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Summary

Focused ion beam and scanning electron microscope (FIB-
SEM) instruments are extensively used to characterize
nanoscale composition of composite materials, however, their
application to analysis of organic corrosion barrier coatings
has been limited. The primary concern that arises with use
of FIB to mill organic materials is the possibility of severe
thermal damage that occurs in close proximity to the ion
beam impact. Recent research has shown that such localized
artefacts can be mitigated for a number of polymers through
cryogenic cooling of the sample as well as low current milling
and intelligent ion beam control. Here we report unexpected
nonlocalized artefacts that occur during FIB milling of com-
posite organic coatings with pigment particles. Specifically,
we show that FIB milling of pigmented polysiloxane coating
can lead to formation of multiple microscopic voids within
the substrate as far as 5 um away from the ion beam impact.
We use further experimentation and modelling to show that
void formation occurs via ion beam heating of the pigment
particles that leads to decomposition and vaporization of
the surrounding polysiloxane. We also identify FIB milling
conditions that mitigate this issue.

Introduction

Dual beam instruments that combine focused ion beam with a
scanning electron microscope (FIB-SEM) are extensively used
for characterization of various materials ranging from semi-
conductors to biological tissue (Stevie et al., 2005; Volkert &
Minor, 2007; Bassim et al., 2014), but have not been applied
to analysis of organic corrosion barrier coatings. In the past,
FIB-SEM has been used for site specific cross sectioning and/or
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lamella extraction for transmission electron microscope imag-
ing (White et al., 2001; Lins et al., 2002; Loos et al., 2002;
Beach et al., 2005; Brunner et al., 2006, 2008; Brostow et al.,
2007; Kawahara et al., 2008; Martinez et al., 2008; Wong
etal., 2010; Firpo etal., 2015; Qin et al., 2015), destructive to-
mography (Kato et al., 2007; Lin et al., 2012; Olea-Mejia et al.,
2012) and nanofabrication (Aubry et al., 2002; Niihara et al.,
2005; Lee et al., 2012; Schmied et al., 2012; Orthacker et al.,
2014; Schmied et al., 2014) of polymers and polymeric com-
posites. Out of these examples, only a few studies have been
dedicated to characterization of pristine organic coatings and
paints (Lins et al., 2002; Brunner et al., 2006, 2008; Brostow
et al., 2007; Lin et al., 2012; Chen et al., 2013; Doutre et al.,
2014). With respect to corrosion barrier coatings, FIB-SEM
characterization can provide quantitative nanoscale informa-
tion about three dimensional distributions of pigment particles
and pores in both pristine as well as corroded samples. Both of
these physical features strongly impact resistance of the coat-
ings to penetration by water and dissolved ions (Nguyen et al.,
1996; Lambourne & Strivens, 1999; Van der Wel & Adan,
1999; Chen et al., 2013, 2014), but their influence is typi-
cally quantified in total or effective terms using macroscopic
techniques (Nguyen et al., 1995; Linossier et al., 1997; Bier-
wagen et al., 2003). Chen and co-workers recently measured
three dimensional distribution of aluminium flakes dispersed
in epoxy using serial block-face SEM imaging and x-ray tomog-
raphy and used this data to theoretically predict resistance
of the coating to penetration by corrosive ions (Chen et al.,
2013). In contrast to mechanical slicing using a microtome,
FIB can be used to mill a smooth cross section of a pigmented
paint without risk of artefacts arising from heterogeneous
mechanical properties of the sample (e.g. dislodging of parti-
cles by the microtome blade). Another advantage of using FIB-
SEM over serial block-face and x-ray tomography of organic
coatingsis minimal sample preparation. Specifically, cross sec-
tioning and destructive tomography can be performed at any
location of a coated substrate before and after corroding.
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The primary concern that arises when using FIB-SEM to
characterize a polymeric sample is the possibility of severe
damage induced by ion beam heating of the sample (Volkert
& Minor, 2007; Kim et al., 2011; Bassim et al., 2012). To date
thermal damage stemming from significant temperature rise
in vicinity of the ion beam impact has been described. For a
material with thermal conductivity k, the maximum temper-
ature increase due to impact of an ion beam with power ¢
and diameter d; can be estimated as AT ~ 24 /mdyk (Vine-
yard, 1976; Volkert & Minor, 2007; Kim et al., 2011; Das
et al., 2015). For typical polymer with k ~ 0.1 W Km™!, im-
pact of a modern focused gallium ion beam with 24 /d;, up to
1000 W m™! can cause a temperature increase greater than
3000K (Kimetal., 2011). Naturally, polymers decompose and
partially volatilize prior to reaching such temperatures. How-
ever, this process can introduce molecular scale changes that
are detectable using transmission electron microscope (Kim
et al., 2011), cause local cracking of the polymer (Olea-Mejia
etal., 2012), and even sufficient morphological instabilities to
severely deform the geometry FIB-prototyped nanostructures
(Schmied et al., 2012, 2014; Orthacker et al., 2014). For pure
polymers the thermal damage localized to the ion beam impact
area can be minimized using cryogenic cooling, low current
milling and smart navigation of the ion beam (Kim et al., 2011,
Bassim et al., 2012, Lee et al., 2012, Olea-Mejia et al., 2012,
Schmied et al., 2012, 2014, Orthacker et al., 2014). In the
latter approach the ion beam exposure pattern is altered from
the common pixelated line-by-line raster to increase the time
in-between re-exposure of individual points. Increasing this
so called loop time past an ion beam current and milled area
dependent threshold reduces the maximum temperature rise
by allowing for conductive dissipation of heat deposited by ion
beam exposure.

