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We report on a multichannel sensor for multipoint corrosion monitoring of an aluminum film,
which was corroded by nitric acid as a corrosive solution. The sensor head was a commercial
1x4 optical fiber coupler combined with the optical time domain reflectometry technique.
The effects of the concentration and pH of acid on the corrosion rate of the aluminum film are
initially studied and characterized. Then, about 100 nm of pure aluminum is coated on the end
facets of each fiber channel and reduction of the back reflected signals is simultaneously monitored
as a measure of corrosion rate. It is found that the fabricated sensor is very sensitive to the variation
of pH as by increasing of the pH up to ~13, the corrosion rate of aluminum is raised to ~75 milli-
meter per year. Our experimental results have been verified by the standard immersion test, indi-
cating very good consistency and reliability. Eventually, the sensor is used to trace the corrosion
of sea water provided from the Persian Gulf, confirming the validity of laboratory results.

Keywords: optical time domain reflectometry (OTDR), multichannel corrosion, optical fiber.

1. Introduction

In recent years much effort has been directed toward developing non-destructive,
in situ and cost-effective techniques to provide an early indication of corrosion not only
for reducing the cost but also for safety and immunity [ 1-3]. Yet many corrosion tests
are made every year in the industrial plants such as shipping, oil fields, aircraft and
geotechnical structures including bridges and pipelines to evaluate their efficiency and
lifetime using early-warning systems. Under special conditions, corrosion can be
formed to some degree through the chemical reaction of most of the materials with
corrosive environments like mineral acids, moist air, alkalis and petroleum oil. How-
ever, primary factors, including alkalinity and pH can also influence the corrosion and,
therefore, on-line pH monitoring is an important issue of increasing the reliability of
large structures [4—6]. Recent corrosion detection techniques provide local changes,
which normally occurred after significant damage, especially in inaccessible large
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areas that are operating under harsh circumstances. Thus, there is a great demand for
developing of a distributed detection system for on-line and ix sifu monitoring of struc-
tural changes [7, 8]. Optical fiber distributed sensors are mostly based upon stimulated
Brillouin scattering [9—11], which offers the ability of measuring macroscopic param-
eters such as strain and temperature over lengths of the order of thousands kilometers.
A distributed sensor is capable of supporting many instruments within the optical band-
width of a fiber for the identification and characterization of crucial problems like
health monitoring of civil infrastructural systems [6, 12] and/or corrosion rate inspec-
tions in a relatively large scales [13]. In this framework, laser-coupled optical fibers
show promise for the fabrication of distributed sensors because they are benefited from
several advantages such as high sensitivity, immunity to electromagnetic interfaces,
security and compactness [14—16]. In the realization of a fiber-based sensor, one ex-
ample is the transmitting of a green laser beam over a coiled uncladed multimode and
step-index silica fiber to detect the corrosion rate of a Fe-C film coated symmetrically
around its core [17]. The main drawback faced by a transmission-type sensor is the need
to have a physical access to the both ends. In contrast, a reflection-type is very simple
to install and it is very flexible and sensitive. So far, various types of reflection-based
optical fiber sensors for corrosion monitoring have been designed and fabricated [18].
Distributed sensing along with sufficient resolution is typically obtained using the
Rayleigh backscattered light of a launched optical pulse into an optical fiber. It is based
on optical time domain reflectometry (OTDR) where it was first developed to locate
the fiber defects in the communication links [15, 16]. An amplified fiber optic sensor
using OTDR technique is recently demonstrated for multipoint and self-referenced
monitoring of corrosion rate over a long link [19]. For sensing the corrosion process
in aluminum, OTDR technique is also used to detect the light that is reflected by several
sensor heads through multifiber couplers [20]. The OTDR-based distributed fiber sen-
sors for pH measurement are represented to provide a compact and simultaneous detec-
tion of multicomponent fluorescent chemical analysis [21]. In this paper, a commercial
1x4 optical fiber coupler as sensing channels is spliced to an OTDR instrument to ar-
range an experimental scheme for multichannel and self-referenced corrosion sensing
of the pure aluminum that is coated on the cleaved ends of fiber channels. The sensor
is fabricated in two configurations. In the first design, the sensing area is increased by
embedding all channel probes in a corrosive solution very close to each other. In the
second arrangement, each channel probe is immersed in different solutions to achieve
simultaneous detection of corrosion. In order to verify the performance and sensitivity
of the fabricated sensor, the effect of pH on the corrosion of aluminum films is inves-
tigated through changing the pH of a corrosive solution. The susceptibility and relia-
bility of two configured sensors in corrosion detection and rate have been verified with
the standard weight loss test. It is found that the optical response of the first sensor
scheme is very advantageous for the multipoint corrosion detection in a wide area while
the second sensor can be considered for simultaneous detection of several corrosive
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environments. The performance of the fabricated multichannel sensor is finally
demonstrated using the detection of the aluminum corrosion in a sample of sea water
provided from the Persian Gulf. Obtained results illustrate a very promising sensor for
in situ and on-line field measurements.

