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ABSTRACT

Polyhedral Oligomeric Silsesquioxane (POSS)-polyimide (PI) thin films were synthesized from pre-mixed
solution of oxydianiline-pyromellitic dianhydryde (ODA-PMDA) and TriSilanolPhenyl (TSP) POSS. POSS-
PI polymerization reaction kinetics was studied using Fourier Transform Infrared (FTIR) spectroscopy. The
POSS-PI films were then investigated by tensile tests, followed by surface morphology examination using
Atomic Force Microscopy (AFM) and Environmental Scanning Electron Microscopy (ESEM). An interdisci-
plinary approach was applied for establishing a relation between POSS-PI composites chemical micro-
structure properties and failure mechanisms. Inter molecular POSS-POSS interaction by either phase
separation, or chemical POSS-POSS condensation reaction were observed as key factors, affecting the
nanocomposite mechanical properties via formation of aggregates. The amount and density of these
aggregates were shown to be composition dependent. A model based on formation and coalescence of
voids during tensile tests was suggested for understanding the effect of the POSS content on the
POSS-PI mechanical response.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, numerous satellites are being launched into low
Earth orbit (LEO) altitudes, ranging from 200 to 800 km. The degrad-
ing environment in LEO includes atomic oxygen (AO), ultraviolet
(UV) and ionizing radiation, ultrahigh vacuum (UHV), thermal cy-
cling, and ultrahigh velocity micrometeoroids and orbital debris
[1-3]. The breakup of satellites, either deliberately or accidentally,
leads to an increasing amount of orbital debris, which further leads
to additional events of ultrahigh velocity impacts onto satellites’
external surfaces. Polyimides (PIs) such as Kapton® are used exten-
sively in spacecraft external surfaces as thermal blankets, in solar
arrays, and space inflatable structures [4,5] due to their outstanding
thermal stability and mechanical properties [6]. PI surfaces coated
with SiO, have been shown to exhibit AO erosion resistance; how-
ever, inherent or hypervelocity debris-induced defects in the coat-
ing will permit AO penetration and attack of the underlying
polymer [7]. Developing materials which can sustain such impacts
and still function under the harsh conditions of the LEO environ-
ment is therefore needed. In the past two decades, polymer nano-
composites have attracted a great deal of research attention
because, if well dispersed, they may exhibit substantially improved
physical and mechanical properties. Polymer based nanocompos-
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ites are a novel class of materials that are reinforced by one or more
types of fillers of which at least one dimension of the dispersed par-
ticles in the polymer matrix is in the nanometer range [8].

A promising approach toward the production of LEO survivable
polymer based nanocomposite is incorporation of inorganic Poly-
hedral Oligomeric Silsesquioxane (POSS) into the organic poly-
meric chains [9-11]. POSS-containing PIs have shown
significantly lower AO erosion yields than pure PI, since AO irradi-
ation results in formation of SiO, passivation layer, which protects
the underlying polymer from further AO attack [9].

In previous studies, PI and POSS-PI nanocomposite films were
exposed to hypervelocity impacts and subsequent air RF plasma
(which simulates AO exposure) [7]. Due to this exposure, an im-
pacted PI film eroded one order of magnitude faster than impacted
15 wt.% POSS-PI. The accelerated erosion of the PI is characterized
mainly by the formation of RF plasma-induced new macro-holes.
A model was suggested to explain this phenomenon, based on
the formation of residual tensile stresses around the impacted area.
These residual stresses are formed due to the instantaneous load-
ing and elevated temperatures that developed at the time of ultra-
high velocity impact. The residual stresses generate a local increase
in the polymer free volume, which facilitates oxygen diffusion into
the polymer, thus initiating the process of local high-rate erosion
[5,7,12,13]. The low erosion rate of the impacted 15 wt.% POSS-PI
film was attributed to both mechanical (i.e. no residual tensile
stresses) and chemical (i.e. formation of an oxide passivation layer)
aspects [7].
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The different response of PI and POSS-PI to ultrahigh velocity
impacts and AO exposure [7] have initiated a fundamental study
of both mechanical properties and chemical composition of these
materials. In the present work the chemical analysis of POSS-PI
polymerization and surface morphology studies are used to explain
the effect of the POSS content on the mechanical properties and the
fracture mechanism.

