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In this study, by using a standard quartz repldcgaady soil particles, the effect of soil
particle size (0.1...0.25 mm, 0.6...1.0 mm) on the teb@hemical corrosion behavior of
X70 pipeline steel in sandy soil corrosive environmsimulated by 3.5 wt.% sodium
chloride (NaCl) was investigated through polarizatamve and electrochemical impe-
dance spectroscopy (EIS) technology. The resutisdted that the polarization resistance
of X70 steel decreased with a decreasing particte §iar all polarization curves the right
shift of cathodic branch with a decreasing partgife is observed. The corrosion of X70
steel is controlled by the cathode process diffussad oxygen reduction at the metal-
environment interface, the intensity of which ineesawith the decreasing particle size.
Keywords: sandy soil corrosion, particle size, X70 pipelsteel, gas/liquid/solid three-
phase boundary (TPB) zone, polarization curve.

With the increasing service life of West-East ggmlne project in China, the
problem of underground pipeline due to soil comaosbecomes increasingly serious
[1]. The line of No.1 West-East gas pipeline projet underground pipeline engi-
neering mainly uses X70 steel, and about 4000km ppeline is buried in the desert
of saline soil area in Northwest China [2]. Thel smirrosion process of the under-
ground metal structure is influenced by many fagtsuch as water content, chemical
composition, environmental pH value, the electrioagistivity, soil type, salinity,
noise, porosity and other factors. The effect esthfactors has been investigated by
many researches [3—7]. However, the effect of zaiticle size on the electrochemical
corrosion behavior of the underground metal stmecisi not fully understood, as corro-
sion mechanism in soil environment has not bedn fitvestigated.

Although the influence of TPB zone on the corrodiehavior of metals has been
investigated in solution and atmospheric environineat enough research has been
done on the effect of the particle size on cormdiehavior of metals exposed to soil.
Authors of study [8] reported the effect of paridize on electrochemical corrosion
behavior of steel in a sandy soil corrosion systemthe first time. The results of
Wang and other researchers [8-12] show that theogion behavior of metals is
influenced by the dispersion degree of electrollitjaid droplets on the metal surface
which is determined by the soil particle dispersiifect, which also causes the
electrolyte discontinuous distribution on the metadface [10]. Sandy soil is a highly
dispersed porous corrosion system that resulttmiospheric oxygen movement along
the pore to the electrode surface, which is a digyas/liquid/solid multiphase corro-
sion system. Authors of [9—12] also introduced TiB zone concept, which is a gas/
liquid/solid three-phase boundary to the liquid ggharea from 0 to 100 mm thickness
of liquid film within the liquid phase reaction @a#o explain the influence of the par-
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ticle size on the corrosion behavior of metal. Cary with the reaction area of
liquid phase in general, the TPB zone is a higlegp=athodic reaction zone, in which
the diffusion rate of oxygen is much higher thaattim the bulk solution [13] and the

metals suffer more severe corrosion with the irsgeaf TPB length per unit area.
Thus, the TPB zone plays a key role in understantdow particle size influences the
corrosion of the cathode process of the buried.dte¢he highly dispersed liquid cor-

rosion system such as gas/liquid/solid multiphaselg soil corrosion system, specifi-
cally, the TPB zone may even become the dominatrfaf corrosion process and the
cathodic oxygen reduction reaction will control t@rosion process, which also con-
firms that the liquid dispersion degree accelertiiesnetal corrosion process [14, 15].