In this work we used FIB-SEM to study internal morphology
of single component polysiloxane corrosion barrier coatings
with and without haze grey pigment additives. These novel
coatings are potential candidates for replacing silicone alkyds
currently used to cover topsides of naval surface vessels. The
polysiloxane coatings are hydrophobic and have enhanced
hardness, colour-stability, gloss retention, and cleanability as
compared to the silicone alkyds (Iezzi, 2012; Iezzi et al., 2013).
We show that the pure polysiloxane paint can be FIB cross
sectioned at room temperature with a wide range of ion beam
currents (1-20 nA) without introducing any major geometri-
cal alterations to the exposed section. In contrast, we observed
an unexpected mode of severe damage that occurs during
FIB milling of the pigmented polysiloxane coating with ion
beam current higher than 1 nA. Specifically, we report that
FIB milling of such composites can lead to formation of mul-
tiple voids within the substrate as far as 5 um away from
the ion beam impact. We use experiments and modelling to
identify the physical mechanisms responsible for formation of
the voids and FIB milling conditions that mitigate these severe
artefacts.
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Materials and methods

Polysiloxane coating synthesis, preparation, and characterization

The resin with approximate chemical formula Cs>;H;y7Ny
0,5Si3 was synthesized by reacting N-butyl-3-aminopropy-
Itrimethoxysilane with a homopolymer of hexamethylene di-
isocyanate, at a 1:1 molar ratio, at 50°C in aromatic naphtha
solvent until all isocyanate has been consumed (Iezzi, 2012).
After the clear polymer was synthesized, a haze grey colour-
ing was achieved by dispersing colorizing pigments (titanium
oxide, chromium green-black hematite, and yellow iron ox-
ide) using a high-speed mixer. Solvents were added to adjust
the viscosity, followed by a catalyst (e.g. dibutyltin dilaurate).
Addition of the pigment particles decreased the static contact
angle water from 102.4° + 1.4° for the clear to 94.0° £ 1.4°
for haze grey coatings. Similarly, the advancing and receding
water contact angles changed from 106.8° 4 0.4° and 74.0°
4+ 3.2°t095.4° 4+ 1.8° and 46.6° + 1.7°, respectively.

