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Abstract

The cement production causes different types of pollution in addition to the high amount of
energy needed for the manufacturing process, starting by the site extraction and ending by the
factory production; at the same time millions of tons of glass waste are dumped yearly at landfills.
This research verifies the possibility of partially replacing cement by glass waste powder (GWP) in
new concrete mixes. For this purpose, two different concrete mixes having compressive strengths
of 25 MPa and 32 MPa were made with 0%, 10%, 15%, 20% and 25% of GWP as a partial
replacement of cement. The properties of fresh concrete mixes were determined by the slump,
air content and flow table tests. Concerning the tests on hardened concrete, the compressive
strength test was carried out on cylindrical specimens at 7, 14 and 28 days in addition to the
water absorption and the tensile strength tests at 28 days. As a result, the partial replacement of
cement by GWP showed no clear effect on the properties of the fresh concrete mixes. Whereas,
10% GWP in 25MPa concrete mix gave higher compressive and tensile strengths at 28 days
and increased the moisture content; and 15% GWP in 32 MPa concrete mix gave the higher
compressive strength at 28 days but decreased the tensile strength and the moisture content.
Keywords: recycled glass, environment, compressive strength, fresh concrete properties, cement
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1. Introduction

Lebanon suffers from specific and deep-rooted problems
affecting waste collection, waste treatment and disposal of
municipal solid waste. Since 1997, the waste sector in Lebanon
has operated under an emergency municipal solid waste
management plan, which ended in July 2015. This culmination
in the current national trash crisis was mainly triggered by
the premature closure of Lebanon’s largest sanitary landfill
located in Naameh in July 2015. These problems have led to
significant social, economic, and environmental difficulties.
In Lebanon, open dumping, and open burning of municipal
waste is a common and widely accepted practice. As the case of
Lebanon, most of the developing countries are facing shortage
of post consumer’s disposal waste sites that is becoming a very
serious problem. For this reason, regenerating and using waste
products as resources is necessary to prevent environmental
pollution. According to GMI (Green Med Initiative), Lebanon
produces around 2.04 million tons of municipal solid waste per
year and glass represents 3.5% of this amount [1].

In Lebanon, the cement industry is the largest source
of carbon dioxide emission; in addition, cement factories
are also responsible for the emission of Nitrogen Oxide,
Sulfur Monoxide, and Carbon Monoxide in the atmosphere.
High concentrations of these pollutants in the atmosphere
have detrimental effects on the human body and also cause
environmental problems such as ozone depletion, water quality
deterioration and acid rain [2].
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One of the possible solutions that might minimize the
environmental impacts of cement production and glass waste
dumped at landfills, is to partially replace cement by glass waste
powder in new concrete mixtures. On the one hand, it helps
reducing the toxic gases resulting from the manufacturing
process of cement and on the other hand, it valorizes glass
waste instead of being dumped in landfills. Since glass is
mainly composed of silica, when it is milled down into micro
size particles, it is expected to undergo pozzolanic reactions
with cement hydrates, forming secondary Calcium Silicate
Hydrate (C-S-H) that provide strength for the concrete mix.

To study the mechanical properties of concrete when neon
glass, brown glass, and green glass partially replace cement,
[3] chose a design compressive strength of 35 MPa to be
achieved at 28 days, with three different replacement ratios
of cement by each type of glass (11%, 13% and 15%). Their
results have pointed out that the compressive strength increases
proportionally with curing process because the hydration
process is continuous until getting the full strength of concrete;
the highest compressive strength that appeared at 28 days was
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31.75 MPa with 13% replacement of cement by neon glass. The
results of splitting tensile strength tests showed that the splitting
tensile strengths of the three different types of glass were greater
than that of the control concrete mix, especially for green glass
where the higher value was recorded at 13% replacement. The
results also showed that the splitting tensile strength increased
gradually at 11% and 13% for neon, green, and brown glass but
decreased at 15% for all the three types of glass.

[4] tested four different replacement ratios of cement by glass
waste powder (5%, 10%, 15%, 20% and 25%) in order to achieve
a target compressive strength of 35 MPa. The difference in
compressive strengths between the control mix and the mix with
25% glass replacing cement at 180 and 365 days were further
reduced and provided similar mean compressive strengths. At
the age of 180 and 365 days, the 20% replacement of cement by
glass gave 10% and 14% respectively higher strengths than the
control concrete mix. The results revealed that an increase in
the replacement ratio of glass resulted in a slight increase in the
mortar flow while a minor effect on concrete workability was
noted. In addition, the results have shown that the compressive
strength was decreasing with the addition of glass powder in
recycled glass mortar and concrete, but gave better strength
compared to control samples at later age.

[5] took the waste bear bottles and soda lime glass and
transformed them into powder of 75 pm diameter to study
the pozzolanic reaction of glass powder for up to 60% cement
replacement and its influence on the microstructure of cement
paste, which has not been investigated before. The design
compressive strength in this study was 48 MPa and four
percentages of cement were replaced by glass waste powder
(15%, 30%, 45% and 60 % by weight of cement). As a result,
the rate and the total heat generated during the hydration
consistently decreased with higher glass powder content due to
the dilution of cement in the mix. Concerning the compressive
strength at 28 days, the 30% replacement of cement by glass
waste powder gave 49 MPa (the highest compressive strength),
whereas its compressive strength was 55 MPa at 91 days. The
results have revealed that this increase in later age strength was
not observed for concrete in which more than 30% cement is
replaced by glass waste powder. Therefore, there is an upper
limit for cement replacement level, beyond which no further
pozzolanic reaction of Glass Waste Powder (GWP) can occur;
this replacement level is lower than 30%.

[6] has summarized in her research entitled “Performance
of lamp glass waste powder (LGWP) as supplementary
cementitious material (SCM) - viscosity and electrical
conductivity” the experimental results of a laboratory test series
carried out on cement mortar specimens, in which two different
lamp glass waste powders were used as cement component: the
incandescent light bulb borosilicate glass waste cullet powder
(LGWP1) and the fluorescent lamp tube glass waste cullet
powder (LGWP2). Patricia had demonstrated that Portland
cement substitution with lamp glass waste powders at a level of
30% is possible without any strength loss, moreover, the addition
of superplasticizer admixture led to an increase in compressive
strength by 15-17% in comparison to the control mortars.

[7] substituted the cement with waste glass powder at levels of
20% or 30% per mass. It was demonstrated that the waste glass

powder addition improves the workability of fresh pastes and
can be effectively used as cement replacement for compressive
strength. It was also demonstrated that the particle size of
the waste glass powder (specific surface area) has a stronger
influence on the effectiveness of the cement replacement than
the chemical composition. The effectiveness of the cement
replacement increases as the specific surface area increases.

The results in the literature review showed promising results
in terms of the effect of partial replacing the cement by glass
waste powder in new concrete mixes and motivated the
researchers to undergo an experimental study to analyze the
GWP generated in Lebanon and evaluate its effects on the fresh
and hardened properties of concrete.

2. Experimental plan

In this study, two different concrete mixes having
compressive strengths of 25 MPa and 32 MPa were performed
with different replacement ratios of cement by glass waste
powder, with reference to the absolute volume method [8].
These two compressive strengths were taken in order to try if
possible to not limit our uses only by the 25 MPa concrete mix
in all the structural elements of a real life project, especially
in high-rise buildings where there is a need to increase the
compressive strength of some beams and columns in some
stories instead of enlarging there sections, which the architect
might not agree on. The different percentages of cement that
were replaced by the glass waste powder were the following:
0%, 10%, 15%, 20% and 25%. This resulted in 10 different
concrete mixes that were prepared and tested in the laboratory.
The maximum replacement ratio was limited by 25% due to the
crushing method of the glass that takes a lot of time to give the
wanted particles size.

The tests conducted on fresh concrete included the slump
test, flow table test, and the air content test. Concerning the
hardened concrete tests, the compressive strength test was
performed to obtain the compressive strength; the concrete
specimens were crushed at 7, 14 and 28 days with three
specimens at each age; therefore, nine specimens were tested
for the compressive strength [9], and one additional specimen
was tested for the indirect tensile strength test [10]. In total
50 cylinders of 150 mm diameter and 300 mm height were
prepared for each concrete mix. Furthermore, the water
absorption test was conducted to evaluate the effect of inclusion
of glass powder on the porosity of concrete [11].

3. Materials

3.1 Cement

The ordinary Portland cement used is fabricated by Holcim
(Liban) S.A.L, according to the Lebanese specifications
LIBNOR (NL 53:1999) for the cement PA-L, 42.5. The specific
gravity and the density were found to be 3.15 and 1551 kg/m?
respectively [8].
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3.2 Glass

The chemical analysis by Energy Dispersive X- Ray
Fluorescence Spectrometer (ARL-9800 XP) of the glass waste
powder and Portland cement showed in Fig. 1, indicates that the
waste glass collected from Golden Glass Company located at
Al-Badawi / North Lebanon, has a high percentage of silica and
has almost the same content of ordinary Portland cement but
with different percentages. The glass was crushed using the Los
Angeles machine in order to minimize the particles size to less
than 75 um (see Fig. 2). Crushing 8 kg of glass waste into the Los
Angeles machine took six hours and resulted in approximately
3 kg of glass powder of less than 75 um particles size.

The density of the GWP was determined to be 1200 kg/m?,
by dividing the mass of the glass powder filled in a cylinder
by its volume; in addition, using the Chatelier apparatus, the
specific gravity of the GWP was calculated to be 2.75 [8].
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Fig. 1 Comparison between the chemical composition of the glass waste powder and
Portland cement
1. dbra Az iiveghulladék por és a portlandcement kémiai Gsszetételének
dsszehasonlitdsa

Fig. 2 Glass particles reduced from 30 mm to less than 75 um
2. dbra  Uveg részecskék poritdsa 30 mm-es méretrél kevesebb mint 75 ym-re

3.3 Aggregates

The used fine aggregates (sand) have a fineness modulus of
2.89, specific gravity of 2.77, and water absorption of 3.09%.
While the coarse aggregates used have a specific gravity and
absorption of 2.46 and 2.41 respectively [8].

4. Experimental results and discussion

4.1 Fresh concrete properties

The partial replacement of cement with glass powder showed
no clear effect on the results of the slump test in both, 25 MPa
and 32 MPa concrete mixes. The slump results were very close
and within the target values (25 mm-75 mm). The 20% GWP in
25 MPa concrete mix, resulted in the highest level of slump (75
mm), showing an advantage of improving the workability when
partially replacing cement with waste glass powder. This partial
replacement was however not efficient for the compressive
strength (Fig. 3). On the other hand, the results represented
in Fig. 4 show that the GWP at 10% and 15% resulted in the
highest slump in the concrete mix of 32 MPa (75 mm).
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Similarly, the results of the air content test showed no clear effect
of the glass powder on the air content in fresh concrete for both
concrete grades, as the obtained results were close to the calculated
air content for non-air entrained concrete, and within the percentage
of air calculated for the control mixes see Fig. 3 and Fig. 4.

The results of the flow table test showed an increase in the
flow percentage when the percentage of glass waste powder
increase in the 25 MPa concrete mix (Fig. 3), while as shown
in Fig. 4, no clear effect was recorded for 32 MPa concrete mix.

120
% 104
100 84 88
80 72 68 7 3 u Slump Test (mm)
55 55
60
u Flow Test (%)
40
20 1.8 1 0.9 17 16  WAir Content Test (%)
0 — — — — —_
0 10 15 20 25

% of GWP

Fig. 3 Results of slump, flow table and air content tests (25MPa Concrete Mix)
3. dbra Roskadds-, teriilés- és légtartalom vizsgdlat eredményei (25 MPa beton keverék)
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Fig.4 Results of slump, flow table and air content tests (32MPa Concrete Mix)
4. dbra  Roskadds-, teriilés- és légtartalom vizsgdlat eredményei (32 MPa beton keverék)

4.2 Hardened concrete properties

For the 25 MPa concrete mix, the results show that the compressive
strength of the concrete cylinders at 7, 14 and 28 days decrease with
the increase of the % of GWP. However, for a replacement ratio of
10%, an average compressive strength of 25.6 MPa was achieved,
exceeding by that the designed compressive strength at 28 days
(Fig. 5). For the 32 MPa concrete grade, the results showed similar
trends, except that a higher compressive strength was observed
with a replacement ratio of 15% compared to 10%.Therefore, the
use of 15% GWP as a replacement of cement represent the optimal
replacement ratio without affecting the compressive strength of the
design mix at the age of 28 days (Fig. 6).

