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Abstract

The porosity in particle reinforced sol-gel coatings has been studied. Silica particles (Ludox-TM40) are introduced into methyl
silicate coatings to increase the hardness, the elastic modulus and the fracture toughness. The methyl silicate has a relatively low
density (about 1.2 g/cm?), while the silica particles are known to be porous. However, the porosity of the silica particles is not
accurately known. For model calculations on mechanical properties like the E-modulus this porosity should be known. Positron
Beam Analysis (PBA), using the Doppler Broadening (DB) and 2D-Angular Correlation of Annihilation Radiation (2D-ACAR)
techniques, was therefore performed for analysis of the porosity. Samples with different weight fractions (0, 20 and 63 wt.%) of
silica particles of typically 40 nm in diameter and treated at different curing temperatures (623 and 723 K) were measured. With
increasing filler content we observed a decrease in the positron annihilation S-parameter and a broadening of the para-positronium
(p-Ps) fraction. By neglecting positron diffusion we can separate porosity in the matrix from that in the particles. This assumption is
valid as long as the expected positron diffusion length is short compared to the size of the filler particles, as in the present case. A
more detailed description takes into account the local environment of the filler particles affecting their adhesion to the matrix. It is
concluded that the density of the silica particles is about 1.4 g/cm?.
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1. Introduction

The mechanical properties of sol-gel silicate coatings
can be improved by introducing colloidal particles into
the coating. With properly chosen particles, this leads to
an increase of the critical thickness of the coatings, a
reduction of residual stresses and to an increase of the
fracture toughness [1].

In the present study, colloidal silica particles are
introduced in methyl silicate (SiO;sCH3) coating
(obtained from methyltrimethoxysilane as a precursor)
to increase the hardness, the elastic modulus and the
fracture toughness. Micro-indentation and scratch test-
ing [2] showed that the increase of the E-modulus with
increasing particle content was significantly smaller than
expected assuming a density of 2.2 g/cm?. These results
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suggested that the particles might be porous, but also
the introduction of voids into the matrix might play a
role.

In order to obtain a more detailed structural analysis
Positron Beam Analysis (PBA) using the Doppler
Broadening (DB) and the 2D-Angular Correlation of
Annihilation Radiation (2D-ACAR) techniques was
performed. These techniques provide a non-destructive
method to study open volume defects and porosity
inside samples [3,4]. Positron techniques have been used
quite recently to study composite systems [5,6]. Those
studies use basically bulk positron lifetime measure-
ments, but for the study of thin films the depth resolu-
tion that PBA provides is more convenient.

2. Experimental

The samples studied are methyltrimethoxysilane
(MTMS)-derived coatings prepared via a sol-gel process
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and deposited on silicon substrates. Colloidal silica
particles (Ludox-TM40), which have a diameter of
approximately 40 nm, are mixed into the MTMS during
the preparation of the coating solution. Then the solu-
tion is applied to the substrate via spin coating and
subsequently cured at a temperatures of 623 or 723 K.
Samples with varying weight fractions of silica particles
(20 and 63 wt.%) were measured. In addition, a pure
MTMS coating and a pressed pellet made from 100 nm
sized Nyacol particles (similar to the Ludox filler parti-
cles) were measured as reference samples. The thickness
of the coatings was 4 um in the case of pure MTMS and
20 wt.% silica content samples and 2 pm for the 63
wt.% silica content samples.

The Doppler broadening (DB) experiments were per-
formed with the Delft variable energy positron beam
(VEP) [7]. The positrons were injected into the samples
with energies tuned between 100 eV and 30 keV. The
maximum implantation energy corresponds to a typical
implantation depth of ~10 pum in low-density materials
(p~1 g/cm?). All experiments were carried out at room
temperature under a vacuum of about 10~ Pa. PBA
results are described in terms of two parameters. The S
parameter indicates the fraction of positrons that anni-
hilates with low momentum electrons (valence or con-
duction electrons). This parameter is related to the open
volume defects present in the sample (e.g. pores). The W
parameter indicates the fraction of positrons that
annihilates with high momentum electrons (core elec-
trons). This parameter is related to the chemical envir-
onment where the annihilation takes place. Both
parameters can be combined in S— maps where the
different annihilation sites (layers) can be distinguished.
The data was analysed with the VEPFIT [8] and
SWAN [9] programs.