For the imaging and milling experiments, several drops of
clear and pigmented polymer were deposited on separate mir-
ror polished 2.5 cm diameter aluminum SEM stubs (Ted Pella
Inc., Redding, CA, USA). The drops were allowed to cure at
22-24°Cwith 30-50% relative humidity for atleast one week.
Optical images of the drops were taken using an Axio-Zoom
V16 microscope (Zeiss, Peabody, MA, USA) with Apo 1.5x
lens. The energy dispersive x-ray (EDS) spectra of the samples
were collected for 600 s using an Apollo detector with Genesis
software (EDAX, Mahwah, NJ, USA) mounted onto an Am-
ray 1910 SEM (Semtech Solutions, North Billerica, MA, USA)
with an electron beam energy of 15 keV and condenser lens
setting of —20. Prior to FIB-SEM milling and imaging, samples
were coated with a thin gold-palladium layer using a 208 HR
Sputter Coater (Cressington, Wadford, UK).

Differential scanning calorimetry and thermogravimetric analysis

Flakes of the cured clear polysiloxane were frozen using lig-
uid nitrogen and manually ground using a mortar and pestle.
About 5 mg ofthe powder was inserted into an aluminium cru-
cible that was placed on the balance arm of a Mettler-Toledo
STAR® TGA/DSC 1 (Greifensee, Switzerland). Prior to closing
of the crucible and the furnace, a 1-min-long nitrogen gas
purging step was performed at a flow rate of 20 mL min~'.
During the experiment the nitrogen gas flow was increased to
50 mL min~'. The furnace was heated at a rate of 2°C min™!
from room temperature to 550°C, and held at this tempera-
ture for three hours prior to cooling back to room temperature.
The presence of residual black powder was visually confirmed.
The STAR® evaluation software was used to integrate the DSC
curve between 138 and 330 min to obtain the total heat trans-
fer. To calculate the specific enthalpy of decomposition, the in-
tegrated value was divided by the decreased mass of the sample
after residual solvent evaporation that occurred around 150°C
(4.5 mg).
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Thermal conductivity measurement

The thermal conductivity of polysiloxane was measured us-
ing the 3w method (Cahill, 1990). To prepare samples for
measurement, Al metal lines were deposited on a clear film
of cured polysiloxane on silicon wafer using photolithogra-
phy. The lines were 10 um wide, 1.0 mm long, and 150 nm
thick. These lines functioned as both the heat source and ther-
mometer. During the measurements, an alternating current
was run through the Al line at a series of frequencies and
the corresponding third harmonic of the voltage response was
measured using SR830 lock-in amplifier (Stanford Research
Systems, Sunnyvale, CA, USA). To convert the electrical sig-
nals into thermal responses, the temperature coefficient of re-
sistance of 3w lines were measured using a home-built thermal
stage.

FIB-SEM

The experiments were conducted using a Nova 200 FIB-SEM
(FEI Co, Hillsboro, OR, USA) with Ga™ column and field emis-
sion electron gun. The SEM imaging was performed with elec-
tron beam energy of 5 keV and current of 0.4 nA with a per
point dwell time between 0.3 and 3 us. Al FIB processing steps
were performed with an ion beam energy of 30 keV. Prior to
FIB milling, an approximately 0.5 um thick and 5 um by
15 pum protective platinum film was deposited using FIB in-
duced deposition of the organometallic gas with an ion beam
current of 0.3 nA. FIB milling was performed with an ion beam
current between 0.5 and 20 nA with a per point dwell time
of 1 us and a 50% overlap between consecutive points. Large
10 pum by 15 um cuts with a staircase geometry and maxi-
mal depth of about 7 um were performed using the ‘regular
cross section’ mode with ion beam currents ranging from 1 to
20 nA. Polishing of the exposed cross sections was performed
with anionbeam current of 0.5-1 nA using the ‘cleaning cross
section’ mode. Occasional secondary electron images from the
‘FIB view’ were captured with a dwell time of 100 ns and a
raster size of 512 by 471 pixels. To determine the FIB sputter-
ingrate ofthe clear polymer, 5 umby 5 um squares were milled
for 6, 12, 25, 50 and 75 s with ion beam currents of 3 and
7 nA. The FIB sputtering rate was determined from a linear fit
to average depth measurements taken at each exposure time
(six depth measurements per point). The calculated sputter-
ing rate was 0.98 um?’ s7! (0.33 um> nC') and 1.9 um?> s7!
(0.27 um?® nC™) for 3 and 7 nA cuts, respectively. All exper-
iments were conducted with sample located at the eucentric
position with a working distance of 5.3 mm and 52° tilt.