350
29.6

300
250
200
150
100

5.0

0.0

== 7 Days

f'c (MPa)

—#— 14 Days

== 28 Days

0 5 10 15 20 25 30
% of GWP

Fig. 5 Evolution of the compressive strength of 25 MPa concrete mix for 7, 14 and 28 days
5. dbra 25 MPa-os betonkeverék nyomészildrdsiganak alakuldsa 7, 14 és 28 napos korban

Concerning the tensile strength test, the 10% replacement of cement
by GWP in 25 MPa concrete mix increased the tensile strength of
the control mix by 0.4 MPa (from 2.4 MPa to 2.8 MPa). In contrary,
the tensile strength test of 32 MPa concrete mix, showed no values
above 3 MPa (the tensile strength of the control mix), where the
results obtained showed a decrease in the tensile strength when the
percentage of replacement of cement by GWP increased (see Fig. 7).
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Fig. 6 Evolution of the compressive strength of 32 MPa concrete mix for 7, 14 and 28 days
6. dbra 32 MPa-os betonkeverék nyomoszildrdsdginak alakuldsa 7, 14 és 28 napos korban
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Fig. 7 Results of the tensile strength test of 25 and 32 MPa concrete mixes
7. dbra A 25 és 32 MPa-os beton keverékek hiizészildrdsdg vizsgdlatdnak eredményei
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In terms of durability, the water absorption of the 25 MPa
concrete mix with 10% GWP increased by 17.8% compared to the
control mix. Consequently, construction in cold regions are not
encouraged for such concrete use. On the contrary, for the 32 MPa
concrete mixes, the water absorption increased when GWP content
increased; the concrete mix with 15% GWP has lowered the water
absorption of the control mix (32 MPa) from 2.69% to 2.64%,
whereas 10% GWP increased this percentage to 3.18% (Fig. 8).

igg 4.25 4.35 4.66
g £00 3.70
2 350 3.4 260 3.18
2 . .64
g ::_(5)8 =25 Mpa
@ : 1.71 Concrete Mix
'2 2.00 1.60
g 150 =32 Mpa
S (1)28 Concrete Mix
0.00
0 10 15 20 25

% of GWP

Fig. 8 Results of water absorption test of 25 and 32 MPa concrete mixes
8. dbra A 25 és 32 MPa-os beton keverékek vizfelvétel vizsgdlatdnak eredményei

5. Conclusions and outlook

In conclusion, this research had revealed that reusing 10% and
15% of Glass Waste Powder in 25 MPa and 32 MPa concrete
grades respectively has no clear effect on the air content in fresh
concrete, but provides a very good workability, as the given
slump values were within the target range that was 25mm-75mm
in both concrete mixes. Concerning the flow table test, the flow
percentage increased from 68% to 84% and from 52% to 80% in
25 MPa and 32 MPa concrete grades respectively.

In term of strength, the results showed that the concrete with Glass
Waste Powder averagely has lower compressive strength compared to
the control mix at 7, 14 and 28 days in both concrete grades. However,
the 10% and 15% of Glass Waste Powder that replaced the cement in
25 MPa and 32 MPa concrete mixes respectively, exceeded the target
compressive strength of 25 MPa by 2.4% and 32 MPa by 1.6%.

Therefore, reusing waste materials such glass in new concrete
mixes could be a possible solution to save thousands of tons
of waste glass from being dumped yearly at landfills and to
minimize the environmental effects of cement production and
solid waste crisis that Lebanon is suffering from.

However, to standardize the usage of GWP in concrete, there
is a need to additionally conduct microscopic and hydration
studies for the qualitative assessment and quantitative analysis
ofhydration and pore fillers according to the physical properties
and the chemical compositions of waste glass powder.
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The target of the present paper is to study the enhancement effect of MWCNT on alkali activated
composites resistivity to chloride attack. Geopolymer composites were made from metakaolin
and ground granulated blast furnace slag and to either 10 % silica fume or glass waste. The
added MWCNT were in the ratio of 0.01% up to 0.09 % by weight. Results revealed the high
resistivity and stability against magnesium chloride solution; in addition glass waste mixes
acquired high mechanical strength as compared with silica fume mixes as related to the high
amorphous structure as well as high finesty of glass waste as compared with silica fume. The
results revealed an increased enhancement in characteristics of activated composites with

MWCNT up to 0.07% in both matrices.
Keywords: MWCNT, alkali activation, glass waste, silica fume
Kulcsszavak: MWCNT, alkali aktivalas, Gveghulladék, szilikapor

1. Introduction

Interest in the development of alternative building materials
such as alkali-activated binders has been promoted by growing
development in building industry and the need for materials
with high superior properties with high sustainable properties.
Alkali-activated binders represent an attractive alternative
for the partial or almost complete substitution of cement in
construction industry as they offer durable, high performance
in addition to low production cost [1], low greenhouse gas
emissions [2,3]. There is a general agreement that alkali-
activated cements can offer cradle-to-gate greenhouse emission
savings approaching 40-80% compared to Portland cement for
a performance-equivalent material.

Alkali activated composites are inorganic polymer binder
that processed at room temperature upon activation of
alumino-silicate sources using alkali metal oxides. Metakaolin-
based geopolymer is one of the most abundant and applicable
alumino-silicate polymers worldwide [4]. The synthesis of
geopolymer proceeds via polycondensation reactions of
metakaolinite (kaolinite calcined at 600-800°C) or other
natural and industrial aluminosilicate reach materials as water
cooled slag, silica fume fly ash with alkaline solution [5]. In spite
metakaolin-based geopolymers possess interesting properties;
they have not enough high strength and show brittle behavior.
These make the products unsuitable for structural and infra-
structural applications; thus, it is necessary to improve the
fracture properties of metakaolin-based geopolymers [6].
Many previous studies investigated their reinforcing with
various macrofiber as steel, polypropylene (PP), poly vinyl
chloride (PVC), and basalt fibers [7,8]. The addition of these
fibers increased the flexural strength, fracture energy, and
controlled the crack propagation. Multiwall carbon nanotubes
(MWCNTs) are being considered as a potential reinforcement
in composites because they have mechanical properties superior
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to those of traditional fibers and possess a Young’s modulus
of 1 TPa, a yield stress of 100-300 GPa, and a tensile strength
of 63 GPa [9]. However, the higher mechanical properties
of MWCNTs alone do not ensure a mechanically superior
nanocomposites geopolymer. It is clear that the dispersion of
the MWCNTs within the metakaolin-based geopolymers and
the bonding properties between the surface of the MWCNTs
and the metakaolin-based geopolymers around them are the
main challenges in the fabrication of metakaolin/MWCNTs
composites [10, 11].

Maeva et al., [12] showed that using nanodispersed carbon
additives as a modifier in anhydrite compositions provided
a dense, low-defect structure of crystalline hydrates, leading
to the increased mechanical strength and water resistance
of the material. However, the effective application of multi-
walled carbon nanotube dispersions required the solution
of the problem connected with partial separation of carbon
nanotubes into individual particles in the aqueous dispersion
medium as well as the problem of stabilizing nanostructures
in dispersion while being stored. The solution of the problem
of stabilizing suspensions is adsorbing and solvent layer on the
surface of nanotubes which prevents their approximation. The
best variant to limit coagulation is to use surfactants [13].

Previous studies have shown that sodium hydroxide (NaOH)
acts as a surfactant and removes oxidation debris from the
surface of the MWCNTs, consequently allowing them to de-
bundle and form well-dispersed nanotubes within geopolymer
matrix [11]. Recently, Khater and Abdel Gawwad [14, 15]
investigated the effect of various ratios of MWCNTs dispersed
with carboxylate based superplasticizer on the properties of
slag geopolymeric mortar and found that the enhancement
in mechanical strength with MWCNT as the high stability
against firing up to 500 °C. Also Farag et al., [16] studied the
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Oxide content/%

Water - Cooled Slag

(GoBFS) 36,67 10.31 050 3882 170 217 1.03 048 057 404 004 0050 012 3.28 018 99.96
Kaolin 5638 27.61 132 048 006 006 004 008 373 - 043 005 1047 - - 99.76
MK (fired kaolin at 800 5, 35190 159 064 017 025 045 042 285 000 043 006 114 - - 99.70
degree for 2hrs)

silica fume 9492 002 128 003 001 002 015 028 - - - - 328 - - 9999
Glass waste 7200 119 039 947 398 044 023 1110 008 005 - - 109 - 001 99.73

Table 1 Chemical composition of starting materials
1. tdbldzat A kiinduldsi anyagok kémiai dsszetétele

enhancement of water cooled slag geopolymer by multiwall
carbon nanotube and studied their effects on their mechanical
and microstructure characteristics.

Morsy et al. [17] have investigated also the effect of different
concentrations of MWCNTs with nanoclay particles on the
compressive strength of cement mortar and they noticed
that the nanoclay particles improved the dispersion of CNTs
within the mortar. Lio et al. [18] studied also the influence
of MWCNTs mixed with silica fume (SF) on the mechanical
property of cement-based composites. Hunashyal et al. [19] on
the other hand fabricated hybrid composites of plain cement by
integrating both carbon micro-fibers (CMFs) and MWCNTs.

As known that the immersion in chloride solution resulted
in rapid deterioration and softening to the concrete structure,
this can be related to the corrosive action depends on the
concentration of chloride solution and the kind of cation linked
to the chloride ion as reported by Barnes and Bensted[20].
The chloride ions penetration is dependent not only on the
porosity of the matrix, but also on the paste composition and
the ion-exchange capacity of the system. The damage influence
of chloride is either chemical by interaction with liberated lime
from the hydration reaction forming what is known as Friedel’s
salt or hydrocalumite (C,A-CaCl,-10H,0) causing softening to
the composition.

Jun et al. [21] investigated the chloride-binding capacity of
alkali-activated fly ash and slag samples and their synthesized Cl-
bearing phases, which are capable of binding and immobilizing
chloride when seawater is used as the mixing water.

In the current work, we aim to examine the stability of the
alkali activated composites enhanced with MWCNT against
immersion in magnesium chloride solution up to 6 months and
trace the formed structures using XRD, FTIR, and DTG as well as
study the mechanical stability up on immersion in the solution.

2. Experimental
2.1 Materials

powder form with 95% SiO,, where about 90% of particles are of
200 um diameter, while glass waste powder prepared by grinding
glass up to fine structure with an average particle size of 38 um as
measured by laser particle size distribution.

Chemical compositions of the starting raw materials are
given in Table 1. The activators used in the activation process
are potassium hydroxide (KOH) bought from Fisher scientific
company with 99% purity in the ratio of 10% from the total
weight. Whereas liquid sodium silicate (LSS, Na,SiO,. 9H20)
from Fisher company consists of 32% SiO, and 17% Na,O
with silica modulus SiO,/Na,O equal 1.88 and its density is
1.46 g/cm’ used as another source of alkali activators in the
ratio of 5%. Magnesium chloride with purity of 99% used as
aggressive solution and was brought from Aldrich Company.

Mineralogical compositions of starting raw materials are
represented in Fig. 1; where ground granulated blast furnace
slag known also as water cooled slag composed of amorphous
materials and kaolinite material mostly diminished upon
thermal treatment at 800 °C for 2 hrs forming amorphous
metakaolin. Silica fume and glass waste are nearly composed
of amorphous materials, whereas the glass waste structure
acquire more amorphous constituents than silica fume.

Kaolin K 9
K

Metakaolin

QK

Glass waste
The materials, which used in this investigation, are ground |
granulated blast furnace slag (GGBFS), sourced from Iron and Silica Fume
Steel Factory - Helwan, Egypt. Kaolinite collected from El- WMNWMW%WW
Dehesa, South Sinai, Egypt, which was thermally treated at 800

°C for 2 hrs with a heating rate of 5 °C/min to produce metakaolin
(Mk) [22,23]. Silica fume sourced from Suez Cement Company
(Helwan plant) also known as micro-silica is a by-product of the

5 10 20 30 a0 50

20/°

Fig. 1 X-Ray diffraction pattern of the starting raw materials (K: Kaolin, Q:Quartz:,

. . . . . . . A: Anatase)
reduction Oii hlgh—pl:'ll.'lty quartz with CO&I mn electrl'c furna'ces n 1. dbra A kiindulds anyagok rontgendiffrakcios mintdja (K: Kaolin, Q: kvarc, A:
the production of silicon and ferrosilicon alloys; it was in the Anatiz)

Vol. 73, No. 2 = 2021/2 = . 45



épitoanyag - Journal of Silicate Based and Composite Materials

Multi-walled carbon nanotubes used in this study were
synthesized using a Co/MgO based catalyst using CVD
instrument (housing and building national research center,
Egypt), the physical properties of the MWCNTs used in the
study are given in Table 2.

Amor- Surface Purity Ash [%]

phous area [%] dia- ratio
carbon [m2-g?] meter [%]
[%] [nm]

0 > 300 97 3 15 20-30 120

Length
[um]

Inner  Aspect

Table 2 Properties of CNTs synthesized by using CVD apparatus
2. tabldzat A karbon-nanocsovek tulajdonsdgai CVD késziilékkel meghatdrozva

2.2 Dispersion of MWCNTs

MWCNTs were first mixed with Gelenium Ace
30-polycarboxylate-based superplasticizer and 50% of the
added water. This Polycarboxylate-based superplasticizer has
been proven to be effective for CNTs dispersion [24,25]. The
solution was sonicated using a Fritish 450 Sonifier Analog
Cell distributor for 15 min [26]. Solutions with concentration
of 0.01, 0.03, 0.05, 0.07 and 0.09 wt% of the total weight of
the matrix were used to identify the MWCNT optimum
concentrations and their resistivity to aggressive medium.

2.3 Alkali activation, curing and casting

Activation and curing are processed according to the
following steps:
1. First activators prepared 24 hrs prior to casting, whereas
binder reinforced with MWCNT concentrations: 0.0
(control), 0.01 up to 0.09 wt.% of the total weight.

2. MWCNT particles sonicated for 15 min using half of
the used water as well as used superplasticizer for better
dispersion under a temperature of 40 °C.

3. The geopolymer binder passing a sieve of 90 um as
represented in Table 3 were hand mixed with the alkaline
activator solution dissolved in the remaining used water

for 10 min followed by a further 5 min using rotary mixer
and mixed at medium speed (80 rpm) for another 30
seconds.