The main methods of studying the corrosion behasfahe underground metal
structure in the soil corrosion system include &gheloss method, polarization curve,
electrochemical impedance spectroscopy (EIS), p@ication of scanning electron
microscopy (SEM), energy spectrum analysis andyXdiffraction (XRD) analysis of
the microstructure and corrosion product layerlenrhetal surface. In order to investi-
gate the corrosion behavior of metals in soil, ey in sandy soil which is a high
impedance multiphase corrosion system, a suitaldthed is chosen. However, the
soil is defined as an electrolyte and this cambestigated by means of the electroche-
mical theory. Furthermore, the EIS technology ieey effective tool for studying the
metal/soil corrosion system [16, 17] with small tpdsation of the measured system
and insensitive to the medium of the IR resistivilpp. The influence of the soil
particle size on cathode reaction process of neetabsion is significant, however, the
polarization curve of cathode branch can refleetdathodic process effectively, thus it
is also an effective method to study the corrosade of metal [18, 19].

So, in this investigation, the polarization curteshnique, electrochemical impe-
dance spectroscopy (EIS) combined with scanningtrele microscopy (SEM) and
X-ray diffraction techniques were used. It is expdcthat a better understanding will
be obtained on the effect of the particle sizelmndlectrochemical corrosion behavior
of X70 pipeline steel in 3.5 wt.% NaCl simulatirensly soil corrosive environment.

Materials and experimental procedure. Materials. As a test soil the commerci-
ally available 99.2% quartz sand (China 1SO) wasdus'he particle sizes of soil
samples are: 0.1...0.25 mm (1# sands); 0.6...1.0 mns424s). The quartz sand was
ultrasonically cleaned in deionized water and dneturally for 24 h before experi-
ment. The simulated soil corrosive environment ®&swt.% NaCl sandy soil corro-
sive system, prepared by the analytical grade atemeagent of pure sodium chloride
and deionized water, with the water content of 1&4ch soil sample (450 g) was
manually compacted inside the experimental ingtaftausing a Proctor Compactor, as
shown in Fig. 1, controlling the dry density of & @/cn?, which means that the poro-
sity of sandy soil corrosion system equals 0.38thleumore, the top of the device was
sealed with the waterproof breathable layer in otdesnsure constant water content
throughout the experiment process.

The X70 pipeline steel with the main chemical cosipon (0.0645wt.% C; 0.201
wt.% Si; 1.906wt.% Mn; 0.0119wt.% P; < 0.0005wt.%03021wt.% Cr; 0.021wt.%
Ni; 0.234wt.% Mo; 0.012wt.% Cu; 0.013wt.% Co; 0.0426 V; balance Fe) was used
for this investigation. The specimens consisted16k15x2 mm (widthxlengthx
xthickness) plates and the working surface areapséshed using a series of silicon
carbide emery papers of grades 400; 600; 800; 10200 to 1500 grit, respectively.
The samples were enlaced with copper conductondrthe borders, and then covered
with epoxy resin except of the working area of 10xtm. Finally specimens were
cleaned with ethanol, followed by rinsing with daiied water, degreased with
alcohol, and then dried naturally before buried. tes
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Fig. 1. The schematic diagram
of the electrochemical system designed
for the study of the behavior of X70
pipeline steel in sandy soil corrosive
environmentl — waterproof breathab
layer;2 — fixed board3 — counter
o ; 5 electrode (platinumy — reference
3 electrode (SCEp — X70 pipeline stee
7 ; sl & -6 6 — electrochemical workstation
WE RE CE (CS350);7 — sandy sail.
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Electrochemical measurement. All the electrochemical experiments were carried
out by electrochemical workstation (CS350, manuifieet by WUHAN CORRTEST
INSTRUMENTS CO., China) at room temperature of Z@xAnd moisture of 45+2%.
The conventional three electrodes was used: anphaticounter electrode, a saturated
calomel electrode (SCE) as a reference electrbewbrking electrode was the X70
steel buried in sandy soil as described abovepdtintials were reported with respect
to SCE.

The potentiodynamic polarization curves were reedrdith a constant scanning
rate of 0.167 mV/s, and the open-circuit potentiak stable for 30 min before recor-
ding the polarization curves. The cathodic branels always determined first, then the
open circuit potential (OCP) was re-establishetbvedd by the anodic branch determi-
nation. The samples were polarized from —200 m20©d mV versus OCP. The experi-
ments were performed for 7, 60 and 90 days, reiseéctand the results were analy-
zed using the Tafel extrapolation method [19] dreldfit program CView?2 software.

