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POLYMER COMPOSITE MATERIALS WITH A HIGH
LEVEL OF THERMAL STABILITY BASED ON PHENOLIC
RESINS AND DISPERSE SILICA FILLERS

Abstract. Development of the engineering industry is difficult without using of heat-resistant polymer composite
materials for manufacturing of machines and mechanisms parts operating at temperatures up to 300°C. For this
purpose it was suggested the diphenylolsulfone formaldehyde resin as a polymer matrix, and different modifi-
cations of disperse silicas — white soot WS-120 and aerosol A-380 — were selected for fillers. The developed
phenoplasts have high level of thermal stability (up to 370 oC), it’s at 25-30°C is higher, then for initial resins. Ap-
parently, this is a result of increasing of the interaction level on the boundary “polymer-disperse filler”, under the
processing condition (at temperatures 170-190°C) due to appearing of covalent and hydrogen bonds between

hydroxyl groups at the surface of the silica and methylol groups of the polymer matrix.
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INTRODUCTION

Development of the engineering industry is dif-
ficult without using of heat-resistant polymer com-
posite materials for manufacturing of machines
and mechanisms parts operating at temperatures
up to 300°C. The main factor that limits the appli-
cation of well-known polymer-based materials is
the significant change in the complex of physical
and mechanical properties of the products during
their use under enhanced temperatures. Therefore,
the relevance of the problem is to create polymer
composite materials (PCM) that can provide the
stable performance of machines and mechanisms
units at temperatures up to 300°C.

To create these, the materials selection of a
polymer matrix and filler with high thermal proper-
ties is needed. The most common heat resistant
polymers include — fluoropolymers, polyimides,
aromatic polyamides, polyesterketones and phe-
nolic resin [1-4]. Based on them the PCM which
are filled with reinforcing fibers and disperse fill-
ers got different morphology and nature, they can
withstand temperatures up to 300°C without under-
going chemical degradation [5-19]. However, most
of them are hard in processing into products; also
they have the scarcity of the starting components
and consequently high costs. The greatest interest
among the heat-resistant polymers are phenolic,
which are due to the prevalence of the initial com-
ponents, together with relatively simple synthesis
technology, processing into products and low cost
are still promising materials for the creation of PCM
with a high level of thermal stability.

MATERIALS AND METHODS

Materials. As polymer matrix was chosen a
diphenylolsulfone formaldehyde (DFSFR) resin,

developed and synthesized under the Department
of Technologies of nature and synthetic polymers,
fats and foods in SHEI “Ukrainian State University
of Chemical Engineering” (Dnipro City, Ukraine).
This product has a high level of thermal, physical
and mechanical properties, low cost, wide dis-
tribution of the starting components and greater
environmental safety than the classical phenol-
formaldehyde resins [20].

The structural formula for DFSFR resin is
shown in Fig. 1.

As fillers was chosen the next disperse silica:
white soot (WS-120) of WS-120 type (GOST 18307-
78), Ukraine; AEROSIL A-380 (A-380), Evonic De-
gussa, Germany [21; 22].

WS-120 is a silica, precipitated by reacting so-
dium silicate with sulfuric or hydrochloric acid, and
it has the following characteristics: average par-
ticle size — 19-27 nm, the silica mass fraction —
at least 87%, mass fraction of moisture — not less
than 6.5%.

A-380 is silica obtained by flame hydrolysis
of silicon tetrachloride, and it has the following
characteristics: average particle size — 5-15 nm,
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Fig. 1. The structural formula of DFSFR
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the mass fraction of silicon dioxide — not less than
95%, mass fraction of moisture — not more than
1.5%.

Methods of PCM obtaining. The combina-
tion of components was conducted by impregnat-
ing an aqueous solution of the particulate filler
DFSFR and further mixing them at a high-speed
mechanical mixer until a suspension with uniformly
distributed in the volume of the filler particles DFS-
FR. Drying of the mixture was carried to a constant
weight in vacuum at 22-25°C. Grinding of the dried
composition was performed on a high-speed pad-
dle type mixer to a particle size of 40—-70 microns.
Palletization of obtained composition was done
in molds at a pressure of 80 MPa. Standard test
samples were prepared by compression molding
at a temperature of 175+3°C with the pressure of
40 MPa and exposure material under pressure for
3 min at 1 mm thickness of the sample.

