical-mathematical model to estimate the average
13 corrosion resistance index from the crystallographic texture in API 5L steels. The crystallographic
14 texture of the studied steels was measured by means of the X-ray diffraction technique. The model,
15 based on the symmetric spherical surface harmonics for a BCC structure, is capable of describing
16 the anisotropy surface of anodic dissolution resistance of the crystal and establishing a
17 straightforward relationship between crystallographic texture, surface roughness, and metal
18 corrosion behavior. The predictions of the average corrosion resistance index made from the
19 crystallographic texture were in good agreement with those obtained from potentiodynamic
20 polarization curves for the investigated steels. This agreement validates the capacity of this model
21 and opens the possibility of applying it as a novel criterion for the material selection and design
22 stages in order to combat metal corrosion problems.
23 Keywords: Corrosion resistance index; anodic dissolution; crystallographic texture; pipeline steels;
24 material selection
25
26

27  1.Introduction

28 The corrosion of metal and its alloy has been extensively studied in the literature [1,2]. The
29  significant impact of corrosion on metallic structures in daily life and in the industry has been
30 mainly concerned due the complex nature of the phenomenon. In this regard, the correct selection of
31  materials could be an important tool and criteria for reducing the corrosion effect during the stage of
32 the structure construction and design. A common way to evaluate the corrosion activity of metals is
33 through the corrosion potential and current density (Ecr and jeor), and Tafel slopes (b. and bc) by
34 means of the polarization techniques [3-5]. However, these experimental techniques present several
35 limitations, including blindness, workload, and time and resource wastes [6], and variations in the
36  results due to the strong dependence on the sample surface state as well as many metallurgical
37  variables of the material, namely chemical composition and microstructure [7-9]. In order to solve
38  this problem, it is necessary to evaluate and quantify the corrosion resistance of the material by other
39  means.

40 It is experimentally verified [9-18] that some metallurgical parameters, such as: grain size, grain
41  boundary, and their distributions, as well as surface roughness, crystallographic planes, and grain
42 orientations have a strong influence in the anodic dissolution of the metal. This, in fact, refers to
43 anisotropy of corrosion, which in a crystal can be defined as the dependence of dissolution velocity
44 of metals on the crystallographic directions [18]. Meanwhile, in a polycrystal this behavior depends
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45  on the crystallographic texture, since the texture develops in alloys and metals during their
46  mechanical deformation, such as rolling, forging, drawing, etc. and the established preferred
47  orientations can introduce significant changes to the material properties [19]. The significant effect of
48  the crystallographic texture on the corrosion process has been studied in several works [20-22]. One
49  of the typical examples is given in [22] in which they found that the formation of texture components
50 {111} IND fiber developed by warm rolling could reduce the susceptibility to hydrogen induced
51 corrosion (HIC), while the closeness to the random texture and the strong {001} IND texture have a
52 harmful effect on the resistance of hot-rolled samples to HIC. In spite of this fact, a generalized
53 model capable of describing the link between the crystallographic texture and corrosion behaviour
54 of metals (anodic dissolution) has been lacking.

55 The first idea on the correlation between the pitting corrosion resistance and the
56  crystallographic orientation was proposed Shahryari et al. [23] in which the susceptibility of the
57  surface to pitting corrosion (the pitting susceptibility index) for a SS316LVM stainless steel was
58  determined from electron back-scatter diffraction (EBSD) data through the generalized spherical
59  harmonics. Nevertheless, this model presents several limitations, namely: it does not include the
60  sample symmetry and only uses the steel sample with one type of texture, the number of coefficients
61 of the harmonic function is small, and furthermore, the information obtained from EBSD is not
62  statistically significant (in comparison with the X-ray macro-texture technique) to completely
63  describe the dependence of crystallographic orientations on the anodic dissolution of the material.
64  Meanwhile, in another approach, Venegas et al. [24] studied the influence of crystallographic
65  texture, measured by X-ray diffraction, on pitting corrosion in low carbon steels. They proposed that
66  the ratio of the volume fraction of the beneficial (high-resistance) texture fibers to volume fraction of
67  the detrimental (low-resistance) fiber could be a good measure for the pitting susceptibility of the
68 material. However, on the one hand, this model could not establish a direct link between the pitting
69  corrosion and the crystallographic texture, since the beneficial/detrimental texture components and
70 their volume fraction should be previously provided and carefully analyzed. On the other hand, the
71  main interest of our work lies on the anisotropy of the anodic dissolution resistance of
72 polycrystalline materials. Moreover, a property of a polycrystal must be properly determined by
73 averaging that over the orientation distribution function (ODF) [25] rather than using the volume
74 fraction.

