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Current standard test methodologies
used in determining the vapor inhibi-
tion ability of volatile corrosion inhibi-
tors (VCls) provide only qualitative
results. They are also unsuitable for
evaluating the ability of the different
VCls in providing corrosion protec-
tion to pre-corroded ferrous metals.
In this study, a rapid and quantitative
test method was developed using
coupled multielectrode array sensor
technology. The results obtained
showed the ability of this test method
to provide consistent results and dif-
ferentiate quantitatively between the
anti-corrosive effects of the different
VCIl materials on clean and pre-cor-
roded ferrous metals.

Metallic corrosion is a natural inevita-
ble phenomenon defined commonly as the
deterioration of metals due to reactions
with their environments. The global cost of
corrosion estimated by NACE International
in 2013 was found to be $2.5 trillion (USD),
which is'approximately 3.4% of the global
gross domestic product (GDP). The two-
year global study released at the CORRO-
SION 2016 conference in Vancouver, British
Columbia, Canada, assessed the economics
of corrosion and the role of corrosion man-
agement in establishing best practices for
the different industrial sectors. It found

that implementing corrosion prevention
best practices could result in global annual
savings of 15 to 35% of the cost of damage,
which is equivalent to $375 to 875 billion
(USD). These estimations excluded the cost
of individual safety and environmental con-
sequences from corrosion. Corrosion miti-
gation has been extensively researched.
The methods of corrosion prevention
include, but are not limited to, selection of
the right material of construction, coat-
ings, corrosion inhibitors, and cathodic
protection (CP)."2

One class of corrosion inhibitors used
in corrosion protection applications is vol-
atile corrosion inhibitors (VCIs). They are a
class of organic chemicals that possess
appreciable saturated vapor pressure
under atmospheric conditions. They pro-
tect ferrous and non-ferrous metals from
corrosion by vapor transport of inhibitive
molecules from a VCI material in an
enclosed environment, such as packaging,
shipping, and storage of metal parts. This
vaporization is followed by diffusion
through the electrolyte layer that presents
on the surfaces of metals and formation of
a thin protective film, which isolates the
metal surface from the corrosive environ-
ment by enhancing the hydrophobic prop-
erties of the metallic surfaces. The trans-
port of the VCI to the metallic surface can
take place in two ways: 1) the inhibitor dis-
sociates and saturates the air in contact
with the metal with the protective groups,
or 2) the inhibitive molecules volatilize
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FIGURE 1 Experimental setup.

without dissociation and dissociate only
when they reach the metallic surface. The
main advantage of VCIs compared to con-
tact corrosion inhibitors resides in the abil-
ity of the inhibitor molecules to form the
protective film on the metal surface,
including hard-to-reach areas, without
being in direct contact with the surface.**
As in the case with conventional corro-
sion inhibitors, a prerequisite for qualifying
a VCI material for field application is to
evaluate its vapor-inhibiting ability (VIA).
Several testing methods have been pro-
posed for rapid evaluation of VIA of various
forms of VCIs for corrosion protection of
ferrous metal surfaces, such as NACE Stan-
dard TM0208,> MIL STD 3010-4031,° Ger-
man TL 8135 (papers and films),” and Japa-
nese JIZ S 1535 (papers).* These tests are
relatively simple. They involve the use of a
ferrous metal specimen suspended in a
closed container getting exposed to a
sequence of three main environmental con-
ditions: 1) conditioning accompanied with
or followed by introduction of a high-
humidity environment, 2) aggravation of
the humidity environment by introducing
heating and cooling cycles, and 3) visual
evaluation of the level of corrosion formed
on the specimen and grading it against a
typical rating diagram. A general review
paper provides perspective on the need for
the more recent NACE Standard TM0208
and issues with attempts within NACE to
create a similarly simple and quick VIA test
for prevention of corrosion for various
types of non-ferrous metal specimens.’ In
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FIGURE 2 Average corrosion rates (Avg CR) of the two probes vs. time for clean and corrosion-free

probes.