2. Experimental

POSS-PI samples were prepared from blends of oxydianiline-
pyromellitic dianhydryde (ODA-PMDA) polyimide (Pyre-M.L. RC-
5019 by Industrial Summit Technology, Co.) and TriSilanolPhenyl
(TSP)-POSS (Hybrid Plastics, Inc.). Samples were produced in the
form of thin films, with different POSS contents of O (pure PI), 5,
10 and 15 wt.%.

Films for tensile tests were produced by casting a pre-mixed
solution of polyamic acid and POSS in N-methyl-pyrrolidone
(NMP) solvent into a glass mold. Samples for Fourier Transform
Infrared (FTIR) spectroscopy measurements of POSS-PI were pro-
duced by spin coating of the pre-mixed solution on Germanium
discs. Two drops of pre-mixed solution were deposited on each
disc. The disc was accelerated to 6000 rpm in 30 s and dwelled at
6000 rpm for 60 s, until the film was sufficiently thin to be within
the absorbance range where the Beer-Lambert law is obeyed. The
curing of the pre-mixed solution is based on a process developed
by DuPont, Inc. and described elsewhere [7]. TSP-POSS sample
for FTIR measurement was prepared from a solution of 330 mg
TSP-POSS dissolved in 6 mL NMP. One drop of the solution was
deposited on a Germanium disc, and the NMP was evaporated un-
der vacuum conditions at RT overnight.

Mechanical properties of 25-30 pm thick POSS-PI free standing
films were measured according to the specifications of ASTM
D882-88, at a strain rate of 20 mm/min. Specimens having a con-
stant width of 3.5 mm in the gauge region were die-cut into dog-
bone shape samples. The initial distance between grips was
43 mm. Tests were performed using a universal testing machine
(Instron model 1026) equipped with a load cell of 2 kg. Five sam-
ples of each POSS-PI composition were tensile tested.

FTIR spectra were obtained using Bruker Vertex 70 spectrome-
ter. At least of 32 scans at a resolution of 4 cm~! were performed
for each sample.

The surface morphology of the samples was studied using an
Atomic Force Microscope (AFM, Nanoscope IV MultiMode from
Veeco). Image analysis of the AFM results was performed using
the WSxXM software package by Nanotec Electronica [14]. Environ-
mental Scanning Electron Microscopy (ESEM) images of the tensile
tested fracture surfaces were obtained using a Quanta 200 micro-
scope by FEI.

3. Results and discussion

Typical tensile stress—strain curves of POSS-PI nanocomposites
and the parent PI are shown in Fig. 1. These tests show a ductile-to-
brittle transition, with a maximum elongation and tensile strength
at 5 wt.% POSS. The tensile tests were performed at room temper-
ature. The PI sample (Fig. 1, curve A), exhibits a gradual transition
from elastic to plastic behavior, without a well-defined yield point.
A similar behavior is observed for the POSS-PI samples (Fig. 1,
curves B, C and D). Addition of 5 wt.% POSS to the PI matrix im-
proves its toughness in comparison to pure PI. The tensile strength
and elongation at break of the 5 wt.% POSS-PI sample are 154 MPa
and 42%, respectively. The tensile strength and elongation at break
of the pure PI are 138 MPa and 31%, respectively. Increase in the
POSS content to 10 wt.% POSS leads to reduction in toughness com-
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Fig. 1. Typical stress-strain curves at room temperature of POSS-PI films contain-
ing 0, 5, 10 and 15 wt.% POSS.

pared to Pl The tensile strength and elongation at break of the
10 wt.% POSS-PI are 118 MPa and 17%, respectively. Further in-
crease in POSS content up to 15 wt.% POSS leads to further reduc-
tion in toughness, resulting in the lowest tensile strength and
elongation at break of 104 MPa and 12%, respectively. The reduc-
tion in toughness of the 10 and 15 wt.% POSS-containing Pl may
be an indication of disruption of the polymer molecular structure
[15], which does not occur with the 5 wt.% POSS-PI. The increase
in the 5 wt.% POSS-PI toughness is an indication of an interaction
between the PI chains and the POSS at that composition. This inter-
action may be associated with either crazing [16,17] or chemical
cross-linking, as will be further discussed.