75 Therefore, in this work, a new model is proposed, based on the idea of Sharyaria et al. [23], for
76  the correlation between the metal surface anodic dissolution resistance and the crystallographic
77  texture of three API 5L steels with different microstructures and textures. This proposed model
78  allows predicting the average corrosion resistance index (CRI) of API 5L steels from the
79  crystallographic texture information using the symmetrical spherical surface harmonics. The
80  average CRI predictions made from X-ray texture measurements will be validated by comparing
81  with the experimental results obtained from potentiodynanic polarization curves.

82 2. Materials and Methods

83 2.1 Materials

84 Three API 5L steel samples (X56, X52, and X60) extracted from out-of-service pipelines were
85  used to explore the relationship between the crystallographic texture and the corrosion behavior.
86  These samples were prepared on rolling plane (perpendicular to the normal direction (ND) of the
87  sample reference system) and transverse planes (perpendicular to rolling direction (RD) and to
88  transverse direction (TD)), and were cut in disk shape with dimensions of a 1 cm in diameter and 2.5
89  mm in thickness; their chemical composition can be seen elsewhere [25]. All the steel samples were
90  mechanically prepared by grinding with SiC grit papers and polishing with colloidal silica down to
91 20 nm in order to obtain a flat and deformation-free surface. The microstructure study was carried
92 outin a scanning electron microscopy SEM JEOL JSL-6300.
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94 2.2 Crystallographic Texture Measurements

95 The texture of the steel samples was obtained in an X-ray diffractometer Bruker D8 Advance

96  with Cu Ka radiation, coupled with an Euler cradle. Three incomplete pole figures {011}, {002}, and

97 {112} were measured on the rolling plane for each steel sample. These experimental pole figures

98  were analyzed using the arbitrary defined cell (ADC) method [26] implemented in the LaboTex

99  software to calculate the orientation distribution function (ODF). From this ODF, the inverse pole
100 figure (IPF) of ND was determined for each steel sample.

101 2.3. Electrochemical Tests

102 The potentiodynamic polarization was performed in an EG&G-PAR potentiostat/galvanostat
103 Model 263A, using a conventional three-electrode cell coupled to a water-jacketed to control the
104  temperature by a circulator bath (PolyScience). The electrochemical cell was composed of a API 5L
105 steel disk-shaped sample embedded in epoxy resin with an area of 0.7854 cm? as the working
106  electrode (WE), a graphite bar as the counter electrode, and a saturated calomel electrode (SCE) as
107  the reference electrode with a Luggin capillary leading to the surface of the WE. These experiments
108  were performed in the same steel samples (surfaces), which were previously measured by the X-ray
109  texture diffraction. The solution used to simulate the corrosive environment of pipelines was
110 selected according to Espina-Hernandez et al. [27]. The ion concentrations of this solution are in
111 shown Table 1.

112 Table 1. Ions concentration for the solution used in this work.
Solution CI (ppm) SO« (ppm) pH
S** 290 16.8 4.35!
113 1 adjusted using HNO:s solution.
114 The potentiodynamic polarization curves were recorded, starting from -700 mV to +250 mV at a

115 scan rate of 0.16 mVs, after 30 minutes of immersion when the steel samples were stabilized at the
116  open circuit potential. All the potentials reported in this work were presented versus SCE.

117 3. Model for Estimating the Average Corrosion Resistance Index from Crystallographic Texture

118 It is known that corrosion is an interfacial phenomenon [28]. For this reason, understanding the
119  surface state and its associated properties (surface roughness, planar density) could be a good
120 indicator of the corrosion susceptibility of a family plane {hkl} parallel to that metal surface, since
121 crystalline defects can be active sites for corrosion nucleation and growth mechanism.

122 On the one hand, Venegas et al. [24] have shown that the resistance to the dissolution anodic
123 (Ruw) as a function of point density (pu) associated with crystallographic planes {ikl} exposed to the
124 surface of the metal can be determined by:

Pniay \/5

R = = ’ 1
" Py NR+E 4+ @
125 subjected to the constrain: h+k+/=2n
126 where pi110) is the point density for the plane {110} for BCC structure and pu) is the point density
127 for the plane {kl}, defined by:
P = Mtk4l= s
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128 where ao the lattice parameter is equal to 2.866 A for pure BCC iron. All of them, hereafter, must
129 satisfy the constrain h+k+l=2n ¥V n €N for this kind of lattice.
130 On the other hand, Blonski et al. [29] found that the relationship between surface roughness (5r)