2. Fabricated multichannel sensor

The fabricated sensor is schematically shown in Fig. 1. It consists of an OTDR
apparatus including a light source provided by a commercial continuous-wave diode
laser (Thorlabs, L850P100) operating at 850 nm with an output power of ~100 mW.
An electronic device is used to switch the injection current of the utilized diode and
hence making the laser output pulse lengths of ~80 ns. The laser pulses are imaged
into a 1.2-km multimode fiber and after passing through a polarized beam splitter (BS)
the back reflected pulses are then resolved using a PIN detector (Thorlabs, PDA100A)
connected to a 2-GHz bandwidth oscilloscope (Tektronix 2024B). The described
OTDR system is then spliced to a multichannel sensor element, which consisted of
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Fig. 1. The schematic of OTDR-based multichannel sensor fabricated for multipoint and simultaneous
detection of corrosion; each channel appropriating equal fraction of lunched power (a). Sensor head of
the first sensor configuration fabricated from Teflon used for corrosion rate (CR) measurement of the
aluminum film coated on the end facets of the channel probes using concentration-variable nitric acid as
corrosive solution; on the head, holes with a diameter of one millimeter and one centimeter apart from
each other are made; the whole sensing area is ~0.05 mm? and the size of sensing probe is ~10x10 cm? (b).
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Fig. 2. Trace of the OTDR signal detected from four channels of the utilized 1x4 coupler spliced to
the 1.2-km multimode fiber. The width of the traced signal is measured 0.9 us (a). OTDR trace of the back
reflected pulses before and after coating the four probe heads with ~100 nm aluminum film (b).
The thickness of coated layer is nearly the same for all channels and the observed intensity difference
between the probes is due to the splicing losses induced by the intermediate fibers.

a commercial 1x4 multimode optical fiber coupler (OEmarket, MMC-850-1x4-62.5N)
with a mean insertion loss of ~5.5 dB. The length of each channel probe is one meter.
The coupler was so fabricated by the manufacturer that the fraction of power carried
by each channel is equal. On the sensor head, four holes with a diameter of one
millimeter and one centimeter apart from each other were devised to held four fiber
channels.

Figure 2 shows the traced OTDR signal reflected back from the channel heads. As
evident from Fig. 2a, the peaks of the reflected signals backing from the coupler ends
are beyond the OTDR dynamic range and thus cannot be separately resolved. This is
due to the limitation constrained by the measured width of the OTDR signal, which
imposes a resolution length of ~100 m on the system. Therefore, to increase the de-
scribed resolution and hence avoiding the overlap between the pulses reflected from
the channel ends, we increased the length of each channel probe by splicing 100, 200
and 300 m of a silica-based commercial multimode fiber having the same material as
the coupler, as intermediate connection to the channels 2, 3 and 4, respectively. Ac-
cordingly, by using the standard thermal evaporation, the end facet of each channel
probe is coated with ~100 = 1 nm of 99.99% pure aluminum film by a coating rate of
~1 A°/sec inside a vacuum chamber kept at ~107° torr. Such fabricated sensor element
was used for the corrosion monitoring of the coated films in a provided concentration-
variable nitric acid as a corrosive solution. Figure 2b shows the trace of back reflected
pulses before and after coating the multichannel sensor heads. As can be seen by using
the intermediate fibers, the traced signals of the four channel probes are resolvable and
their sensitivity to the back reflected signal is quite appreciable.
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3. Sensing principles and measurement results

Corrosion monitoring is based on the reduction of back reflected pulses at the input
while the aluminum layer deposited on the end facets is corroded by a corrosive solu-
tion with a certain rate of [22]
AL

