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ABSTRACT
This work was conducted to evaluate effectiveness of the vapor corrosion inhibitors (VCIs) in the
cased-crossing application. Specifically, the work was conducted to characterize electrochemical
properties of two commercially available VCIs, and their effect on delivery of cathodic protection (CP)
current to carrier pipe. Both experimental and modeling studies were conducted. Experimental studies
were conducted with VCI gels, VCI only, and gel only solutions. Modeling was conducted to estimate
the diversion of the CP current to casing when casing annuli are filled with the VCI gel solutions. It was
found that the two commercially available VCIs performed well in the VCI gel formulations, and
provided high level of corrosion protection to the carrier pipe inside the casing. In addition, both VCI gel
formulations have low resistivity; therefore, a fraction of CP current could get diverted to the casing.
This was confirmed in a large–scale testing. The diversion of the CP current needs to be analyzed on a
case-by-case basis. The extent of CP current diversion was different for the two VCIs. It was noticed
that one VCI formulation shifts the corrosion potential of the carrier pipe metal in the electronegative
direction, as a result, the CP current demand and CP current diversion amounts are lower compared to
other VCI formulation. The risk of hydrogen generation and accumulation due to diversion of the CP
current through the casing was also evaluated. It was found that hydrogen generation commences
even at the CP density of 1,000 mA/m2. However, hydrogen effect is mitigated due to VCI gels’ high
viscosity, and their ability to buffer hydroxyl ions produced during the hydrogen evolution reaction.
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INTRODUCTION
A cased-pipeline segment is generally part of a longer pipeline. The carrier pipe is inside the casing in
the segment, and is commonly referred as cased–crossing. The cased-crossings are used in
geographical locations where the carrier pipes could be subject to variable mechanical loads, such as
mechanical loadings due to vehicle passing on roadways. Casings provide mechanical protection to
the carrier pipes. The cased pipe segments are generally safer compared to uncased pipelines
because time-dependent threats, including third party excavation and miscellaneous external forces are
largely eliminated.1 However, a carrier pipe in a cased–crossing could be susceptible to external
corrosion because of scenarios in which the annular space between carrier and casing becomes partly
or completely filled with electrolyte. Such scenarios, as well as others, could cause accelerated
corrosion of the carrier pipe.
Water-based VCI-gel formulations have been used in field to test the capability of VCI gel to mitigate
external corrosion of the carrier pipe. Krissa et al.2 tested the capability of vapor corrosion inhibitor
(VCI) gel to control cased pipeline corrosion. The gel solution is prepared by mixing a VCI, potable
water, and a gelling material. The gel is injected in casing annuli to mitigate corrosion of a carrier pipe
that is under cathodic protection (CP). The gel is electrically conductive with ionic conductivity in the
range of 0.1 to 0.5 Ohm-cm,3 which could allow the carrier pipe inside the casing to receive the CP
current. The work was conducted to characterize electrochemical properties of two commercially
available VCIs, and to determine extent of CP current on a holiday inside the casing in presence of the
either of the two commercially available VCIs in a cased–crossing.
Both experimental and modeling studies were conducted. Experimental studies were conducted with
VCI gel, VCI only, and gel only solutions. Modeling was conducted to estimate the diversion of the CP
current to casing when casing annuli are filled with the VCI gel solutions. This work reported in this
paper is continuation of the previous study by Krissa et al. presented at CORROSION 2016. Some of
the information in Krissa et al.3 is reproduced for the sake of complete description and comparison of
the experimental results reported in this paper.
EXPERIMENTAL
Several corrosion cells were setup to test VCIs and their variations. Each corrosion cell was set up
using the three-electrode configuration: (i) a working electrode, (ii) a counter electrode made of
platinum-coated niobium wire mesh, and (iii) a saturated calomel reference electrode. The working
electrode for each corrosion cell was prepared using 1 ft [30 cm] long and 2.375 inch [60 mm] diameter
API(2) 5L X52 grade carbon steel pipe. One end of each pipe was sealed to avoid ingress of electrolyte
inside the pipe. Only the exterior surface of the pipe was exposed to the electrolyte in each corrosion
cell. Before each experiment, the electrode surfaces were sand blasted to expose the metal surface to
the electrolyte. Sample images of the two working electrodes are presented in Figure 1. The electrode
surfaces were also cleaned with the alcohol and DI water before using them in the corrosion cells.
1 gallon [3.79 L] size corrosion cells were used. A platinum (Pt)-coated niobium mesh was used as the
counter electrode in all corrosion cells. The mesh specifications are following. Diameter of each wire in
the mesh was 20 mils [0.508 mm] with Pt thickness of 0.1 mil [2.54 µm]. The mesh pattern was 10  10
wires/inch2 [approximately 4 × 4 wires/cm2] with an active surface area fraction of 1.25 in2/in2. An
image of the counter electrode assembly along with its placement in the corrosion cell is shown in
Figures 1(b) and 1(c). A saturated calomel electrode was used as the reference electrode for each
corrosion cell. The reference electrode in each corrosion cell was brought in contact with the cell
electrolyte using the Luggin probe.
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The VCI–based electrolytes for the corrosion cell were prepared according to mixing instructions
provided by VCI vendors. Potable water was used as the mixing media for the VCIs, which consisted
of vapor phase inhibitors and gelling materials. The two commercially available VCIs are identified as
VCI A and VCI B. Each corrosion cell was connected to a potentiostat plus frequency response
analyzer which was controlled through software. The working, counter, and reference electrodes were
interfaced with a potentiostat for each corrosion cell.