4. MWCNT and superplasticizer were then added and
stirred with the mixture at high speed for additional 30
seconds.

5. Paste mixtures were cast into cubic-shaped moulds with
2.5 cm length, vibrated for compaction, sealed with a
lid to minimize any loss of evaporable water, left to cure
undisturbed under ambient temperature for 24 hrs,
demolded and then subjected to curing at 40 °C with
100% relative humidity (R.H.) for 28 days [27].

6. All mixes were then immersed in 5% MgCl, solution [28],
whereas the solution was replaced monthly, while their
strength values were recorded, finally the crushed cubes
were stopped for further hydration using acetone/methyl
alcohol method (1:1) [29, 30], finally tightly conserved in
container until examination time.

2.4 Exploration techniques

Chemical analysis was carried out using Axios (PW4400)
WD-XRF Sequential Spectrometer (Panalytical, Netherland).
Compressive strength tests were carried out using five tones
German Briif pressing machine with a loading rate of 100 kg/
min determined according to [31]. X-ray diffraction (XRD)
analysis was recorded on a Philips PW 1050/70 Diffractometer
using a Cu-Ka source with a post sample Ka filter. XRD
patterns were obtained from 0°to 50° 20 (step size 0.02°20 and
speed 0.4°/min). Quartz silica was used as an internal standard.
Data were identified according to the XRD software (pdf-2:
database on CD-Release 2005). Bonding characteristics of the
alkali activated specimens were analyzed using a Jasco-6100
Fourier transform infrared spectrometer FTIR. Test sample
was ground and uniformly mixed with KBr at a weight ratio
KBr: specimen=200:1. The mixture, 0.2 g was pressed to a disk
of 13 mm in diameter for analysis at 8 t/cm* The wave number

Mix  Water Meta- Silica Waste MWCNT/% KOH/% Na SiO /% Super- Water/  SiO,/
no. cooled kaoline fume glass 2 ¢ plasticizer binder% ALO,
slag (MK)/% (SF)/% (WG)/% (SP)/%
(WCS)/%

SO 50 40 10 - 0.00 10 5 0.80 0.16 273 0712 0.153 6.64
S1 50 40 10 - 0.01 10 5 0.80 0.16 4.64 0.712 0.153 6.64
S2 50 40 10 - 0.03 10 5 1.00 0.16 4.64 0.7122 0.153 6.64
S3 50 40 10 - 0.05 10 5 1.20 0.16 464 0.712 0153 6.64
S4 50 40 10 - 0.07 10 5 1.40 0.16 464 0.712 0153 6.64
S5 50 40 10 - 0.09 10 5 1.60 0.16 464 0.712 0153 6.64
GO 50 40 - 10 0.00 10 5 0.80 0.26 260 0.800 0.18 9.54
G1 50 40 - 10 0.01 10 5 0.80 0.26 441  0.800 0.18 9.54
G2 50 40 - 10 0.03 10 5 1.00 0.26 441  0.800 0.18 9.54
G3 50 40 - 10 0.05 10 5 1.20 0.26 441  0.800 0.18 9.54
G4 50 40 - 10 0.07 10 5 1.40 0.26 441  0.800 0.18 9.54
G5 50 40 - 10 0.09 10 5 1.60 0.26 441  0.800 0.18 9.54

Table 3 Composition of the geopolymer mixes
3. tabldzat A geopolimer keverékek Osszetétele

46 . = 2021/2 = Vol. 73, No. 2



épitoanyag - Journal of Silicate Based and Composite Materials

was ranging from 400 to 4000 cm™ [32]. Thermogravimetry
conducted using DT-50 Thermal Analyzer (Schimadzu Co-
Kyoto, Japan), where the samples were crushed, transferred
immediately to an alumina crucible, held under isothermal
conditions for 60 min at 40°C to equilibrate in a nitrogen
environment (N, flowing at 200 ml/min), and then heated
t01000 °C at 10 °C/ min in the same gas environment.

3. Results and discussion

3.1 Fourier transform infra-red (FTIR)

FTIR spectra of 28 days (control) hybrid alkali activated
composites incorporating 10 wt.% glass wastes or silica fume
(Fig. 2) and having various ratios of multiwall carbon nano-
tube (MWCNT) from 0.01 up to 0.09 wt.% indicates the
growth of the asymmetric bands for amorphous geopolymer
constituents for T-O-Si at about 1030 cm™ in both mixes with
increasing the MWCNT up to 0.07 wt.%, while decreasing
with further increase in nanotube. It can be also noticed in
glass waste mixes shifting of the previous main asymmetric
band into lower wave number (980 cm™) as related to the
increased amorphous geopolymer constituents than silica
fume composites, where the increased fine structure (38 um)
of glass waste in addition to high alkalis within; facilitate and
enhance geopolymer formation.

A — B / —
B Vet \,\ M\ /
L /.
NDZ ] «\ . A4 A A o
.\a. /// > Ja\ ;//'\/\\ J ;\-'N\\ _— \J\ \ f N \/
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Fig. 2 FTIR spectra of 28 days alkali activated geopolymer specimens having various
ratios of MWCNT, A) glass waste mixes; B) silica fume mixes. [1: Stretching
vibration of O-H bond, 2: Bending vibrations of (HOH), 3: Stretching
vibration of CO ,4: Asymmetric stretching vibration (Si-O-Si), 5: Asymmetric
stretching vibrafion (T-O-Si), 6: Out of plane bending vibration of CO , 7:
Symmetric stretching vibration (Si-O-Si), 8: Bending vibration (Si-O-Si and
0-Si-0)]

2. dbra 28 napos alkdli aktivdlt geopolimer mintdk FTIR spektrumai, kiilonboz
ardnyit MWCNT tartalommal, A) iiveghulladékkal keverve; B) szilikaporral
keverve.

Another main featured band in both patterns is asymmetric
stretching vibration (Si-O-Si) related to non-solubilized
particles at about 1100 cm™ which almost vanished with
increasing MWCNT up to 0.07% reflecting the efficiency
of nano-tube in enhancing anddissolving of unreacted
constituents forming reactive amorphous geopolymer
constituents. However, the intensity of previous band in silica
fume mixes is higher than glass waste mixes reflecting the
increased geopolymerization and activation of glass waste
mixes than silica fume mixes. Increasing MWCNT ratios
beyond 0.07% results in increasing O-H bands at about 3430,
1600 cm which may be connected to the increased porosity
with nano increase due to agglomeration of excess unreacted
MWCNT, this note can be connected with the increased
carbonate bands at about 1410 cm™ as well as out of plane

bending vibration band at 870 cm™. Another important note
from both pattern is the increased O-H bands in glass waste
mixes as compared with silica fume mixes where the lower
grain size of glass waste acquire much water than silica fume
as tabulated in Table 3, also reflects the increased of CSH in
previous one as a results of its increased reactivity as compared
with silica fume [32,14]. Another small bands at about 795, 690,
and 448-468 cm™ for symmetric stretching vibration of (Si-O-
Si) attributed to a-quartz, symmetric stretching vibration (Si-
O-Si), bending vibration (Si-O-Si and O-Si-O) associated
with quartz [33], respectively, which increased with MWCNT
up to 0.07% then decrease, as related to the activation and
enhancement done by nano materials and their efficiency in
enhancing geopolymerization reaction.
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Fig. 3 FTIR spectra of alkali activated geopolymer specimens immersed in
magnesium chloride solution and enhanced with various ratios of MWCNT:
A) one month glass waste mixes, B) six month glass waste mixes, C) one
month silica fume mixes, D) six month silica fume mixes. [1: Stretching
vibration of O-H bond, 2: Bending vibrations of (HOH), 3: Stretching
vibration of CO ,4: Asymmetric stretching vibration (Si-O-Si), 5: Asymmetric
stretching vibrafion (T-O-Si), 6: Out of plane bending vibration of CO
, 7: Symmetric stretching vibration (Si-O -Si ) attributed to a-quartz, §:
Symmetric stretching vibration (Si-O-Si), 9: Bending vibration (Si-O-Si and
0-8i-0)]

3. dbra Magnézium-klorid-oldatba meritett és az MWCNT kiilonboz6 ardnnyal
rendelkez6 alkdli aktivalt geopolimer mintdk FTIR-spektrumai: A) egy
hénapos tiveghulladék keverékek, B) hat honapos iiveghulladék-keverékek, C)
egy honapos szilikapor keverékek, D) hat hénapos szilikapor keverékek.

FTIR of glass waste geopolymer mixes incorporating various
ratio of MWCNT immersed in 5% magnesium chloride
solution at one and 6 months, Fig. 3 (A,B); showed an increased
broadnessinasymmetricband atabout 1000 cm with MWCNT
up to 0.07% (G4) which consistent with both amorphous C-
(A)-S-H structure formed by the activation of slag in alkaline
media [34], and N-A-S-H gels formed in geopolymer binder
systems derived from fly ash and metakaolin [35]. Further
increase in nano-tube to 0.09% results in an increased intensity
of asymmetric stretching vibration of (Si-O-Si) related to non-
solubilized particles at about 1100 cm™ where the increased
MWCNT agglomerates and inhibit the dissolution and
polymerization of geopolymer precursors. It can be seen that
intensity of the carbonate at about 1430 cm™ (v C-0O) splitted
into two peaks with MWCNT increase to 0.09% as related to
the distorted nature of CO, mineral and could be attributed to
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partial carbonation of C-S-H gel in air atmosphere [36]. One
can notice a slight increase in carbonation bands at 870 and
1430 cm™ with immersion time increase to 6 months, also the
hydration bands at about 3430 cm™ increased with MWCNT
and with time increase where the dissolved constituents
undergo hydration forming additional binding materials
(CSH). The two patterns of glass waste mixes (Fig. 3(A,B))
showed little evidence of Friedel’s salt formation where the
last phase formed at about 3640 cm™, 3480 cm™ (VOH), 1621
cm™ (8H,0), 785 cm™, 620 cm™, and 532 cm~1 (vibration of
M-0 ir M-O-H bands) are characteristic of Friedels salt [37],
where all bands except one at 532 cm™ were overlapped by
other bands, so only this peak shows the formation of Friedel’s
salt after 3 months of immersion in chloride solution. However
the increased content of MWCNT leads to agglomeration, so
more sodium cations are available for carbonation as clearly
will be seen in Fig. 6.

On the other hand, silica fume based mixes immersed in
chloride solution at 1 and 6 months (Fig. 3(C,D)) showed the
same behavior with respect to the added MWCNT, whereas
the main difference in those mixes are the presence of the
shoulder at about 1100 cm™ for non-solubilized silica which is
inversely proportional with the asymmetric band of T-O-Si at
about 1000 cm™ where their increase reflect the deficiency in
dissolving and polymerize the constituents of the geopolymer.
Also, the hydration bands in silica fume decreases with time
up to 6 months, as well as carbonate bands with time giving
an indication about the continuous consumption of free alkalis
and incorporation in geopolymer formation in spite the mix
of 0.07% MWCNT acquired the highest content of hydration
bands as reflected on the increased combined water content in
the geopolymer network as well as the formed CSH and CASH
phases. Another difference is the absence of the shoulder at
about 1100 cm™ for non- solubilized silica in glass waste mixes
where high reactivity if glass waste enhance their dissolution
and incorporation in geopolymerization reaction, however in
silica fume there are still some unreacting constituents which
not incorporated in the reaction.

FTIR spectra of geopolymer mixes incorporated glass waste
and silica fume immersed in 5% magnesium chloride solution
up to 6 months, and enhanced by 0.07% MWCNT (Fig. 4
(A,B)). The pattern of both mixes exhibit an increased intensity
in the amorphous geopolymer constituents as represented by
asymmetric stretching vibration of T-O-Si at about 1000 cm!
with slight shifting to lower wave number with time. Also, there
is an increased dissolution of unreacted slag materials with
curing time up to 6 months as illustrated from the decreased
asymmetric band at about 1100 cm™ for non-solubilized
particles as well as symmetric vibration of a-quartz at about
797 cm’, confirming the activation and nucleating efficiency
increase by MWCNT [38]. The band at 690 cm™ is attributed
to the symmetric vibration mode of the Si-O-Si or Al-O-Si
bonds. This band corresponds to C-A-S-H type phases, and
the zeolites forming in these systems, as identified by XRD
(Figs. 5, 6). This band has also been observed in unreacted slag
[39], and has been attributed to gehlenite. All infrared band
assignments follow references [40-42].
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Fig. 4 FTIR spectra of alkali activated Geopolymer specimens enhanced with 0.07%
MWCNT immersed in magnesium chloride solution up to six months, A)
glass waste mixes; B) silica fume mixes. [1: Stretching vibration of O-H bond,
2: Bending vibrations of (HOH), 3: Stretching vibration of CO ,4: Asymmetric
stretching vibration (Si-O-Si), 5: Asymmetric stretching vibration (T-O-Si),
6: Out of plane bending vibration of CO , 7: Symmetric stretching vibration
(Si-O -Si ) attributed to a-quartz, 8: Syfnmetric stretching vibration (Si-O-
Si), 9: Bending vibration (Si-O-Si and O-Si-0)]

4. dbra  Legfeljebb hat hénapig magnézium-klorid-oldatba meritett 0,07%
MWCNT tartalmii alkdli aktivalt geopolimer mintdk FTIR-spektrumai A)
tiveghulladék keverékek; B) szilikapor keverékek.