In order to understand the differences in mechanical properties
between POSS-PI samples and PI in terms of chemical bonding, the
curing process of PI and 15 wt.% POSS-PI was monitored using FTIR
spectroscopy. FTIR spectroscopy was used to follow reactions be-
tween POSS silanol groups and polyamic acid functional groups,
as well as silanol-silanol condensation reactions [18]. Scheme 1a
shows the molecular structure of polyamic acid formed by conden-
sation polymerization of oxydianiline (ODA) and pyromellitic dian-
hydryde (PMDA). Imidization through curing of the polyamic acid
leads to the formation of PMDA-ODA PI, as shown in Scheme 1b
[19]. Scheme 1c shows the TSP-POSS molecule [15].

POSS molecules containing silanol groups can react, creating
either linked POSS molecules by a bridging oxygen atom via sila-
nol-silanol condensation, or physical aggregation via phase sepa-
ration. Physical aggregation may occur due to decrease in
miscibility of the polymer precursor as its molecular weight is
gradually increased through curing [20]. POSS molecules may also
react with a polymeric matrix, forming a network [21-24].

Fig. 2a shows FTIR spectra of PI and 15 wt.% POSS-PI samples
after curing. The main peaks, which appear in both spectra, are
the imide carbonyl C=0 stretching vibration at 1725 cm™~!, aro-
matic ring stretching vibration at 1498 cm™!, imide ring C-N
stretching vibration at 1380 cm™!, and aromatic ether C-O stretch-
ing vibration at 1245 cm~! [25]. Fig. 2b shows the Si-O-Si stretch-
ing vibration region from 1200 to 1020 cm™~' of PI, 15 wt.% POSS-PI
and pure TSP-POSS, which serves as a reference. The high resolu-
tion FTIR spectra of Fig. 2b emphasize the differences between PI
and 15 wt.% POSS-PI. The 15 wt.% POSS-PI spectrum shows two
peaks at 1134 cm™! and at 1058 cm~! which are not apparent in
the PI FTIR spectrum. The peak at 1134 cm™' belongs to Si-O-Si
cage stretching vibration. The peak at 1058 cm™! is attributed to
Si-0-Si network stretching vibration [26]. The FTIR reference spec-
trum of TSP-POSS shows a large peak at 1134 cm™!, which belongs
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Scheme 1. Schematic presentation of polyamic acid (a), PMDA-ODA PI monomer (b) and TSP-POSS molecule (c).
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Fig. 2. FTIR spectra of pristine PI, TSP-POSS and 15 wt.% POSS-PI films: (a) wide
range scan of PI and 15 wt.% POSS-PI, (b) zoom-in on the Si-O-Si stretching
vibration region that includes also TSP-POSS reference spectrum.

to Si-O-Si cage stretching vibration. The peak at 1058 cm™!
(Fig. 2b) is an indication of a network of Si-O-Si groups, which

are the result of POSS-POSS reaction via condensation. The Si-O-
Si networking groups appear only in the 15 wt.% POSS-PI spec-
trum, which was exposed to a curing temperature of 350 °C, and
not in the TSP-POSS reference spectrum, which was prepared at
RT. It is a clear indication that Si-O-Si networking occurs due to
the elevated temperature to which TSP-POSS was exposed during
the 15 wt.% POSS-PI curing process.

Fully cured 15 wt.% POSS-PI FTIR spectra did not show forma-
tion of covalent bonds between the POSS molecules and the PI ma-
trix, in the framework of the sensitivity of these measurements.