Electrochemical impedance spectroscopy (EIS) measemts were conducted at
the open circuit potential sine signal of 10 mV amdhe 18 and 10° Hz frequency
range. In order to reach stable conditions, 30were set before test. The results were
analyzed using the fit program ZSimpWin software.

Surface characterization. In order to understand the corrosion process d X7
pipeline steel buried in the sandy soil corrosimgi®nment, the surface morphologies
of the buried samples were observed by scanningtrefe microscope (SEM),
equipped with an energy dispersive X-ray spectiogd&DS) system (Hitachi High-
Technologies TM3000) for elemental analysis, opegaat 15 kV. Corrosion products
of the specimens were removed with dilute hydradtilacid solution for 10 min at
20°C. Furthermore, the corrosion products of X70 steface were removed and
characterized by XRD after the electrochemicalasian tests.

Results and discussion. Linear polarization resistance test variation with buried
time. The linear polarization curves for X70 steel fdfedent buried time were measu-
red so that the corrosion rate of X70 steel coeldnonitored in the 3.5 wt.% NaCl soil
corrosive environment with varying particle sizég.R2 displays the change of polari-
zation resistanceR{) of X70 steel obtained from the linear polarizaticurves as a
function of buried time. It can be seen that Ryevalues of X70 steel with different
particle sizes both decrease linearly with thedase of buried time, and tR is the
goodness of fit. Moreover, the results of papei itbwed that the polarization resis-
tance is inverse proportional to the corrosion enirdensity, which is inversely pro-
portional to the corrosion rate of metal. Thusmiéans that the corrosion rate of
X70 steel increases with the buried time increasBigt, with the same buried time,
the R, values of X70 steel in 1# system are less thanirth2¢# sandy corrosion system,
indicating that the corrosion rate of X70 steel@ased with decreasing sandy soil par-
ticle size. This is because of the particle sizzreese with increasing dispersion degree
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of the electrolytic liquid droplets on the «
surface of the metal as well as increasingg

TPB length per unit area, and the signi-¢ |

. . < 2
ficant effect acceleration of the cathode ¢ |

process of X70 steel which is controlled =

by the process of cathodic oxygen reduc?2-5
tion [8, 13, 14]. Therefore, the corrosion 2.0 - ]
rate of X70 steel is higher in the smaller s
particle size sandy soil corrosion system. ,

Potentiodynamic polarization curve 0 IS5 30 45 60 75 r,days
measurements.  Potentiodynamic  po- Fig. 2. The variation oR, as a function
larization curve of X70 steel in 3.5wt.% of buried time with different particle sizes:
NaCl sandy soil corrosive environment 1 - 1# sands¥ = 0.991;
with different particle size after buried 7, 2 — 2# sands¥ = 0.996.

60 and 90 days are recorded, as shown in
Fig. 3. The obtained electrochemical corrosion tkiise parameters obtained using
CView2 software, together with Tafel extrapolatiorethod versus buried times are
presented in Table 1. Obviously, for all polariaaticurves, they have the similar
shapes indicating the same corrosion procességiin. t