There is a decrease in the carbonation bands observed
with MWCNT and time, where the carbonate constituents
in slag materials lead to the growth of the carbonate band
as discussed above, showing that the carbonates identified
in this raw material do not react significantly under alkaline
activation conditions [43]. The CO,* vibration band decreases
with time as attributed to the fact that the increased nucleation
of MWCNT increase the formation of geopolymer structure
and decrease the availability of free Na* species which will be
subjected to carbonation.

3.2 X-ray diffraction (XRD)

XRD patterns of six months alkali-activated geopolymer
mixes based on glass waste and silica fume incorporating
various ratio of MWCNT (0, 0.07, 0.09 wt.%), immersed in
magnesium chloride solution are shown in Fig. 5 (A,B). The
pattern of glass waste mixes (Fig. 5A4) illustrate mostly absence
of hump in the region of 17° to 35° 20 which characterize
glassy phases, this region considered as vital key in geopolymer
characterization, where any increase in this hump will be
reflected on the performance and efficiency of the resulting
geopolymer gel. Also, there is sharp peak for Friedel’s salt at
11.20 (26) (C,A.CaCl,.10H,0) reflecting the susceptibility for
this mix for chloride attack.
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Fig. 5 XRD pattern of six months immersed alkali activated geopolymer specimens
in magnesium chloride solution; A) glass waste mixes, B) silica fume mixes.
[Q:Quartz, A:ZeoliteA, Fj: Faujasite, F: Friedel’s salt, R: Reversedite, CSH:
Calcium silicate hydrate]

5. dbra Hat hénapig magnézium-klorid-oldatba meritett alkdli aktivilt geopolimer
mintdk XRD dbrdi; A) iiveghulladék keverékek; B) szilikapor keverékek.
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It can be seen an increased broadness of this hump up on
increasing MWCNT to 0.07% with the increase of CSH as well as
reversedite phases (C,S,H,) which is one of the calcium hydrate
phases that add additional strengthening as well as nucleating
sites for geopolymer formation and accumulation [44], the
increased intensity of this hump favors the activation done by
MWCNT resulting in enhancement of geopolymer reaction.
Further increase in nano results in an agglomeration, forming
weak points within the matrix which hinder geopolymer
propagation leading to formation of short zeolite chains as
confirmed by the increased intensity of zeolite phases (faujasite,
zeolite A, sodalite) on the expense of the amorphous geopolymer
structure. This decrease in the amorphous geopolymer phases
made the matrix more prone to chloride attack as indicated by
the appearance of Friedels salt, but its intensity still much lower
than control mix which suggests the ability of MWCNT even in
high dose to suppress the chloride attack.

The behavior of silica fume based mixes almost similar to
those of glass waste mixes (Fig. 5B), except the decreased hump
in the region from 17- 35°(28) related to the amorphous content
as well as the hump in the region 6-10°(20) for aluminosilicate
gel where the increased reactivity of glass waste than silica fume
favors the increased hump broadness in glass waste mixes than
that of silica fume. The main remark in silica fume mixes also
is the increased zeolite content as related to its lower reactivity
which favor the zeolite formation than amorphous geopolymer
constituents especially up on using high MWCNT dose while
accompanied by the increased intensity of Friedel’s salt.
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Fig. 6 XRD pattern of alkali activated Geopolymer specimens enhanced with 0.07%
MWCNT immersed in 5% magnesium chloride solution up to 180 days. A)
glass waste mixes, B) silica fume mixes. [Q:Quartz, A:ZeoliteA, Fj: Faujasite,
R: Reversedite, CSH: Calcium silicate hydrate, Ph : Phylipsite]

6. dbra Legfeljebb hat hénapig 5%-o0s magnézium-klorid-oldatba meritett 0,07%
MWCNT tartalmii alkdli aktivalt geopolimer mintdk XRD dbrdi A)
tiveghulladék keverékek; B) szilikapor keverékek.

On examining the effect of immersion time up to 6 months
on the optimum mixes incorporating 0.07% MWCNT in glass
waste and silica fume mixes as illustrated in Fig. 6, there is
continuous growth in amorphous geopolymer hump with
time in addition to the increased CSH-phases as attributed
to the effect of the NaOH alkaline solution during processing
as discussed in a previous investigation [45]. The carboxylate
based superplasticizer was effective in dispersing MWCNTs
at 0.07 wt.% and lower, where most of MWCNT interact
and activate the geopolymerization reaction forming three
dimensional networks. Another main concluded remark

was the increased faujasite phase in silica fumes mixes up to
3 months whereas in glass waste mixes there is continuous
growth and crystallization of CSH. The increased zeolite phases
in silica fume mixes made the matrix more prone to chloride
attack especially at 3 months as represented by peaks due to
Friedel’s salt, while beyond this age the progress of geopolymer
formation results in increasing the medium alkalinity which
will destabilize the formed Friedels salt leading to lowering in
its intensity [46,47].

It is likely that a significant proportion of Na* species is
consumed in the activation of binding constituents to form a
sodium aluminosilicate-type gel, reducing the availability of
Na* species in the pore solution [48] and, therefore, reducing
the alkalinity from the high levels which would favor zeolite
growth, even with the higher alkali dosage added to these
samples. It can be noticed also the absence of calcite phases
mostly in all mixes as well as with immersion time which
reveals the absence of free alkalis as they are mostly consumed
in geopolymer formation. This observation come in accordance
with FTIR pattern where the intensity of carbonate bands are
very small while in XRD there are no carbonates as the XRD
tool concerned about crystalline content of the minerals which
can detect only more than 3%, which means that calcite phases
are too small in the matrix.

3.3 Differential thermo-gravimetric analysis (DTG)

Differential thermogravimetric curves for geopolymer
composites incorporating various ratio of MWCNT are
represented in Figs. 7-10. The pattern of one month glass waste
and silica fume geopolymer composites having 0, 0.07 and
0.09% MWCNT represented in differential thermograms (Figs.
7, 8), showed a characteristic two endotherms at temperature
lower than 68 °C as well as endothermic band lower than 149
°C; the first associated with the loss of freely evaporable water
present in large pores of the aluminosilicate type product
(geopolymer gel) for Mk-geopolymer [26,49], while the second
associated with the dehydration of a C-S-H gel [50], as this is
the main reaction product identified in GBFS-rich blended
binders [40,51]. In addition to another endothermic peak at
temperatures at about 590, 615, 725 °C, this attributed to the
presence of calcium carbonates of varying crystallinity as has
been observed in previous studies of alkali-activated slag using a
similar precursor [50] as a consequence of weathering of the slag
before sample preparation. Another endothermic peak can be
distinguished in some mixes in the range 309-331 °C attributed
to dehydroxylation by condensation of the bound silanol groups
in zeolite of Faujasite, which is completed at 500 °C [51].

Fig. 7 illustrate the growth in the intensity of endothermic
peak at about 62 °C with MWCNT increase to 0.07%, with
sharp increase in the endothermic peak for CSH at about
149 °C which reflect the increased efliciency of MWCNT in
activating and enhancing geopolymer formation as well as
CSH, as coincide with XRD and FTIR observations. However,
increasing MWCNT to 0.09% lead to a decreased intensity of
endothermic peak at 62 °C as well as growth of endothermic
peak at about 310 °C for zeolite dehydroxylation. Another
main notice in this figure is the absence of endothermic peak
for Friedel’s salt at all MWCNT’s ratios at 360-370 °C [52,53].
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Fig. 7 Differential thermo-gravimetric pattern of one month alkali activated glass
waste geopolymer specimens enhanced with various ratios of MWCNT and
immersed in 5% magnesium chloride solution.

7. dbra  Egyhonapos 5% -os magnézium-klorid-oldatba meritett alkdli aktivdlt
iiveghulladék geopolimer mintdk termo-gravimetrikus mérési eredményei,
kiilonboz6 MWCNT ardnyok esetén,

With respect to the carbonate which mentioned in previous
studies of alkali-activated slag using a similar precursor [50] as
a consequence of slag weathering before sample preparation.
Considering that samples were cured and stored under
controlled sealed conditions, a significant extent of carbonation
is not expected to occur in the specimens assessed. The figure
showed the lowest intensity of carbonation endotherm at
0.07% as confirmed by the dense structure of this matrix. None
of the samples show significant weight loss above 725 °C.

Total weight loss for one month immersed glass waste
geopolymer mixes in magnesium chloride solution varied
with MWCNT giving ~6.643, ~7.898 and ~8.411% for 0, 0.07
and 0.09%, respectively. The total weight loss reflected the
increased the amorphous aluminosilicate content with nano
materials up to 0.07%, while the increase in total weight loss
with further nano increase related mainly to the increased
zeolite formed (as seen from the endothermic at about 310 °C
for dehydroxylation of zeolite as mentioned before) as a result
of agglomeration of excess nanotube leading to the decrease
in the amorphous geopolymer constituents and forming short
crystalline zeolite chains.
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Fig. 8 Differential thermo-gravimetric pattern of one month alkali activated silica
fume based geopolymer specimens enhanced with various ratios of MWCNT
and immersed in 5% magnesium chloride solution.

8. dbra  Egyhénapos 5% -os magnézium-klorid-oldatba meritett alkdli aktivdlt
szilikapor alapii geopolimer mintdk termo-gravimetrikus mérési eredményei,
kiilonboz6 MWCNT ardnyok esetén,

In case of silica fume geopolymer mixes (Fig. 8), the same
behavior with respect to MWCNT addition except that the
endothermic peak for freely evaporable water in geopolymer
shifted to lower temperature (52 °C) indicating the lower
matrix density of those mixes as compared with glass waste
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mixes and the free water of geopolymer is not tightly bound as
the previous mixes. Also, the CSH shifted to lower temperature
to 131 °C as the formed CSH binding materials are not of
dense structure as compared with previous mixes, whereas the
carbonate peaks are almost equal in intensity.

Total weight loss for one month immersed silica fume
geopolymer mixes in magnesium chloride solution varied
with MWCNT giving ~7.501, ~7.811and ~7.204% for 0, 0.07
and 0.09%, respectively. The total weight loss reflected the
increased the amorphous aluminosilicate content with nano
materials up to 0.07%, while its decrease as compared with
glass waste related to the absence of zeolite peak at about
310 °C in silica fume mixes. On the other hand, prolonged
immersion of glass waste geopolymer and silica fume mixes
incorporating 0.07% MWCNT in magnesium chloride solution
up to six months (Fig. 9, 10), there is a continuous increase in
the amorphous aluminosilicate content at about 60 °C, with the
almost vanishing of zeolite dehydroxylation peak at 310 °C as a
resulted of continuous geopolymerization reaction, however at
6 months of immersion there is a new formed peak for zeolite
dehydroxylation at about 87 °C. Also, a noticeable increase in the
peaks related to CSH at about 149 °C with the shifting to lower
temperature of 133 °C as resulted from the difference in the
nature of water bonded to the structure than in geopolymer gel,
such as C-S-H gel [49], these observations come in accordance
with XRD and FTIR illustrations as mentioned before.
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Fig. 9 Differential thermo-gravimetric pattern of alkali activated glass waste
geopolymer specimens enhanced with 0.07% MWCNT and immersed in 5%
magnesium chloride solution up to six months

9. dbra  Legfeljebb hat hénapig 5% -os magnézium-klorid-oldatba meritett, 0,07%
MWCNT tartalmii alkdli aktivdlt iiveghulladék geopolimer mintdk termo-
gravimetrikus mérési eredményei

On investigating the figure of silica fume mix, nearly there
was symmetry with glass waste mix up on immersion in
chloride solution except the absence of peak due to zeolite
at about 87 °C in addition to the increased broadness of the
carbonate peaks at various temperatures from 590 to 730 °C
as attributed to the presence of calcium carbonates of varying
crystallinity, whilst in glass waste, the calcite peaks are narrow
at 725 °C. Total weight loss for glass waste as well as silica fume
geopolymer mixes incorporating 0.07% MWCNT immersed
in magnesium chloride solution up to 6 months increased with
time giving ~7.93, ~7.90 and ~9.49% for 0, 1 and 6 months,
as well as ~6.90, ~7.81, ~10.43%, at 0, 1 and 6 months, for
glass waste and silica fume mix, respectively. This increase
in the total loss attributed to the growth in the amorphous
aluminosilicate content as well as CSH with time even under
immersion in aggressive chloride solution.



épitoanyag - Journal of Silicate Based and Composite Materials

5o SA-6MC

St

[ w s [

u
Temperature/C Temverature/C

Fig. 10 Differential thermo-gravimetric pattern of alkali activated silica fume
geopolymer specimens enhanced with 0.07% MWCNT and immersed in 5%
magnesium chloride solution up to six months

10. dbra  Legfeljebb hat honapig 5%-os magnézium-klorid-oldatba meritett, 0,07%
MWCNT tartalmii alkdli aktivdlt szilikaport alapii geopolimer mintdk
termo-gravimetrikus mérési eredményei

3.4 Compressive strength

Fig. 11 shows the compressive strength of glass waste as well
as silica fume geopolymer composites enhanced with various
ratios of MWCNT; immersed in 5% magnesium chloride
solution up to 6 months. The results showed the increase of
strength in all composites in spite of their immersion in the
aggressive magnesium chloride solution, and reaching the
maximum at 0.07% MWCNT while decreases with further
increase in the carbon nanotube.
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Fig. 11 Compressive strength of alkali activated geopolymer specimens enhanced with
various ratios of MWCNT and immersed in magnesium chloride solution up
to 6 months, A) glass waste mixes, B) silica fume mixes

11. dbra  Alkdli aktivdlt geopolimer mintdk nyomdszildrdsdga, kiilonboz6 MWCNT
ardnyok esetén és magnézium-klorid-oldatba meritve 6 honapig; A)
iiveghulladék keverékek; B) szilikapor keverékek.

