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Evaluation of protective coating
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The physical mechanisms of interaction between the substrate and the inert polymeric
material have been studied. It has been showed that during such interaction the structures
of oriented chains are formed. While the bounds are breaking in these areas the strands
which can attributed to structural features called "silver cracks” occur.

HUccnemopanbl (husmuuyecKne MeXaHH3MBI B3AUMOIENCTBUA MEXKIY MHEPTHOHN HOIJOMKON U
HoJMMEepPHBIM MarepuasoMm. IIokasaHo, uTO BO BpeMsA TAKOI'0 B3aMMOJEHCTBUSA IIPOUCXOLUT
0o0pasoBaHue CTPYKTYP, KOTOPbIe SABJISIOTCS OPUEHTUPOBAHHBIMU IelouKaMu. Bo BpeMs pas-

PBIBA B OTMEUEHHBIX obamacrax

obpasyroTca medeKTbl, KOTOPbIE MOI'YT ObITh OTHECEHBI K

CTPYKTYPHBIM OCOGEHHOCTAM IIOJ HA3BAHMEM TpemuH cepebpa’.

Oyinka adze3ii po3pobrenux 3axucHux noxpummié 00 iHepMHUX NOGEPXOHb.
J.10.Bepeynu, 10.9.3a6awma, T.T.Todociituyk, JI.P.Kocanuyx, O.A. 3azopodna.

Hocaimkeno ¢disnuni MexanisMm B3aeMofil MiK iHepTHOIO MiAJIOMKKOI Ta IOJiMepHUM
matepiamom. Ilorkasamo, mo mig wac Takoi B3aeMoxii BigOyBaeThCA YTBOPEHHA CTPYKTYD, IO
SABJISAIOTL cobolo opienrToBani saHmioru. Ilix wac pospuBy y s3asHaueHHX OOJIACTAX yTBOpIO-

IOThCA THH{I, AKI MokHa BII(HECI/ITI/I A0 CTPYKTYPHHUX 0codauBOCTEN Hl/'_'( Ha3BOIO

cpibaa”.

1. Introduction

Currently, the technique of semiconduc-
tor devices production is based on the use of
silicone compositions with polymer protec-
tive films [1]. For these films, as well as for
other insulation coatings the defects related
to broken adhesive cohesion between the
system layers are likely to occur [2]. It is a
well-known fact [3] that when applying the
polymer coating the requirements for homo-
geneous properties across the plane of sili-
con plate must be met. This homogeneity is
determined by the physical mechanism of
organic silicon composition formation.
When establishing these mechanisms it is
necessary to take into account the role of
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surface phenomena in the formation of this
system, which is determined by the presence
and concentration of active centers. Change
in concentration of the latter is related to
adhesion strength [4, 5].

For such coatings while they are contact-
ing with the substrate the self-organization
processes are likely to take place. They re-
sult in changing the rheological and me-
chanical properties [6]. In the modern ap-
proach of testing the polymeric structural
materials there are some drawbacks related
to mechanical properties determination.
There is a lack of dynamic mechanical
analysis techniques which would help deter-
mine the relationship between the reversible
and the irreversible changes in mechanical
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properties under the influence of external
factors [7—9]. In this regard, the paper con-
tributors propose a technique to evaluate
the adhesive properties of polymeric materi-
als under the process of formation of pro-
tective coating of silica-containing composi-
tions. By definition [10] the nature of inter-
action between substrate and adhesive
material may be either inert or active. The
active interaction corresponds to the case
when there are chemical bonds between the
substrate and the adhesive materials. The
inert interaction is characterized by absence
of the chemical bonds [11].

The process of applying the protective
polymer coating involves its interaction
with the surface of substrate for which sili-
con is a raw material. It is a well-known
fact [12] that crystalline silicon is an inert
substance that affects the degree of chemi-
cal inertness of the substrate surface.

