Effect of the Acid Environment on the Electrochemical Behaviour of
1045 Steel Reinforced Cement
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Abstract. External corrosion is one of the most common cawudenilwell casing failure. Hostile
environments can be due to acidizing treatmentiofigh it is common to add corrosion inhibitors
and oxygen scavengers in acidic solutions to coettternal casing corrosion, their real efficiency
is unknown yet. Therefore, it is important to etibhow aggressive to steel are the different
hostile environments to help decide which acidstessmns can be used. A comparative evaluation of
the corrosion of steel immersed in hardened cerskmties submitted to commonly acidizing
agents is suggested. The performance of Speciak®artland Cement Slurries reinforced with
polished SAE 1045 steel was evaluated by electrocdad measurements as a function of time.
Open circuit potential, polarization curves andcilehemical impedance spectroscopy were
studied. 15.0 wt% HCI, 12.0 wt% HCI + 3.0 wt% HEdular mud acid), 10.0 wt% HAc + 1.5 wt%
HF and a simulated hardened cement slurry poretigoluwere used as electrolytes. The most
aggressive acid solution to plain Portland hardeseedent slurries was the regular mud acid. 10.0
wt% HAc + 1.5 wt% HF electrolytes were the leagfgr@ssive ones, showing open circuit
potentials around +250 mV compared to -130 mV ef simulated hardened cement slurry pore
solution after the first 24 hours of immersion. Fiehavior was observed during two months at
least. Similar corrosion rates were shown betwesth klectrolytes, around 0.QiA.cm. Total
impedance values, insipient arcs and large pokasizaesistance capacitive arcs on the Nyquist
plots, indicating passivity process, confirmed tiehaviour of the system in the 10.0 wt% HAc +
1.5 wt% HF electrolyte.

I ntroduction

Acidizing is an important oilwell stimulation tedigue, which increases well production. The
injection of acid solutions to remove solid debr@m oil wells is a commonly employed technique
to increase the flow of oil [1]. The acid is pumpalvn under pressure through the casing towards
the formation. The usual acidizing solution usediiwells are 10 wt% acetic acid + 1.5 wt% HF,
12.0 wt% HCI + 1.5 wt% HF (mud acid) and 15.0 Wil [2-4].



At the cannonades, the acid comes in contact mghcement sheath, where they react causing
severe damage to the cement, eventually exposegaking to corrosive fluids causing external
casing corrosion. The susceptibility of the centerdcid dissolution and its significance to the oil
industry has been reported [2-4]. It is importanteamember that the aggressive behaviour of acids
is controlled in oil fields using oxygen scavengfkand corrosion inhibitors [6] in the injected
acids. The acid strength is minimized with watéeécidizing operations [1]. In a general way, the
use of cathodic protection has also been repofteid [prevent external corrosion.

This work comparatively assess different aggressieelizing solutions to external corrosion
casing, destroying the passive film of the intezfa€the cement sheath and steel of the casing.

Material and methods

Special Class oil well Portland cement (CIMESA, drjeiras, Brazil, density 3.15 g.&nand
water (density 0.9969 g.cfiwere used to prepare the slurries at a wateenteat weight ratio of
0.46 according to API Spec 10a and API Spec 108B][8,

The slurries were reinforced with polished SAE 1QGtBel to carry out the electrochemical
measurements according to a proposed system msddoride corrosion in steel bars immersed in
concrete, as already described in a previous wtdk [LOO mm pieces of 8 mm round steel were
submitted to chemical cleaning and painted with teatings of coal tar epoxy paint, in order to
protect its surface from premature oxidation intachwith the environment. A SAE 1045 steel was
evaluated in order to minimize the inference okottompounds on the corrosive process.

One of the extremities of the bar was smoothed hefbre the immersion in the sample,
delimitating the surface for study. A metallograpbrocedure including smoothing and polishing
was performed to adjust the surface roughnessdopsion pitting identification. The smoothed
area was turned to the lower part of the sampleking it necessary the use of a Luggin capillar.
Five samples of 50 mm x 100 mm (diameter x heigl#)e produced for each situation. Samples
were prepared in a vibration table and cured inewat 38 degrees Celsius in order to reproduce
superficial oil well conditions.

Three-electrode cell systems were used in the measts. Saturated calomel electrode was used
as the reference electrode and a platinum electnottel cnf of exposed area was used as the
counter electrode. Open circuit potentials (OCPlewabtained in order to determine the necessary
time to stabilize the potential in all the sampbefore potenciodynamic polarization tests. The
polarization curves prior to Tafel plot analysegevgathered from - 400 mV to +1200 mV at a scan
rate of 1 mV.8. A PGP201 Radiometer potenciostate/galvanostaseused in both tests.