Results

Figure 1 illustrates a typical three step FIB-SEM cross sec-
tioning procedure consisting of: (1) localized deposition of a
protective film through ion or electron beam induced depo-
sition of carbon or carbon-platinum composite, (2) high ion

beam current removal of a large material volume and (3) low
ion beam current polishing of the exposed vertical cross sec-
tion. The ~0.5 to 1-um-thick protective cap is deposited to
minimize milling nonuniformities that can cause formation of
ajagged cross section (displayed through vertical curtain-like
stripes on SEM image). During the second step a large volume
of the sample with a rectangular base is removed. The milling
time during this step is reduced by removing only a wedge-like
or staircase-like volume that is directly blocking the electron
beam access to the cross section of interest. To further reduce
the milling time, as high as practically possible ion beam cur-
rent is used during this step. However, fast milling with ion
beam currents on the order of a few nanoamps, and with that
beam diameter of ~50 to 500 nm, typically results in a crude
cut quality and masking of the actual cross section face un-
derneath a layer of redeposited material (e.g. see SEM image in
Fig. 1B). In the third "cleaning" step, ion beam with a current
below 1 nA and diameter of below 50 nm is used to ‘polish’
the cross section. Comparison of the before and after ‘cleaning
step’ SEM images of the cross section in Figures 1(B) and (C)
clearly shows that FIB polishing exposes the particles hidden
underneath the redeposited material.

We used the above FIB-SEM procedure to study internal
morphology of single component polysiloxane coatings with-
out (i.e. clear) and with haze grey pigment additives (see optical
images in Figs. 2A and B). To be qualified for application to
navy ships, the organic coating must have a number of par-
ticulate additives that serve various functions ranging from
haze grey colouring to minimizing thermal loads by reducing
solar absorbance (MIL-PRF-24635E, 2009). The energy dis-
persive x-ray spectra (EDS) of the clear and haze grey samples
shown in Figures 2(A) and (B) illustrate this point. In addition
to strong carbon, silicon, oxygen, aluminium (from substrate)
peaks present in both spectra, the haze grey coating spectrum
includes titanium, iron, and chrome peaks corresponding to
titanium oxide, chromium green-black hematite and yellow
iron oxide pigments. The images in Figures 2(C) and (D) show
pure polysiloxane polymer after a 15 um wide and ~7 um
deep cross section was exposed using FIB milling at 1 and
7 nA, respectively. While milling at the lower current pro-
duced a better defined geometry (i.e. the staircase pattern and
vertical side-walls), it took seven times longer than removal of
same material volume at the higher current (20 min at 1 nA vs.
2:51 min at 7 nA). At this stage obtaining a high quality of the
milled ditch geometry is not critical since a low current cross
section polishing step is required to clear away redoposited
material. Consequently, performing the crude milling step of
the clear sample at a current higher than 1 nA provides ad-
equate results and is preferred because it reduces the overall
milling time.

In contrast to the clear sample, we found that the morphol-
ogy of the FIB milled pigmented composite sample was highly
dependent on the ion beam current. The images in Figure 2(E)
show that FIB milling of the composite sample at 1 nA with

© 2015 The Authors
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Fig. 1. Schematics and representative FIB-view and SEM-view images illustrating typical FIB-SEM cross sectioning procedure consisting of (A) protective

film deposition, (B) high ion beam current removal of a large material wedge and (C) low ion beam current polishing to expose a clean cross section
from underneath redeposited material. To facilitate interpretation of the schematics, the sample is oriented horizontally instead of at 52° tilt used in

experiments.