The Tafel slopeR,) of anode branch is related to the dissolutiorX@0 steel
electrode while the cathodic Tafel slod8;)(corresponds to the oxygen reduction
process of X70 steel corrosion. The anodic poldmacurves are almost the same,
because the Tafel slopB,f of anode branch is related to the dissolutioXXod steel
electrode and increase with the buried time inangad he increasing values Bf with
growing buried time is mainly a result of the irmseng corrosion rate of X70 pipeline
steel, which means that the dissolution rate fod Xteel increase with the buried time
growth.
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The cathodic Tafel slop&{) corresponds to the oxygen reduction process 6f X7
steel corrosion. But for the cathode branch of jmdéion curve, the right shift of the
cathodic branch with decreasing particle size, eatgthat the cathode oxygen reduc-
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tion process is accelerated and the metal corrasioantrolled by the cathodic oxygen
reduction process. These results may be due t@rtortion of TPB zone per unit
area as well as the total cathodic current whicheiases with decreasing particle size.
Compared to the corrosion potentigld,) when buried in 1# sandy corrosion system,
the corrosion potential became less negative (fr&BL to —572 VSCE after 7 days,
from —528 to —-536 VSCE after 60 days, and from —&B8+#572 VSCE after 90 days,)
in 2# sandy corrosion system. It is interestinghéde that the corrosion potential is
influenced by two processes: the cathodic and anf@di]. In general, there are two
reasons for a negative shift in corrosion potentiath the anodic and cathodic proces-
ses on the metal surface are promoted [22]. IneTalil can be also observed that with
increase of the particle size from 0.1...0.25 to 0160. mm, i, decreases from 8.797
to 8.589uA/cm? after 7 days, from 6.789 to 6.018\/cm? after 60 days and from
10.112 to 10.05QA/cm? after 90 days. Thus, the average current densjiplied by
the cathodic process is higher. The corrosion istgosely related to the values of
corrosion current density, and the corrosion rateXf70 steel increases with decrea-
sing sandy soil particle size.

Table 1. Potentiodynamic polarization fitted data of X70 pipeline steel

Buried time | Sand numbers Ecom V | icom pA/cm2 B, mV/dec | B, mV/dec
1# -561 8.797 287 -195
7 days
2# -572 8.589 302 -216
1# -528 6.789 468 -194
60 days
2% -536 6.091 473 -233
1# -537 10.112 529 -173
90 days
2% -572 10.050 506 -231

Electrochemical impedance spectroscopy measurements. The Nyquist 4, ¢, €)
and Bode plotshy d, f) of X70 steel corrosion in 3.5 wt.% NaCl sandyl soirrosive
environment with buried time 7, 60, and 90 dayspeetively, are shown in Fig. 4. All
the Nyquist plots compose a capacitive loop at fiigquency, capacitive arc at inter-
mediate frequency and Warburg diffusive impedamncthé low frequency range. It is
also observed that there is a similarity amongNgtjuist plots, i. e., a depressed semi-
circle with the center under the real axis, suchal®r characteristics for soil corro-
sion system are attributed to the low electricaldiectivity and higher impedance of
soil for “dispersion effect” [23]. In the soil casion system, the generation of “disper-
sion effect” may be due to the adhesion of the doailmn of corrosion products with
soil particles to the surface of metal electrodeictv changes the condition of the elec-
trode surface.

The high frequency capacitive loop correspondsi¢ocharacteristics of corrosion
product film of the X70 steel which means the etattransfer of electrode surface is
impeded, and it is associated with the conditiothefelectrode surface [24]. Further-
more, the size of high-frequency semicircle de@sagith decreasing the particle size
is ranging from 0.1...0.25 to 0.6...1.0 mm with burtede 7 and 60 days respectively,
indicating that the severe corrosion of X70 stemiuns in the sandy soil corrosive
environment with a smaller particle size. This dasion was also supported by Bode
plots in the phase angle-log (frequency), whictegive phase angle of the characteri-
zation of the corrosion product film that is thengabasically in the initial stage infer-
ring that the integrity of the corrosion produdiiis essentially the same. Generally,
the phase angle is related to the integrity ofdbreosion product film [25]. At buried

128



time increasing up to 60 days, the integrity ofrasion product film of X70 steel
decreased with the particle size decreasing. Tleseplangle characterization of the
product film integrity is the same basically wheuribd 90 days, indicating that the
integrity of product film will tend to be equal \withe buried time increasing. This may
be due to the corrosion products and soil partiglesd together forming new patrticles
which are adhered to the metal electrode surfacetla® structure of the corrosion
product film tends to be equal.
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Fig. 4. Nyquist diagramsa( ¢, €) and Bode plotsly, d, f) of X70 pipeline steel
with buried time of 74, b), 60 ¢, d) and 90 dayse( f): 1 — 1# sands2 — 2# sands.