As known the main deleterious effect up on immersion
in magnesium chloride solution is the formation of Friedels
salt (C,A. CaCl,. 10H,0) which known by its softening
characteristics as well as their formed by-product magnesium
hydroxide which known by its lower pozzolanic activity as well
as its essential effect in lowering the pH of the medium which
is the main driving force for the geopolymer reaction as well
as its lower solubility which in turn results in hindering the
propagation of hydration reaction as seen from the following
equations:
3Ca(OH), + AI(OH), » C,A+ 3H,0 (1)
Ca(OH) , +MgCl > CaCl_+ Mg(OH), (low solubility) 2)
CaCl,+C,A+10H,0~ C,A.CaCl,.10H,0 (Friedels salt) 3)

Magnesium ions with its lower solubility decrease medium
pH forming M-S-H instead of C-S-H; which is known by its
non-cementitious properties and leads to softening on prolong
exposure time leading to destabilization of the hydration
materials [53,54].

In our case, optimization of the strength values for
geopolymer composites containing 0.07% MWCNT ascribed
to its spreading throughout the geopolymer matrix with a
uniform density. Where, The good dispersion of MWCNTs
was also attributed to the effect of the NaOH alkaline solution
during processing as discussed in an earlier publication [45]
and hydrophilic groups (-COOH) in carboxylate based
superplasticizer forming covalence-modified CNTs to improve
interfacial interactions within composites, in which the
-COOH groups form strong coordinate bonds with Ca** ions
in geopolymer matrix, thus enhancing the formation of three
dimensional geopolymer in addition to CSH [39, 55]. However,
The carboxylate based superplasticizer was ineffective in
dispersing MWCNTs in ratios more than 0.07%, where most
of MWCNT were agglomerated in the alumino-silicate gel and
hinder the propagation of the three dimensional network.

Incorporated MWCNTs increase the geopolymerization rate
after addition to the same system; therefore, the MWCNTs
inhibit the retardation effect caused by aggressive chloride
solution as reflected on the decreased intensity of the formed
zeolite as well as Faujasite phases at the optimum MWCNT
dose as seen from XRD, DTG and FTIR patterns. The activation
effect done by MWCNT and their efficiency in resisting
aggressive media can be explained by their ability to work
as nucleation-sites in the system, where the functionalized
MWCNTs provide different reaction sites for the crystal
growth of geopolymer products [56].

The negative effect of MWCNT overdose than 0.07% was
confirmed by the increased zeolite as well as Faujasite with the
increased MWCNT, as the geopolymer network was terminated
forming the crystalline zeolitic structures with lower reactive
characteristics which facilitate the ingress of aggressive chloride
solution as confirmed by slight peak at 0.09% in XRD pattern
(Fig. 5) for Friedel’s salt. Also, the intensity of the formed
Friedel’s salt in glass waste mixes is lower than that of silica
fume mixes due to variation in reactivity of both as can be seen
from their compressive strength values, where strength values
for optimum MWCNT (0.07%) after six months of immersion
reaches about 88MPa while for silica fume mix at the same ratio
reaches about 48 MPa. Zeolite formation is also well known
to take place in KOH-activated geopolymer, similar to their
NaOH-containing counterparts. However, crystallization is less
rapid in KOH/metakaolin geopolymer compared to the NaOH/
metakaolin system [57,58] which confirmed the lower intensity
in DTG for zeolite phases and lower intensity detected in XRD.

4. Conclusions

1. Hybridization of various aluminosilicate precursors
including either glass wastes or silica fume produce
sustainable building materials with superior resistivity to
aggressive magnesium chloride solution.

2. Addition of various ratios of MWCNT to alkali activated
hybrid composite increases and offers an extra nucleation
sites for alkaline composite formation and accumulation.

3. MWCNT possess an extra enhancement in the stability of
the produced alkali activated composites reaching to the
optimum at 0.07%.
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4. XRD, FTIR and DTG emphasized the absence of chloride
bearing compounds (Friedel’s salt) even at later ages except
weak peaks in the control as well as mixes incorporating
0.09% MWCNT.

5. Glass wastes incorporating mixes encounter better
resistivity to the aggressive solution than silica fume
incorporating mixes due to the variation in their reactivity.
Where the optimum mix (0.07% MWCNT) in glass waste
group acquired compressive strength of about 88 MPa
after 6 months of immersion, while optimum silica fume
mix at the same ratio acquired about 48 MPa.
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Abstract

The aim of this study is evaluating the thermal performance of wood plastic composites (WPCs)
as insulation panels depending on the values of thermal conductivity (k). Three types of wood
flour taken from (pine, oak and walnut) trees with concentrations (10, 20, 30 %), and two types
of thermoplastics; high density polyethylene (HDPE) and polypropylene (PP), have been selected
for the evaluation. Theoretical work uses mathematical relations in the calculation of thermal
conductivity of WPCs. Experimental work includes the manufacturing of the specimens, the
measurements of k-values. The results show that the increasing in wood content leads to a
reduction in k-values for WPCs by 6-8.5% for each 10% addition of wood. The k-values of WPCs
tend to increase, when temperatures rise from 25-75 °C, by 20-25% for HDPE-wood composites,
and by 15-20% for PP-wood composites. Furthermore, 10 % of water content will increase the

k-value by 10-20%.

Keywords: wood, plastic, composite, thermal conductivity, insulation
Kulcsszavak: fa, mlianyag, kompozit, hdvezetd képesség, szigetelés

1. Introduction

There are many technical solutions to decrease energy
consumption and reduce greenhouse emissions, which is
necessary also because of the need for the energy balance
improving [1]. Thermal insulation is an essential part in the
residential building to prevent heat transfer between outside
and inside. Most of insulation materials are synthetic materials
which consume extra sources of raw materials, and spend a lot
of money and effort. Recently, many investigations have been
developed to invest the natural materials or recycled materials.
Wood plastic composites (WPCs) are relatively new family of
composites and environmentally friend materials, where they
can be manufactured from recycled plastics and waste woods.
The wooden materials are usually: wood fiber, flour fiber, kenaf
hemp and sisal. While, the plastics are usually: polyethylene
(PE), polypropylene (PP), polyvinyl chloride (PVC) [2].
Wood contents in WPCs may reach 50% of the composition.
The wood and thermoplastics are usually compounded above
the melting temperature of the thermoplastic polymers and
then further processed to make various products. WPC can
be manufactured in a variety of shapes and sizes, and with
different surface textures depending on the processing method
[3]. Factors attributes to mechanical and thermal properties of
WPCs depend on [4]: wood content, type of polymer, type of
additives and processing temperature. Studies conducted in
PWCs show that the presence of wood contents increases the
thermal properties, i.e. thermal resistance [5]. On the other
hand, the mechanical properties, i.e. tensile strengths, decrease
with the increasing of wood fibers for a certain range [6].

Researchers have been looking for the development of
plastics with natural wooden materials as reinforcement.
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In this context, wood is usually used as flour or fiber in the
composition of composite material. Several promising studies
[7-24] have taken place in the evaluation of thermal properties
of wood plastic composites (WPCs), for several wood types,
wood contents, and polymer types as well as additives contents.
Most of the studies were experimental investigations, while
some others were theoretical and numerical studies or models.
The major outcome of the previous works, which related to
thermal properties, had focused on the thermal stability of
WPC material or the variation in phase change zone and the
corresponding melting point, temperature of crystallization
and glass transition temperature. Less concentration had
taken place for the effect of wood content on the thermal
conductivity. Hence, the present study focuses on the thermal
conductivity as a preferable parameter in thermal resistance
calculation. The present study includes both: theoretical and
experimental works. The plan suggested three types of wood
flour in different concentrations (10, 20 and 30 %) with two
types of thermoplastics, high density polyethylene (HDPE) and
polypropylene (PP).

2. Theoretical analysis

The coefficient of thermal conductivity is the most
important property of any material which indicates whether
it is an insulator or not. Material with relatively low thermal
conductivity, less than 0.2 W/m.K, consider as a thermal
insulator [25]. The reciprocal of thermal conductivity called
thermal resistivity, which is a measure of material resistance
to the heat transfer. The other thermal properties are: heat
reflectivity, heat capacity, coefficient of thermal expansion,
thermal stability and phase-change points.
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Although several theoretical works have been conducted to
determine the thermal conductivity of composite materials,
there is still some inaccuracy in the predicted values due to
several important parameters like: operational conditions
(temperature and water content), particle features (size and
distribution) as well as interface quality (adhesion). For
this reason, some of these effects will be discussed through
numerical simulations. The effective thermal conductivity of
a composite material k depends on the thermal conductivities
of both: the reinforcement kr and the matrix km, as well as
concentration ¢ of each material. The simplest model assumes
that the particles are placed in series manner with respect to
the heat flow direction. This gives [26];

k= k.0, + kp O (1)
The coefficient of thermal conductivity mainly depends on:
temperature, water content and some other thermo-physical
properties of the material [27]. The thermal conductivity is
measured in W/m.K. In general, the material with a small
k-value is a good thermal insulator; on the other hand, the
material with a large k-value is a good heat conductor.

2.1 Temperature rise effect

In the case of solid materials, the variation of thermal
conductivity due to the change in medium temperature
predominantly depends on electronic effect. The coefficient of
thermal conductivity is affected by heat transport characteristics,
where the microstructure of molecules affects the heat transfer.
Thermal conductivity is proportional to the pore size; smaller
pores will lead to lower heat conductivity [28].

In general, as temperature increases, both number of free
electrons and lattice vibrations increase. Thus the thermal
conductivity of the material is expected to increase. Many
studies have shown that thermal conductivity of wooden
materials increases with the temperature rise for a certain
range, as shown in Fig. I [29].
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Fig. 1 Variation of thermal conductivity with the temperature for some wooden
materials [29]
1. dbra A hévezetd képesség viltozdsa a hémérséklet fiiggvényében kiilonbozd
faanyagok esetében [29]

Prisco U. (2014) [14] has shown that, in wooden materials,
the thermal conductivity has general linear increasing as
temperature increases before degradations, as following;

k=k, +19 x 107*T )

Where ko refers to the initial k-value for the selected wood
in the study in a limitation of temperature not exceeds 80 °C.

Heat conduction in polymers is considered as the
propagation of anharmonic elastic waves through a
continuum. The temperature dependent term is interpreted as
the intrinsic thermal conductivity due to the Umklapp process
(an anharmonic phonon-phonon scattering process), and the
temperature independent term as conductivities due to the
collective contribution of all point defect scattering terms.
The conductivity decreases with temperature increase because
“Anharmonic Umklapp” process becomes more frequent, and
hence the phonon mean free path decreases [30]. Many recent
investigations [30-32] indicated that, for crystalline polymeric
materials, the thermal conductivity has reciprocating relation
with respect to the temperature rise. The direct effect of
temperature rise on the thermal conductivity of polymers is
studied efficiently in reference [33], where the study presented
the behavior of some polymers, as shown in Fig. 2. It can be
concluded, from these studies, that the relationship between
the thermal conductivity and the temperature may have the
simple linear interpolation formula:

k=k,—mT (3)

Where, ko is the reference k-value at standard conditions.
While, m is the index of variation and it has different values
from polymer to another.
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2. dbra A hévezetl képesség viltozdsa a h6mérséklet fiiggvényében kiilonbozé
polimerek esetében [33]

2.2 Water content effect

In humid conditions, materials absorb moisture from the air,
and that causes to crack, less resistance and failure [34]. When
material absorbs moisture, heat begins to leak. It is noticed
that the increasing of water content increases the density of
the material, thus the thermal conductivity. This behavior has
been extracted from many investigations [35-40]. A study
conducted by Goss W. and Miller R. (1992) [39] to investigate
the effect of water content on the thermal conductivity of wood
has proposed the following formula;
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k= k,+0.004w (4)

Where ko refers to the initial k-value for the selected wood
in the study, while w is the water content up to 20% limit.
This behavior is in line with a study carried out by Kawasaki
T. and Kawai S. (2006) [40], where the increasing in the value
of thermal conductivity for ply sandwich wood (PSW) with
density range between 100-800 kg/m? was about 10-25% for a
water content ranged between 5-10%.

3. Experimental work

In the current study, composite materials made of recycled
wood and plastic, known as wood-plastic composites (WPCs),
have proposed as thermal insulation materials. For this
purpose, an experimental work has been done to manufacture
and evaluate the thermal performance of WPCs as thermal
insulations. The work includes collecting a group of materials
(some woods and some plastics) and manufacturing a set of
specimens with different mixing ratios, as well as different
conditions. The tests include measuring the coeflicient
of thermal conductivity in room temperature and when
temperature rises for certain ranges as well as water content.

3.1 Materials

A bunch of dried wood samples has been collected from the
local market and this includes: Pine Wood (PW), Oak Wood
(OW) and Walnut Wood (WW). It is worth noting that these
samples of wood must be cut, spread, dried and grinded in
order to obtain pure wood flour, as shown in Fig. 3.

Pine Oak Walnut

Fig. 3 Wood flour used in the study
3. dbra A tanulmdnyban haszndlt fa 6rlemények

Initially, some solid samples of the woods had taken to
calculate their densities, by measuring both: volume (by ruler)
and mass (by weight scale). These values have been compared
with average values that taken from reliable sources [41-43], as
shown in Table 1. The comparison indicates a slight percentage
of variation and that is mostly due to the difference in the
features of wood.