131  and crystallographic orientation can be given by:
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where A2xp is the area of the surface unit cell y Ar. is cross-sectional area of Fe atom in bcc lattice.
From Eq. (2) and (3), pgukyy could be related to S, by the following expression:
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Therefore, from Eq. (1) and (6) the relationship between R and Sr can be established by the
following proportionality:
1
Ry =g~ )
Eq. (7) means that if the crystallographic plane associated to the grain parallel to surface has less
surface roughness, its resistance to the anodic dissolution is higher. Interestingly, this has been
verified by Shahryari et al. [23] using the generalized spherical surface harmonics, which helps
evaluate the anisotropic nature of corrosion behavior of stainless steel. Nevertheless, their approach
does not consider the crystal — sample symmetry relationship. Therefore, it is more convenient to
apply the function developed by Bunge [30] in which the symmetric spherical surface harmonics
with cubic symmetry is given by:

Inax. M (1) D H

E(h)y=2.% el'ki(h) ®)

=4 u=1

where e/ is series of constants for various value of I, which were calculated using the least-

-squared-fitting method [23] in Mathematica software.

The symmetric spherical harmonic function with cubic symmetry, ]}7(}1), in Eq. (8) can be
determined by [30]:

M L H Lomy
ki (h)=ki (9,8)=2 B E"(¢)cosmf3, )

m=0
 mu

where B/ is the symmetry coefficients for cubic symmetry, P/"(¢$)is the normalized
associated Legendre functions with ¢ (0° < ¢ < 45°) and B(0° < B <53°) in the asymmetric
triangle of the cubic crystalline system, and h ={h, k, I} is the direction normal to the crystallographic
plane of interest with Miller indices {hkl}.

The values of | in Eq. (8) were chosen to be up to 22 instead of 10 as proposed by Shahryari et al.
[23] due to the fact that with small / order up to 10 the rate of change of the harmonic function will be
so fast (Fig. 1 a—d), while with [ > 10 it has a behavior closer to a real system (Fig. 1 e-i).

d0i:10.20944/preprints201806.0485.v1
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(8 (h) (i)
155 Figure 1. Rate of change of symmetric surface harmonics in function of the order 1 using Eq. (9):
156 (a) ki, (b) kg, (c) ki, (d) kio, (e) kiy (f) Kiy (8) kis (h) kify, (i) Kiy.
157 Taking into account Eq. (7) and (8), the link between the anodic dissolution resistance, E(h), and
158  surface roughness is:
1
E(h)e<—
()= (10)

159 It is important to stress that indeed Eq. (10) gives a physical meaning to the symmetric spherical
160  surface harmonic function and possibility to describe the corrosion anisotropy in function of any
161  crystallographic planes. Henceforth, from Eq. (10) E(h), which is called CRI, can be defined as the
162  new anisotropy function of the anodic dissolution rate for the crystallographic planes parallel to the
163 surface, that can be estimated over the entire angular range of the asymmetric triangle of the cubic
164  crystal system (standard triangle due to the cubic symmetry).

165 For a better understanding of the benefit of Eq. (10), the variation of the anodic dissolution
166  resistance in function of the crystallographic planes, described by E(h), is represented through the
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167  inverse pole figure of the cubic crystal system, as depicted in Fig. 2. The results indicate that the
168  tendency to suffer corrosion follow the sequence: {213} > {111} > {103} > {112} > {001} > {101}, which is
169  in agreement with the trends observed in several works [7,8,10,11,14,15,19].

111

001 101
170 Figure 2. Anisotropy surface of anodic dissolution of BCC materials calculated for any
171  crystallographic plane.
172 In order to study the corrosion property in a polycrystal, it is important to know the

173 crystallographic texture or the distribution of crystal orientations in it. The average CRL E(h), in a
174 polycrystalline material with orientation distribution function (ODF), f(g), can be determined for any
175 anodic dissolution vector (®, ) in the sample’s reference system [30]:

E(h)=E(®,f)= [ E(D,B,2) f(g)dg 1)

176  where g is the crystal orientation and ES is the Euler space; f(g) should be determined considering
177 cubic (crystal) — orthorhombic (sample) symmetry.
178 Since corrosion initiates on the metal surface rather than the entire volume of the material [28],

179  the average CRI of a polycrystal is interested in the direction perpendicular to the rolling plane of the
180  sample. Under this condition, E(h) in a polycrystal can be estimated by [23, 30]:

E(h) o< [ E(®, B)IPF (®, B)sin(®)dPd B, (12)
181 where IPF(®, B) is the intensity of the inverse pole figure from measurement X-ray diffraction.
182 Eq. (12) proposes a new model for estimating the average CRI in API 5L steels from the

183  crystallographic texture measurements. This will be evaluated in steel samples with different
184  microstructures and textures for further comparison with results obtained from electrochemical

