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An experimental study was carried out to assess the effects of silty sand on the CO, corrosion behavior of 1 wt% Cr (1Cr) and 3
wt% Cr (3Cr) tubing steel under 0.5 MPa CO, at 100°C and 1.5 m/s flow velocity. The 1Cr and 3Cr specimens both suffered gen-
eral corrosion, but the surface was coarser in the pure CO, corrosion environment. Under silty sand conditions, severe pitting
corrosion occurred on the 1Cr specimens and some acicular pitting appeared on the 3Cr specimens. The average corrosion rates of
1Cr and 3Cr steels increased by factors of 3 and 1.6, respectively. The corrosion products were analyzed by scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), and electrical impedance spectroscopy (EIS).
The results show that silty sand acts as an inclusion in corrosion product films and reduces the homogeneity and density of the
products, rather than abrading the corrosion film. Ion-diffusion channels may build up around the irregular silty sand; this would
degrade the protective capabilities of the product films and aggravate corrosion.
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CO, corrosion is a severe problem in the oil and gas explo-
ration and production industries. Many major oil companies
suffer significant economic losses as a result of damage to
tubing and casings caused by CO, corrosion; such damage
can lead to well workover, production stoppages, and well
shutdown. High pressure in wellheads caused by inner cas-
ing corrosion failure is a threat to workers’ safety [1-3].
Since CO, corrosion in oil fields was first reported in the
1940s, a number of studies of CO, corrosion of oil and gas
tubing have been conducted. These studies have focused on
three aspects: the mechanism, rules, and influencing factors
in CO, corrosion; the physical and chemical properties of
the CO, corrosion products film; and anti-corrosion meth-
ods. Using the Cr-content steel is an effective method for
resisting CO, corrosion, and 13Cr martensitic stainless
steels have been widely studied and used in the oil and gas
production industries. In the second half of the 1990s,
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low-Cr-content steels (0.5 wt% Cr to 5 wt% Cr) were stud-
ied extensively because of their price advantages [4-6].
According to previous research [7-9], Cr enrichment of the
corrosion products is the main reason for the effective cor-
rosion resistance of low-Cr steels. Low-Cr-bearing steels
have been widely used in the oil and gas production indus-
tries, because of their effective corrosion resistance and
price advantages [10,11].

When there are sand particles in the corrosive fluid, the
corrosion mechanism will be much more complicated be-
cause of the synergistic effects of CO, corrosion and sand
erosion. Many investigations have been carried out on this
topic. Neville et al. [12] studied the CO, corrosion behav-
iors of carbon steel and stainless steel in a solid-liquid flow
with 200-425 pm sand. He believed that sand can abrade
the product film and lead to severe pitting corrosion on
carbon steel. Although there was less damage on 13Cr mar-
tensitic stainless steel than on carbon steel, some pits also
appeared on its surface. Rincon et al. [13] studied the CO,
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corrosion behavior of carbon steel in multiphase flow with
150 pm sand. The results revealed that sand can increase the
corrosion rate by a factor of 2—4. Lin et al. [14] studied the
abrasion performance of N8O steel in water/sand two-phase
flow and concluded that the damage to corrosion films
caused by large sand particles is more serious than that
caused by small particles. Malka et al. [15] investigated the
combined effects of erosion-corrosion of AISI 1018 steel in
NaCl solution. The sand size was 275 um. He found that the
corrosion rate under erosion-corrosion conditions is twice
that in a sand-free environment. This is because localized
disturbance increases the corrosion rate and makes the cor-
rosion surface coarser. Stack et al. [16] studied the abra-
sion-corrosion behavior of X52 steel in oil/water with
600-710 pm sand. The results showed that the specimens
lose weight because the synergistic effects of abrasion and
corrosion are 3 and 1.4 times those of pure abrasion and
pure corrosion, respectively, and severe localized corrosion
occurs in the synergistic environment. The above studies are
mainly based on the mechanism of sand particle abrasion of
corrosion products, and the size of the sand is generally
larger than 150 um.

During oil production, although some sand-control
measures for low or medium consolidated sand formation
will be adopted in the overall design, silty sand (10-50 pm
[17]) will still enter the wellbore along with the fluid flow;
this affects CO, corrosion. It is therefore important to inves-
tigate the influence of silty sand on CO, corrosion.