a 0.5 nA polishing step produced a smooth cross section with
clearly visible pigment particles. Since the polymer is sput-
tered away at a higher rate than the mostly ceramic particles
(~0.3 um?® nC™! for polysiloxane vs. 0.15 um? nC™" Ti0,),
several pigment particles rise above the polymer on the bot-
tom of the milled ditch. Besides the partially milled particles,
deep holes also formed on the bottom of the ditched milled at
7 nA. The images in Figure 2(F) show that in addition to the
holes on the bottom, a number of voids with size ranging from
~0.2 to 3 um also formed on the vertical cross section. We ob-
served formation of the voids during milling of the pigmented
sample at any ion beam current above 1 nA (up to 20 nA).
We used the procedure illustrated in Figure 2(G) to con-
firm that these voids are indeed caused by high current ion
beam milling. Specifically, we first milled staircase-like shapes
with rectangular base of 15 by 10 um and maximum depth of
~7 pm at currents of 1, 3, 5, 7 and 20 nA. Subsequently, we
progressively milled into the material covered by the protec-
tive cap at 1 nA, moving away from the edge of the original
crude cut in 1 um thick, 15 um wide, and ~7 pwm deep slices.
The images of the revealed cross sections in Figure 2(G) show
that for the 5 nA crude cut voids are present until the third
slice (i.e. the image of the cross section taken after the fourth
slice is void free). We used this procedure to determine void
penetration depth away from the impact of the high energy
ion beam during the crude milling step. We found that the

© 2015 The Authors
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penetration depth scaled with the current, being 2, 3, 4 and
5 um for ion beam currents of 3, 5, 7 and 20 nA, respectively.
We point out thatin all the cases voids were present within ma-
terial volume that was not directly exposed to the high current
beam. Consequently, in contrast to holes on the bottom of the
milled ditch, the observed voids could not have been caused by
the large difference between the polymer and particle milling
rates. In the next section we propose and discuss an alternative
thermal mechanism that leads to formation of the voids.

Discussion

We propose that void formation occurs via ion beam heating
of the pigment particles that subsequently leads to decompo-
sition and vaporization of the surrounding polysiloxane. The
schematic in Figure 3(A) illustrates that after decomposition
of the polymer at the particle surface, voids can enlarge via
vaporization of the solid in contact with the entrapped hot
vapours. Since initially the created vapours will not have room
to expand, their pressure will be significant. Consequently,
voids could potentially expand through plastic deformation
of the surrounding polymer. In addition, nonlocalized sec-
ondary voids could form through failure of weaker parts of the
composite surrounding the original void (e.g. neighbouring
particle-matrix interface) and vapour leakage.

The TGA and DSC results shown in Figure 3(B) indicate
that four fifths of the total mass loss during polysiloxane
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Fig. 2. EDS spectra and optical images of (A) clear and (B) haze grey pigmented polysiloxane (ps); (C) to (F) 52° tilt SEM images of clear polysiloxane FIB
milled at (C) 1 nA and (D) 7 nA and of the haze grey polysiloxane FIB milled at (E) 1 nA and (F) 7 nA; (G) corresponding FIB-view and SEM-view images
of sequential slicing away from the original cut face to determine the void penetration depth.

decomposition occurs between ~350°C and ~550°C. This
step involves breaking down of the polymer into solid fumed
silica and black carbon as well as gases including water, car-
bon dioxide, and hydrocarbons. The other one fifth of the
total lost mass occurred at temperature lower than ~150°C.
Since this low temperature mass loss is not associated with an
endothermic peak, it likely is caused by outgassing of resid-
ual volatile organic compounds and solvents. In contrast,
the predominant titanium oxide pigment is much more ther-
mally stable with melting and vaporization temperatures of
1843°C and 2972°C, respectively. Thus, if the ion beam can
heat the titanium oxide particles to 350°C, polysiloxane at

the particle surface could be vaporized with further ion beam
exposure.

Since the pigment particles have size, d,, comparable to or
greater than the ion beam diameter (d;, defined as full width at
half maximum of the assumed Gaussian beam distribution),
ion beam heating cannot be evaluated in terms of effective
thermal conductivity. In fact, such analysis would lead to an
incorrect conclusion that the presence of the particles, whose
addition increases the effective thermal conductivity of the
composite (~11 W Km™ for TiO, vs. 0.19 + 0.02 W Km™!
for polysiloxane), would decrease the maximum temperature
rise (AT ~ 1/k).Based on simulations performed using SRIM

© 2015 The Authors
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plots showing mass loss and heat flow during decomposition of the clear polysiloxane, (C) distribution of phonons created by 30 keV Ga+ ions scattering
within TiO; and (D) corresponding projection of 100 ion scattering tracks in TiO,. Ion scattering tracts in Poly(methyl methacrylate) (PMMA) are also

shown for comparative purposes.