In this study, the substrate is laboratory
glass. The presence of silicon atoms in glass
allows us to suggest that interaction be-
tween the adhesive and the glass has the
same character as interaction between the
adhesive and the silicon substrate. The glass
surface can be considered as inert. It is
known [13, 14] that after applying the coat-
ing there it is started the physical and
chemical processes resulting in growing co-
hesive strength. During formation of the
"substrate-coating” system the solid and liq-
uid phases interacting with each other, as
well as with the surface are formed in adhe-
sive [15]. The number of phases is deter-
mined by the elastic properties of the form-
ing layer. The similar processes sometimes
may occur later, while operating the joint.
However, the strength asymptotically ap-
proaches a certain value which corresponds
to the ultimate strength of the adhesive
joint. The ultimate bond strength depends
on the local values of strength, i.e. the
strength in areas which are fractured ear-
lier than the entire loaded plane. Under the
action of breaking load not only the ulti-
mate strength, but also the nature of frac-
ture that can occur in the substrate, on the
adhesive (glue), and in the coating — sub-
strate interface are usually assessed. The
coating technique is known to involve keep-
ing the joint at a certain temperature.
Therefore, it is necessary to determine the
optimum temperature for providing the nec-
essary operating and performance data of
coating to be used in the operating environ-
ment. In accordance with these objectives
the aim of this study is to determine the
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Table. Strength properties of samples

Type of Shear stress T, | Time to rupture,
sample 106 Pa min

A 2.1840.04 1.7£0.2

B 2.3110.06 1.7£0.2

mechanisms of interaction between the ad-
hesive and the substrate, as well as to estab-
lish the optimal conditions for manufactur-
ing the system of "inert substrate — poly-
mer coating.”

2. Experimental

The samples of two types (A and B) hav-
ing different coating technique have been stud-
ied. After application of coating of A-type the
samples have been kept within 8-10 hours at
temperature of 333 K, while the B-type
samples have been kept within 8-10 h at
temperature of 353 K. The coating is poly-
mer adhesive composition consisting of two
components, the base and the hardener. The
base is semi-polymer synthesized from poly-
diethylene-glycol-adipate (MM 800) and
hexa-methylene-diisocyanate at a ratio of
1:2. The adhesive composition has been
hardened with the use of trimethylol-
propane (TMP).

According to the method described in
[16] the strength of A- and B-type adhesive
joints has been determined. The measure-
ments have been carried out at temperature
of 293 K. The results of measurements are
given in Table.

As one can see from Table the strength
of the B-type bond exceeds the strength of
the A-type one. The intervals from the mo-
ment of application of the load to rupture
of the samples (time to rupture) are the
same for both types of the samples.

Structure of fracture surfaces of the
samples of the both types has been studied
using an optical microscope. Images of the
fracture surfaces are given in Fig. 1l and
Fig. 2. As one can see from the figures the
adhesive joint fracture occurs along the ad-
hesive.

Comparing Fig. 1 and Fig. 2 allows us to
determine the fundamental difference be-
tween two types of the fracture patterns.
The difference is that Fig. 2 shows the frac-
ture surface looking like the highly elastic
rupture, while Fig. 1 contains the areas
which are typical for the brittle rupture
(section A). Figure 3 shows images of cross-
sectional fracture surfaces for the samples
of type A and type B. According to Fig. 3
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Fig. 1. Typical structure of the fracture sur-
face for A-type sample (enlargement x28).

the cross section of fracture surfaces can be
schematically represented as a schematic
model given in Fig. 4. According to Fig. 3
and Fig. 4 the fracture surface can be rep-
resented as a set of shelves and hollows.
Also, it is clear that for the shelves ob-
served there is a hierarchy of sizes: there
are two classes of shelves: the macro-shelves
having a size of hundreds of microns and
the micro-shelves with a size of tens of mi-
crons (in Fig. 4, the both types are marked
3 and 4, respectively).

According to Figs. 1 and 2 the micro-
shelves form two types of the fracture sur-
face. The first type corresponds to the
coarse-grained structure with the large size
of heterogeneity, while the second one cor-
responds to the fine-grained structure with
small inhomogeneities. The both types of
fracture surfaces are typical for the A-type
samples. However, in Fig. la the coarse-
grained structure prevails. The areas of
fine-grained and coarse-grained structures
are separated by cracks as showed in Fig 1b.

The B-type samples are characterized ex-
clusively by the fine-grained structure.