Wood type Density (g/cm?) % Variation
as solid [41-43] to the type used
Pine Wood (PW) 0.45 +11 %
Oak Wood (OW) 0.70 +6 %
Walnut Wood (WW) 0.78 +5 %

Table 1 Densities of woods
1. tabldzat A vizsgdlt faanyagok siiriisége
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Other thermo-physical properties such as: specific heat,
thermal conductivity and degradation temperature, are shown
in Table 2.

Wood type Specific heat Thermal conductivity Degradation
J/kg.K) (W/m.K) Temp. (°C)
Pine Wood 1500-1800 0.12-0.13 200-235
(PW)
Oak Wood 2000-2400 0.14-0.16 200-220
(ow)
Walnut Wood  2000-2400 0.17-0.19 200-225
(WW)

Table 2 Some properties of woods from references [43-45]
2. tabldzat A vizsgdlt faanyagok fontosabb tulajdonsdgai az irodalom alapjdn [43-45]

Thermoplastics that have melting point less than wood
degradation temperature are commonly used with WPCs. Two
types of thermoplastic materials have been purchased from the
local market, which are: High Density Polyethylene (HDPE)
and Polypropylene (PP). In order to ensure sufficient wood-
plastic composites, granular raw materials of these plastics
have been used, as shown in Fig. 4.

Fig. 4 Plastic grains used in the study
4. dbra A vizsgdlat miianyag szemcsék

Initially, some solid pieces of these types of plastics were
formed using the oven with certain dimensions, where their
volumes and weights have been measured to calculate the
density, as shown in Table 3. The average values that extracted
from references [46-48] indicated an acceptance percentage of
variation due to the difference in the features of plastics. Other
thermo-physical properties, would be useful in the study, are
shown in Table 4.

Plastic type Density (g/cm®) % Variation to

as solid [46-48] the type used
High density polyethylene (HDPE) 0.95 +1%
Polypropylene (PP) 0.90 +2 %

Table 3 Densities of plastics
3. tdbldzat A vizsgalt miianyagok stiriisége

Thermal Melting
conductivity point
(W/m.K) (°C)

Plastic type Specific
heat

(J/kg.K)
2000-2500

High density polyethylene
(HDPE)

0.44-0.48 140-160

Polypropylene (PP) 1500-2000 0.19-0.22  160-180

Table 4 Some properties of plastics from references [49-53]
4. tdbldzat A vizsgdlt miianyagok fontosabb tulajdonsdgai az irodalom alapjdn [49-53]
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The variation in the thermo-physical properties of polymers
is attributed to the features of type used which may be
commercial or in accordance to a standard code. However, it
is easy to recognize a certain type of polymer by comparing
the values of several properties where there is similarity in the
whole type used.

3.2 Manufacturing

The experimental work included manufacturing several
specimens using different compositions of wood and plastic
at different conditions. The work has conducted at Chemical
Lab in Materials Engineering Department, Mustansiriyah
University. Several devices and instruments have been used
like, oven, thermometer, weight scale and molds. Some tools
and auxiliaries have been used as well.

The majority of WPC researches suggested considering an
amount of wood less than that of plastic to ensure sufficient
bonding between the two components, thus the current study
assumed a wood content not more than 30 % of the total
weight. The wood was oven dried at 80 °C for 2 hours before
processing to remove the moisture content (No more than 5%).
However, WPC specimens prepared in the current study with
their mixing ratios are shown in Table 5.

WPC type Mixing ratio (%) No. of specimens
HDPE 100 2
HDPE-PW 90-10, 80-20, 70-30 6
HDPE-OW 90-10, 80-20, 70-30 6
HDPE-WW 90-10, 80-20, 70-30 6
PP 100 2
PP-PW 90-10, 80-20, 70-30 6
PP-OW 90-10, 80-20, 70-30 6
PP-WW 90-10, 80-20, 70-30 6

Table 5 Mixing ratios of WPC specimens used in the study
5. tabldzat A vizsgdlatban haszndlt WPC mintdk keverési ardnyai

For each WPC, two samples have manufactured for
thermal conductivity test. Furthermore, four specimens have
manufactured for temperature rise tests, and four specimens
for water content tests. Besides that, three specimens have
manufactured for pure wood evaluation. Thus, the total
quantity reached to (51) specimens.

The desired quantities for each specimen components have
weighted and combined in well mixing procedure, where two
stages have proposed to ensure homogenous product as much
as possible. In the first stage, some of the wood flour has mixed
with the plastic grains in a bowl and then pour the mixture
into a sheet of parchment paper to insert it easily to the oven
for a period of time till the melting point. After that, the second
stage of mixing is beginning by spreading the rest of the wood
flour into the melted plastic and rolling it carefully. The oven
used in the study is assigned for polymer melt-works which has
the brand Jrad, with Italian thermostat operates up to 250 °C,
as shown in Fig. 5.

Fig. 5 Oven used in the study
5. dbra A vizsgdlatokhoz haszndlt kemence

The period that the plastic grains spent in the oven to get
melting, starting from room temperature, was ranged between
20-25 minutes at a constant rate of heat (10 °C/min). After that,
the molten plastic-wood paste has ejected from the oven and
inserted into the mold which has the dimensions: 5x5x1 cm?®.
The paste of wood-plastic should be pressed in the mold using
an appropriate cap which holds a weight of 2 kg and for a period
of 10 minutes. The advantage of pressing is to strengthen the
produced specimen during heat transfer process in the product
to ensure sufficient WPC formation. Parchment paper or
aluminium foil could be used in the base of the mold to extract
the specimens easily. Finally, the specimens should be exposed
to the still air for a period of 5 minutes for cooling.

Measurements of thermal conductivity require specimens
have circular shapes of 42 mm diameter. Therefore, the
manufactured specimens should be cut using a circular hole-
saw. The final shapes of specimens are shown in Fig. 6.
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Fig. 6 Final shapes of WPC specimens (left: HDPE-wood; right: PP-wood)
6. dbra A WPC mintdk végsé formdja (balra: HDPE-fa; jobbra: PP-fa)

3.3 Measurements of thermal conductivity

The measurements of thermal conductivity for the specimens
have conducted at the laboratory of Materials Research
Department in Ministry of Science and Technology (MOST)
according to ASTM C518 - 04, using Lee’s disc apparatus, as
shown in Fig. 7.
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Fig. 7 Specimen is placed in the apparatus between hot and cold discs
7. dbra A késziilékbe helyezett mintdk meleg és hideg lemezek kozott

The device consists of a chamber and a reader. The chamber
has an electric heater, and there is a group of discs where the
specimen should be placed between the hot and cold discs. The
chamber has sufficient thermal insulation. The electric circuit
was switched on until the equilibrium condition is reached. The
reader recorded the temperatures across the specimen using
sensors connected to a thermometer. The recorded values have
compensated in a special equation approved for this device.

Since the produced WPC is assigned for residential
applications (thermal insulation), thus the surface temperature
on the hot side was limited not to exceed 80°C. It is important
to refer here, that the thermal conductivity of pure solid wood
specimens of (pine, oak and walnut) has measured as well in
the same procedure. Furthermore, extra specimens of HDPE-
PW and PP-PW, 10%, 20% and 30% wood content, have been
selected for temperature rise tests. Moreover, four specimens of
HDPE-PW and PP-PW, 30% wood content, have been selected
for water content tests at 10% and 20% water content. For this
purpose, the wood flour should be put in the water for certain
period of time (several days) to insure increasing in wood mass
due to water content by 10% or 20%.

4. Results and discussion

The thermal conductivity (k-value) is the property which
indicates whether the material is a good insulator or not. The
thermal conductivity of WPCs has been investigated in three
situations; standard conditions, temperature rise effect and
water content effect.

4.1 Standard k-values of WPCs

In general, the increasing in wood content leads to a reduction
in k-value for WPC material because k-value of wood is less than
that of polymer, thus the overall k-value of the composite tends to
decrease. This decreasing was linear, as shown in Figs. 8-13. For
HDPE-wood composites, it is noticed that there is a significant
reduction in k-value when pine wood is used, due to the low
k-value for pine wood (k=0.12 W/m.K) in compare to oak wood
(k=0.15W/m.K) and walnut wood (k=0.17 W/m.K). Theoretically,
the reduction in k-value of HDPE-wood composite for every 10%
addition of wood was about 8.5% when pine wood is used. On
the other hand, it was 6.8% when oak wood is used. Furthermore,
the using of walnut wood gave 6.2% reduction in k-value. This
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amount of increasing is going to be double when there is 20%
addition of wood, or triple when there is 30% addition of wood.
For PP-wood composites, the reduction in the k-value by the
increasing of wood content was small (3-4%) due to the fact that
k-value of pure PP raw material is basically low (k=0.22 W/m.K)
compared to that of HDPE (k=0.48 W/m.K). Hence, the addition
of wood to PP has less reduction in k-value. So, it is concluded
that the technique of WPC is useful with plastics that have
relatively high k-values (more than 0.3 W/m.K) such as; HDPE,
LDPE and PA in order to get clear benefits of wood addition, thus
reasonable results. The experimental k-values of HDPE-wood
composite were lower than that calculated theoretically by a range
of 1-6%, while for PP-wood composites they were higher by 1%.
The difference between experimental and theoretical values is
due to the inaccuracy of mathematical equation used, since it is
a simple relation, as well as a percentage of error in experimental
readings. However, the range of difference was slight.
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Fig. 8 Standard k-values for HDPE-PW
8. dbra A HDPE-PW szabvdnyos k-értékei
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Fig. 9 Standard k-values for HDPE-OW
9. dbra A HDPE-OW szabvdnyos k-értékei
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10. dbra A HDPE-WW szabvdnyos k-értékei



épitoanyag - Journal of Silicate Based and Composite Materials

=
£ 021
€ o2
b} == Theoretical
§ 0.19

== Experimental

0.15 T T |
o] 10 20 30

Wood Content (%)

Fig. 11 Standard k-values for PP-PW
11. dbra A PP-PW szabvdnyos k-értékei
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12. dbra A PP-OW szabvinyos k-értékei
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13. dbra A PP-WW szabvdnyos k-értékei

4.2 Effect of temperature rise on k-valves

As mentioned theoretically, that the temperature rise has a
negative impact on k-value of the wood and a positive impact
on k-value of the polymer. Where k-value of wood increases
proportionally when temperature rises for a certain range.
On the other hand, k-value of polymer has a reciprocating
relationship with temperature rise. Since the majority of the
composition of WPC is polymer, hence the k-value of WPC
tends to decrease with temperature rise. This theoretical
behavior can be noticed clearly, as shown in Figs. 14-19, for
HDPE-PW composites and PP-PW composites, where the
temperature range was not exceeded 75 °C. The experimental
results gave a contradictory behavior for the effect of
temperature rise on k-value of WPCs. Where, the k-value

of WPC tends to increase with temperature rise due to the
presence of H O which evaporated from the wood and filled
the cavities, where kVapor > kair , thus increasing in the overall
k-value of the composite material without focusing on the side
of the majority of the polymer in the composition of WPC. So,
it is very important to modify the mathematical equation that
describes the k-value of WPC by adding the temperature rise
effect in the consideration. Experimentally, the temperature
rise from 25-75 °C leads to an increase in k-value by 20-25% for
HDPE-PW composites, and by 15-20% for PP-PW composites.
These percentages are effective and may increase further if
extra wood content is included, thus it is recommended (in
high temperatures) to use relatively low amount of wood
comparing to the polymer in the composition of WPCs, if
there is no stabilizers or coupling agents used.
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Fig. 14  Effect of temperature on k-values for HDPE-10%PW
14. dbra A hémérséklet hatdsa a k-értékére HDPE-10%PW esetén
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15. dbra A hémérséklet hatdsa a k-értékére HDPE-20%PW esetén
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16. dbra A hémérséklet hatdsa a k-értékére HDPE-30%PW esetén
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17. dbra A hémérséklet hatdsa a k-értékére PP-10%PW esetén
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18. dbra A hémérséklet hatdsa a k-értékére PP-20%PW esetén
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19. dbra A hémérséklet hatdsa a k-értékére PP-30%PW esetén

4.3 Effect of water content on k-values

The presence of water content in the wood will increase
its k-value, because water molecules will fill the cavities, and
since k _ > k_ that means increasing in the overall k-value
of the composite material. In this test, readings were taken
at different percentages of water content (5, 10, 20%) in the
pine wood mixed with either HDPE or PP. It is clearly that the
increasing in the water content leads to increase the k-value
of WPCs, as shown in Figs. 20 and 21. The increase in k-value
of HDPE-PW composite was about 15-20% for each 10%
addition of water content, and it was about 10-15% for PP-
PW composite. The experimental results were relatively higher
than the theoretical due to the fact that wet wood flour has
spread over the entire WPC composition thus impacted more
on the k-values. As a result, it is concluded that water content
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is undesired parameter because it has a negative impact on the
k-value of WPC insulation panel.
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Fig. 20  Effect of water content on k-values for HDPE-30%PW
20. dbra A viztartalom hatdsa a k-értékére HDPE-30%PW esetén
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21. dbra A viztartalom hatdsa a k-értékére PP-30%PW esetén

5. Conclusions

Wood plastic composites (WPCs) that manufactured
from waste wood and recycled plastics have possessed some
advantages since they are renewable and environmentally fried,
and present some desired thermo-physical properties. They
are easy in manufacturing and can be produced as thermal
insulation panels with a wide range of applications in the field of
constructions, facilities and equipment. However, some specific
points could be concluded from the recent study as following:

= The increasing in wood content leads to a decrease in

k-value for WPC material because k-value of wood is
less than that of polymer.

