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Saturated brine cement slurry is widely used to solve the cementing problem in salt-gypsum layers, and
the cement and its first interface play a key role in the integrity of oil wells. In this paper, the
electrochemical properties, mechanical properties, and microstructure of a saturated brine cement/casing
system were studied in simulated formation water containing saturated CO; at 80 °C for 10-60 days.
The results show that the cement and its first interface were affected by the cement hydration and
corrosion due to the CO and CI, resulting in an initial increase and then a subsequent decrease in the
performance of the cement matrix and interface transition zone. With an increase in the immersion time,
the microstructure of the cement matrix first became dense and then gradually became loose and porous.
The casing steel was corroded by CI- and CO». At the same time, the CO2 permeation was faster than the
reaction step with the cement matrix, and the first interface was destabilized before the cement stone
was severely corroded.
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1. INTRODUCTION

With the development of exploration technologies for oil and gas resources, some countries are
gradually focusing on deep and ultradeep wells to access these resources. The oil and gas layers in deep
and ultradeep wells are mostly covered by a salt—gypsum layer, where saturated brine cement is mostly
used to cement the wells in oil fields [1-2]. Carbon dioxide, which is present in oil and natural gas, can
be dissolved in formation water and is corrosive to cement under the appropriate humidity (relative
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humidity greater than 50%) and pressure conditions, thereby leading to accidents, such as gas channeling
and casing corrosion failure [3-5]. Compared with those of other cements, saturated brine cement stone
contains higher contents of Cl- and other aggressive anions, thereby causing increased severe corrosion
of the casing steel.

At present, some reports have been conducted on the CO> corrosion of cement [6-10] and casing
steel [11-15]. However, the problem of weakening and instability of the saturated brine cement/casing
interface caused by corrosion is hardly involved in these reports. To better simulate the actual service
state that is present underground, cement stone/casing steel was considered as a whole system under a
CO2 environment in the present work because it can reveal the instability phenomena at the
cement/casing interface.

2. EXPERIMENTAL METHODS

2.1 Sample preparation

P110 casing steel and Aksu G-grade cement were used as raw materials. LunTai industrial salt,
HX-21 dispersant, and a Flok-2 anti-gas channeling agent were also used. Table 1 shows the
formulations of saturated brine cement slurry. The cement/casing system, in the form of a cement-coated
casing steel, was prepared. The casing steel was 10 mm in diameter, the working end was 40 mm long,
and the other end had an external thread. With the addition of an antifoaming agent, the cement slurry
was poured into a mold after being stirred at high speed and then solidified at 80 °C for 24 hours. A
cement column with a diameter of 50 mm and a height of 110 mm was prepared, and the P110 steel was
kept in the center of the cement column. Fig. 1 shows a diagram of the sample.

Table 1. Formulation of saturated brine cement slurry (g).

Cement  Water Salt Ganister sand Microsilicon Dispersant  Anti-gas channeling agent
520 222 37.8 130 26 30.72 10.14
Cement

Casing steel

: F | Exterﬁal thread

| Wire

Figure 1. Diagram of the cement/casing system.
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2.2 Experimental conditions

The cement/casing samples were demolded after curing and immersed in simulated formation
water containing saturated CO, at 80 °C for 10-60 days. The corrosion mechanism of continuous
immersion was adopted. The cylindrical side of the test piece was a corrosion surface, and the corrosion
area on the side of the casing steel was 12.56 cm?. Table 2 shows the composition of the simulated
formation aqueous solution.

Table 2. Formula of the simulated formation aqueous solution.

Compositions  Na* K* Ca? Mg?* Cl HCOs  SO4*
Concentration o1 5 751 1403 824 24309 280 120
(mg/L)

2.3 Electrochemical test

A three-electrode system composed of a working electrode (cement/casing sample), auxiliary
electrode (platinum electrode), and reference electrode (saturated calomel electrode) was prepared to test
the electrochemical behavior of the sample immersed in the simulated formation water at 80 °C. With
the use of a PGSTAT302N Autolab electrochemical workstation, the impedance spectrum was measured
using a frequency range of 10>-10° kHz and a sine wave with a potential amplitude of 10 mV.