(a)

(b)

(c)

(d)
Figure 1. (a) Images of the working electrodes used in corrosion cells; (b) counter
electrode assembly; (c) counter electrode inside
the corrosion cells; (d) working electrodes in the small–scale corrosion cells.
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Small-size corrosion cells, approximately 5.1 oz [150 ml], were used to accurately determine the effect
of potentiostatic polarization on the native potential of the pipeline material. Images of the electrode
assembly are presented in Figure 1(d). The diameters of the electrodes in the small-scale cell were
0.375 inch [9.5 mm].
EXPERIMENTAL DATA AND RESULTS
Open Circuit Potential
The open circuit potential data with respect to the saturated calomel electrode (SCE) for the electrodes
in Figure 1(a) are presented in Figure 2. The data are from two repeat runs for each VCI. The data
points with legends “VCI A (run 1)” and “VCI B (run 1)” are from Krissa et al.3 As seen in the figure, the
open circuit potential reached steady state after approximately 50 hours for the VCI A and 160 hours for
VCI B. This indicated that it takes approximately 2–5 days for the pipe material to equilibrate with either
of the two VCIs. The corrosion potential of the pipe material in VCI A is approximately −0.028 VSCE.
The corrosion potential of the pipe material in contact with VCI B ranged between −0.040 to −0.010
VSCE. The corrosion potential data was reproducible for VCI A, but there was 60 mV difference
between the two runs for VCI B.

Figure 2. Open circuit potential of the pipe material in contact with the two VCI gel
solutions. Run 1 data, i.e., VCI A (run 1) and VCI B (run 1) gel solutions, for the two
VCIs is from Krissa et al.3
Electrochemical Impedance Spectroscopy
After the corrosion potentials of the working electrodes stabilized and reached steady state,
electrochemical impedance spectroscopy (EIS) was used to measure several impedance spectra of the
working electrode in each corrosion cell. EIS data were used to estimate the corrosion rates. EIS is
appropriate technique for this application because it allows measurement of very low corrosion rates.
One or two EIS measurements were conducted per cell. The measurements were conducted at the
open circuit potential of the corrosion cell and the data were used to estimate the polarization
resistance. The EIS data were collected for VCI gel solutions (identified as VCI), VCI solutions
prepared by mixing potable water and VCIs without the gelling materials (identified as VCI only), and
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solutions prepared by mixing potable water and gelling materials (identified as VCI gel only). The EIS
data for the three sets of solutions are presented in Figure 3.