3. Results and discussion

Having processed the images using the
optical microscope the histogram of hetero-
geneities distribution by size (Fig. 5 and
Fig. 6) has been built. There r (in microns)
is size of heterogeneity; f is distribution
function of heterogeneity by size.

Let us determine the nature of occur-
rence of heterogeneities observed. At tem-
perature of T = 293 K the investigated
polymer is highly elastic. This allows us to
determine the nature of heterogeneity based
on the modern concepts of destruction of
highly elastic materials [16, 17].

It is known [18] that one of the features
of destruction of highly elastic materials is
appearance of specific cracks which, unlike
the cracks formed during the brittle frac-
ture, are cavity partially filled with the
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Fig. 2. Typical structure of the fracture sur-
face for B-type sample (enlargement x28).

a

Fig. 3. Cross section of the fracture surface
(a — type A, b — type B, enlargement x40).

3 4

1

Fig. 4. Cross section of the fracture surface

(I — substrate, 2 — adhesive, 3 — micro-
shelf, 4 — macro-shelf, r — size of micro-
shelf).

strained material. The walls of these cracks
appear to be interconnected by so-called
strands consisting of oriented chains. These
cracks are called " silver cracks”, because
for the first time they have been detected in
strained PMMA to which these cracks add
luster due to the light reflection.

Formation of the strands takes place in
different scales. The formation of “silver
cracks” deals with the order of hundreds of
angstroms. The next step is the formation
of strands whose diameter reaches microme-
ters. The formation of these strands is sche-
matically presented in Fig. 7.

Existence of these strands allows us to
determine the nature of micro-shelves ob-
served on the fracture surfaces. As one can
see from Fig. 7c the micro-shelves can be
seen as a consequence of rupture of the
strands of respective diameter. This fact al-
lows us to determine the nature of occur-
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Fig. 5. Histogram of heterogeneities size dis-
tribution for the coarse-grained structure.
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Fig. 6. Histogram of heterogeneities size dis-
tribution for the fine-grained structure.
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Fig. 7. Model of formation and rupture of the strands during fracture of adhesive joint (a —
unstrained sample, b — strand formation, ¢ — rupture of strands and formation of micro-shelves).

rence of various types of the fracture sur-
face. As already mentioned, the fine-
grained and the coarse-grained structures
are differed by average size of micro-
shelves. According to the proposed mecha-
nism for the formation of such selves it can
be concluded that the fine-grained structure
is formed due to rupture of the small
strands whereas the coarse-grained is
formed by rupture of the strands with large
diameter.

The formation of the strands of small
diameter occurs when the chains have suffi-
cient mobility. Where the chains have in-
sufficient mobility there are formed the
strands of the larger diameter. A factor
that contributes to the immobilization of
polymer chains is cross-linking. Therefore,
we can say that during rupture the areas
with low concentration of the cross-links
there the strands of small diameter are
formed. Conversely, high concentration of
the cross-links promotes the formation of
the strands of large diameter. For the
strands of large diameter the probability of
their brittle fracture is higher. These con-
siderations allow us to suggest that two
types of adhesive structures exist. There
are the areas of the rare and the dense lat-
tices. During fracture the rare lattice gives
the fine-grained fracture surface, while
fracture of the dense lattice lads to the
coarse-grained fracture surface. Thus, we
can conclude that in contrast to the B-type
samples the A-type samples have the areas
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of densely linked lattice. These areas gener-
ate the coarse-grained structures in the
A-type samples and cause the brittle rupture.

4. Conclusions

One of the features during the formation
of the "substrate-polymer coating”™ interface
is rearrangement of the polymer chains at
the surface of substrate with formation of
the oriented structures. The nature of these
structures depends on temperature of the
"molten-lattice” transition. At low tempera-
ture the densely linked lattice is formed, as
a result of which the adhesive strength of
"adhesive — substrate” decreases. High
temperature increases mobility of the chains
during the cross-linking. As a result, the
size of the oriented areas in disordered ma-
terial grows. At the lower temperatures, the
adhesive layer of latticed polymer contains
the higher concentration of cross-links than
the layer formed at the higher temperatures.
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