185 tests.
186 4. Results and Discussion

187 4.1 Microstructure Study

188 Figure 3 shows the SEM micrographs represented in form of a cubic crystal for the three studied
189 steels (X56, X52, and X60). In general, the microstructures of these steels are different (from one
190  material to the next) and are consisted of a ferrite/pearlite structure. The equiaxial grain morphology
191  is observed on the rolling plane with a relatively homogeneous distribution, while slightly elongated
192 grains were observed on the transverse (RD-ND and TD-ND) planes due to the pipe manufacturing
193 process [31-33]. Microstructural parameters, such as grain size and volume fraction of the ferrite
194  phase, were determined by optical microscopy, as shown in Table 2. The inclusion (MnS) content in
195 these steels is insignificant according to the work published on pipeline steels [22].
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(b)
196 Figure 3. SEM micrographs of the studied steels: (a) X52, (b) X56, and (c) X60. The ferrite and
197  perlite phases are represented by dark and bright colors, respectively.
198 Table 2. Microstructural parameters of the investigated steels.
Steels Avefrage grain  Ferrite content
size (um) (%)

X56 13.88 £ 0.012 75.45 +0.05

X52 18.22 +0.014 64.38 +0.03

X60 23.89 +0.015 65.42 +0.03

199 4.2 Estimation of the Average CRI from Crystallographic Texture

200 Figure 4 shows the cubic-orthorhombic representation of the X-ray-derived ODF of the studied
201 steels in the ¢2 = 45 section of Euler space [30] before electrochemical tests. It can be seen that the
202 crystallographic texture of these steels is characterized by the presence of the {100}| IND, {111}| IND,
203 {112} IND, and {110} IND texture fibers with different degrees of development [24, 32, 33]. The
204  volume fractions (ViyND) of these fibers are calculated as shown in Table 3. The formation of these
205  fibers can be explained as the consequence of the hot rolling process during the pipe manufacturing
206  [31-33]. X52 and X60 steels (Fig. 4b and 4c) show a texture close to random, with a relatively small
207  degree of difference, while the X56 steel (Fig. 4a) presents a markedly strong texture dominated by
208 {112} IND and {111}I IND fibers. These differences in texture could influence the electrochemical
209  behavior of these samples and consequently, their corrosion resistance.

210 Table 3. Volume fraction of the texture fibers (in %) of the studied steels.
Materials VioonND VazND VaiyND VaioND
X56 8.32 22.29 12.34 3.93
X52 4.57 15.14 6.51 9.36
X60 5.37 16.68 7.44 9.19

211
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Max: 4.7
Min: 0.1
601 101 060l 101 001 101
(a) (b) (c)
212 Figure 4. @2 = 45° section of the orthorhombic ODFs and their corresponding IPF of ND of the

213 studied steel samples before polarization tests: (a) X56, (b) X52, (c) X60. The angles (® and ¢2) are
214  ranging within 0 - 90° in the Euler space.

215 As previously explained, due to the surface behavior of corrosion phenomena it is more
216  convenient to use data from the IPFs of ND. In fact, the representation of texture through of the IPFs
217  is a direct way to exhibit the distribution of crystallographic planes of the grains exposed to the
218  surface sample (crystallographic planes perpendicular to the steel sample surface). Data obtained
219  from these IPFs were used to calculate the average CRI, E(h), which is summarized in Table 4. The
220 results indicate that corrosion resistance of the studied steels follows the order of: X56 < X52 < X60,
221  since the higher CRI values, the better the corrosion resistance is. According to the previous texture
222 analysis, this order is logical, thus the high volume fraction of {112} IND and {111} IND fibers (see
223 Table 3) in X56 steel clearly indicates that this material presents a more loose structure (low dense
224 planes) than the other steels (X52 and X60) with higher volume fractions of {110} IND fibers, since
225 {110} are the most compact (dense) planes in BCC materials. Therefore, X56 steel may dissolve at
226  higher rate than X52 and X60 steels. This effect can be clearly observed through the illustration of the
227  anisotropy surface of anodic dissolution shown in Figure 2. It is important to note that this analysis
228  only helps when texture is markedly different — in terms of both texture components and their
229  magnitude - from one material to the next, such as X56 and X60 steel, but it is notoriously difficult
230  when the texture is similar as can be seen in the case of X52 and X60 steels. Nevertheless, the model
231  proposed in this paper could satisfactorily solve this problem, since Eq. (12) deals with all texture
232 data obtained from the IPFs of the material. For the sake of validation, the average CRI predictions
233 made from the crystallographic texture will be compared with those obtained from potentiodynamic
234 polarization curves.