software (Ziegler & Biersack, 2012), about two thirds of the
total energy of Ga™ ions ( E;= 30 keV) scattering in TiO, is
lost in inelastic collisions with the substrate’s atoms. Through
recoil of the atoms after the collisions, the energy lost by the ion
generates phonons (Schmied et al., 2014). The plots of SRIM
simulations in Figures 3(C) and (D) show that majority of the
ion scattering events and phonon generation occurs within
about ~20 nm of the surface. Since the smallest pigment par-
ticles have a significantly larger size of 100 to 200 nm, the ion

© 2015 The Authors
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beam with current i can be approximated as a surface heat
source with diameter d, and power ¢ = 2i E,/3.

To estimate the temperature increase of a pigment parti-
cle due to this heat source, we assume that the temperature
gradient within the particle is negligible (i.e. lumped thermal
mass model). This assumption is reasonable as the time scale
for heat conduction across the particle, t.,, is much shorter
than the per pointion beam dwell time, tg..;. Whereas tgyen
is approximately 1 us, t.,, ranges from 2.5 to 70 ns for d,
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around the particles (dparicie) heated to 350°C with remaining energy deposited by the ion beam exposure.

2
ranging from 100 to 1000 nm (t,,, ~ i—‘) where «), is the TiO,

particle thermal diffusivity, 4.4x10~° m?s™!). Furthermore,
because our measurement showed that the thermal conduc-
tivity of the polymer is two orders smaller than that of the TiO-,
we assume that the particle is thermally insulated. With these
assumptions, the temperature increase due to single ion beam
exposure can be estimated as ATg;ng1. ~ 64 tdwu/npcpd;j (op
and ¢, are the density and the gravimetric specific heat of
TiO,). This expression can also be modified to take into ac-
count cases when d, > dj, and the particle is exposed mul-
tiple times to the ion beam within the same raster loop (see
schematics in Figs. 4A and B). Since the time in-between the
exposure points is negligible comparing to the per point dwell
time and the particle is treated as a lumped thermal mass, mul-
tiple consecutive exposures are equivalent to a single longer
exposure. With the typical consecutive point separation dis-
tance of d;/2, the temperature rise of an insulated particle due
to multiple sequential ion beam exposures can be estimated as
ATpuie ~ 6qtawen(2d,/dy)/md ) pe,. The plots in Figures 4(A)
and (B) show that the pigment particles can reach the thresh-
old temperature for polysiloxane decomposition (~350°C) af-

ter both single and multiple exposures to the ion beam. Par-
ticles with diameters below ~350 and ~1100 nm reach this
temperature after single 1 us exposure to 1 and 20 nA ion
beam, respectively. If sequentially exposed 2d,/d; times for
1 us to the 1 and 20 nA ion beam, particles smaller than
~950 and ~1500 nm will reach the threshold decomposition
temperature, respectively.

Once the surface of the pigment particles is heated to the
threshold decomposition temperature, a significant portion of
energy imparted by ion beam during remaining exposure time
will contribute to decomposition of the surrounding polymer.
After the solid layer directly in contact with the particle is de-
composed and partially vaporized, the surrounding polymer
will be heated and decomposed by the created gases that, in
turn, will be reheated by the particle. To roughly estimate size
of voids that would form in the process, we assume that all en-
ergy imparted by the ion beam after particles reach ~350°C,
E; = E; — AT ppcpnd;/6, leads to decomposition and vapor-
ization of the polymer. In other terms, we assume that E; =
Pps Vpshps, where p,s, Vys, and A, are the density, volume,
and specific enthalpy of decomposition of the polysiloxane.

© 2015 The Authors
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To calculate the value of A,; we estimated the energy that
was required to decompose our sample by integrating the DSC
data under the endothermic peak (see Fig. 3B). By dividing this
value by the sample mass, we obtained 1 ,; ~26kJ g, whichis
in the range expected for high temperature polymers (Walters
et al., 2000). Assuming a spherical shape of the forming void,

we can estimate its diameter as dyyiq = JOE| /7 ppshps + d;.