CR A (1
where CR — corrosion rate, AL — the thickness reduction of the coated layer during
the measurement time A¢. Aluminum is one of the most frequently used metal in in-
dustrial structures, which shows very good resistance to corrosion due to the formation
of a very thin oxide layer on its surface in connection with moisture and air [23]. It is
observed that depending on the pH level, the CR of the aluminum can be increased in
either acid or base environments [23]. On the other hand, the effect of dilute nitric acid
with the concentration below 80% on the aluminum corrosion is experimentally ob-
served and reported [23, 24]. Therefore, to investigate the response characteristics of
the fabricated sensor and hence CR measurement of the coated aluminum film, the ex-
periment is performed for different concentrations of nitric acid of 25%, 45% and 65%
for two sensor configurations.

3.1. The CR measurement using first sensor configuration

The aim of using the first sensor configuration is to increase the surface area of
the detection zone by a factor of 4, from ~0.012 mm? for a single fiber to ~0.05 mm?
for the multichannel probe. By a designed noncorrosive holder shown in Fig. 1 each
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Fig. 3. Reduction of the back reflected signals from a four channel head in three time intervals while
contacting with acid. The measurement is started with a nitric acid solution of 45% and the aluminum
layer thickness of ~100 nm coated on the end facets of each channel.
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channel head was then capable of monitoring the CR within the provided sensing area.
The explained sensor head is inserted into the provided solutions and the reduction of
the OTDR reflected signals backing from probes 1 to 4 are simultaneously monitored
for three different concentrations of nitric acid. The data acquisition is performed every
5 minutes. Figure 3 indicates the variation of the OTDR signals received from four
channel probes in three distinct times while the sensor head is placed in the nitric acid
of 45% concentration.

As can be seen (because of the corrosion and reduction of the Al thickness),
the OTDR signals of the four channels are significantly decreased and descended to
~50% of their initial intensity after about 175 minutes, which are in contact with
the corrosive solution. However, by increasing the time, 4th peak has gradually dis-
appeared because the low-intensity OTDR signal is passing through a pre-spliced lossy
300-m-long silica fiber. Moreover, after a certain time for each channel, the aluminum
corrosion is approximately stopped and the OTDR intensities are tending to a relatively
constant value. The same trend is also observed in using other nitric acid concentra-
tions. Figure 4 shows the variation of the OTDR peaks with time for four channel
probes while the aluminum-coated sensor head is placed into the provided nitric acid
solution of 45%.

It is clearly shown that as long as the corrosion takes place, the OTDR signals
strongly drop and tend to a minimum value. Final results of CR measurement are sum-
marized in Table 1.

The same results as listed in Table 1 have been obtained using nitric acid with 25%
and 65% of concentrations. Subsequently, as shown in Fig. 5, the variation of the mean
corrosion rate can be plotted with the concentration of corrosive solution. As can be
seen in Fig. 5, by increasing the acid concentration from 25% to 65%, CR has decreased
from 11 to 8 of mean mpy (mpy — millimeter per year) with the measured slope of
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Fig. 4. Variation of the OTDR signals detected from channels 1 to 4 while the sensor head is left into
a 45% concentration of nitric acid for ~275 min. The point of each curve corresponds to the collected
data of intensity variation acquired every 5 min for each channel. The intensity of the channels is
decreasing by the same order as that in Fig. 3.
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Table 1. Case example of corrosion measurement reported for the nitric acid of 45% concentration.
About 100 nm aluminum film is deposited on the end facets of four channel probes while the sensor head
is placed in the corrosive solution. Similar results were obtained for 25% and 65% acid.

Corrosion time Corrosion rate (CR)
Channel probe . - .
[min] [nm/min] [mpy]
1 243 0.412 £0.004 9+0.08
2 251 0.399 + 0.004 8 +0.08
3 225 0.445 £ 0.004 9+0.08
4 215 0.466 + 0.004 10+0.08
Mean corrosion rate 0.430 £ 0.004 940.08

“mpy — millimeter per year
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Fig. 5. Variation of mean corrosion rate with nitric acid concentration using the obtained results is listed
in Table 1. Similar results are obtained like those listed in Table 1 for two other concentrations. Each
point in the figure corresponds to the average of CR over four channels.

—0.05 mpy/c. Therefore, in the case of using high concentration solutions, the length-
ening of corrosion procedure is possible, resulting in the safety and longevity of haz-
ardous structures.