spite of the fact that these testing method-
ologies share many similarities, their
results can also vary significantly, leading
to different conclusions about the effi-
ciency of the inhibitor. They also have
intrinsic difficulty in producing consistent
results. J. Brekan et al. discussed some pit-
falls and surprising results in several rou-
tine VIA tests.'” It was found that minor
variations in the quality of sandpapers and
type of solvents used by the test operator to
prepare the specimens, as well as the con-
ditioning temperature, have a major effect
on the results and can lead to false negative
or positive conclusions. Furthermore, such
qualitative tests are useful to assess the
efficiency of VCIs on freshly prepared
(clean) specimens and for corrosion. They
cannot be applied to evaluate the perfor-
mance of a VCI against localized corrosion
and on rusted metal surfaces."

Several studies used electrical resis-
tance probes as a means to quantitatively
evaluate the performance of VCI materials
in specific environments such as storage
application in atmospheric conditions and
simulated wet gas pipeline “top of line cor-
rosion” in laboratory experimentation.'
However, this technique has two funda-
mental limitations to be used in VIA tests,
which are: 1) the inability to reuse the
probe for multiple tests, which makes it
cost prohibitive; and 2) the relatively slow
response rate in low corrosive environ-
ments. Another candidate technology that
can be used for quantitative evaluation of
VCI performance is coupled multielectrode

array sensors (CMAS). This technology has
been utilized effectively as a quantitative
tool for online and real-time monitoring of
the rate of corrosion in laboratory experi-
mentations as well as industrial fields.
CMAS technology was used extensively in
testing non-uniform (localized) corrosion
of metals and alloys in various environ-
ments such as carbon steel (CS), stainless
steel (SS), copper, and aluminum in simu-
lated seawater, CS in crude oil/water mix-
tures, deposits of salts in air, sulfate reduc-
ing bacteria solutions, concrete, and
hydrogen sulfide (H,S) systems. Further-
more, they were used to evaluate the effec-
tiveness of CP and degradation of coatings.
In addition to the localized corrosion,
CMAS probes were used to estimate uni-
form/general corrosion rates of CS and alu-
minum in 2 wt% hydrochloric acid (HCI)
solution, as well as CS, brass, and SS in low-
conductivity waters. In addition, CMAS
technology was used to evaluate the effect
of contact corrosion inhibitors on CS in a
simulated cooling water environment.'*'*
The use of CMAS probes for quantitative
evaluation of the presence of the vapor
inhibiting ability of VCIs will be evaluated.

Experimental Procedure

Before each experiment, the CMAS
probe was polished with sandpaper, rinsed
with deionized water and methanol, dried
using lint-free wipes, and fixed through the
hole on thelid, as shown in Figure 1. To test
the efficiency of the VCIs on a clean probe,
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TABLE 1 EFFICIENCIES OF DIFFERENT VCIs FOR CLEAN AND

CORROSION-FREE PROBES

Avg CR  Efficiency
Product  (pm/y) (%)
Control 358 -
VCI-A 114 68.1
VCI-B 36 90.1
VCI-C 7.6 97.9

Probes at the End of the Experiment

OO
OBIOL)

TABLE 2 EFFICIENCIES OF DIFFERENT VCIs FOR

PRE-CORRODED PROBES

Avg CR of Control

Product (pm/y)
VCI-A 488
VCI-B 475
VCI-C 460

the jar was left empty or with the addition
of 1.8 mL liquid VCI or 0.9 g VCI powder for
a conditioning period of two days at room
temperature. Then, 18 mL of 3 wt% glycerol
solution were added to the jar (approxi-
mately 100% relative humidity). After 2 h,
the jar was placed on a hot plate to achieve
35+ 5 °C for two days. To study the effect of
VCIs on a pre-rusted probe, the glycerol
solution was added from the beginning of
the experiment and left for 2 h. Then, the
jar was placed on the hot plate at 45 + 5 °C
air temperature inside the jar for two days,
followed by the addition of the VCIs for
another two days. Each experiment was
conducted in duplicates (using two CS
probes). The VIA efficiencies were calcu-
lated according to Equation (1):

(Avg CR)cu

¢ CR)ver (1)

VIA Efficency % =

where (Avg CR) oo and (Avg CR),c;were
the average non-uniform corrosion rates
from the CMAS probes and each of them
was the average value over the two-day
heating period.
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Avg CR after adding