(a)
(b)
Figure 3. Bode plots of various variations of (a) VCI A and (b) VCI B. The VCI A and VCI B
data is from Krissa et al.3 VCI A and B: VCI gel solution, VCI A and B only: potable water +
VCI, VCI A and B gel only: potable water + getting material.
The impedance data were analyzed using a Randle type electrical circuit to obtain the polarization
resistances. The analysis details are provided in Krissa et al.3 The polarization resistances and
corrosion rates are reported in Table 1. The corrosion rates of the pipe material in contact with both the
VCI gel solutions (potable water + VCI + gelling material for each VCI) are in the sub-mil range. The
corrosion rate for the VCI A only (solution without the gelling material) is also well below 1 mils/yr.
Table 1. Polarization resistance values estimated from the circuit model fit to the
impedance data and calculated corrosion rate of the electrode
Impedance Spectrum

Polarization Resistance (Ohm)

Corrosion Rate (mils/yr)

VCI A (run1)*

10805.1

7.8  10−3

VCI A (run2)*

8689.2

9.7  10−3

VCI B (run1)*

13037.0

6.5  10−3

VCI B (run2)*

9990.0

8.4  10−3

VCI A only (run1)

20020

4.2  10−3

VCI B only (run2)

50

1.68

VCI A gel only (run1)

20

4.21

VCI B gel only (run1)

19

4.43

*Data are reproduced from Krissa et al.3
Potentiostatic Polarization Tests
Potentiostatic polarization curves were collected at five levels of potentials in both the VCIs.
The working electrodes in both corrosion cells were polarized at a set potential for approximately 120
hours. The current between the working (pipe cathode) and counter (anode) electrodes was measured.
The current versus time curves in Figure 4(a) were measured at −675, −775, −875, −975, and
−1,075 mVSCE polarization levels for VCI A. As seen in Figure 4(a), the current reached steady–state in
approximately 24 hours after polarization. In addition, the steady–state current is cathodic (i.e.,
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negative) for the polarization levels, indicating that dominant electrochemical reaction at the electrode
surface is reduction of certain species. For −675 mVSCE polarization level, a small amount of oxidizing
current is noted immediately after polarization. However, the oxidizing current subsided within 8 hours,
and became cathodic afterwards. Further, the magnitude of the oxidizing current is less than 0.4 mA.
The current versus time data for VCI B are presented in Figure 4(b). The curves in Figure 4(b) also
were measured at −675, −775, −875, −975, and −1,075 mVSCE polarization levels. For −675 and
−775 mVSCE polarization levels, a larger amount of oxidizing current is noted immediately after
polarizing the working electrode in VCI B compared to VCI A. The peak oxidizing currents are
approximately 20 and 12 mA for −675 and −775 mVSCE polarization levels, respectively. Figures 5(a)
and 5(b) show the rest potentials after 120 hours of polarization for VCI A and VCI B, respectively. The
of rest potentials indicate that surface characteristics of the electrodes change due to VCIs. The
steady–state values rest potentials are corrosion potentials. The corrosion potential of the pipe material
decreased by 730 mV due to polarization in VCI A compared to the open circuit potential (OCP) of
−28 mVSCE in Figure 2, whereas the corrosion potential of the pipe material somewhat increased due to
polarization in VCI B when compared to OCP of −40 to −10 mVSCE in Figure 2.

(a)
(b)
Figure 4. Potentiostatic polarization current of working electrode in contact
with (a) VCI A, and (b) VCI B gel solutions

(a)
(b)
Figure 5. Rest potential measurement after potentiostatic polarization for 120 hours for
(a) VCI A and (b) VCI B gel solutions
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CP Current Demand
The CP current demands at various polarization levels are listed in Table 2. The current densities were
calculated by normalizing the current value with the surface area of pipe electrode, 60 in2 (385 × 10-4
m2). The listed data show that the current density demand for polarizing the pipe surface is somewhat
lower in VCI A compared to VCI B. In addition, as seen in Figure 4(b), VCI B has chemical components
that could exhibit oxidation when subjected to cathodic polarization. However, this phenomenon is
temporary and declines after initial consumption of the components in VCI B chemistry.
Table 2. Steady-state current density for various polarization levels

Polarization
Level
(mVSCE)

VCI gel solutions current
density
(mA/m2)

VCI only current density
(mA/m2)

Gel only current
density
(mA/m2)

VCI A

VCI B

VCI A

VCI B

VCI A

VCI B

−675

−0.2

−16.6

37.1

−12.5

−10.6

−46.7

−775

−16.2

−20.1

−11.8

319.4

−20.3

−129.3

−875

−32.5

−56.0

−73.0

−66.7

−71.4

−195.8

−975

−76.1

−548.2

−324.6

−597.2

−118.9

−280.2

−1,075

−2,189.6

−2,274.2

−1,264.6

−3,583.5

−263.6

−404.8

MODELING
Model Description
The model equations are described in depth in previous works by Song et al. and Shukla et al. 4-6 The
model details are briefly discussed for the sake of completeness. A schematic representing a coated
carrier pipe and casing is presented in Figure 6.