The formation of the medium-frequency capacitiveplds mainly due to the
charge transfer reaction of X70 steel corrosiorcgss. With the decrease of the par-
ticle size, the size of this capacitive loop sermlei decreased, indicating that the
charge transfer process was getting more impottean the diffusion process with
decreasing particle size (corresponding to the gut@m of TPB zone per unit area
increase), in other words, the cathodic oxygen ceolu reaction accelerated with the
decrease of the particle size. Furthermore, theninatge of the frequency impedance is
equal to 10 mHz which is inversely proportionaltiie corrosion rate of metal which
decreased with the particle size growth, as shavBode plots in theZ|-log (frequency).
This result further demonstrates that the corrosie of X70 steel in sandy soil solu-
tion increases with the particle sizes decreasing.
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The presence of low-frequency diffusive impedamed,obvious in Nyquist plots
suggests that the mass-transfer of dissolved oxygays an essential role in the
corrosion process of X70 steel, and the whole stroprocess is mixed-controlled by
mass-transfer and diffusion steps. However, tHeigldn impedance is linear deviation
from the standard of 45° line which may be relatethe condition of electrode surface
as well as the dispersion effect of electrolytesoyl particles on the metal surface
resulting in spherical diffusion.

In order to further understand the
@ corrosion mechanisms, the correspon-
ding equivalent circuit for EIS tests of
X70 steel fitted by ZSimpWin software
was shown in Fig. 5. There are two
time constants in the equivalent circuit
diagram that can describe the corrosion
_ ) o _ process of X70 steel in simulated sandy
Fig. 5. Equwalent circuit repr.ese.ntlng soil  solution  R(Q{R(Q:(RaW)))),
the corrosion process of X70 pipeline steel where R is the sandy soil resistance
in Fig. 4. between the working and the reference
electrodes, an@:—R represents the capacitance and resistance obtreson product
film on the metal surfaceR.—Q; corresponds to the charge transfer resistanceaand
constant phase element (CPE), aldrepresents the Warburg diffusion impedance
which value can be expressedZas= (Yu(jw)*) ™

The electrochemical parameters which can be olttdigditting the EIS based on
the equivalent circuit in Fig. 5, and are listedTiable 2. It can be seen that, with
decreasing sandy soil particle size, the chargesfea resistanceR(;) decreased. In the
current study [16], the reciprocal &f; value was used to characterize the corrosion
rate because of its close correlation with theasion rate. So, it can be concluded that
the corrosion rate of X70 steel increased with elgsing particle size. The EIS data
fitting errors of equivalent circuit in Fig. 5 aa#l within 10% and the effect of fitting is
good.

Table 2. EISfitting results of X70 pipeline stedl from the equivalent circuit

ngrﬁ- Sands| Rs oY, @ Ry, o, % Ret, SI,WSX
time | M1MPer QLo 31[;@;1_2 Qrry | Qe SE;rlr,fz Q| QT | o
7 days 1# | 211.2/7.10110°%0.7796 252.5|2.15910%0.6561 1089 |5.62610°
2# | 215.6/9.85210% 0.9064 361.1|1.65210%0.7147 1800 |4.42110°3
60 day 1# | 236.8/3.64810°0.6078 748.7|3.258107/0.6360 1948 [4.29910°
2# | 199.6(9.15710°/0.7161] 869.5|1.43610%0.7072 2643 |3.62810°
90 days 1# 88.1 (4.94410°% 0.8798 1009.36.55110%0.5035 840 |8.32010°