VCI (pm/y) Efficiency (%)
617 -26.6
61 87.2
155 66.3
Results

Clean and Corrosion-Free Probes

Figure 2 and Table 1 show the average
CR and efficiency of two runs for the con-
trol as well as every VCI material. VCI-C
(powder form) showed the highest effi-
ciency of 97.9%, followed by VCI-B (water-
based) at 90.1%, and VCI-A (water-based)
at 68.1%. Water-based VCI materials
showed a transient increase in the corro-
sion rate after heating, which can be attrib-
uted to partial protection for some of the
electrodes due to the low vapor pressure of
the of VCI material in these liquid inhibi-
tors where the transport of corrosion-
inhibiting molecules are assisted by the
solvent vapor. In addition, the probes were
able to differentiate between the efficiency
of the two water-based inhibitors, which
can be attributed to VCI-A having lower
vapor pressure than VCI-B. The appearance
of the electrodes of the probes immediately
after the test complies with the numerical
value of the efficiency calculated.

Pre-Corroded Probes

The ability of VCI- A, B, and C to reduce
the active corrosion rate on a pre-corroded
surface was evaluated and plotted in Figure
3. The results show that VCI-B and C were
able to reduce the active corrosion rate and
provide protection for pre-corroded steel.
VCI-A, on the other hand, could not reduce
the corrosion rate and provide any protec-
tion in the case of pre-corroded surface, as
it did with clean and rust-free probes (Table
2). In fact, the results show that VCI-A
resulted in a slight increase in the corro-
sion rate, which can be attributed to the
increase of conductivity of the electrolyte
layer on the probe surface by the VCI mol-
ecules that reached and were not able to
diffuse through the existing layer and
reduce the corrosion rate. The results also
show VCI-B performed faster in reducing
the active corrosion rate compared to VCI-
C, which eventually converged toward the
end of the experiment. This in turn may
show that VCI-B has a faster diffusion rate
in rust layers than VCI-C.

Conclusions

With the limitations of the current stan-
dard qualitative tests used to determine
the presence of the vapor inhibiting ability
of VCI materials represented by the inabil-
ity of these tests to differentiate quantita-
tively between the performance of the dif-
ferent inhibitors and their inapplicability to
evaluate the anti-corrosive effect of VCI
materials on pre-corroded steel, thereisa
need in the industry to develop a quantita-
tive VIA test method to investigate the effi-
ciency and behavior of the different VCI
materials. In this article, CMAS technology
was utilized successfully and was able to
achieve the following:

« Provide consistent and repeatable
results for the control and all VCI
materials in consideration

- Differentiate quantitatively between
the anti-corrosive effects of the dif-
ferent VCI materials

« Indicate performance differences
between VCI in powder vs. liquid
forms in a VIA testing environment

+ Determine VCI materials that can
reduce the active corrosion rate and
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provide protection to pre-corroded
surfaces.

Acknowledgment

The authors wish to acknowledge the
assistance of Dr. Mohamad Nagi at the
American University of Dubai for the test
facilities.

References

1 G. Koch, et al.,, "International Measures of
Prevention, Application, and Economics of
Corrosion Technologies Study" (Houston,
TX: NACE International, 2016).

2 F.C. Walsh, G. Ottewill, D. Barker, "Corrosion
and Protection of Metals: II. Types of Corro-
sion and Protection Methods," Transactions
of the Institute of Metal Finishing 71, 3 (1993):
pp. 117-120.

3 B.A. Miksic, R.H. Miller, "Fundamental Prin-
ciples of Corrosion Protection with Vapor
Phase Inhibitors," in 5th European Sympo-
sium on Corrosion Inhibitors, Ferrara, Italy
(1980).

4 D.M. Bastidas, E. Cano, E.M. Mora, "Volatile
Corrosion Inhibitors: A Review," Anti-Corro-
sion Methods and Materials 52 (2005): pp. 71-
77.