The chemical reactions that may take place during the curing
process can be assessed by studying the imidization kinetics of
both samples. If silanol groups go through substantial reaction
with either amide or carboxylic groups of the polyamic acid, imidi-
zation kinetics of POSS-PI will differ from that of PI. Fig. 3 shows
the imidization kinetics of PI and 15 wt.% POSS-PI samples. Also
shown is the curing temperature vs. curing time.

In order to study the imidization kinetics, a peak height method
was used. The aromatic ether C-O stretching vibration was chosen
as internal standard while the imide carbonyl C=0 stretching
vibration was used as the main imide peak for degree of imidiza-
tion calculation. The degree of imidization was calculated by:

- m— 0wt% POSS
—A—15wt.% POSS 4 100

—@— Curing Temperature

Imide Peak Intensity (arb. units)
Curing temperature (°C)

100 150 200
Curing Time (min.)

Fig. 3. Imidization kinetics and curing temperature of pure Pl and 15 wt.% POSS-PI
vs. curing time. Data based on the relative peak intensity of the imide carbonyl
stretching vibration at 1725 cm™ .
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where I represents the degree of imidization and D, is the peak
height of the internal standard (Djjs.m1) and the imide peak
(D1725cm-1)- The imidization kinetics of the two samples follows a
classical pattern [25,27] and shows no major differences. This ex-
cludes the possibility of a major chemical reaction in which amid
or carboxylic groups from the polyamic acid being consumed by sil-
anol groups of the POSS molecules and the formation of covalent
bonds between POSS and PI chains. However, the existence of minor
reactions between silanol and amid or carboxylic groups, which are
beyond the sensitivity of the FTIR measurements, still have to be ta-
ken into consideration. Such minor reactions may not affect the
reaction kinetics, but may affect on the resultant structure and
properties.

Fig. 3 shows a small reduction in imide peak height of both sam-
ples from a curing temperature of 200 °C to the final curing tem-
perature of 350 °C. This reduction may be attributed to a change
in configuration of the imide ring, which causes a change in the
carbonyl symmetric stretch dipole [28].

POSS-POSS reaction mechanism via Si-O-Si networking or via
physical aggregation is further supported by POSS-PI surface mor-
phology obtained using AFM. Fig. 4 shows AFM images of pristine
PI film (a), 5 (b), 10 (c¢) and 15 (d) wt.% POSS-PI films. The surface
morphology of the PI sample is smooth, except for some scratches
apparent on the surface. The POSS-PI samples reveal rather differ-
ent morphology, which is characterized mainly by the appearance
of aggregates on the surface. Increase of the POSS content resulted

in an apparent increase in the aggregates size and density. Image
analysis of the AFM data was used to quantify the aggregates aver-
age diameter d,, the inter-aggregate distance 7, and the surface
density ps. The results are summarized in Table 1.

As shown in Table 1, higher POSS content ( >10 wt.%) results in
higher aggregates average diameter and in a somewhat lower in-
ter-aggregate distance. The average aggregates surface density at-
tain a maximum at 10 wt.% POSS, while at 5 and 15 wt.% POSS
content the aggregates surface density is lower. Fig. 5 shows the
total interface length L between POSS aggregates and PI matrix
vs. POSS content. The total interface length was calculated accord-
ing to:

L=mn-d,-p, (2)

Fig. 5 also shows the toughness Uy of the POSS-PI samples vs. POSS
content, as derived from the tensile test results shown in Fig. 1. The
toughness was calculated by:

&
UT=/ o-de 3)
0

where ¢ is the tensile stress, ¢ is the strain and g, is the strain at
break. The results of Fig. 5 demonstrate a correlation between the
mechanical properties of POSS-PI and its morphology at the nano
level. While the total POSS-PI interface length of the 5 wt.% POSS-
PI is the lowest, its toughness is the highest. The results for the
10 and 15 wt.% POSS-PI samples represent a tradeoff between the
aggregates diameter and density. The 10 wt.% POSS-PI aggregates
are much smaller compared to the 15 wt.% POSS-PI aggregates.