2# 90.9 |1.75810°|0.8473 502.4|2.78a10%0.7473 1089 |6.27610°

However, in the initial stages of the corrosiongass up to 60 days, the charge
transfer resistanci increased with the buried time increasing, whiah be attribu-
ted to the corrosion products that are formed atiteie to the electrode surface [7].
With increased buried time, the valueRyf decreased resulting from the detachment of
lose products. As shown in Nyquist plots (Fig. Bdwe, theR.; values also decreased
with the particle size decreasing.
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The modulus of the Warburg,, reciprocal to the diffusional impedance descri-
bed inZ, = (Yu(jw)*>) ™, are plotted in Fig. 6. It can be seen that tlfeisibnal impe-
dance increases with decreasing particle size énsdime buried time. This can be
mainly attributed to the smaller soil particle sizgh the larger dispersion degree of
electrolyte on the metal surface, which leads ®lénger proportion of TPB zone per
unit area. However, the diffusion process of digstloxygen in TPB zone is rapid,
leading to the diminished diffusion impedance o thetal in sandy soil corrosive
environment with a small particle size. As can éensin Table 2, with the buried time
increase, the diffusional impedance of X70 steetdased slowly. This may be attri-
buted to the electrolyte on the metal surface wiidcffected by the adherence of new
particles that are formed by soil particles andasion products, as a consequence,
affecting the acceleration of TPB zone on the ad¢harocess. For the lines in Fig. 6, it
can be seen obviously that, in the initial stageth® corrosion process up to 60 days,
the reciprocal values of,, increased over buried time, suggesting that thieosion
rate of X70 steel decreased. Consequently, thigtressconsistent with thB value of
X70 steel corrosion process that the charge tramsfistance increased with increa-
sing the buried time in the initial stages of cerom process.
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Fig. 6. EIS fitting theY,,and 1¥,, values  ° ¢ | G
of X70 pipeline steel variation buried 5] 1062
time. Y, is the modulus of the Warburg %, 4 | 047
and 1¥, represents the variation ~ « "3 ] T3
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The total electrochemical impedance of X70 sted.;hwt.% NaCl sandy soil in
Fig. 5 can be represented by the following equation

— 1
Z—Rs+ 1
1

+Yo, (W)™

R + 1

Ret * Yl W™
whereR;, Ry, Rt andY,, represent soil resistance, the resistance of the canrpsioluct
film, the charge transfer resistance and the moduldkeof¥Warburg, respectively, and
w is the angular frequency (rad/8}, is the admittance of constant phase element and
Yor is the admittance of the corrosion product filmr e equation, the coefficients
andngy represent a depress feature in the Nyquist diagraheselectrochemical para-
meters in equation are listed in Table 2.

This relation was derived in the following way. Therfula represents the total
electrochemical impedance in Fig. 5, and the impedaof the elementV is

Y jw)'°'5, and the total impedance of the elementsRgandW is added to th&

Yo, (W)™

andY,,( jw)'o'5 results inR,; andW as a series relationships. However, the element of
Q: andR.~W s in parallel connection, and then the total idgrece of the elements for
Q1 andR~W is added to th€); resistance Yq ( jw)™) and to the reciprocal of the

1

o+ Yo jW7O°

resistance oR.—W (

). Moreover, the element & andQ—R.—W is
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in parallel connection and the impedance for thiesee elements is added to fReand

to the reciprocal of the resistance @fR.—W ( ! ). The

1
Ret + Y W70

derivation process of other impedance for the etenmeFig. 5 is obtained by the same
mode. Hence, the total electrochemical impedancX#ff steel in 3.5 wt.% NacCl
sandy soil in Fig. 5 can be represented by thea@lbguation.