Impedance spectroscopy measurements were carriedusing a Radiomenter potenciostate
PGZ100. They were performed from 100 KHz to 10 nwith a peak to peak amplitude of 10 mV
immediately after the immersion and after 1 h, 3 h, 4 h, 1 day, 2 days, 3 days, 4 days, 15 days,
month and 2 months.

Results and Discussion

Open circuit potential measurements are showngn Ei As it can be seen, samples immersed in
10.0 wt% HAc + 1.5 wt% HF solution showed the mpssitive open circuit potentials. Also, an
increase in the OCP values is observed with the 0.0 wt% HAc + 1.5 wt% HF and simulated
pore solution samples. This behavior suggestsdiredtion of a thermodynamically stable passive
layer [11, 12]. Similar behavior was observed aenonths of exposition to the acids. Oppositely,
15.0 wt% HCI and regular mud acid samples, showdeaease in the OCP values with the time
indicating a higher corrosion tendency.

The long time required to stabilize the OCP is asged to the presence of hardened cement around
the electrode. Chemical changes on the doublerielgictayer due to Hevolution from the acidic
electrolytes may also contribute [13]. Although sosamples presented smaller OCP stabilization
times, 24 hours was established as the standai@tder all systems. This is important because the



initial corrosion rates are larger than those atabilization, once the new chemical compositibn o
the double layer was not adjusted for each newnpatd13].
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Figure 1. Open circuit potential curves as a fuorcof time for the first 90,000 seconds.

The potenciodynamic polarization curves of the dampfter 24 hours in different electrolytes are
shown in Fig.2. Zero current potentiali{k) and corrosion current density.() values can be seen
in Table 1. 10 wt% HAc + 1.5 wt% HF and the simethhardened cement slurry pore solution
were the least aggressive environments, confirtiegopen circuit potentials results. They showed
similar corrosion current densities, around Qu@lcm™. Besides, the corrosion potential of the 10
wt% HAc + 1.5 wt% HF is greater than that of thensiated pore solution (Table 1), indicating a
likely formation of a passive film in that last spi&. On the other hand, the negative effects of the
halogen ions to carbon steel [12] duplicated theoston rates to 15.0 wt% HCI and increased a
hundred times in mud acid, as it can be seen frabierl.
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Figure 2. Potenciodynamic polarization curves efshmples after 24 hours.



Table 1. Electrochemical parameters of the sangites 24 hours.

Simulated Regular mud  10.0 wt% HAc
Electrolyte pore solution 15.0 wit% HCI acid + 1.5 wt% HF
Ei=0) [MV/SCE] -300.5 -299.2 -316.5 +95.6
icon [LACM] 0.01 0.03 1.37 0.01
OCP [mV/SCE] -130 -243 -480 +240

Samples immersed in simulated pore solution hagsipa films related with high alkalinity [12].
Several authors have mentioned that high concerigabf fluoride inhibit the corrosion of carbon
steel [14]. This phenomenon has been observedific concentrations 100 ppm. In the present
study, the fluoride concentrations are around 1%,80m and 30,000 ppm in 10 wt% HAc + 1.5
wt% HF and regular mud acid solutions, respectividigwever, the negative effect of chloride ions
is predominant. Singh et al. [14] reported that mhest devastating effect of fluoride ions is the
simultaneous combination with chloride ions.

Zero current potentials (o)) were more negative than corrosion potentialg.dEor 10 wt% HAc

+ 1.5 wt% HF and simulated hardened cement pongisol (Table 1). This phenomenon can be
explained by the potenciodynamic polarization thttrted on the cathodic region from values
significantly different than &,. When Eor was the same order of magnitude or lower than the
potential applied for the polarization on the caibdoranch, a coherent behavior was observed. A
possible explication for the phenomenon is that pwodarization can change the chemical
composition of the electric double layer due toustbn reactions of the metal ions on the passive
oxide film. As a consequence, there are situatwimsre the open circuit potential does not match
the inflection point between the anodic and catbddanchs of the Tafel curves [13].
Electrochemical impedance spectroscopy measurememescarried out only until 15 days due to
the degradation of the hardened cement slurrieegolar mud acid and 15.0 wt% HCI. After 1
month of immersion, some samples depicted totabgxye of the steel surface to the acid solutions.
In this case, no physical or chemical protectiothef cement could be considered. Several calcium
acetate crystals were encountered on the surfadbese samples as well as on the exposed
electrical contact of the working electrode, impagrelectrical contact. Even cleaning the salt, the
electrical contact could not be established.