5 NACE TM0208-2013, "Laboratory Test to
Evaluate the Vapor-Inhibiting Ability of Vola-
tile Corrosion Inhibitor Materials for Tempo-
rary Protection of Ferrous Metal Surfaces”
(Houston, TX: NACE, 2013).

6 MIL-STD-30104, "Test Procedures for Pack-
aging Materials,” Test Method 4031, “Vapor
Inhibiting Ability (VIA) of Volatile Corrosion
Inhibitor (VCI) Materials" (Philadelphia, PA).

7 TL 8135-0002, "Technical Specification for
Packaging Material, Corrosion Inhibiting
Paper, VCI Paper” (Republic of Germany).

8 Z1535,"Volatile Corrosion Inhibitor Treated
Paper” (Tokyo, Japan).

9 AlJ. Henderson, E.Y. Lyublinski, "Evolving
Standard Test Methods for Vapor Inhibiting

Glycerin Solution

Addition of

30 -

25 JHeating

0 10 20 30

40

Addition of VCI

50
Time (hrs)

VCI-A
- VCIC

~ VCI-B

60 70 80 90 100

FIGURE 3 Average corrosion rates (Avg CR) of the two probes vs. time for the pre-corroded
probes.

10

11

12

13

14

15

Ability (VIA) for Corrosion Protection,” COR-
ROSION 2010, paper no. 10146 (Houston, TX:
NACE, 2010).

J. Brekan, K. Lanzo, T. Kovacs-Taborda, "Vola-
tile Corrosion Inhibitor (VCI) Testing—
Pitfalls and Surprises in Routine Test Meth-
ods,” CORROSION 2021, paper no. 16323
(Houston, TX: NACE, 2021).

B. Bavarian, et al., “Improving the Controlled
Humidity Systems by Addition of VpCI,”
CORROSION 2016, paper no. 7100 (Houston,
TX: NACE, 2016).

Y. Gunaltun, et al., “Laboratory Testing of
Volatile Corrosion Inhibitors,” CORROSION
2010, paper no. 10095 (Houston, TX: NACE,
2010).

L. Yang, N. Sridhar, "Coupled Multielectrode
Array Systems and Sensors for Real-Time
Corrosion Monitoring—A Review,"” CORRO-
SION 2006, paper no. 06681 (Houston, TX:
NACE, 2006).

X. Sun, L. Yang, "Real-Time Monitoring of
Localized and General Corrosion Rates in
Simulated Marine Environments Using Cou-
pled Multielectrode Array Sensors,” CORRO-
SION 2006, paper no. 06094 (Houston, TX:
NACE, 2006).

L. Yang, et al., "Evaluation of Coupled Multi-

electrode Array Sensor for Monitoring Gen-
eral Corrosion,” CORROSION 2015, paper no.

AMPP offers more than 300 books
covering every aspect of corrosion control

5875 (Houston, TX: NACE, 2006).

KHALIL ABED is the strategy & innovation
director at Cortec Middle East, Dubai,
United Arab Emirates, email: kabed@
cortec-me.com. He works with interna-
tional operating companies, contractors
and equipment manufacturers to develop
preservation procedures and engineered
solutions for mitigating corrosion on
assets using vapor phase corrosion inhibi-
tors. He has an M.Sc. in mechanical engi-
neering from the American University of
Sharjah. He is a member of AMPP.

MIHAD IBRAHIM is an R&D chemical engi-
neer at Cortec Middle East, email: mibra-
him@cortec-me.com. She has more than
two years of research experience in nano-
technology, and has been working on cor-
rosion inhibitors-related research since she
joined Cortec Middle East in 2020. She has
an M.Sc. in chemical engineering from the
American University of Sharjah and is a
member of AMPP.

LIETAI YANG is the technical director at
Corr Instruments, LLC, Carson City,
Nevada, USA, email: lyang@corrinstru-
ments.com. His primary interest has been
the development of corrosion and solution
chemistry sensors. He is the editor of Tech-
niques for Corrosion Monitoring. Its 2nd
edition was recently published by Elsevier.
He is a member of AMPP. IVIP

in all industries. For more information,
visit the AMPP Store at store.ampp.org.

MATERIALS PERFORMANCE: VOL. 61, NO. 7

JULY 2022 47