Based on the investigations described above, the objec-
tive of this paper is to discuss the influence of silty sand on
the CO, corrosion behaviors of tubing steels bearing 1 wt%
Cr and 3 wt% Cr. The results are of major significance for
tubing material selection in weak consolidated sandstone
reservoirs with CO, corrosive gas.

1 Experimental

1.1 Materials

The materials used in this study were tubing steels, which
were supplied by Tianjin Pipe Group Corporation, Tianjin,
China, containing 1 wt% Cr and 3 wt% Cr (hereinafter re-
ferred to as 1Cr and 3Cr, respectively). The chemical com-
positions of the materials used in this study are shown in
Table 1.

1.2 Solution

The solution used in this study is simulated oilfield water.
The pH value is 6.8 and the ion concentrations are shown in
Table 2.

1.3 Silty sand

The silty-sand size is from 13 to 45 um, and was obtained
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Table 1 Chemical compositions of 1Cr and 3Cr (mass fraction, %)

C Si Mn P S Cr Mo Ni
1Cr 020 027 042 0.0089 0.00082 1.03 0.24 0.10
3Cr 0.19 032 047 0.0089 0.00082 293 039 0.17

Table 2 Oil field water ions concentration (mg/L)

K* Na* Ca*  Mg* cr SO  HCO;  CO&
8350 3885 57 19634 850 337 0

using a combined sieve with 325 mesh (45 pm) and 1000
mesh (13 pm). Before the tests, the chemical compositions
of the silty sand were analyzed by energy dispersive spec-
troscopy (EDS, FEI Quanta 200F, Hillsboro, OR, USA) and
X-ray diffraction (XRD, D/MAX2500, Rigaku Corporation,
Tokyo, Japan). The results show that the silty sand is mainly
composed of O, Al, Si, Mg and Ca, and the chemical com-
position is CaO-MgO-Al,0;-Si0,. The silty-sand concen-
tration in the solution is 1 wt%.

1.4 Equipment and methods

The specimen holder of the high-temperature and high-
pressure dynamic autoclave was designed by the Rock Me-
chanics Laboratory, China University of Petroleum, Beijing,
China. The whole apparatus was made by Haianxian Oil
Scientific Research Apparatus Co., Ltd., Nantong, Jiangsu
Province, China, as shown in Figure 1. Coupon specimens,
of width 10 mm, length 50 mm, and thickness 3 mm, were
used.

Five specimens of each material were tested under the
same conditions. Three specimens were used to calculate
the average corrosion rate, one specimen was used for scan-
ning electron microscopy (SEM), XRD and EDS analyses,
and one was used for electrochemical tests.
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Figure 1 High-temperature and high-pressure dynamic autoclave.
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The specimens were polished with silicon carbide No.
320 and No. 600 papers, rinsed with distilled water, de-
greased in acetone, and then weighed after drying. The
specimens were mounted on a specimen holder, which was
made of polytetrafluoroethylene (PTFE). The holder was
placed in the autoclave, and then the simulated solution was
poured into the vessel (in silty-sand-containing tests, 1 wt%
silty sand was added to the solution at this stage) and the
autoclave was closed. Initially, the temperature was raised
to 45°C to remove some of the dissolved oxygen from the
solution, and then deaeration was carried out by N, gas
bubbling for about 2 h. After purging with N,, CO, was
injected into the autoclave for 5-10 min, and the tempera-
ture and pressure were raised to 100°C and 0.5 MPa. The
solution was saturated with CO, and kept for about 0.5 h to
stabilize the pressure, and then the rotary stirrer was started;
the flow velocity at the specimen surface was about 1.5 m/s
(rotation speed, 500 r/min). The testing time was 7 d.

The specimens were divided into three groups after the
tests. The specimens in group 1 were used to calculate the
average corrosion rate. First, the specimen surfaces were
washed with distilled water and the corrosion products were
removed by pickling in 10% hydrochloric acid solution
containing an inhibitor. Then the specimens were dried and
photographed (EX-H30, Casio Computer Co., Ltd., Tokyo,
Japan) to record the corrosion status. Finally, the residual
masses of the specimens were determined using an electronic
balance (accuracy 0.1 mg) and the average corrosion rate was
calculated by the weight-loss method. The specimens in
group 2 were immersed in distilled water for 3—5 min to dis-
solve the halide crystals on the surface, soaked in acetone for
20-30 s, and dried before XRD, SEM, and EDS testing. The
specimens in group 3 were cut into small pieces (10 mm in
length) and welded together with a copper conductor. Then
the surfaces of the welded samples, except for the corrosion
surfaces, were sealed with 704 silica gel; the corrosion sur-
faces were prepared for the electrochemical tests.