The 2D-ACAR method [10] measures the deviation
from the collinearity between the two annihilation pho-
tons. This deviation is of the order of a few milliradians.
A high-intensity (10% e*/s) tunable keV positron beam
POSH, which employs a reactor based positron source,
has been recently coupled to the 2D-ACAR target and
detection system, enabling depth-selective studies in the
(sub)-um range. 2D-ACAR is a sensitive probe for
resolving para-positronium (p-Ps) annihilation in nano-
porous materials [11].

3. Results and discussion
3.1. Experimental observations

The results of DB experiments on the coatings are
presented in Fig. 1 where the S and W parameters are
shown as a function of the positron implantation depth.
The positron implantation depth (Z) is derived, assum-
ing a Makhovian implantation profile [12]:
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with «=4.0 pg/cm?, n=1.62, p is the density of the
material and E the energy of the positrons in keV. In the
case of the bulk Ludox pellet (d), only implantation
energies up to 10 keV (~1um) were probed. Those
energies were sufficient to obtain a constant reference S
and W values (Spartictes = 0.551, Wharticies = 0.050).

In Fig. 1a decrease of the S parameter and an increase
of the W is observed with increasing the filler particles
concentration (a—d). There is no difference observed in
the positron behavior with the curing temperature.

The samples without filler particles presents constant
values of S and W up to implantation depths of 4 um
corresponding to the layer thickness. The small oscilla-
tions observed in « are probably due to the presence of
cracks in the sample. Beyond 4 pm implantation depth
the S parameter decreases towards the value of the sili-
con substrate (Ssijicon=0.578). The W parameter first
increases at 4 um indicating the presence of the interface
and then starts to decrease to the substrate value
(W siticon=0.029). This is immediately evident from the
S—-W map of Fig. 2 where the cluster points from
SWAN and VEPFIT analysis are included. This analy-
sis will be described in Section 3.2.

The samples with 20 wt.% weight fraction of filler
particles (b) presents a different behavior. In this case
the S and W values are not constant throughout the
layer thickness. In fact, the results indicate the presence
of 2 regions inside the composite, both of about 2 um
thickness. VEPFIT analysis (Section 3.2) confirms this.

Finally the thinner sample (2um) with 63 wt.% filler
weight fraction shows again constant positron para-
meters through the coating. When positrons are
implanted beyond the coating thickness, the S and W
approach the silicon substrate cluster point.

2D-ACAR experiments were performed on the sam-
ples in order to obtained the fraction of para-posi-
tronium (p-Ps) created. The positron implantation
depths indicated in Fig. 1 and Table 3 were used. A
summary of the observations is presented in Table 3. In
Fig. 3 a decrease in the central narrow part of the anni-
hilation peak with the inclusion of filler particles is
observed. This part is related to the formation of p-Ps
and therefore to the porosity in the samples. Using the
pure MTMS and the pressed pellet as reference, the
porosity inside the composite samples can be studied.
The analysis performed in Section 3.2 separates the
porosity in terms of porosity inside the matrix and por-
osity inside the particles.

3.2. Analysis and modelling

The results of VEPFIT and SWAN analysis are sum-
marized in Table 2 and plotted in Fig. 2. For simplicity
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Fig. 1. Positron beam analysis experimental results: (I) S-parameter and (II) W-parameter versus positron implantation depth for the samples (a) 0
wt.%, b) 20 wt.%, (c) 63 wt.% and (d) 100 wt.% silica particles content. Closed symbols represent the samples cured at 623 K and open symbols
represent the samples cured at 723 K. The vertical dotted lines indicate the thickness of the coatings (2 and 4 pm). The horizontal dotted lines
indicate the S and W values obtained from the model. The arrows indicated the implantation depth were 2D-ACAR experiments were performed.