The plots in Figures 4(C) and (D) show that the relative diam-
eter of the voids (d,ia/d,) increases with decreasing particle
size. Exposure of particles with d, ~100 to 200 nm to ion beam
with current of 3 nA and higher can easily create voids with
dyoia/dp~2to 3.In turn, a 1 nA ion beam can at most create
spherical voids with dy;q/d,~1.5. For the d,~100 nm, this
corresponds to a nearly negligible ~25-nm-thick shell-like
void around the particle. Since our simple model neglected
any heat losses due to conduction and radiation, the actual
void size is likely to be even smaller. Thus, our simple theo-
retical predictions agree well with our experiments and show
that primary void formation occurs due to decomposition and
vaporization of the polysiloxane around ~100 to 300 nm pig-
ment particles exposed to 30 keV Ga™ ion beam with i > 3 nA.
We also note that the created vapors are confined within the
volume previously occupied by the solid. Consequently, their
pressure can rise dramatically. For example, water, which is
one of the expected decomposition products, needs to be pres-
surized to ~100 MPa to have density near that of the polymer
(~1 g cm™) at ~350°C (Lide, 2004). This value is compa-
rable to both compressive and tensile yield strength of most
polymers (MatWeb, 2014 ), implying that voids could also en-
large because the vapour exerts sufficient pressure to perma-
nent deform the polymer. Similarly, secondary voids could be
formed through microscopic cracking and leakage of the high
pressure gases along mechanically weaker parts of the matrix
such as neighbouring particle-polymer interfaces.

Conclusion

In this work we reported unexpected nonlocalized artefacts
that occur during FIB milling of polysiloxane barrier coat-
ings with pigment particles. Specifically, we showed that FIB
milling of these samples at currents higher than 1 nA leads
to formation of multiple microscopic voids within the sample.
The void penetration depth increased proportionally to the ion
beam current, reaching amaximum of 5 um from theion beam
impact point for a current of 20 nA. In contrast, we did not
observe formation of any voids in the clear polymer without
the pigment particles even during FIB milling with current of
20nA.Ton beam heating of the clear sample likely does decom-
pose the polymer in the vicinity of the beam impact, however,
the vapours are created at the surface and can easily escape.
By treating the pigment particle as an insulated lumped
thermal mass, we showed that a single 1 us exposure to a 1
and 20 nA ion beam can heat particles with diameters be-
low ~350 and ~1100 nm to the threshold temperature for
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polysiloxane decomposition (~350°C). If sequentially exposed
2d, /d, times to 1 us long 1 and 20 nA ion beams, particles
smaller than ~950 nm and ~1500 nm will reach this tem-
perature, respectively. By assuming that all energy imparted
by the ion beam after the particles reaches ~350°C leads to
decomposition and vaporization of the polymer, we showed
that exposure of particles with diameters of 100-200 nm to
ion beam with current of 3 nA and higher can easily create
spherical voids with d,,i4/d,~2 to 3. In contrast, the model
predicted that particle exposure to 1 nA ion beam would cre-
atenegligibly small voids. These theoretical predictions agreed
well with our experimental observations, corroborating our
hypothesis that primary void formation occurs due to decom-
position and vaporization of the polysiloxane around ion beam
heated particles. We suspect that primary void enlargement
and formation of secondary voids occurs due to mechanical
damage of the polymer induced by the entrapped vapours
that could be pressurized up to ~100 MPa. We note that
severity of the ion beam heating problem could increase with
milling of smaller sections, thus to avoid temperature increase
past the decomposition threshold a lower current might be
necessary.

Our work demonstrates that processes occurring during
FIB-milling of pure polymers and their composites with
strongly heterogeneous thermal and mechanical properties
can differ dramatically. Strong damage to the composites
can occur through unexpected mechanisms such as the
one described in this work even at conditions that do not
degrade the pure polymer. Thus, care must be taken during
FIB-characterization of such composites to avoid confusion
of processing induced artefacts and genuine features. This
is particularly relevant to FIB-milling of corrosion barrier
coatings, since one of the primary reasons for their character-
ization is quantification of the nanoscale porosity of pristine
and weathered samples.
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