1.5 EIS tests

Electrochemical impedance spectroscopy (EIS) plots of
specimens with corrosion scale under different conditions
were carried out to analyze the ion permeability of the cor-
rosion products. The EIS measurements were performed
using a three-electrode test cell (CHI660C, Shanghai
Chenhua Instrument Co., Ltd., Shanghai, China). A graphite
electrode was used as the auxiliary electrode, a saturated
calomel electrode (SCE) was used as the reference electrode,
and the test specimen was used as the working electrode
(area, 1 cm?). The glass electrolysis pool had a capacity of
500 mL. The test solution was simulated oilfield water. Be-
fore the measurements, the test solution was deoxidized for
2 h using purified N,. The test temperature was 25°C. The
EIS measurements frequency range was 10 mHz to 100 kHz,
and the signal amplitude was a 5 mV sine wave.
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2 Results and discussion

2.1 Surface conditions and average corrosion rate

When the samples were removed from the autoclave, corro-
sion product scale was found on the surface of the speci-
mens and no scale peeled from the surface, not only under
sand-free conditions, but also under silty-sand conditions.
Photographs of the specimens after descaling are shown in
Figure 2. In the sand-free environment, both materials suf-
fered general corrosion, but no obvious localized corrosion
such as pitting and mesa attack, and the surface was rela-
tively coarse. However, when silty sand was added to the
environment, different degrees of localized corrosion oc-
curred on the surfaces of both materials. Severe pitting cor-
rosion appeared on the 1Cr specimens, and the 3Cr speci-
mens became coarser and needle-corrosion pits appeared.
Figure 3 shows the average corrosion rates of the 1Cr and
3Cr steels. In the sand-free environment, the average corro-
sion rates of 1Cr and 3Cr were 1.0296 and 1.2254 mm/a,
respectively. However, under silty-sand conditions, the av-
erage corrosion rate of the two materials increased observa-
bly to 4.1229 mm/a for 1Cr and 3.1882 mm/a for 3Cer, i.e.,
the rates increased by 3 and 1.6 times, respectively.

2.2 Corrosion film structure

SEM images of the 1Cr corrosion products are shown in
Figure 4(a) and (b). Under sand-free conditions, the 1Cr

(a)

Figure 2 Appearance of specimen surfaces after descaling. (a) 1Cr, sand
free; (b) 1Cr, silty sand; (c) 3Cr, sand free; (d) 3Cr, silty sand.
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Figure 3 Average corrosion rate of 1Cr and 3Cr under sand-free and
silty-sand conditions.
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Figure 4 Surface morphologies of 1Cr and 3Cr under the two conditions. (a) 1Cr, sand free; (b) 1Cr, silty sand; (c) 3Cr, sand free; (d) 3Cr, silty sand.

corrosion product is homogeneous and the crystal particle
size and color are consistent. EDS tests show that the outer
scale is composed mainly of Fe, C, and O. The XRD spectra
(Figure 5) and previous research [11,18] show that the main
outer corrosion product of 1Cr steel is FeCOs;. In the
silty-sand environment, the corrosion products are not
smooth, and the products contain irregularly distributed
bright particles. There are obvious gaps between these
bright particles and the surrounding FeCO; crystals. SEM
photographs of the 3Cr corrosion products are shown in
Figure 4(c) and (d). Under sand-free conditions, the 3Cr
surface morphology is the same as that of 1Cr, i.e., homo-
geneous and consistent. However, the 3Cr surface mor-
phology changed significantly after addition of sand (Figure
4(d)). The diameter of the bright colored particles in the
corrosion products is consistent with that of the silty sand
used in this study and may be sand particles.

Amplified SEM images of the surface corrosion products
of 1Cr and 3Cr specimens under silty-sand conditions are
shown in Figure 6. It is obvious that some parts of the cor-
rosion products are stacked, especially on the surface of the
1Cr specimens; these areas are marked in Figure 6.