2.4 Mechanical property test

The threaded portion of the sample was exposed and connected by a special fixture, and the
cement ring was connected by a sleeve. The shear stress of the interface between the cement and the
casing was tested by a pull-out method on a material mechanical testing machine, and the maximum
tensile stress was recorded. The tensile stress was converted into the interfacial shear strength to evaluate
the cementation strength of the interface.

The cement stone was transversely cut and used after being ground and polished. With the use
of a microscopic Vickers hardness tester, the microhardness of the cement ring matrix and the area near
the interface (the interface transition zone) was measured with a test load of 300 gf and a load time of
10s.

Compressive strength testing was conducted on the cement stone using a compression testing
machine, and the maximum compressive stress before the cracking of the cement stone was recorded.
Then, the compressive strength was calculated by measuring the cross-sectional area of the test sample.

2.5 Microscopic morphology test

The microstructure of cement stone and casing steel at different corrosion times was observed
by using scanning electron microscopy (SEM) on a Zeiss EVO MA15 instrument, and the corrosion
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degree of the casing steel and cement stone was evaluated with an acceleration voltage of 20 kV.
Elemental analysis of the cement/casing system was conducted with energy-dispersive spectroscopy
(EDS).

2.6 Analysis of the corrosion product

The composition of the corrosion product was measured by X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy. The efficiency voltage and energy voltage during XPS analysis were
both 12 kV, and the vacuum degree during sputtering was 2.0x10” mbar. The Raman spectrum was
measured in the range of 200 cm™ to 2000 cm™, and the step size was 2 cm™,

3. RESULTS AND DISCUSSION

3.1 Electrochemical impedance spectroscopy

Fig. 2 shows the Nyquist plots and high-frequency region (HFR) enlargement of the
cement/casing system with different immersion times. The low-frequency (LF) capacitive arc is
generally considered to reveal the electrochemical characteristics of the passivation film on the steel-
cement interface, while the high-frequency (HF) capacitive arc character indicates a change in the
microstructure of the cement stone [16, 17]. Fig. 2 shows that the LF region of the Nyquist plots is a
large arc close to a straight line when the sample was immersed for 10 days, thereby indicating that the
casing steel is in a passivated state [18]. Starting at 20 days, the LF zone capacitive arc begins to shrink,
and the HF zone capacitive arc diameter increases first and then decreases with an increase in the
immersion time. Fig. 3 shows the equivalent circuit model [19-21] for the corrosion system, where Ry is
the solution resistance, Rz is the cement layer resistance, Rz is the charge transfer resistance of the steel
dissolution process caused by the etch pit, and R4 is the transfer resistance of the double electric layer
on the surface of casing steel, which is equivalent to the polarization resistance during the DC
measurement.

Table 3 shows the fitting results. R> increases first and then decreases with the increase in the
immersion time as a result of the increased influence of the cement hydration at the early stage. As a
result, the density of the cement stone structure increases, and the permeation resistance of the corrosive
medium in the cement layer increases, thereby causing R> to gradually increase. However, the hydration
in the late stage is weakened, and the CO> corrosion destroys the composition and structure of the cement
stone, leading to an increased permeability of the cement stone, which in turn causes Rz to gradually
decrease [22, 23]. The R4 reaches a maximum of 2.858x10* Q at 10 days, and the LF region of the
Nyquist plots is a large arc close to a straight line, thereby indicating that the casing steel is in a
passivated state. Then, the R4 gradually decreases from 20 days onward because CI" in the cement
gradually accumulates on the surface of casing, and CO> penetrates into the cement interior and reaches
the surface of the casing during the late immersion period, thereby resulting in the gradual depassivation
of the surface of the casing and the corrosion of the casing steel [17]. R4 significantly decreases after 60
days of corrosion, indicating that the interface is severely damaged.
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A straight line near 45° in the LF region is found in the Nyquist plots with an immersion time of

50 days, which shows diffusion characteristics of the Warburg impedance, thereby indicating that the
corrosion control step of the casing steel changes to diffusion process control at the beginning of the 50™"
day. This phenomenon occurs because the fluidity and migration ability of the medium in the cement
stone are far less than that in the solution. Therefore, the corrosion products generated on the casing steel
cannot be transported to the external environment in time, which makes the diffusion and transmission

of corrosion products on the casing surface the control step [24, 25].

Table 3. Impedance spectrum parameters of saturated brine cement/casing system.