Research Methods. The morphology inves-
tigation of filler surface and PCM were performed
by using electron microscopes Superprobe-733
(Jeol) and SEM-1061. Thermal stability of PCM
was measured by thermogravimetric analysis in
accordance with 1ISO-11358 using derivatograph
TA Instruments TGA Q-50.Infrared spectra of fillers
and developed PCM were obtained by spectro-
photometer SPECORD 75-IR.

DISCUSSION OF RESEARCH RESULTS

It is well known [2] that the introducing of in-
organic fillers to the phenolic resin in most cases
increases of thermal properties of the PCM. How-
ever, the nature and structure of the particulate
filler strongly affect the change of thermal and
physical mechanical properties of PCM. To achieve
a high level of complex thermal physical and me-
chanical properties of PCM filler must be thermally

stable at high temperatures and must have high
adhesion to the polymer matrix, creating a strong
bond at the interface "polymer-dispersed filler”.
As a fillers we used the mineral materials based
on silica with high surface area (to 380 m2/g) and
average particle size of 30 nm, which can ensure
a high level of adhesion at the interface interaction
"polymer-particulate filler" phase boundary.

The original form of the filler particles by
electrostatic and Van der Waals forces are drawn,
forming the agglomerates with sizes in the tens of
micrometers (Fig. 2). Agglomeration of the filler re-
duces the area of contact at the interface between
the phases "polymer-particulate filler”, which turn
reduces the level of interaction between them. The
presence of such structures in the PCM will also
have a negative role on the level of physical and
mechanical properties as mechanical destruction
will occur to these agglomerates as micro-defects.
To create PCM with a high level of physical me-
chanical properties it is necessary to break the
agglomerates of silica.

In the process of combining the components
at their processing on high-speed mechanical stir-
rer was able to reduce and partially to destroy the
silica agglomerates. As we can see from the micro-
graphs on the surfaces studied PCM agglomerates
occur fillers to 20-30 microns in size (Fig. 3b).

It should be noted that a further reduction in
the size of the fillers agglomerates appropriable
but practically difficult feasible with using the clas-
sical method of phenolic plastics processing and
it is a factor in the reduction in process-ability with
increased material costs while creating PCM.

It is known [1] that the quantitative characte-
ristic of the thermal stability of polymers and PCM
based on them is the temperature at which their
active destruction begins. To determine the initial

Fig. 2. Microphotographs of silica fillers: a — WS-120; b — A-380
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Fig. 3. Microphotographs of the surface of the original (a) and DFSFR filled by WS-120 (b)

active polymer degradation DFSFR and PCM based
on it was carried out thermogravimetric analysis.
The results are shown in Fig. 4.

From the obtained data we can see that the
thermogravimetric curves of the original DFSFR
and PCM based on it have a similar character. So at
temperatures from 50 to 180°C there is weight loss
associated with the removal of free and adhesive
water. At temperatures of 180 to 340°C mass loss
rate decreases. In this range the loss of weight
associated with PCM phenolic residue removing
unreacted components. With 340 to 370°C inten-
sity of weight loss increases it is active phase of
thermal destruction.

With increasing the filler content in DFSFR,
active destruction onset temperature is shifted to
higher temperatures. This phenomenon is charac-
teristic for PCM filled with WS-120 (Fig. 4a), and
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filled with A-380 (Fig. 4b). It should be noted that
the heat resistance of composites filled by WS-120
at 10—15°C is higher than the composites filled by
A-380.

Increased thermal stability by developed PCM
may be result of physical or chemical interaction
between filler and polymer matrix.

The Table 1 presents data describing the ef-
fect of silica content in PCM on physical-mechan-
ical properties.

It seen that, the introduction of silica dioxide to
DFSFR are provide to increasing of a hardness (up
to 154 MPa for the sample containing of 60 wt.%
DFSFR and 40 wt.% WS-120) and compressive
strength at yield (up to 154 MPa for the sample
containing of 80 wt.% DFSFR and 20 wt.% WS-
120). A developed materials got improved ther-
mal stability due to operation under enhanced
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Fig. 4. Thermogravimetric curves (heat rate 10°C/min) of PCM based on DFSFR filled with (a) WS-120
and (b) A-380 (the degree of filling: 7 — 0 wt.%; 2 — 20 wt.%; 3 — 40 wt.%; 4 — 60 wt.%; 5 — 80 wt.%)
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Table 1
Physical-mechanical properties of PCM based on DFSFR filled by silica
The properties
Composition or?iﬁiﬂzgv:‘:iﬁ, . s | Compression strength
Density kg/m at yield, MPa Hardness, MPa
DFSFR 0 1450 171 132
20 1547 179 150
40 1650 154 154
DFSFR +WS-120 60 1744 89 129
80 1840 54 110
20 1540 140 144
40 1630 60 143
+ A-
DFSFR + A-380 60 1725 20 120
80 1420 14 107