The XRD spectra of the surface corrosion products on
the 1Cr and 3Cr specimens are shown in Figure 5. There are
no obvious differences between the compositions of the
corrosion products formed under silty-sand or sand-free
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Figure 5 XRD spectra of 1Cr and 3Cr corrosion products under different
conditions.

conditions; both are mainly FeCO;. Amorphous Cr-enriched
oxides (typical corrosion products of low-Cr-bearing steel
in wet CO, environments [4,19,20]) data curves do not ap-
pear in the XRD spectra. This may be because the amor-
phous Cr-enriched oxide was covered by a thick FeCO;
film.

The cross-section morphologies of the 1Cr specimen are
shown in Figure 7(a) and (b). The corrosion product is uni-
form and thinner in the sand-free environment (Figure 7(a)),
but it becomes thicker and mixed with particles under silty-
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sand conditions (Figure 7(b)). The EDS analysis results for
the eight test points in Figure 7 are listed in Table 3. The re-
sults show that the corrosion product consists mainly of O,
Fe, and Cr (test point 1) in the sand-free environment. Un-
der the silty-sand conditions, test point 2 should be the cor-
rosion product, and the other particles (test points 3—6) are
considered to be silty sand, because these particles have the
same size and chemical composition as the silty sand.
Cross-section morphologies of the 3Cr specimen are
shown in Figure 7(c) and (d). The corrosion product mor-
phologies of 3Cr are the same as those of 1Cr under sand-
free conditions and there are no irregular particles in the

Figure 6
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corrosion products. However, after addition of silty sand,
some solid particles are present in the corrosion products.
The EDS results show that test point 7 mainly consists of O,
Fe, and Cr, and should be the corrosion product (Figure
7(c)). The solid particles in Figure 7(d) (test point 8) are the
silty sand used in this study.

2.3 EIS characteristics of specimens with corrosion
scale

Figure 8(a) and (b) shows the EIS plots of 1Cr and 3Cr
steels with corrosion scales under the two conditions. Under

16.70 pm
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Figure 7 Cross-section morphologies of 1Cr and 3Cr steels. (a) 1Cr, sand free; (b) 1Cr, silty sand; (c) 3Cr, sand free; (d) 3Cr, silty sand.
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Table 3 EDS analysis results (at%) for different points in Figure 7
Point (6] Fe Cr Al Mg Si Ca Speculate
1 43.64 48.87 7.49 Corrosion products
2 51.89 22.08 0.39 Corrosion products
3 54.43 10.14 1.07 1.97 17.18 1.31 14.67 Silty sand
4 52.25 5.14 0.84 39.95 1.65 Silty sand
5 38.17 11.36 1.58 5.67 43.22 Silty sand
6 43.97 8.49 0.72 46.14 0.68 Silty sand
7 46.19 394 10.48 1.69 Corrosion products
8 46.78 6.66 46.55 Silty sand

silty-sand conditions, for 1Cr steel, there are two time con-
stants in the EIS results: the capacitive reactance arc in the
high-frequency range and the inductance arc in the
low-frequency range. The capacitive reactance arc in the
high-frequency range is associated with electric dou-
ble-layer capacitance and reaction transfer resistance, and
the inductance arc in the low-frequency range is associated
with surface activation and dissolution. The inductance arc
under sand-free conditions is not obvious. This indicates
that the rate of surface activation and dissolution for 1Cr
under silty-sand conditions is higher than that under
sand-free conditions. Moreover, from the diameter of the
capacitance arc, it can be concluded that the polarization
resistance of the 1Cr steel under silty-sand conditions is
much less than that under sand-free conditions. All the data
indicate that the corrosion film is loose and that ions can
penetrate the film easily under silty-sand conditions. The
film provides poor protection for the matrix.

Under sand-free conditions, the EIS results for 3Cr steel
show Warburg impedance characteristics. This is because
amorphous Cr-enriched oxides are produced, and these pro-
tect the base effectively. It is difficult for ions to pass
through this film: therefore the electrode reaction is con-
trolled by ion diffusion. Under silty-sand conditions, there is
no Warburg impedance because sand is mixed in the film. A
channel, which helps ions to pass through the film, is set up
along the boundary between the sand and the corrosion film.
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Under these conditions, the electrode reaction is not con-
trolled by ion diffusion and the corrosion rate increases sig-
nificantly.