Fig. 4. AFM images of pristine PI (a), and 5 (b), 10 (c¢) and 15 (d) wt.% POSS-PI films. Scan size: 5 x 5 pm, z-range: 25 nm.
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Table 1
Aggregates average diameter d,, inter-aggregate distance 7, and surface density ps,
obtained by image analysis of Fig. 4.

Aggregate parameter POSS (wt.%)

5 10 15
d, (nm) 26 28 47
7 (nm) 200 87 103
ps (#/pm?) 4 72 36
6 450
5 -
{40
NE 4l -—
2 30 £
3 T =
23t =
- .
J20 2
2 -
\
1 1 1 1 1

6 8 10 12 14
POSS Content (wt.%)

Fig. 5. The average POSS-PI interface length L and toughness Ur as a function of the
POSS content, exhibiting an inverse dependence.

On the other hand, the surface density of the 10 wt.% POSS-PI
aggregates is higher compared to the 15 wt.% POSS-PI aggregates
surface density. The total interface length of both of these samples
is almost similar, and so is their toughness. Ojeda and Martin [19]
have shown that the morphology of PMDA-ODA PI consists of
spherulitic bundles of well-defined lamellae similar to that typi-
cally observed in semicrystalline polymers. The lamellar crystal
thickness was found to be 5-15 nm, corresponding to six PMDA-
ODA repeat units along the chain axis [19]. The effect of the aggre-
gates density and size on the mechanical properties of the nano-
composites was also studied in various organic-inorganic
nanocomposite systems. For example, it was found that the yield
stress of silica fillers embedded in polyamide 6 is sensitive to the
volume fraction, and also to the filler size and dispersion state. This
may indicate the existence of an optimal size for the reinforcing
particles [16,29]. In the case of POSS-PI nanocomposites, the
aggregate diameter depends on POSS content. At low POSS content,
as in the case of 5 wt.% POSS-PI, the aggregates diameter and the PI
lamella thickness are close in size, while the inter-aggregate dis-
tance is large, resulting in toughness improvement. However, at
higher POSS content, as in the case of 15 wt.% POSS-PI, when the
aggregates diameter exceeds the PI's lamella thickness by a factor
of four, and the inter-aggregate distance is low, toughness deterio-
rates. Based on existing theories [29,30], the effect of the aggre-
gates’ diameter, density and inter-aggregate distance on the
mechanical properties can be defined. While applying load, e.g.
during tensile test, the POSS aggregates debond from the PI matrix,
leading to the formation of voids around the aggregates as the
polymer is plastically deformed. At low POSS content, such as in
5 wt.% POSS-PI, which is characterized by small aggregates’ diam-
eter, a large inter-aggregate distance and low surface density, lat-
eral coalescence of the voids is avoided while the width of the
ligaments between the aggregates decreases with elongation. Each
void serves independently in allowing higher degree of elongation

compared to PI, leading to higher toughness, as shown schemati-
cally in Fig. 6a. Fractography of a 5 wt.% POSS-PI sample is shown
in Fig. 6¢. The addition of 5 wt.% POSS did not affect the fracture
mode, which was similar to that of pure PI film (not shown). The
fracture initiated at the edge of the sample gauge section, propa-
gating by a fast brittle cracking mechanism. At higher POSS con-
tent, such as in 15wt.% POSS-PI, the POSS aggregates also
debond, and voids are formed. However, the small inter-aggregate
distance and large aggregates’ diameter and surface density, com-
pared to 5 wt.% POSS-PI, lead to lateral coalescence of the voids at
early stages of the tensile test. This process is accompanied by high
local stress acting on the thin ligaments between the aggregates.
The lateral coalescence of the voids reduced the sample ability to
withstand the stress loads, as shown in Fig. 6b. When the thin lig-
aments could not support anymore the load, they fractured. Coa-
lescence into critical-sized voids could occur at any location
along the gauge section. At the critical-size void sites, the polymer
failed through ductile tearing followed by faster brittle cracking of
the rest of the sample. Fig. 6d demonstrates this effect, indicating
on a fracture which started near the center of the sample.