temperatures (from 300°C for initial DFSFR up to
350°C for PCM containing a of 60 wt.% DFSFR and
40 wt.% WS-120). Its need to note that the complex
of physic-mechanical properties of developed PCM
which filled by WS-120 its higher then for A-380, its
can be a result of a higher content of a functional
groups on the surface of aWS-120 and as a large
surface area of that filler then for A-380.

It is known that due to processing of phenolic
resin which are filled with dispersed materials, was
observed an interaction between the functional
groups on the surface of filler and polymer matrix
[23]. In our case, on the surface of the silica, are
large numbers of hydroxyl groups chemically bond-
ed to silicon atoms [24], which can form chemical
bonds with the polymer matrix during the process-
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Fig. 5. IR spectra of silica oxide: 1 — WS-120;
2 — A-380

ing. To confirm this assumption, was conducted a
study by infrared spectroscopy (Fig. 5).

In the infrared spectra of the materials an ab-
sorption rate is presented which is specific for sili-
cas in: 1050-1210 cm-" area, which is responsible
for antisymmetric fluctuations Si-O bonds in Si-O-Si
of tetrahedron; 800-810 cm-', which character-
izes the symmetric vibrations of tetrahedron SiOy;
965-974 cm~', and responding to the wobble Si-O
bonds in Si-OH; 3430-3440 and 1620-1640 cmT,
which describes the stretching and deformation
vibrations of bound and free hydroxyl groups.

It is known [25] that the presence of hydroxyl
groups on the filler surface promotes the formation
of hydrogen bonds with the polymer matrix more
electronegative atoms due to PCM processing.
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Fig. 6. IR spectra of PCM (60% DFSFR + 40%
filler) filled with silica: 7 —WS-120; 2 — A-380
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To confirm the characteristics of the chemical
formation of bonds between the polymer matrix
and filler we carried out the spectroscopic study
of PCM based DFSFR filled with silica (Fig. 6).

In the IR spectra of the PCM, there are intense
absorption peaks in the 3430-3450 and 1610-
1640 cm~', they describe the stretching and de-
formation vibrations of free and associated groups
(—OH).

It should be noted that the intensity of ab-
sorption peaks in the region 3430-3450 from
PCM with WS-120 and A-380 is different. More
intensive absorption peak observed for PCM filled
by WS-120, it indicates the formation of a larg-
er number of hydrogen bonds between the filler
surface and polymer matrix. Such a hypothesis is
correlated with the results of thermogravimetric
analysis and it is likely the result of more intensive
interaction at the interface “polymer — disperse
filler”.

CONCLUSION

It was established that the PCM based on
DFSFR and silica got the high level of thermal sta-
bility. It was found that the content in DFSFR of
silicas shifts the temperature of the active destruc-
tion of PCM toward higher temperatures. Since the
heat resistance of developed polymer composites
25-30°C is more than for the initial polymer has
and it achieves 370°C. Apparently, this is result of
increasing the level of interaction on the boundary
“polymer-disperse filler”, at the processing condi-
tion (temperature 170-190°C) due to appearing of
covalent and hydrogen bonds between hydroxyl
groups on the surface of silica and methylol groups
of the polymer matrix.
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0.C. Kab6arT, 10.M. KoGenbuyk, [1.0. YepBakos, O.B. Yepeakor

MOJIIMEPHI KOMI'IO3VII._I,_IVIHI MATEPIAJZIU 3 BUCOKUM PIBHEM TEPMI4YHOI CTABIJIbHOCTI
HA OCHOBI ®EHOJIbHOI CMOJ1U | AUCNEPCHUX AlIOKCUAIB KPEMHIIO