Group 10 days 20 days 30 days 40 days 50 days 60 days
R1 47.33 326.5 362.7 293.3 445.7 470.1
Q1 1.795x10 4.841x10° 3.92x10* 2.661x10% 2.65x10° 1.406x10°

n 0.196 0.4168 0.6568 0.4654 0.4163 0.4771
R2 1172 2594 4351 5942 726 682.8
Q2 / / / 1.116x10* 1.767x10*
n / / / 0.7842 0.5453
Rs / / / 4261 3736
Qs 4.815x10% 4.917x10% 5.535x10®°  5.926x10° 6.482x10* 1.892x10°3
n 0.683 0.6107 0.3075 0.2521 0.7751 0.7074
R4 2.858x10% 5246 2621 2226 1889 1315
wW 2.329x10% 2.801x10°  3.815x10*  2.836x10™ 8.266x10* 1.247x10°3
(Note units of R-Q, Q-S-sec"/cm?, and W-S-sec®®/cm?)
8000 1000
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Figure 2. Nyquist plots of the sample under different immersion corrosion times: (a) Nyquist plots and

(b) HFR enlargement.
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Figure 3. Equivalent circuit used for fitting the impedance data: (a) uncorroded and (b) corroded to a
certain extent.

3.2 Mechanical properties

3.2.1 Shear strength

Fig. 4 shows the change in the interfacial shear strength of the cement/casing samples after the
development of immersion corrosion at different times in the simulated formation water containing
saturated CO». Fig. 4 shows that during the immersion process, the interfacial shear strength between
the cement and casing gradually increases during the first 40 days, which indicates that the interface was
not seriously damaged by aggressive substances, such as CI- and COz, during the 40-day immersion time,
but the bonding force between the cement and casing gradually increases as the cement hydration
progresses [26]. From the 501 day onwards, the interfacial shear strength values decrease, indicating that
the corrosive substances Cl- and CO2 played a major role in the interface erosion, which weakens the
cementation ability between the cement and casing. Electrochemical tests show that the interface is
affected by corrosive media at the beginning of the 20" day of immersion time, and the erosion begins
at the local pores and then gradually extends to the entire interface. After 40 days, the cementation
strength of the interface begins to drop sharply.

3.0 1

Shear strength/MPa
= = N NN
wn o - » ~
1 L 1 L 1
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1
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10 20 30 40 50 60
Corrosion time/d

Figure 4. Diagram of the cement/casing system shear strength change.

3.2.2 Cement microhardness

Reports [27-29] indicate the existence of a loose and weak transition zone at the interface
between oil well cement and casing steel, which is composed of a large number of easily erosive Ca(OH):
crystals, high-alkaline hydrated calcium silicate (C-S-H) gel, and unhydrated cement particles. The
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present work analyzed the microhardness of the interface transition zone and the cement matrix area.
Fig. 5 illustrates the microhardness with different immersion times. The microhardness of cement stone
first increases and then decreases with increasing immersion time, and the hardness of the interface
transition zone becomes lower than that of the cement matrix. According to the hydration characteristics
of G-grade oil well cement, the hydration degree of the cement can be as high as 80% at 28 days of
hydration, and then the hydration speed decreases, which has a weak influence on the hardness of the
cement stone. Therefore, the microhardness of the cement stone increases rapidly in the first 30 days,
and the hardness reaches its maximum at 40 days. Subsequently, the corrosion effect of CO2 is dominant.
Thus, the hardness of cement stone begins to decrease on the 50" day. The microhardness of the interface
transition zone is lower than that of the cement matrix because the hydration degree of the cement in the
interface transition zone is lower than that of the matrix during the early stage. At the late stage of
corrosion, owing to the CO; penetrating into the interior of the cement and accumulating in the interface
transition zone, the corrosion in the interface transition zone is more substantial than in the cement
matrix, leading to a decreased hardness of the interface transition zone.

40 - -
#— Cement matrix

®  Interface transition zone|

35

30

Hardness/HV

25

20 ——
10 20 30 40 50 60
Corrosion time/d

Figure 5. Variation of microhardness of cement stone with time.