3.2. The CR measurement using second sensor configuration

In this part of measurement, channel probes 1, 2 and 3 are separately inserted into the
provided 25%, 45% and 65% concentrations of nitric acid, respectively. This enabled
the simultaneous detection of the corrosion of aluminum films that are coated on the head
probes. By the same procedure and similar experimental conditions as used in corro-
sion measurement with the first sensor configuration, the reduction of received
OTDR peaks reflected from each channel probe is monitored every 5 minutes. The trend
of corrosion is illustrated in Fig. 6.

As can be seen from the plot, a feature of OTDR signal variation is principally
similar to the curves indicated in Fig. 5 with a difference that the drop of OTDR signal
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Fig. 6. Variation of the OTDR signals with time detected from channel 1, 2 and 3 while the probes have
been left into the 25%, 45% and 65% concentrations of nitric acid, respectively, for ~275 minutes. Each
point of the curves is related to the intensity variation of each probe that is monitored every 5 minutes.
Experimental conditions are the same as used in plotting Fig. 4 and the aluminum film is initially ~100 nm.

Table 2. Summarized results of simultaneous measurement of ~100 nm aluminum film corrosion,
which was initially deposited on the end facets of channel probes 1, 2 and 3 while placed in 25%, 45%
and 65% of nitric acid, respectively.

Corrosion time Corrosion rate (CR)
Channel probe . .
[min] [nm/min] [mpy]
1 138 0.725 +0.008 15+£0.15
2 152 0.659 +0.008 13+£0.15
3 210 0.477 +£0.008 10+£0.15
154 = = Measured data
= Chann Linear fit
g 14
o
O 13+ = Channel 2
(]
©
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c
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Fig. 7. Variation of CR while channels 1, 2 and 3 of corrosion sensor are individually left in the nitric
acid with 25%, 45% and 65% of concentration, respectively. The thickness of aluminum film coated on
the end facets of channels is initially ~100 nm.
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is strongly descending for dilute nitric acids. In Table 2 the results of this measurement
are summarized and the results are graphically gathered in Fig. 7.

As it is evident from the above plot, compared to the measurement obtained with
the first sensor configuration, aluminum film is corroded with a larger slope of
—0.125 mpy/c, indicating higher sensitivity to different environment containing differ-
ent levels of corrosion. The obtained results indicate that by this configuration, mul-
tipoint corrosion monitoring is possible at the same time. Therefore, it can be used to
replace multisensor devices with effective reduction in cost and size.

4. Verification of measurement using an immersion test

To verify the trend of experimental results we employed the immersion standard test
basing on the same conditions as those used in the foregoing sections with equal vol-
ume of nitric acid. It is based on the weight loss AW measurement of a corroded sample
in a relatively long and adequate time. Accordingly, CR can be evaluated using the
following relation as [4]

cr = A L 534%10° )

pAt

where p [g/cm’] is the sample density, 4 [cm?] is the sample surface contacting with
the corrosive solution and ¢ [h] is the time of immersion. Thus, an aluminum sample
with the same purity as used for the Al deposition is provided in three similar pieces
with 1 cm in width, 3 cm in length and 1 mm in diameter. The weight measurement
of the provided samples is performed using a very precise balance with an accuracy
of £0.001 gram. A 20 cm? volume of the utilized acids of 25%, 45% and 65% concen-
trations is provided and the CR is measured after immersing the aluminum pieces inside
the solutions for about one week. It is performed through the weight loss measurement

= Measured data
Linear fit

110 A

Corrosion rate (CR) [mpy]

90 A
Equation of line:
y = 165.45 — 1.425x
R? =0.99
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Nitric acid concentration c [%)]

Fig. 8. Immersion test results of the aluminum corrosion to verify the measured CR performed with
the multichannel sensor described in Figs. 5 and 7. The initial weight of aluminum pieces is ~0.251 g and
the final are 0.199, 0.211 and 0.220 g for 25%, 45% and 65% of nitric acid concentrations, respectively,
after ~7 days. The aluminum density is assumed 2.7 g/cm®.
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of the immersed pieces and simultaneous use of Eq. (2). The results of this measure-
ment are depicted in Fig. 8.