2.4 Mechanism of scale formation

The analysis results described above reveal that silty sand
does not abrade the corrosion film, but mixes with the cor-
rosion products. According to previous research [19-22],
the main anodic reactions of low-Cr steel in CO,-containing
aqueous solution can be represented by the following four
reactions:

Fe — Fe®* + 2e, (1)

Fe + HCO; — FeCO;+ 2e + H, 2)
Fe + CO3” — FeCOs; + 2e, 3)
Cr+30H — Cr(OH); + 3e. 4)

In view of the experimental results, the anodic reactions,
and previous research [23-25], the formation of the CO,
corrosion film on low-Cr tubing steel in a silty-sand-
containing environment is explained as follows. The inner
FeCO; film is generated by the chemical reaction of CO3",
HCO3, and Fe*, i.e.,eqs. (2) and (3), and Fe®* is generated
by hydrolysis of the metal matrix (eq. (1)). This chemical
process is very rapid and the film is very thin, so it has little
restraining effect on further diffusion of Fe**. There is little

1000
900 |
800 |
700
600 |
500
400
300
200
100

(b)

ImZ (Q cm?)

—o— 3Cr, sand free
—a— 3Cr, silty sand

0 L I 1 L I L I
0 100 200 300 400 500 600 700 800
ReZ (Q cm?)

Figure 8 EIS plots of specimens with corrosion scale under the two conditions. (a) 1Cr; (b) 3Cr.
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mixing of silty sand with this film, because the film grows
from the matrix surface to the outer surface. In carbon steels
containing Cr, another anodic reaction could occur, shown
in eq. (4), and an amorphous Cr-enriched-oxide (Cr(OH);)
could be detected in the corrosion products. This film is
formed by deposition, so silty sand particles may be en-
trained in this layer, and the product will consist of Cr(OH)s,
FeCO;, and silty sand. When the environment is sand free,
Cr complexes in this film can effectively reduce the ion-
exchange and corrosion rates. However, when silty-sand
particles are entrained in the film, because of the different
properties and irregular shapes of the silty sand in the cor-
rosion products, ion-diffusion channels will form around the
sand particles, and this significantly reduces the protective
ability of the amorphous Cr-enriched-oxide film. Fe** gen-
erated from the anodic reaction will diffuse to the scale sur-
face through the ion channels. When [Fe*] and [CO3 ] ex-
ceed the FeCOj; solubility product, FeCO; will be deposited
on the outer surface of the scale and form a loose film. This
film covers the outer surface of the mixed-products scale
and has weak protecting abilities. Because of the presence
of the ion-channel, an area of high Fe** concentration will
form around the silty-sand particles. It is therefore easy to
form FeCOj; stacks around the sand particles. If the sand
particle size is small, the particles will be buried by the
FeCOj; crystals and form piles, as shown in Figure 6. On the
other hand, large sand particles will crop out of the corro-
sion products film, as shown by the arrows in Figure 4.
Based on these results, the CO, corrosion film structure of
low-Cr tubing steel in a silty-sand-containing environment
is suggested to be that shown in Figure 9.

3 Conclusions

(1) The effects of silty sand on the CO, corrosion behaviors
of low-Cr-bearing steels in simulated oilfield water were
investigated. The presence of entrained silty sand increased
the alloy’s average corrosion rate significantly, by a factor
of 3 for 1Cr and of 1.6 for 3Cr, compared with the rates in a
sand-free environment. Pitting corrosion was only observed

Outer FeCO; film

FeCO,stacking
out of the sand particle

1 lon channel

’\around silty sand

Irregular
sand particle

Amorphous
Cr enriched-oxide layer

Inner FeCOj; film

Figure 9 Corrosion film structure of low-Cr tubing steel in CO, and
silty-sand-containing environment.
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in the silty-sand-containing environment.

(2) Silty sand mixed with the corrosion films will reduce
the homogeneity and density of the corrosion film and
loosen the corrosion film. Corrosion products will stack
easily around the silty-sand particles.

(3) Under conditions simulating those in a down-hole
environment, silty sand does not abrade the corrosion prod-
ucts film, but acts as an inclusion in the products. Ion-
diffusion channels may form around the silty sand and the
amorphous Cr-enriched-oxide film, which has good protec-
tive abilities, loses its ion-selective permeability. Ultimately,
the protective abilities of the produced film deteriorates,
which will significantly increase corrosion.

This work was supported by the National Science and Technology Major
Project of China (2008ZX05024).
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