Figure 6. Schematic of the carrier and casing pipe. Green and pink arrows show flow of
CP current to the pipe and casing, and blue arrow shows return current.
Potential distribution in the soil domain outside the casing is governed by:
(1)
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similarly, the potential distribution inside the casing is governed by
(2)
where
—
—

soil potential at the carrier and casing pipes and soil interface (V) with respect to
Cu/CuSO4 electrode
electrolyte potential at the casing and electrolyte interface in annulus (V) with
respect to Cu/CuSO4 electrode

—

soil resistivity (Ω-m)

—

resistivity of the electrolyte in annulus (Ω-m)

When a casing annulus is filled with a given vapor corrosion inhibitor (VCI) gel, the electrolytic coupling
is established between the carrier and the casing pipe. In the case of electrolytic contact between the
casing and the carrier pipe, the total current that flows across the two surfaces of the casing wall must
be equal to
(3)
where
is the total current entering the casing wall from the soil side and
current leaving the casing wall at the annulus side.
is given by

is the total

(4)
where
—
—
—
—
—

current density at the casing and soil interface (A/cm2)
corrosion potential of the casing at the soil interface (V)
casing wall metal potential (V) with respect to Cu/CuSO4 electrode
Tafel slope for iron oxidation and water reduction reaction, respectively (V/decade)
external surface area of casing wall (m2)

The expression on the right-hand side of Eq. (4) is simplified using linearization of Butler-Volmer
equation according to following:

(5)
where
(6)
is the polarization resistance (Ω-m2) of the casing wall at the casing and soil interface.
Similarly,
is given by

©2018 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

8

(7)
where
—
—

corrosion potential of the casing at the electrolyte interface in casing (V)
polarization resistance (Ω-m2) of the casing wall at the casing and electrolyte
interface in annulus (Ω-m2)
internal surface area of casing wall (m2)

—

Equations (6) and (7) are substituted in Eq. (3), and under assumption that the metal potential is
constant, the following expression is obtained for average casing wall metal potential

(8)
in Eq. (8) is used to estimate the local current density at the casing and soil interface according to
the following expression

and

(9)

The boundary conditions for the coated pipe outside the casing for the coated pipe inside the annulus
are given by

and

(10)

where
—
—
—
—
—
—

current density at coated part of the carrier pipe and soil interface
outside the casing (A/cm2)
metal potential of the carrier pipe (V)
corrosion potential of the coated carrier pipe at the soil interface (V)
corrosion potential of the coated carrier pipe at the pipe and casing
solution interface (V)
casing wall metal potential (V) with respect to Cu/CuSO4 electrode
polarization resistance (Ω-m2) of the coating both outside and inside
the casing (Ω-m2)

The boundary condition for the holiday inside the casing is given by

(11)
where
—
—
—

current density at holiday surface inside the casing (A/cm2)
corrosion potential of the holiday inside the casing electrolyte interface (V)
polarization resistance (Ω-m2) of the holiday inside the casing at the casing
solution and metal surface interface
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Model Results
The model was simulated for an impressed current CP system; the current output from anode array
was estimated using external surface area of the pipe. The model was simulated for the fusion bonded
epoxy coating; however, it can be easily modified to simulate other coating types. The current output
from anode array was based on the CP current demand of the fusion bonded epoxy coated pipe being
equal to 0.9 mA/m2 for 30 year life.7 The model parameter values are listed in Table 3.
The model results are presented for a 22 inch [55.9 cm] pipe with a 26 inch [66.0 cm] casing.
A 1.6 in2 [10 cm2] holiday was modeled on the carrier pipe inside the casing. The holiday was located
at the 9 O’clock location, facing towards the anode bed. The effects of coating and changes in pipe
and casing dimensions on the current distributions are described. CP current distributions on the
pipeline with the two VCIs are presented next.
Table 3. Parameter values used to simulate the model
Parameter