Pe3iome. Po3BUTOK MalumHOOYAIBHOI rany3i ycknagHuBcs 6€3 BUKOPUCTaHHSI TEPMOCTIVIKUX MOTIMEePHUX KOMITO-
3uUIHUX MaTtepianis Ana AeTaned MalluvH i MexaHi3MiB, Lo npaLuTe npy Temnepartypax 4o 300°C. 3anpono-
HOBAHO K MOJIIMEePHY MaTpuLo obpaty AieHinoscynb@doH-popmManbaerigHy CMOoJy, a B IKOCTi HarloBHIOBa4YiB
BUKOpUCTaTV AMCNepCcHi kpemHesemu — Biny caxy mapku bC-120 ta aepocun mapku A-380. Po3pobneHi maTtepi-
anm MaroTb BUCOKY TepMidHy cTabinbHicTs (4o 370°C), wo Ha 25-30°C BuLle, HiX A719 HEHAaroOBHEHOro roJliMepy.
Takwnii pe3ynbTaTt nposiBuBCS rnpu 36inbLUeHHI PiBHS B3aeMoii B npoLeci nepepobku Ha Mexi po3nosiny ¢as “rno-
nliMep — AncrnepcHuii HarnoBHOBa4Y” B yMoBax nepepobku (npv temnepartypax 170-190°C) 3a paxyHOK yTBOPEHHS
KOBaJIEHTHUX | BOAHEBUX 3B’S13KIB MIX APOKCUJIbHUMU rpyrnamMu Ha NoBEepPXHi HarloBHOBa4ya 1a MeTus10/1bHUMU
rpynamu noaiMepHoi mMaTpuLi.

Knro4oBi cnoBa: noniMmepHi KOMNo3uuiviHi Mmarepiaauv, TepMidyHa cTabinbHICTb, ¢geHonnacTu, HaroBHIOBAYI 3
KpeMHe3zema.

0.C. Kab6arT, 10.M. KoGenbuyk, [.0. YepBakos, O.B. YepBakos

MOJIMMEPHbIE KOMMO3NUUNOHHbIE MATEPUAJIbI C BbICOKUM YPOBHEM
TEPMUWUYECKOWN CTABUJIbHOCTU HA OCHOBE ®EHOJIbHO CMO/J1bl
N AUCNEPCHbLIX ANOKCNA40B KPEMHUSA

Peslome. Pa3Butne MallMHOCTPOUTENIbHOM OTPacan 3aTpyaHEHO 6e3 UCN0o/b30BaHUsS TEPMOCTOMKNX M0JI-
MEPHbIX KOMMNO3ULIMOHHbIX MarepuasioB A1 U3roTOBJIEHUS] AeTasei MalluH U MexaHu3MoB, paboTarLmx rnpu
Temneparypax go 300°C. pensioxeHo B Ka4€CTBE MOJIMMEPHOV MaTpULbl MCMNOIb30BaTh ANGEHNT0CY/IbHOH-
popmanbaernaHyro CMosy, a B Ka4eCTBEe HaroJIHUTeNein — AUCMEPCHbIE KPEMHE3EeMbl — Benlylo caxy Mapku
BEC-120 n aspocun mapkun A-380. PaspaboTaHHble maTtepualsibl MMeKT BbICOKYIO TEPMUYECKY cTabuibHOCTb (A0
370°C), 4to Ha 25-30°C BbllLe, YeM A/ HEeHarnoJIHEHHOro noaumepa. Takovi pe3ysbTat MOXeT ObiTb C/1I€ACTBUEM
YBEJINYEHMS YPOBHSI B3aMOLEVICTBUS Ha rpaHuLe pasgena ¢as “noammep — AncnepCcHbIi HarnoJaHuTeb” B yC0-
Busix nepepaboTtku (npu Temneparype 170-190°C) 3a cyeT obpa3oBaHusi KOBa/I€HTHbLIX N BOAOPOLAHbLIX CBS3el
MexXAy ruapOKCUSIbHBIMU rPynnamMy Ha NOBEPXHOCTU HArMOJHUTENS] U METUI0bHLIMY rPpyrnnamMuy noJauMepHoi
maTpuLbl.

Knro4deBbie cnioBa: rosiviMepHbie KOMIO3ULMOHHbBIE Marepuasibl, TepMu4eckasl CTabuJIbHOCTb, ¢peHonaacTel, Ha-
NoJIHNTEeJIN N3 KpeMHe3ema.
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