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Size-selective contrasting of cracks
on a metal surface by gold nanoparticles
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The size-selective contrasting of nanosized surface defects by photoluminescent metal nanoparticles is proposed.

Pipeline corrosion is the major threat to the oil and gas transport
infrastructure in harsh climate regions such as Ural and Siberia
in Russia. Various nondestructive testing (NDT) methods are
available for the monitoring of corrosion in oil and gas equipment.
Recent developments in optical NDT methods are focused on
the detection of defects close to the diffraction limit by size: the
detection of subpixel-sized defects by infrared thermography,'
the monitoring of pitting corrosion by the measurement of pit
depth by confocal microscopy? and the confocal Raman mapping
of a metal surface.> Among the oldest, simplest and cheapest
optical NDT methods are dye penetrant methods.* Unfortunately,
dye penetrant methods are not applicable to rough surfaces, their
contrasting ability is low, and the microcrack size estimation
is unavailable. In order to provide size-selective contrast, the
penetrant nanoparticles should be either photoluminescent or
grafted with fluorescent dyes. Photoluminescent metal nano-
particles are superior to fluorescent dyes in photostability> and
to semiconductor quantum dots in biocompatibility.® Earlier,’
surface defects on pipeline steel samples contrasted by core-shell
copper-silica nanoparticles were detected.

The aim of this work was to develop an NDT procedure
providing the size-selective detection of mapped surface defects
contrasted by photoluminescent metal nanoparticles. The method
is based on the detection of nanoparticle photoluminescence and
second harmonics generation® with excitation by a femtosecond
near-infrared laser.

Gold nanoparticles stabilized by citrate were synthesized
via a modified technique® in a water-jacketed four-necked flask
equipped with a thermometer, a reflux condenser and a dropping
funnel. The fourth neck was used for sampling. All the glass-
ware was soaked in aqua regia prepared daily and rinsed with
deionized water’ afterwards. The temperature in the flask was
90.0+0.1 °C during the synthesis.* Gold nanoparticles stabilized
by gum arabic were synthesized'? in the same apparatus at room
temperature. Nanoparticles were characterized by transmission
electron microscopy (TEM),? using the ImageJ software!! for
the measurement of diameters of at least 150 individual particles.
The characteristics estimated by the image analysis are reported
in the (mean + sample standard deviation) format. Model nano-
cracks were etched on the surface of X70 pipeline steel specimens
by a focused ion beam' and then imaged on the same apparatus
in the scanning electron microscope (SEM) mode. The nano-
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Figure 1 Size distribution of the gold nanoparticles stabilized by citrate
(668 nm) and gum arabic (252+45 nm), and size distribution of nanocracks
(130420, 196+27, 406+89 and 2480+240 nm). Insets: TEM micrographs of
gold nanoparticles (scale bar, 200 nm).

cracks were etched in ensembles for their recognition in optical
micrographs, with the repeated pattern of the nanocracks 2500,
400, 200 and 130 nm wide. Figure 1 shows the size distribution
of nanoparticles and the widths of the model nanocracks.

Figure 2 SEM micrographs of the model nanocracks (a) 406+89, (b) 19627
and (c¢) 13020 nm wide contrasted by the gold nanoparticles stabilized by
gum arabic. Scale bar, 1 pm.

- 356 -



Mendeleev Commun., 2015, 25, 356-357

m!

Figure 3 Micrographs of the nanocrack ensemble: (a) optical microscopy,
(b) map of the photoluminescence of gold nanoparticles stabilized by gum
arabic and (c¢) map of the photoluminescence of gold nanoparticles stabilized
by citrate. Scale bar, 50 pm.

The model nanocracks were contrasted at first with the gold
nanoparticles stabilized by gum arabic, imaged, and then contrasted
once again with the gold nanoparticles stabilized by citrate. SEM
micrographs of the contrasted nanocracks are shown in Figure 2.

The gold nanoparticles with a diameter of 252+45 nm con-
trasted the nanocracks of 40689 nm wide and the nanocracks of
196427 nm wide but with lower loading, and leave the nanocracks
of 130+20 nm wide uncontrasted. Thus, the application of gold
nanoparticles to the pipeline steel specimens could be used as
the size-selective contrasting of surface defects.

The specimens were observed under an inverted microscope, '
and the distribution of nanoparticles on the specimens was
assessed by photoluminescence microscopy.'? The nanoparticles
were excited with a 1048 nm femtosecond laser at a power
density of 1.16x10° W m, and their photoluminescence intensity
was measured by a photomultiplier. Using a motorized x—y stage,
we scanned the specimens and recorded the map of nanoparticle
photoluminescence (Figure 3).

Figure 3 shows that all the used nanoparticles sharply con-
trasted the widest model crack (the most left, 2480+240 nm
wide). However, the contrast of the nanocracks with a width
close to the size of the nanoparticles [Figure 3(b), nanoparticles
diameter is 252+45 nm; the second and third nanocracks are
406+89 nm and 196+27 nm wide, respectively] was significantly
lower. The narrowest nanocrack (13020 nm wide) was not
contrasted by the nanoparticles. All the nanocracks were contrasted
by sufficiently small (668 nm) gold nanoparticles [Figure 3(c)].

In contrast to previously published data,” we found for the
first time the size-selective contrasting of surface defects by the
consequent application of nanoparticles larger and smaller than
the defect. The resolution of the method can be improved using
uniform nanoparticles. We used the citrate-stabilized gold nano-
particles with a diameter of 66+8 nm and a polydispersity index
(PDI) of 0.117, and the gum arabic-stabilized gold nanoparticles
with a diameter of 252+45 nm and a PDI of 0.179. However,
published data suggest that these nanoparticles could be obtained
with PDIs of 0.052° and 0.088 for the citrate- and gum arabic-
stabilized ones. The sensitivity of the method depends on the
particle size. The photoluminescence of silver nanoparticles has
a maximum for a particle size of ~30 nm with xenon lamp excita-
tion.!3 With femtosecond laser excitation, the largest photo-
luminescence is provided by gold nanoparticles with a particle
size of 55-80 nm and silver nanoparticles with a particle size

11X-71, Olympus, Japan.

of about 50 nm.'* Thus, the sensitivity of the method is maximal
for defects larger than 50 nm. Note that the apparatus used for
the photoluminescence mapping of samples can be essentially
simplified in order to achieve the capability of routine examina-
tion of metal surfaces contrasted by nanoparticles. Furthermore,
femtosecond lasers are becoming more popular in ophthalmology,
and their large-scale production will lower the cost of laser
significantly.

As we expected, the gold nanoparticles with a narrow size
distribution can be employed as size-selective optical markers
for the detection of surface defects. The model nanocracks barely
visible on optical micrographs are sharply contrasted on
photoluminescence micrographs, and surface defects can be
differentiated by width using nanoparticles larger and smaller
than the width of defects. The reported method of the size-
selective contrasting of surface defects can be applied to the
nondestructive testing of surface corrosion defects at the earlier
stages of growth.
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