To demonstrate the above failure mechanism, the fracture of
tensile tested 10 wt.% POSS-PI film was analyzed by AFM. Fig. 7
shows an AFM image of the fractured surface which reveals the
structure after the tensile test. The fractured surface is character-
ized by aggregates, 30-40 nm in diameter, embedded in voids.
According to the suggested failure mechanism, fracture will occur
after debonding of the aggregates from the matrix and coalescence
of the created voids. The image demonstrates clearly the debond-
ing phenomenon and the voids formation. Also seen on the upper
left-hand side of the image two pairs of aggregates embedded in a
single void. Each of these single voids possibly originated from coa-
lescence of two voids during the tensile test.

The densities of POSS and PI are 1.12 and 1.42 g cm~3, respec-
tively [31,32]. Accordingly, the theoretical volume content (POSS
vol.%) of the 5,10 and 15 wt.% POSS-Pl is 6, 12 and 18 vol.%, respec-
tively. Based on the AFM images of Fig. 4, the POSS volume percent
Vy was estimated to be:

V%=7ps"yabls-100 (4)

T
=Y 5)

where V, is the average single aggregate volume and [ is the num-
ber of layers which form Vr, the total nanocomposite volume. The
above calculation is based on the assumption that the aggregates
diameter and inter-aggregate distance on the surface represent also
the bulk aggregates. Using Eq. (4), the POSS-PI aggregates volume
content for the 5, 10 and 15 wt.% is estimated as 0.05, 0.6 and
1.3 vol.%, respectively. The results show that only a small fraction
of the incorporated POSS appears as POSS aggregates. It is thus as-
sumed that the rest of the incorporated POSS molecules are dis-
solved in the PI matrix as molecules, olygomers or as very small
aggregates (<10 nm). Scheme 2 is an attempt to represent the
POSS-PI structure based on the obtained chemical, mechanical
and morphological data.

The POSS-PI nanocomposite morphology is based on the semi-
crystalline PI matrix and POSS molecules. The PI chains appear
either in lamellar structure or as an unordered amorphous phase
[19]. Most of the POSS molecules are dispersed in the PI matrix
as very small aggregates (<10 nm) comprised of few molecules or
as single molecules. However, a little amount of POSS molecules
forms large aggregates, 20 nm or larger. The diameter and inter-
aggregate distance of these aggregates have a significant impact
on the POSS-PI mechanical properties, as explained before by the
fracture model.
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Fig. 6. Schematic presentation of the fracture mode of POSS-PI films with low (a) and high (b) POSS content (adopted from Ref. [30]). ESEM images of the fracture surfaces of
tensile tested 5 wt.% (c) and 15 wt.% (d) POSS-PI films, demonstrating the suggested fracture modes in (a) and (b), respectively. Note the origin of the fracture at the center of

the high POSS content sample (d).

Fig. 7. AFM image of the fracture surface of a tensile tested 10 wt.% POSS-PI film.
Scan size: 2 x 2 pm, z-range: 85 nm.

4. Conclusions

The mechanical properties and fracture mechanism of POSS-PI
nanocomposites were shown to be dependent on the amount of
POSS content. Imidization kinetics and FTIR spectroscopy indicate
on no major chemical reaction taking place between the POSS mol-
ecules and the PI chains. It was found that most of the POSS incor-
porated in the PI matrix was dissolved as single molecules or as
small aggregates (<10 nm).

AFM study revealed the formation of POSS aggregates, and
showed that the aggregates diameter, inter-aggregate distance
and surface density depend on the POSS content. A correlation be-

0 5!

Scheme 2. Schematic presentation of the POSS-PI nanocomposite, showing the PI
lamella structure, POSS aggregates and POSS single molecules.

tween the aggregates parameters and the mechanical properties of
the nanocomposite was established.

A model demonstrating the effect of the POSS content on the
POSS-PI mechanical properties was suggested. This model is based
on voids formation around the aggregates during tensile loading
and coalescence of the voids if their diameter, distance and density
are above a critical value. Fractography results support the sug-
gested aggregates-based model, showing different fracture modes
as a function of the POSS content.
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