The impedance plots of the samples after 3 houisofersion can be seen in Fig. 3. A similar
behavior was observed after 1 or 2 hours. Low feegy diffusion processes can be observed,
probably caused by transport processes of chemspaties through the hardened bulk. As a
consequence, it was not possible to obtain cohered@surements from samples immersed in
regular mud acid until 4 hours of immersion, dubutk colmatation.

There is a high frequency capacitive arc in additm an intermediate frequency arc both visible in
Fig. 3. These arcs are due to the presence ofsavpdayer on the steel working electrodes when in
alkaline environment as the hardened cement slagryyell as due to responses associated with the
dynamic of the active dissolution process on tlelssurface. High impedance values, including
higher arc diameters extrapolated in the real iraped axis were detected from samples immersed
in simulated pore solution, indicating more registaassive films, followed by 10 wt% HAc+ 1.5
wt% HF and 15.0 wt% HCI. Active corrosion is comroreported as small diameter flattened
circles along the real axis of Nyquist diagrams [1f], as it can be seen from samples immersed in
15.0 wt% HCI. This way, electrochemical impedanaasurements on the first, second and thirty
hours after immersion also confirmed the resultthefopen circuit potential and potenciodynamic
polarization curves.

Although diffusion processes hinder the extrapolatf the high frequency arcs, it is inferred that
the systems present similar behaviour related withrge transference. This behavior can be
confirmed using Bode’s impedance plot, where higigredance values are associated with more
electrochemical systems. Using the same analysgdance measurements obtained after 4 days
and 15 days of immersion showed better behavisaoiples immersed in 10 wt% HAc+1.5 wt%
HF than in simulated pore solution.



Although this phenomenon was shown by the operuitifotentials since the first immersion
hours, it was only observed after 4 days of imneersusing impedance spectroscopy. This is
probably due to the high dissolution of the metathaterial in the electrolytic environment. When
the metallic concentration gradient increases ilutsm and consequently around the working
electrode, it can act as a protective barrier absitrg the contact of the steel with the aggressive
solution, decreasing the corrosive rate and théroaty of the corrosive process.
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Figure 3. Complex plane and Body impedance plotangfedance obtained in carbon steel
immersed in hardened cement slurry after 3 houmnsersed in 15.0 wt% HCI, 10.0 wt% HAc + 1.5
wt% HF and a simulated hardened cement slurry gaitgion.

It was not possible to model an equivalent cirtaifdequately represent the complex impedance
measurements obtained for these systems. Thisudiffiis mainly related with the heterogeneity of
the bulk cementitious material, its degradatiomnglthe time of immersion, which changes the
microstructure of the material, as well as duehe weak adherence of the smoothed metallic
surface-hardened cement slurry interface.

The determination of dissolved iron in all solugBowas carried out by atomic absorption after two
months of immersion. The concentrations of irod@wt% HAc + 1.5 wt% HF solutions was 50 to
60 times lower than in 15.0 wt% HCI and 100 timasdr than in regular mud acid. This behavior
confirms the reduced corrosion rate of the carlieel Smmersed in hardened cement slurry in 10
wt% HAc + 1.5 wt% HF.

Conclusions

The 10 wt% HAc + 1.5 wt% HF electrolyte was thesteaggressive for the external corrosion of
the simulated SAE 1045 steel casing, showing openitpotentials around +250 mV compared to
-130 mV of the simulated hardened cement slurryepsolution (to simulate the alkaline

environment of a cementitious material) after tingt £4 hours of immersion. Similar behavior was



observed along two months of immersion. Similar@sion rates were measured using either 10
wt% HAc + 1.5 wt% HF or simulated hardened ceméuntryg pore solution as electrolyte, around
0.01 pA.cm?. Total impedance values, insipient arcs and higlarjzation resistance capacitive
arcs on the Nyquist plots, indicating passivitynfooned the good behaviour of the 10 wt% HAc +
1.5 wt% HF. On the other hand, 15.0 wt% HCI andd1&t% HCIl + 1.5 wt% HF (mud acid)
solutions are very aggressive to the immersed mlemed Portland slurry, probably due to the
presence of chloride ions. It was not possibledust an equivalent circuit due to the complex
cementitious matrix degraded along the time ancthiaaging resulting interfaces.
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