3.2.3 Compressive strength

Fig. 6 presents the compressive strength of cement stones with different times. The compressive
strength of the cement stone first increases and then decreases with immersion time. In the first 40 days,
the compressive strength gradually increases due to the rapid progress of cement hydration. At this stage,
the corrosion effect of CO2 on cement stone exists mainly in the surface layer. After 40 days of
immersion, the hydration rate of the cement slows, leading to the weakened influence on the compressive
strength of cement stone, thereby causing the deep corrosion of the cement stone by CO> to weaken the
compressive strength of the cement stone.
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Figure 6. Change in the compressive strength of the cement stone with time.

3.3 Microscopic morphology

3.3.1 Micromorphology of cement stone

30 40
Corrosion time/d

50

60

10700

Fig. 7 illustrates the cross-sectional microstructure of cement stones with different immersion
times. Given the low concentration of CO; in the early stage, the bonded CaCOs (as shown in Fig. 7[d])
is gradually formed, thereby preventing the diffusion of CO>. The chemical reaction mechanism is shown
in Formula (1). As the infiltrated CO> concentration increases, the pH value and the stability of C-S-H
and ettringite decrease. The microstructure of the outer layer of the cement ring starts to produce pores
on the 50" day, and the pores become evident on the 60" day. Reactions (2)-(4) proceed quickly and

destroy the effectiveness of the cement [30].
Ca(OH),+H' +HCO; — CaCO;+2H,0

CSH+H' + HCO; — CaCO;+Si0,+ H,0
CO,+ H,0 + CaCO; — Ca(HCO;),
Ca(HCO3),+Ca(OH),~2CaCO;+2H,0

Tpm EHT =20.00 kv Signal A = SE1 Date :25 Apr 2018
1 WD =15.0 mm Mag= 5.00KX Time :20:07:25

Signal A= SE1
Mag= E00KX

1)

)
(3)
(4)
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Figure 7. Microstructure of different sites in the cement at different times: (a) 10 days, interface
transition zone; (b) 10 days, cement exterior; (c) 30 days interface transition zone; (d) 30 days,
cement exterior; (e) 50 days, interface transition zone; (f) 50 days, cement exterior; (g) 60 days,
interface transition zone; and (h) 60 days, cement exterior.

As shown in Fig. 7, a strip-like material begins to appear in the interfacial transition zone on the
50" day and was analyzed by EDS, and the composition data is shown in Fig. 8 and Table 4. Based on
the atomic ratio calculation and the description of the literature [31], CaCOs is considered to be main
component of the material. The results indicate that CO, penetrates into the interface and carbonizes
with the cement in this microregion, which affects the overall performance of the interface, thereby
causing the strength of the interface cementation to begin decreasing.
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Figure 8. EDS analysis of strip-like features in the interface transition zone.

Table 4. EDS results of cement internal strip material.

Element C (o) Ca Fe Si Al
wt. % 8.71 38.53 32.06 10.43 6.73 3.54
at. % 16.72 55.07 17.96 3.42 5.53 2.30

3.3.2 Micromorphology of casing steel

SEM was used to observe the casing steels removed from the cement/casing system with
immersion times of 10 and 60 days, and the results are pictured in Fig. 9. A flat and crack-free passivation
film appears on the surface of casing steel when the casing steel is uncorroded. The surface of the film
has longitudinal scratches and a small amount of cement particles that remained after the drawing
process. Fig. 9(b) shows that an uneven film layer containing a number of cracks exists on the surface
of the casing steel after being corroded and has no protective effect on the casing steel.

Signal A = SE1 Date :27 Oct 2018 —
Mag = 500 X Time :10:15:40

10 pm EHT = 20.00 kV Signal A= SE1 Date :25 Apr 2018
— WD = 11 5 mm Mag= 500X Time :18:26:58

Figure 9. SEM micrographs of casing steel after different immersion corrosion times: (a) 10 days and
(b) 60 days.
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3.4 Analysis of the corrosion products of the casing steel

Fig. 10 shows the EDS analysis of the corrosion products on the casing surface with immersion
time of 60 days. Table 5 lists the element content of the corrosion products. The corrosion products
mainly consist of Fe, C, and O and contain a small amount of Ca and CI.

Table 5. Content of elements on the casing steel surface after corrosion.