According to the results of Table 1 and Table Zhibuld be noted that the EIS
study results correspond to the polarization result

_ Surface analysis. Fig. 7 gives the corres-
Table3. The (EDS) analysis (Wt.%)  ponding SEM images and EDS of rust layers
of products of X70 steel in 3.5 wt.% NaCl sandy soil after
Elements| 1#sands 2#sarlds Puried for 90 days. It can be seen that, with
decreasing patrticle size, the numbers and sizes

+Yor (W)™

Fe 46.46 | 52.30 of pores in rust layers increased. Moreover, it
o] 31.91 29.44 is worth noting that these pores are mainly
Si 11.25 1022 composed of two parts, one is the defects of
the rust layer itself, and the other is the contact
c 7.86 5.43 between particle pores. Obviously, the rust
Cl 2.01 1.86 layers on X70 steel are generally loose, porous
Na 0.52 0.85 and defective,which resulting in the corrosive

ions in soil solution can reach the surface sub-
strate. It can also be seen that the soil particles
are wrapped with incomplete film in 1# sands cdm®system, and there are a lot of
tiny cracks and pores in the rust layer in 2# sacasosive system respectively, as
shown in Fig. &, c. This also can be attributed to the morphologfeSi@,, a compo-
sition of soil particles on the surface of metab][2The morphology of metal surface
corrosion of X70 steel after removing corrosiondarats is further analyzed below.

Fe

4 5  6keV

Fe@

1 2 3 4 5 6 6keV

Fig. 7. The SEM images (- 1# sands systera— 2# sands system) and EDS spectrum
(b — 1# sands systerd;— 2# sands system) of rust layer formed on X70 steéace
after 90 days buried.
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The EDS analysis results of the product film arewshin Fig. b, d. The main
elements of corrosion products of X70 steel in Na&idy soil are listed in Table 3.
The elements of Na and CI are mainly from NaCl aonihated soils, and Si may come
from the standard quartz sand and the substraté its

In order to further understand the

e . I, a.u. &
composition of corrosion products, the '
products were observed by X-ray dif- 60001
fraction analysis (XRD), as shown in 5000
Fig. 8. Clearly, the compositions of 4.
products consist of SiDFeOOH, F¢O,
and FgOs. In addition, SiQ is the main 30001
ingredient of soil particles such as quartz2000-
sand. 1000+ 3

~The surface morphology of the 0 MM” f BEN T
buried specimens of X70 steel after “50" 30" 40 50 60 70 26, degree
removing rust layers were observed by
SEM, as shown in Fig. 9. It is apparent
that the surface of X70 steel was
strongly damaged in the soil corrosive
environment with the particle size equal
to 0.1...0.25 mm. The roughness of the corroded segféncreases with the particle
size decreasing. This is attributed to the inhomedsg of the rust layer formed. As can
be seen in Fig. 9, with particle size decreasihg,tumber and size of pits increased
obviously, inferring that the corrosion rate of Xgtel reduced with the sandy soil
particle size increasing. As a consequence, tHaianalysis results agree well with
the results of the electrochemical studies.

Fig. 8. X-ray diffraction characterization
of corrosion products — SiO;;
& — FeOOHy — FeO,; & — FeO..

Fig. 9. Surface images of X70 pipeline steel aienoving corrosion products:
a— 1# sandsy — 2# sands.

CONCLUSIONS

The polarization resistance of X70 steel decreadtsdecreasing particle size in
3.5 wt.% NaCl simulated sandy soil corrosive envinent, and the corrosion rate of
X70 steel increases with decreasing particle Jihe.corrosion tendency of sandy soil
increases with buried time. The anode branch slopgslarization curve of X70 steel
corrosion process are basically the same, butjgheshift of the cathodic branch with
a particle size of sandy soil decreasing, sugdkatghe cathode oxygen reduction pro-
cess is accelerated, and the proportion of gagifsplid (TPB) zone also increased
with the particle size decreasing. Thus, the acatia of cathode corrosion process is
more significant. The corrosion of X70 steel is twotled by the process of cathode
diffusion and oxygen reduction. There are two titnestants in the equivalent circuit
diagram that can describe the corrosion procesé76fsteel in 3.5 wt.% NaCl sandy
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soil corrosive environment, as description R{Qi(R(Q1(R.:W)))). Furthermore, the
diffusional impedance of X70 steel decreases wétrehsing particle size. The corro-
sion rust layers of X70 steel after buried 90 dases generally loose, porous, incom-
plete and defective, and provide minor protectibthe matrix; the corrosion products
adhere with soil particles forming new particleiah also influence the proportion of
TPB zone per unit area on the metal surface. Fumibie, the number and sizes of
corrosion pits (spots) increase with the partite slecrease. The results of this work
can provide necessary references and theoretisa foa actual anti-corrosion resear-
ches of the natural gas pipelines. It suggests imathoosing the backfill soil for the
construction process of buried pipelines, the athgechoice should be given to rela-
tively large sandy particle-size as backfill meaési