235 4.3 Model Validation

236 In order to verify the validity of the proposed model, parameters that represent the corrosion
237  resistance of the three steels (X56, X52, and X60), were determined by the potentiodynamic
238  polarization method and compared the predictions made from crystallographic texture
239  measurements. It is important to stress that according to Fushimi et al. [10] the anisotropic corrosion
240  of iron can be satisfactorily studied by means of the potentiodynamic polarization technique, as well
241  as, it could experimentally reveal the dependence of the crystallographic orientation on corrosion
242 resistance of the material.
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243 Figure 5 shows the comparison of the potentiodynamic polarization curves recorded onto the
244 three steels in the solution $**. It can be observed in Fig. 5 that the three investigated steels exhibit
245  markedly different corrosion behavior as a consequence of their difference in textures and
246  microstructures.
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247 Figure 5. Potentiodynamic polarization curves of the three studied steel surfaces recorded at
248  room temperature in the solution $**, at a scan rate of 0.16 mVs1.

249 From the analysis of these curves, some parameters of interest, such as: Ecrr and corrosion
250  current density (jor), which describe the propensity of each sample to suffer corrosion, were
251  determined, as shown in Table 4. Also, these values can be associated with the susceptibility of the
252  material to corrosion. Thus the less negative values of Ewr can be associated with the greater
253 corrosion resistance [6]. Accordingly, the corrosion resistance should be the highest for X56 steel and
254 the lowest for X60 steel. This corrosion resistance order agrees excellently with the CRI predictions
255  made from crystallographic texture. However, this thermodynamic aspect would not be sufficient to
256  predict the corrosion behavior for all materials to occur, since they have different microstructural
257  features and textures, and a criteria regarding kinetic point of view could be appropriate satisfy the
258  present need.

259 Table 4. Corrosion parameters determined from the potentiodynamic polarization curves of the
260 studied steels.
. - Ecorr Jeorr b.
Materials E(h) (mV) (uA) (mV/de)

X56 6.35 427 +8 6.19 +0.08 177 £9

X52 6.72 390 7 3.01 £0.05 216 +7

X60 7.01 335 +6 1.66 +0.03 191 +8
261
262 In fact, this can be clarified by comparing other parameter of the corrosion process, jcor,

263  determined from the polarization curves for each steel (see Table 4). The results of Table 4 clearly
264  indicate that X56 steel a higher jerr values than those of X52 and X60 steels. In the same trend, other
265  parameters Ecor, and be also confirm that the corrosion resistance is given by the following sequence:
266  X56 < X52 < X60. This follows the exact order of corrosion resistance or average CRI as has been
267  previously predicted by X-ray texture measurements using Eq. (12).

268 It is important to note that the grain size could be a factor that affects the corrosion behavior of
269 the material, since X56 with the smallest grain size can be more corroded. Notwithstanding,
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270  according to Taleb et al. [28] verified that at long time exposure the effect of the grain size is
271  negligible and in most of case on the mechanism of pitting corrosion depends strongly on the
272 crystallographic orientation.

273 In general, the good agreement between average CRI predictions made from crystallographic
274  texture and experimental results estimated from potentiodynamic polarization curves verifies the
275  validity of the proposed and generalized model and the strong effect that the crystallographic
276  texture has on corrosion behavior of the material. This influence can be explained due to the intimate
277  and physical link between the surface roughness and crystallographic texture of the material. Also, it
278  comes to support and extend the earlier idea proposed by Shahryari et al. [23] on estimating the
279  corrosion resistance index in API 5L steels. Furthermore, the results open a new possibility to apply
280  the proposed model as novel criteria for the selection and design of metal and its alloys, as well as an
281  effective tool for the pipeline integrity strategy.

282 5. Conclusions

283 For the first time, a novel model is proposed and validated for the estimation of the average
284  corrosion resistance index from the crystallographic texture in API 5L steels, with different
285  microstructures and textures. This model is based on the symmetric spherical harmonics,
286  considering cubic (crystal) — orthorhombic (sample) symmetry with a large number of series of
287  constants, and capable of faithfully reproducing the anisotropic nature of corrosion behavior of the
288  material. The strong agreement is observed between the predictions of the average corrosion
289  resistance index made from crystallographic texture measurements and the experimental results
290  from potentiodynamic polarization curves for all the studied steels. It is established that a material
291  with a higher value of average corrosion resistance index could have a better corrosion resistance.
292  The proposed and validated model provides a novel criterion for the selection and design of metal
293  and its alloys. Furthermore, it is possible to apply as an effective tool for the pipeline integrity
294  strategy.
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