= The decrease in k-value of WPC was 6-8.5% for each
10% addition of wood.

= The k-value of WPC tends to increase with temperature
rise due to the presence of H20 which evaporated from
the wood and filled the cavities, thus increasing in the
overall k-value of the composite material.

= The temperature rise from 25-75 °C leads to an increase
in k-value by 20-25% for HDPE-PW composites, and
by 15-20% for PP-PW composites. These percentages
are effective and may increase further if extra wood
content is included.
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= Itisimportant to modify the mathematical equation
that describes the k-value of WPC by adding the
temperature rise effect in the consideration.

= The presence of water content in the wood will increase
its k-value, because water molecules will fill the cavities,
andsincek >k .

= The increase in k-value due to water content in
HDPE-PW composite was about 15-20% for each 10%
addition of water content, and it was about 10-15% for
PP-PW composite.
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ABSTRACT

Unsaturated polyester resin (UPR) is a popular material of choice for composite materials,
particular in glass fiber-reinforced plastics (FRP) and casting resins (non-reinforced). Our study
presents the preparation of clay-based UPR composite materials employing various loadings of
organo-modified montmorillonite clay as a filler to a UPR serving as the matrix material that
resulted in enhanced thermal and mechanical properties compared to a bare UPR. Wetting
behavior of the resulting composites was much better than UPR only. Such property enhancements
were connected to the exfoliated morphology of the composite materials. Tensile measurements
through universal testing machine was carried out to measure tensile strength while thermal
stability was characterized using thermogravimetric analysis. Wetting behavior of the composite
materials was evaluated using contact angle measurements. Evaluation of the structure and
morphology of the composite materials as well as clay fillers was determined through scanning
electron microscopy (SEM), Fourier transform (FTIR) infrared spectroscopy and x-ray diffraction
(XRD) technique.
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1. Introduction

Unsaturated polyester resin (UPR) is a condensation product
between the reaction of unsaturated acids or anhydrides
and diols. UPR is usually dissolved in styrene which also
serves as the crosslinking agent [1]. Addition of a small
amount of an initiator, such as methyl ethyl ketone peroxide
(MEKP), initiates the polymerization of styrene bridges
bound to the unsaturated points of the polyester producing
a highly crosslinked system. The presence of an unsaturated
double bond provides the site for crosslinking making UPRs
thermosetting polymers of major importance. UPRs are
currently the most commonly used matrix for fiber-reinforced
plastics. Among their applications are in construction, marine
and land transportation industries, coatings, etc. To maximize
the use of UPRs, modification methods of these resins are
geared towards toughening and reinforcement, flame proofing
and improving heat resistance [2-6].

One viable modification for UPRs is by clay reinforcement
resulting in the preparation of clay-based polymer
nanocomposites. Clay-based polymer nanocomposites are a
class of inorganic-organic hybrids having a polymer matrix
reinforced with a small loading (<10%) of nanometric-sized
clay platelets. The term nanocomposite refers to a combination

szervesen modositott agyag,

of two or more materials where one of the phases has one,
two or three dimensions within the nanometer (10° m)
range [7-11]. Due to the small size and the high surface-to-
volume ratio of the inorganic filler at this length scale, the
polymer nanocomposites have exhibited remarkable property
enhancements and new properties compared to their unfilled
polymer and conventional composites. The reinforcing
material having at least one dimension in the nanometer length
scale can be made up of particles, sheets or fibers. In the case
of a clay-based polymer nanocomposite, the inorganic phase
is a layered silicate clay. It has a layered structure consisting of
stacks of silica platelets each having a thickness of about one
nanometer [12-14].

One major drawback of preparing polymer/clay
nanocomposites is the incompatibility of the inorganic clay
with the organic polymer. This can be remedied by surface
modification of the montmorillonite clay using organic
intercalating agents to make it more compatible with the
polymer matrix [15-18]. This will in turn allow for good
dispersion and enhanced properties. Typical loading of clays is
at <10% for optimum response.

The main objective of this study is to prepare an
unsaturated polyester resin (UPR)/clay nanocomposite and
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to enhance the tensile strength with respect to the neat resin.
Various characterization techniques such as contact angle
determination, TGA and XRD, were conducted to verify
the improvement brought to the UPR by the addition of
montmorillonite clay.

2. Experimental

2.1 Materials

A commercial unsaturated polyester, Polycol 03 - 027PL
(pre-added with a cobalt promoter), and an ammonium
modified montmorillonite clay were provided by Chemrez,
Inc.. Methyl ethyl ketone peroxide (MEKP) (Akzo Nobel) was
used as received.

2.2 Clay loading of the unsaturated polyester resin (UPR)

Appropriate weights of Polycol 03 - 027PL, a commercial
UPR from Chemrez, Inc., were weighed in five separate plastic
containers. Then, various amounts of high purity long chain-
alkyl ammonium modified montmorillonite was incorporated
into the four containers to prepare 1%, 3%, 5% and 10% wt/
wt clay with respect to the total mass of the UPR resin and the
MEKRP initiator). They were then hand mixed until no visible
clay aggregates are present. The mixtures were set aside until
ready to be cured. The fifth container only contained the resin
(UPR only).

2.3 Curing of the unsaturated polyester resin (UPR) and its
composites

One part of a free radical initiator, methyl ethyl ketone
peroxide (MEKP), was added to each of the five containers.
The contents were mixed for 1 minute and were subsequently
poured into dog bone-shaped silicone molds. These were then
allowed to polymerize for 15-20 minutes. Finally, the cured
composites were post-cured at 70 + 1°C in an oven for 3 hours.
These were then set aside until ready to be tested.

2.4 Characterization
2.4.1 Tensile Strength Determination

The tensile strength of the prepared composites and bare
UPR samples were measured using a universal testing machine
(UTM). First, the width and thickness of the samples previously
cured in silicone molds were measured. These data were used
to obtain the cross-sectional area. Then, the force required to
reach the breaking point was measured using a Multiensayo
Electromechanical Universal Testing Machine (UTM). The
tensile strength was calculated by dividing the force by the
cross-sectional area. Appropriate unit conversions to report
the obtained values in megapascals (MPa) was done. Finally,
the tensile strength values were plotted against the amounts of
clay in percent.

2.4.2 Contact Angle (CA) Determination

The contact angle was measured using Attension Contact
Angle Machine. This was done by placing a drop of water
with volume of 5.0 + 0.1 L in a stage and was imaged using a
camera attached to a computer with the appropriate software.
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The left and right contact angles were measured and three trials
were done for each. The average of the last measurement of the
right and left ones were reported. This analysis was done to
determine if there was an improvement in the hydrophobicity
of the nanocomposites.

2.4.3 Thermogravimetric Analysis (TGA)

The thermal degradation of the UPR and nanocomposites
was monitored using TGA55 (TA instruments). First, the
instrument was calibrated for mass and temperature and was
set to zero. Then, samples of the prepared composites, as well
as the clay, (about 20-30 mg) were weighed in the platinum
HT pan. Each of the samples was then subjected to a constant
heating rate of 20 °C/minute from 25 °C to 1000 °C.

2.4.4 X-ray Diffraction (XRD) Analysis

The clay and the composite containing 1% clay (to represent
various prepared samples), were powdered and subjected
to X-ray diffraction analysis using Shimadzu XRD 6000.
The radiation source is CuK_ with a generator voltage of 40
kV, a generator current of 30 mA, and a wavelength of 1.54
angstroms. The divergence is 1°, same with the scatter, with the
receiving at 0.3 mm. Scanning was continous with a step of
0.02° and a speed of 2°/minute. The purpose of this analysis is
to confirm the successful dispersion of the clay into the resin
matrix via exfoliation.

2.4.5 Scanning Electron Microscopy (SEM)

Prior to the analysis proper, a small sample from the
fractured portion of the UPR as-is, UPR with 3% and 10%
montmorillonite clay, and montmorillonite clay itself were
obtained and dried in an oven at 100 + 1 °C for 1 hour. Then,
they were stored in a dessicator until ready to be analyzed to
ensure complete dryness. The samples were then mounted in
an SEM pin holder and were gold coated for better conductivity.
The holder was then placed in the sample chamber of JEOL
JSM - 5310 scanning electron microscope. The samples were
imaged using an accelerating voltage of 10 kV and different
magnifications as per requirement (750-15,000x).

3. Results and discussion

3.1 Preparation of clay-UPR composites

This work describes the preparation of clay-UPR composites
and the subsequent measurement of the tensile strength to see if
there is any improvement that occured for the aforementioned
property. In this method, the composites were prepared by:
(1) incorporation of different amounts of clay (1%, 3%, 5%,
and 10%) into the UPR matrix by simple hand mixing until
no visible clay aggregates are present; (2) addition of free
radical initiator (MEKP) and further hand mixing; (3) pouring
of the mixture into the dog bone - shaped silicone mould to
polymerize for 15 - 20 minutes; and finally, (4) post - curing at
a 70 £ 1 °C oven for 3 hours.

The uncured composite samples exhibited a noticeable
increase in viscosity compared to the neat resin as mixing these
samples is more difficult than the latter. The increase in viscosity
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can be related to the added clay to the UPR. The mixtures though
are stable and no noticeable phase separation was observed.
After curing in the dog bone-shaped molds, prepared
composites showed no presence of clay aggregates and
appeared homogeneous. The visual inspection is an evidence of
good dispersion of the clay in the nanocomposite. However, as
the amount of clay increases, the more hazy the resin becomes.

3.2 Tensile strength characterization of clay-UPR
composites

Fig. 1 shows the plot of tensile strength as a function of
clay amount in percent. The tensile strength of the neat UPR
is at 26.45 MPa and it increased to 39.12 MPa (an increase of
44.04%) when 1% wt/wt clay was added. Furthermore, when
the clay loading was increased to 3% wt/wt, the tensile strength
increased to 47.94 MPa (+ 57.90%). However, at 5% wt/wt clay
loading, the tensile strength decreased to 30.34 MPa and at the
10% wt/wt clay level, it was at 31.12 MPa. This shows that the
tensile strength is improved at a certain level but will begin to
decrease at higher loadings. In this particular study, the 3%
wt/wt is the optimum clay loading for the composites that
provides the highest increase in the tensile strength. At higher
concentrations, the clay particles will start to aggregate once
more and will take up more space within the polymer matrix.
This will weaken the polymer network and consequently the
tensile strength.
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Fig. 1 Tensile strength as a function of clay amount. The composite with the 3% wt/
wt clay + UPR has the highest tensile strength, with the trend going upwards
from the bare UPR (0% wt/wt clay) then downwards to the one with 5% wt/
wt clay + UPR. All composites have higher tensile strengths compared to the
bare UPR.

1. dbra Huzészildrdsdg az agyag mennyiségének fliggvényében. A 3 tomeg% agyag +
UPR kompozitnak van a legnagyobb a hiizészildrdsdga, a tendencia a tiszta
UPR-t6l felfelé halad (0 tomeg% agyag), majd lefelé az 5 tomeg% agyag +
UPR felé. Valamennyi kompozitnak nagyobb a hiizoszildrdsdga a tiszta UPR-
hez képest.

3.3 Wetting behavior of clay-UPR composites as measured
in terms of contact angle

The contact angle curve as a function of the clay loading
percentage is shown in Fig. 2 with representative images of
each sessile drop. Very much like the tensile strength profile, it
has an optimum loading at 5% wt/wt with 84.01° (equivalent to
14.00% increase). The contact angle of the base resin is at 73.70°
and it increased to 79.98° at 1% wt/wt and further increase to
82.75° at 3% wt/wt clay. However, it decreased to 82.29° at the
10% wt/wt loading of the clay. The possible explanation for this
behavior is that as the amount of clay is increased, the amount
of the organic modification attached to the clay is increased.

Therefore, the composite becomes more hydrophobic.
However, at a certain level, the clay particles will revert to its
organized crystal structure and will form aggregates. Thus, the
exposed long chain alkyl modification will decrease and the
hydrophobicity will decrease. Consequently, the contact angle
will also decrease.
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Fig. 2 Contact angle as a function of clay amount. The composite with the 5% wt/
wt clay + UPR has exhibited the highest contact angle, with the trend going
upwards from the bare UPR (0% wt/wt clay) then downwards to the one with
10% wt/wt clay + UPR. All composites have higher contact angles compared
to the bare UPR. Inset: Representative sessile drops for each sample.
2. dbra Az érintkezési sz0g az agyag mennyiségének fiiggvényében. Az 5 tomeg%
agyag + UPR kompozitnak van a legnagyobb érintkezési szoge, a tendencia
a tiszta UPR-t6] novekszik (0 tomeg% agyag), majd csokken a 10 témeg%-os
agyag + UPR irdnydba. Valamennyi kompozitnak magasabb az érintkezési
szoge mint a tiszta UPR-nek.
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Fig. 3 TGA thermograms of the bare UPR, the clay only and the prepared

composites. A clear shift in the thermal degradation profile was observed for
all composites and the one with 1% wt/wt clay has the greatest shift (blue
curve) from the neat UPR (red curve).