Value
VCI A

VCI B

25 Ω–m
5,000 Ω–m2
−550 mVCSE

25 Ω–m
5,000 Ω–m2
−500 mVCSE

5 Ω–m2

5 Ω–m2

−600 mVCSE

−600 mVCSE

Pipe-soil parameters:

Casing-soil parameters:

Casing-annulus and pipe-annulus parameters:
0.15 Ω–m

0.5 Ω–m

−110 mVCSE

−120 mVCSE

400 Ω–m2

400 Ω–m2

−550 mVCSE

−550 mVCSE

−110 mVCSE

−750 mVCSE

0.3 Ω-m

0.3 Ω-m2

2

Pipe, casing, and anode parameters
Pipe diameter

22 inch [55.9 cm]

22 inch [55.9 cm]

Casing diameter

26 inch [66.0 cm]

26 inch [66.0 cm]

Pipe length

7.46 mile [12 km]

7.46 mile [12 km]

VCI A
The pipe current density data are presented in Figures 7(a) and 7(b). The current density at the holiday
on the carrier pipe inside the casing is shown in Figure 8(a). The current density at the holiday is
approximately equal to 14,000 mA/m2. This current density is relatively high and could lead to
formation and accumulation of hydrogen in the VCI gel solution.
VCI B
The pipe current density data are presented in Figures 9(a) and 9(b). The current density at the holiday
surface on the carrier pipe inside the casing is shown in Figure 8(b). As seen in Figure 8(b), the current
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density at the holiday is approximately equal to 16,000 mA/m2. The current density at the holiday for
VCI B is higher than the VCI A.

(a) Around the casing

(b) Away from the casing
Figure 7. Pipe current density for VCI A: (a) around the casing and (b) away from the
casing
The following explanation is provided for the holiday current density being higher for VCI B than VCI A.
The corrosion potential of the metal surface shifts in the electronegative direction due to exposure to
©2018 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

11

VCI A compared to OCP, whereas the corrosion potential of the metal shifts in electropositive direction
due to exposure to VCI B compared to OCP. As a result, the holiday CP current density is lower in
VCI A compared to VCI B. Nonetheless, the current densities at the holiday for both the VCIs are high
which could lead to hydrogen generation at the holidays and subsequent accumulation of hydrogen in
the VCI gels.

(a) Holiday current density for VCI A

(b) Holiday current density for VCI B
Figure 8. Holiday current density for (a) VCI A, and (b) VCI B
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(a) Around the casing

(b) Away from the casing
Figure 9. Pipe current density for VCI B: (a) around the casing and (b) away from the
casing
SUMMARY
The experimental studies provide data to support that both VCI A and VCI B perform well in the vendorrecommended gel formulations. Both VCIs provide a very high level of corrosion protection to the
carrier pipe inside the casing. The VCI A only formulation, i.e., VCI A solution prepared by mixing
potable water plus inhibitor (without the gelling material) also provides a high level of protection against
corrosion. This was not the case with the VCI B only solution. Both VCI gel formulations have low
resistivity; therefore, a fraction of cathodic protection (CP) current could get diverted to the casing. This
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was confirmed in the large–scale testing which is reported elsewhere.8 The diversion of the CP current
in a VCI gel filled casing needs to be analyzed on a case-by-case basis. It is, however, noted that
VCI A shifts the corrosion potential of the metal in the electronegative direction with respect to the open
circuit potential, as a result, the CP current demand and CP current diversion amounts are lower
compared to VCI B. Hydrogen generation commences even at the current density of 1,000 mA/m 2.8
The intensity of the hydrogen generation increases with increasing current densities. 8 The modeling
results indicate that there is no practical limit on the cathodic current density at the holiday surfaces
inside a casing filled with VCI gel. Effect of hydrogen generation was found to be mitigated by VCI gels’
high viscosity, and their ability to buffer hydroxyl ions produced during the hydrogen evolution reaction.
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