It is evident from the plot that the same reduction trend can be observed as that
obtained with the fabricated multichannel sensor. However, the difference between the
measured and evaluated CR is due to the fact that the effective surface of corrosion in
the immersion test is much larger than that of the surface head of the multichannel sen-
SOT.

5. The effects of pH on the corrosion rate

Further investigation is also based on the effect of pH on aluminum corrosion. The pH
of the corrosive solution is accordingly changed in a relatively wide range from zero
to ~13. This was performed by adding a certain volume of distilled water into nitric
acid and sodium hydroxide (NaOH) to provide acid and base environments, respec-
tively. The pH of the compositions is measured using a standard turnsole paper.
The CR measurement is then accomplished twice using the multichannel sensor in
the second configuration where the end facets of channel probes 1, 2 and 3 have been
coated and placed into the corrosive solutions of different pH values. Quantitative
measurement is performed every 2 minutes by the monitoring of OTDR signal reduc-
tion of the utilized channels. Figure 9 illustrates the measured CR of the deposited alu-
minum versus pH of corrosive solutions.

As can be seen, the sensor appears to be quite sensitive to the pH of corrosive solu-
tion. While the pH is increased up to ~13, the CR is jumped to ~75 mpy, which indicates
a very consistent feature as reported in the relevant literature [23]. Finally, the perfor-
mance of the fabricated sensor is demonstrated through field measurement of CR using
provided water from Persian Gulf. The combination of extreme heat and high humidity

80

i = Measured data
Polynomial fit

Corrosion rate (CR) [mpy]

Fig. 9. Measured CR versus pH of corrosive solutions. A variation of the pH is performed using nitric
acid and sodium hydroxide (NaOH) to make acid and base solutions. The channel probes 1, 2 and 3 of
the multichannel sensor are used for simultaneous monitoring of OTDR signal reduction, which is received
from the utilized channels. The thickness of the coated aluminum is initially set for ~100 nm.
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Fig. 10. Measurement of the CR of aluminum film corroded in the provided water from Persian Gulf.
The sensor head is also coated with ~100 nm of pure aluminum and then it is left in the water for ~15 h.

make the Persian Gulf as one of the most aggressive environments in the world. Inside
the water, chloride ion acts as a corrosion agent, which imposes very undesirable con-
ditions on the durability of marine and submarine structures, which in turn reduces the
service lifetime, and affects the regional economy. Therefore, we used a single-channel
of the fabricated sensor to evaluate its performance in a real scale. The results of this
measurement are depicted in Fig. 10.

As can be seen, the OTDR-based sensor appears to be quite reliable where the same
CR feature can be observed as to the results obtained in the laboratory scale. However,
a CR of ~3 mpy is obtained in this measurement.

6. Conclusion

In this work, we introduced an OTDR-based multichannel sensor for the CR monitoring
of aluminum in nitric acid as a corrosive solution. It consists of an OTDR device that
is spliced to a commercial 1x4 optical fiber coupler as the sensing element. To increase
the resolution of a signal, the length of channel probes is increased by splicing 100,
200 and 300 m of silicon-based optical fibers to the channels 2, 3 and 4, respectively.
The sensor is then used in two different configurations to provide surface and simul-
taneous detection of CR of aluminum film in corrosive environments. It is performed
by coating the end facets of channel heads with ~100 nm of pure aluminum, which was
placed in nitric acid solutions with three different concentrations of 25%, 45% and
65%. The CR measurement is performed by systematic detection of the OTDR signal
reduction while the probe heads were placed into the corrosion solutions. By the first
sensor configuration, CR detection of the surface was then possible, indicating a slope
of—0.05 mpy/c while the nitric acid concentration changed from 25% to 65%. Whereas
the second sensor configuration fabricated for simultaneous detection of corrosion in-
dicated a CR of—0.125 mpy/c. Our experimental measurement is then verified by using
the standard immersion test. The obtained results showed very good consistency in the
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measured trends. Moreover, the effect of pH on the CR is also studied by the pH var-
iation of corrosive solutions through adding the distilled water into nitric acid and
sodium hydroxide (NaOH). The obtained results showed that the CR is very susceptible
to the pH value where for pH of ~13 the CR was jumped to ~75 mpy. Finally, the
performance of the fabricated sensor is demonstrated by CR measurement of the pro-
vided water from the Persian Gulf. We received a very good response from the fabri-
cated OTDR-based sensor for field experiment, which confirmed the reliability of the
measurements.
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