only the results of the analysis performed on the 623 K The surface S—W cluster points (C.P.) of the unfilled
cured samples are shown. The results on the samples and 20 wt.% filled samples are very similar (al, bl),
cured at 723 K were similar. A 4-layer system (surface, while the surface of highly filled sample (c/) resembles
coating, interface and substrate) was used to simulate the the one of the particle pellet sample (d/). Regarding the
three thin films. For the particle pellet (100 wt.%) only coating analysis, the most significant observation is the

the surface and the bulk were included in the analysis. apparent presence of two stacked layers of ~2 pum each,
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Fig. 2. S~W map comparing with the VEPFIT (closed symbols) and SWAN (continuous lines) analysis results with the model (open square and
dashed line). The labels on the symbols correspond to the VEPFIT cluster points (C.P.) of the samples on Table 2. The error on S and W are
represented by the size of the symbols. The arrow indicates the direction of increasing depth.
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Fig. 3. 2D-ACAR cross sectional distributions of the samples studied. The 20% filled sample was studied for two different implantation depths (1
and 3 um). The arrow indicates a decrease in the central part of the peak with increasing the filler content.
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needed to describe the 20% filled sample. The cluster
points b2 and b3 in Fig. 2 characterize those two layers.
The cluster points associated with the different compo-
site coatings (a2, b2, b3 and ¢2) and with the bulk value
of the particle pellet (d2) are on a straight line (see
Fig. 2). Due to the linear nature of the S and W para-
meters this observation indicates that we can describe
the S and W measured values (Sexp, Wexp) as a linear
combination of annihilation in the matrix (characterized
by Smawixo Wmatix values) and in the silica particles
(Sparticles and Wyariicies)- This is allowed if we assume
that the positron annihilates without diffusing after the
implantation and thermalisation. It applies to our case,
as the particle size (40 nm) is larger than the positron
diffusion length inside the composite.

Then:
€+
Sexp fmdtrlx X Smatrix +fparticles X Sparlicles (221)
e+
exp fmdmx X Wmatrix J’_fparticles X Wparticlcs (Zb)

The fractions f, "amx and f¢ particles are the fraction of
positrons annihilated in the matr1x and in the filler par-
ticles, respectively. They are related to the volume par-
ticle  content pva‘;'ﬁcles). and the density of each
component in the following way:

vol
particles X Pparticles

fpartlcles = vol vol o
particles X Pparticles + (1 — partiCleS) X' Pmatrix
f matrix — f particles
3)
Table 1

Description of the samples studied. The Spoqer and Wioger Were
obtamed considering the f;, equal to the fp In the last col-
umn_

articles articles*

is obtained from experimental ddtd

p 1mclcs
Sample E p;rlicles Thickness Smodel Wmodel f;:rticles
Wt.%)  (um) (%)£5%

a 0 4 0.632 0.029 0

b 20 4 0.616 0.033 14.8
24.7

c 63 2 0.581 0.042 593

d 100 Bulk 0.551 0.050 100

Table 2

To take into account the different positron stopping
factors of both components the volume the density
weights fractions. Positrons are stopped more effectively
in a denser material like the silica particles (pparticies
would be 1.53 g/cm?® when we assume similar density for
colloidal silica and for TEOS-derived sol-gel silica coat-
ings) than in the methyl silicate matrix (pmalrix= 1.17 g/
cm?®). This medns that in our study f§ 5ices should be
equal to foilcess Using the particle welght fractions
from Table 1 we obtain Spoqer and Wiege values to
compare with the experimental data (see Table 1 and
Fig. 2). We can also use the experimental S and W
values and obtained then the f;';m]es and compared it to
the fiiicles (see Table 1). It is observed that for the 20
wt. % filled sample the S—W point obtained from the
model is in between the two cluster points (b2 and b3)
obtained from VEPFIT. This can be explained assum-
ing a gradient of particle concentration (from ~15
wt.% near the surface to ~23 wt.%) over the coating
thickness. For the 63 wt.% filled sample the model pre-
dicts a lower S value than measured. The positron frac-
tion for this sample is 60%, that is, lower than the weight
fraction. This might indicate a lower density for the par-
ticles than compared to the one found for sol-gel TEOS
layers (1.53 g/cm?). However, 2D-ACAR experiments
should confirm this, as neglecting diffusion in our analy-
sis might be an alternative cause for this disagreement.

The analysis of 2D-ACAR distributions is summar-
ized in Table 3. The p-Ps component (narrow compo-
nent) in the pure MTMS sample has a FWHM of
2.6+£0.1 mrad and an intensity of 14+1% while in the
particle pellet this component is broader (3.940.1
mrad) with an intensity of 154+1%. This indicates a
smaller pore size inside the particles. Both samples have a
broader component (8+0.1 mrad for the pure MTMS
and 9.7+0.1 mrad for particle pellet) corresponding to
positron annihilation in the bulk. The composite systems
were analyzed using those four components (narrow-
matrix, broad-matrix, narrow-particles and broad-parti-
cles), keeping constant the intensity ratio between the
narrow and broad component of each reference sample.
Doing so the p-Ps fraction can be separated into matrix
and particles contributions.