Element Fe C (o) Ca Cl
wt. % 69.5 3.41 22.13 2.84 2.12
at. % 41.9 9.22 44.36 2.45 2.07

Fig. 11 illustrates the Raman spectrum of corrosion products on the casing surface. According to
the analysis, the Raman characteristic peaks of 670 and 1084 cm™ are obtained from the corrosion
product, which correspond to Fe3Os and Fe(COs)2 [32,33], respectively, thereby indicating that FezOs
and Fe(COg)2 forms during the corrosion process of the casing steel.
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Figure 10. EDS of casing steel at an immersion time of 60 days.

4000

670
3500

3000
1084

2500

N

o

o

o
1

Intensity/a.u.

1500

1000

T T T T
0 500 1000 1500 2000
Wavenumber/cm™

Figure 11. Raman spectrum of corrosion products on the casing surface.
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Fig. 12 presents the XPS analysis of the corrosion products on the casing steel, including the full
spectrum and the fitting diagram of Fe and O peaks. The full spectrum clearly shows that the corrosion
products are composed of five elements: O, Fe, C, Cl, and Ca. The XPS spectrum of O was divided by
using partial peak fitting into three peaks of 530.6, 531.4, and 531.6 eV, which correspond to 0%, CO3z>
, and OH’, respectively [34]. The XPS spectrum of Fe was divided into three peaks with binding energies
corresponding to 709.2, 710.2, and 711.0 eV. According to the literature [35, 36], 709.2 eV corresponds
to Fe?*, 710.2 eV corresponds to FeCl, and 711.0 eV corresponds to Fe®*.

Based on the above analysis, the surface corrosion products of casing steel can be speculated to
be mainly composed of FeCOs, Fe304 and a small amount of Fe(OH).. FeCl; is an intermediate product
that forms during the catalytic corrosion of steel by CI". In addition, a small amount of CaCO3 particles
are observed on the surface of the casing steel. Therefore, the casing steel in the saturated brine
cement/casing system is mainly corroded by CI"and CO in the simulated formation water. The corrosion
mechanism is shown in Formulas (5)-(14).

CO- corrosion mechanism [37]:

CO, > COsag) (5)
CO,,q + H,0 — H,CO, 6)
H,CO; = 2H +COT @
2H" +Fe —> Fe* +H, (8)
2+ 2—

Fe** +CO,> — FeCO, ©)
General equation: CO, + H,0+Fe — FeCO, + H, (10)
Corrosion mechanism of CI" pair steel [38, 39]:

Fe = Fe’ " +2e (11)
2CT+Fe®* — FeCl, (12)
FeCl,+2H,0 — Fe(OH),+2Cl +2H" (13)
6FeCl,+0,+6H,0 — 2Fe;0,+12CI +12H" (14)
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Figure 12. XPS spectrum of corrosion products on the casing steel: (a) full spectrum, (b) fitting diagram
of O peaks, and (c) fitting diagram Fe of peaks.

4. CONCLUSION

The saturated brine cement/casing system was immersed and corroded in simulated formation
water containing saturated with CO> at 80 °C. The electrochemical properties, mechanical properties,
corrosion products, and microstructure evolution were analyzed. The following conclusions were drawn:

(1) The impedance results show that the protective effect of the cement stone on the casing steel
first strengthens and then weakens it. The casing steel is in a passivated state on the 10'" day, and then
the passivation is gradually broken, leading to the corrosion of the casing steel. Both the cement matrix
and the interface transition zone begin to degrade on the 50" day, thereby indicating that the CO.
penetrates faster than during the reaction step with the cement, and the interface starts to destabilize,
while the cement stone is not seriously corroded.

(2) Based on the interface sheer strength, microhardness and compressive strength, the
degradation rule of the cement matrix and the interface transition zone is concluded to be the same.
Moreover, the corrosive medium first acts in the local area of the pores and then extends to most of the
area, thereby causing the properties of the interface to begin to decrease.

(3) The saturated brine cement is affected by hydration and corrosion in the simulated formation
water containing saturated CO>. As a result, the cement performance and interface stability first increase
and then decrease. When the cement is corroded by COy, its structure initially becomes dense. As the
infiltration of CO2accumulates, the pH decreases, and the corrosion reaction accelerates, thereby making
the cement structure porous again.

(4) During the immersion corrosion process, the casing steel is corroded by CI- and CO», and the
main corrosion products are FeCO3, Fe304, and a small amount of Fe(OH)s.
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