PE3IOME. 3 10moMOror0 MeETOJiB IOTEHLIOJUHAMIYHUX MOJSIPU3ALiHUX KpPUBUX Ta
EJIEKTPOXiMiuHOI iMmeaancHoi criektpockomii (EIS) mocmimkeHo KoposiiiHy moBemiHKy Tpybo-
poBiaHoi crani X70y rpyHTOBOMY CepeloBHILi, sIKe 3MO/IelboBaHo po3unHoM 3,5 wt.% NaCh
YaCTMHKaMH KBapIloBOTO MicKy pizaoro po3mipy (0,1...0,25i 0,6...1,0 mm)BcranosieHo, mo
LIBUAKICTH KOPO3ii cTaji 3pocTae 31 3MEHILEHHAM PO3MIpY YaCTHHOK IPYHTY, IIPO IO CBIJYUTH
3HIDKEHHS 1i MOJISIpHU3amiifHOTO OMopy, a TaKoX 3CyB KaTOOHHUX TiOK MOJISPH3AIlifHUX KPHBUX
BIPaBo. 3p0o0JIEHO BUCHOBOK, L0 B IIbOMY BHIAJKy KOPO3il0 CTalli KOHTPOJIOE KaTOAHUIl Ipo-
1IeC BiJHOBJICHHSI KHCHIO HA MEXI1 MOJITy MeTal—CepeIOBHIIE, IHTEHCHBHICTh SKOTO 3pOCTA€ 3i
3MEHIICHHSM PO3Mipy YaCTHHOK IPYHTY.

PE3FOME. C nmoMouipi0 METOAOB MOTEHIIMOJUHAMHYECKUX MOJISIPU3AIMOHHBIX KPUBBIX U
JIIEKTPOXUMHUYECKOM MMIleIaHCHOM criektpockonuu (EIS) mccnenqoBano Koppo3noHHOE MMOBe-
nenue TpyborpoBoaHOU ctamu X70 B MOYBEHHOH cpesie, KOTOPYI MOJAEIMPOBAIH PaCTBOPOM
3,5 wt.% NaClc gactumamu kBapiieBoro necka passoro pasmepa (0,1...0,25u 0,6...1,0 mm).
Y CTaHOBIIEHO, YTO CKOPOCTH KOPPO3UH CTAIM PACTET C YMEHBIIEHHEM pa3Mepa YacTHIl TIOUBH,
0 4YeM CBHUJICTEIBCTBYET CHIDKCHHE €¢ MOJISIPU3ALUOHHOTO CONPOTHUBIICHUS, a TAKXKE CIABHT Ka-
TOJHBIX BETBEH MOISIPHU3ALMOHHBIX KPUBBIX BIPaBo. ClenaH BEIBOJ, YTO B JAHHOM CIIydae KOp-
PO3HIO CTaNIN KOHTPOJIMPYET KATOAHBIN MpOLecC BO30OHOBJICHHS KHCIOPO/a HA TPAHU JICICHHS
MeTaJlI—Cpela, HOITEHCHBHOCTH KOTOPOTO PACTET ¢ YMEHBIIEHHEM pa3Mepa YacTHUI] OYBEL.
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