In Fig. 4 it is observed that both the S-parameter and
the p-Ps fraction inside the particles obtained from

VEPFIT analysis results of the samples studied. The typical error in the S and W parameter affects the last significant digit. The cluster points (C.P.)

columns refer to Fig. 2

.fggn, (Wt~ %) Ssurf. Wsurf. C P. Scoaling Wcoaring CP Simcrf. I/Vimcrf. C P. Ssilicon Wsilicon C P.

0 0.575 0.039 al 0.632 0.029 a2 0.582 0.036 a3 0.578 0.029 a4

20 0.577 0.040 12 0.620 0.032 b2 0.582 0.036 b4 0.578 0.029 b5
0.612 0.034 b3

63 0.545 0.545 cl 0.584 0.042 c2 - - - 0.578 0.029 c3

100 0.550 0.051 dl 0.551 0.050 d2 - - - - — —
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Table 3

2D-ACAR analysis results of the samples studied. The para-Positronium component has been decomposed in two terms regarding the particles and

matrix contributions respectively. The fg;mdes is defined as the ratio between the para-Positronium inside the particle and the total p-Ps
Sample f;ﬁ;mcles (wt.%) Implantation depth(um) Total p-Ps (%)+1% Matrix p-Ps (%)+1%  Particles p-Ps (%)+1% p;mdes (%)=1%
a 0 1.6 14 14 0 0
b 20 1.0 16 12.5 3.5 23
3.0 16 11.4 4.6 31
¢ 63 1.2 15.5 7 8.5 57
d 100 Bulk 15 0 15 100
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Fig. 4. S parameter (closed circles) and total Ps fraction (closed
squares) are plotted versus the weight filer content of the samples. The
dashed lines indicate the expected linear behaviour for both para-
meters. The open symbols (circles and squares) represent the weight
filler content expected from the experimental data (DB and 2D-
ACAR). The vertical dotted lines are to help the eye for the 63%
sample. The error in the S parameter lies inside the closed circles.

2D-ACAR differ at high porosity from the expected
linear behavior. There is a lower p-Ps contribution from
the particles than expected. This is related to lower
positron fraction annihilation (57+1%) than the weight
fraction (63%) and confirms the DB results on a lower
density of the particles. This density is estimated to be
between 1.3840.04 g/cm3 (2D-ACAR) and 1.434+0.1 g/
cm?® (DB). At low porosity (20%) 2D-ACAR results
confirms the existence of different particle content inside
the coating although the fractions obtained are higher
than the ones from DB.

As mentioned in Section 3.1 the presence of the coat-
ing-substrate interface is detected. This interface cluster
point is about the same for the unfilled and 20 wt.%
filled samples (¢3 and 54). This C.P. is relatively close to
the surface values of both samples and therefore might
be related to the presence of open volume or zones
where the adhesion of the coating to the substrate is
weak. The analysis of the highly filled sample did not
reveal a cluster point associated with the coating-sub-
strate interface. Looking at the S—W map of Fig. 2 it
can be seen how the positron parameters change from
the coating cluster point (¢2) towards the silicon sub-
strate (¢3) almost in a straight line. This line passes
through the interface cluster points ascribed to the

unfilled and 20 wt.% filled samples. So it seems to be
plausible that the interface between the composite coat-
ing and the silicon substrate can be described with the
same positron cluster point regardless of the particle
content.

4. Conclusions

Positron beam analysis has been performed for the
first time on a particle reinforced system. A two-com-
ponent model has been used to describe the positron
parameters measured, revealing a gradient in composi-
tion for the 20 wt.% filled coating. At high filler content
(63 wt.%) the para-Ps contribution inside the particles is
lower than expected. This is attributed to a lower than
expected density of the particles. This density was esti-
mated to be 1.4140.07 g/cm?, compared to 1.53 g/cm—3
for sol-gel TEOS layers .The interface between the
coating and the silicon substrate has been identified, and
appears to have the same, relatively open, composition
regardless of the particle content.
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