3. dbra A tiszta UPR, a tiszta agyag és az elkészitett kompozitok TGA-termogramjai.
A termikus bomldsi profilban egyértelmii eltoléddst figyeltiink meg az dsszes
kompozit esetében, és az 1 tomeg% agyagot tartalmazénak van a legnagyobb
eltoloddsa (kék gorbe) a tiszta UPR-t6l (piros gorbe).

3.4 Thermogravimetric analysis of clay-UPR composites

The thermogravimetric (TGA) plots of the UPR, clay, and
the resulting composites are shown in Fig. 3. There is a very
clear shift in the thermal degradation profile when clay is
incorporated into the UPR, albeit the UPR and composites
have the same trend. Moreover, the thermogram shows that
the composites have three major components: the crosslinked
UPR (degrades at around 224-424 °C), additives (degrades
at around 424-524 °C) and the residue (the clay itself). The
clay has a different profile compared to the UPR and the
composites. Its first degradation is at a lower range (< 100 °C),
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most likely due to moisture. The second one is at around 224-
324 °C, which most likely is the long chain alkylammonium
modification. The clay residue is 70% of the total initial mass.
The clay-UPR composites, on the other hand, have residues
corresponding to the approximate clay loadings for each as can
be noticed at the tail end of the thermogram.

3.5 X-ray diffraction characterization of the clay template
and the clay-UPR composite

The clay and the 1% wt/wt clay-UPR composite were
subjected to XRD analysis to confirm if there is exfoliation of
the clay particles in the UPR matrix, that could be a reason for
the observed increased in mechanical characteristic, wetting
behavior and thermal property of the composites over the bare
UPR. This is shown in Fig. 4. For the clay, the characteristic peak
is shown at 4.16°, which corresponds to a d-spacing of 10.60
angstroms. This is the typical montmorillonite clay interlayer
spacing. For the 1% wt/wt clay-UPR composite sample, the
peak at 4.16° disappeared. This indicates the delamination of
the clay layered structure, favoring the successful dispersion of
the clay in the UPR matrix. It has been shown in the literature
that exfoliation of previously organically-modified fillers in
clay-based polymer nanocomposites have led to enhanced
physical properties of the resulting composites materials over
their bare polymer counterparts [7-9,16,18].

J clay only

Intensity, a.u

1% claysUPR N
10 20 30 40 50
Scattering angle, °

Fig. 4 XRD plots of clay only and 1% wt/wt clay + UPR. The distinguishing peak
at 20 = 4.16° for the clay only has disappeared in 1% wt/wt clay + UPR
suggesting exfoliation of the clay in the UPR matrix.

4. dbra XRD dbrdn a tiszta agyag valamint az 1 tomeg%-os agyag + UPR kompozit.
A kiemelked§ csiics 20 = 4.16°-ndl 1 tomeg%-os agyag + UPD kompozit
esetén nincs jelen, ami az agyag levdldsdra utal az UPR matrixban.

3.6 Scanning electron microscopy of the bare UPR, the clay
template, and the clay-UPR composites

Theneat UPR, the clay and two composite samples containing
3% and 10% wt/wt clay were analyzed under scanning electron
microscope (SEM) to confirm the dispersion of the clay in
the UPR matrix. As shown in Fig. 5, flake-like and stacked
morphology is evident for the montmorillonite clay image (Fig.
5a). The neat UPR also has a smooth appearance, which is to be
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expected as it is devoid of any filler material (Fig. 5b). However,
upon addition of 3% wt/wt clay, it was very evident that some
clay particles aggregated. However, most of them are present as
individual primary particles that are smaller in size (Fig. 5¢). As
the amount was increased to 10% wt/wt, the clay flakes began
to embed themselves in the UPR matrix (Fig. 5d). This is due
to the sheer number of clay particles that are already present
in the sample.

18kU %18,080 1vm @B0B21

(c)

Fig. 5 SEM images of (a) clay only, (b) UPR only, (c) 3% wt/wt clay + UPR, and

(d) 10% wt/wt clay + UPR. Note the flake - like and stacked morphology of
the clay platelets in (a). The ‘clean” image of the neat UPR is very evident
in (b). Few clay agglomerates were present in (c) with the smaller particles
outnumbering them. Flakes were seemingly ‘embedded” in the UPR matrix in
(d).

5. dbra SEM képek a) tiszta agyagrdl, (b) tiszta UPR-rél, (c) 3 tomeg%-os agyag
+ UPR kompozitrdl és (d) 10 tomeg%-os agyag + UPR kompozitrél.
Megfigyelhetd az a) pontban emlitett agyaglemezek lemez-szerti és egybe
tomoriilé formdja. A tiszta UPR homogén jellege jol lathaté a (b) dbrin. A (c)
dbrdn egy kevés agyag-agglomerdtum ldthatd, valmint tobb kiilondllé kisebb
méretii részecske. A (d) dbrdn megfigyelhetd, hogy az agyag lemezek ldtszélag
»bedgyazédtak” az UPR mdtrixba.

4. Conclusions

We have successfully enhanced the tensile strength, wetting
behavior and thermal property of a commercial UPR by
incorporation of small amounts of long chain alkylammonium-
modified montmorillonite clay. Tensile strength of the
composites was measured with the incorporation of 1% and
3% wt/wt clay resulting in 47.94% and 57.90% improvement,
respectively, of the resulting composites over the bare UPR
sample. However, using 5% and 10% wt/wt clay loadings did
not result in higher tensile strength but still improved the
mechanical property of the prepared composites over the bare
UPR. The hydrophobicity was also enhanced as exhibited by
increased contact angles of the composites. It improved by
as much as 14.00% at the 5% wt/wt clay loading. The TGA
data supports that the addition of clay results in the thermal
characteristic enhancement as there is a shift in the degradation
profile at higher temperature exhibited by the composites
versus the neat UPR with 1% wt/wt clay-UPR exhibiting the
highest degradation temperature. XRD and SEM data confirm
the successful exfoliation and dispersion of the added clay
fillers in the UPR matrix.
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1. Introduction

The direction of research, part of which is described in this
article, is the synthesis of the necessary crystalline phases with
low dielectric properties and the technology of manufacturing
products of complex geometric shape on their basis. In
previous studies, a technology for the solid-phase synthesis of
the required crystalline phase, namely slavsonite (SrALSi O,),
at a reduced temperature was created [1,2]. The next stage is
to establish the optimal technological conditions for casting
products from an aqueous slip, which will make it possible to
obtain dense sintering of a ceramic radio-transparent material.

In the study [3], it was found that heavy Sr** ions with close
packing in the crystal lattice of anorthite weakly react to heating
from room temperature to 1000°C and above in ultrahigh
frequencies of electromagnetic radiation. Their insufficient
participation in thermal ionic relaxation is expressed in low
values of dielectric losses, therefore slavsonite is characterized
by the following properties: dielectric constant € < 6...8, tangent
of dielectric loss angle tg8 < (1...50)-10*, low TLEC < 3.8-10°
¢ K'; and also has a high melting point of 1654°C and high
mechanical strength (E = 110...115 GPa) [4].

The relevance of the direction and study as a whole is to
ensure a combination of low dielectric properties and high
mechanical properties of slavsonite when obtaining a dense-
sintered ceramic radio-transparent material by slip casting.
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2. Analysis of literature data and problem
statement

Today there are various options for forming ceramic
products, but the most popular is casting. This method is
based on the properties of materials to absorb and release
water. Slip casting into porous molds is an individual method
of formation, associated primarily with the different nature of
the physicochemical interaction of materials with the liquid
medium chosen for casting. For each material, it is necessary
to select a liquid phase, the dispersion of the solid phase and
methods of its grinding, stabilization conditions, stabilizers,
and their ratio. Despite the peculiarities of slip casting into
porous forms of many materials, the general technological
scheme for manufacturing products using this method remains
constant and consists of the following:

= making molds and preparing them for casting;

= preparation of the dispersed phase and dispersion

medium;
= preparation of slip;
= casting;

= removal of the casting;
= drying of castings;
= firing or sintering.
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In the production of many types of technical ceramics, the
introduction of the clay component into the slip is not allowed.
The dispersed phases of clayless slips generally differ from clay
minerals in a lower dispersion, lower adsorption capacity, and
hydrophilicity.

The main characteristics of slips are viscosity and the
associated fluidity. Slip viscosity determines their ability to fill
forms. All other things being equal, it can be adjusted by the
ratio of the solid and liquid components in the slip, and it is
also adjusted using thinning additives.

The effectiveness of stabilization and thinning of such slips is
primarily determined by the value of the generated potential.
The most common method for thinning such suspensions is to
adjust their pH.

In suspensions of oxide materials that do not contain
clay, structure formation is associated mainly with the
partial dissolution of the solid phase. The properties of such
suspensions are controlled by changing the pH of the medium
and the introduction of surfactants [5]. Oxide particles, unlike
clay particles, can form both negative and positive micelles.
So, the minimum viscosity of the oxide suspension can be
achieved by adding both acidic and alkaline electrolytes in
a certain amount or by bringing the suspension to a certain
pH value. For oxide suspensions, usually the lowest viscosity
is obtained at pH = 2.5-4 with the addition of acid or pH =
10-12.5 with the addition of alkali. However, the introduction
of alkali metal ions into oxide aqueous suspensions (slips) is
almost always undesirable or even unacceptable, since their
presence can reduce some properties of finished products,
mainly electrophysical [6].

To give the necessary mechanical strength to cast and dried
products, it is recommended to introduce up to 5% organic
additives into the suspension [6]. The authors of [7] proposed
a method for obtaining high-density aqueous slips with the
addition of HCI or NH,Cl as a stabilizer in the amount of 1.0-
2.0 ml per 1 liter of slip, which leads to a decrease in the time
of blank formation and a decrease in rejects when producing
large-sized products.

The authors of the study [8] found that the introduction
of complex SBFF (phloroglucinol furfural modifier) + STPP
and SBFF + TPPN + NaOH additives into a ceramic slip
promotes an increase in the density of finished products
by 5-10% compared to samples containing additives C-3 +
TPPN and reotan + TPPN. An increase in the mobility of a
slip with the proposed complex additives indicates an increase
in its aggregate resistance, which leads to a more uniform
distribution of particles of the dispersed phase. This, in turn,
contributes to the uniform distribution and reduction of the
pore size in the sample, and affects the thermal conductivity
coefficient.

Thus, it is advisable to study the properties of aqueous slips,
adjusting them by the above methods, and to establish their
effect on the characteristics of finished products.

3. The purpose and objectives of the study

The aim of the study was to establish the optimal technological
conditions for casting slavsonite products from water slips,

which would make it possible to obtain dense sintering of
ceramic radio-transparent material.
To achieve the goal, the following tasks were set:
= to study the nature of fluidity and the level of
thixotropy of slips;

= to study the influence of inorganic and organic
thinning additives on rheological and technological
properties (both under the condition of the individual
action of thinning additives and with their complex
use);

= to optimize slip properties (fluidity, thickening), which
determine the quality of molding products by casting
into porous forms;

= to produce prototypes, study their performance
properties, which determine the quality of finished
products.

4. Rationale for the choice of thinning additives
for research

Dolapix PC 67 has a wide deflocculation range and
counteracts thixotropy. Since the product is liquid and thus
completely dissociates into ions, the deflocculating effect
begins immediately after addition. This process is the result,
on the one hand, of the cationic exchange of the additive with
the slip, as well as the influence on this double electric layer of
mineral particles. On the other hand, polymer chains attach to
mineral particles and thus affect steric repulsion [9].

Stellmittel ZS prevents sedimentation, the optimal addition
ranges from 0.05 to 0.3% dry weight, depending on individual
working conditions. The most suitable way to add Stellmittel
ZS is to thoroughly mix it in a slip shortly before casting the
samples into molds [10].

Sodium tripolyphosphate (STPP) is the most common
deflocculant in the polyphosphate class and has significant
fluidizing properties. Polyphosphate anions are well adsorbed
by slip particles, significantly increasing their negative charge.
As a result, the viscosity of the ceramic suspension decreases
[8]. The thikening effect occurs very quickly when very small
amounts of solution are added. It is recommended to inject it
into the slip in an amount of not more than 0.1% on dry matter
— this is half or one teaspoon of the solution per 1 liter of slip.
Tripolyphosphate is introduced into foundry masses only if
absolutely necessarys; it is better to use water glass or soda ash.
A slip containing tripolyphosphate can be very liquid, but at
the same time it slowly builds up the shard, and the product
tends to “stick” to the wall of the mold [11].

5. Materials and methods

At the preliminary stage of research [12], the optimal
composition of the masses was established and low-temperature
synthesis of slavsonite was carried out; all subsequent studies
were carried out using this synthesized powder. Slip preparation
took place in a ball mill. Rheological properties (fluidity and
thickening) were studied depending on the moisture content
of the slip without additives and with thinning additives.
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Depending on the type of ceramic, the rheological properties
of the slip will have slightly different values, so the fluidity and
thickening factor for porcelain slip — 10-15 sand 1.8-2.2 for semi-
porcelain slip — 15-20 s and 1.9-23 s, and for faience - 15-25 s
and 1.5-2.6 s [6]. The average runoff time for normally prepared
slips is: for porcelain masses — 10 s, semi-porcelain masses — 15
s and earthenware masses - 20 s, and the thickening coefficient
for high-quality slips used in fine ceramics is in the range of
1.8-2.2 [13]. For slips based on alumina, the optimal fluidity is
within 4-10 s [14]. In view of the absence of these indicators for
slavsonite ceramics, in the conditions of the pouring method, it
was decided to focus on the average values - fluidity 15 - 25 s,
thickening coefficient 1.7 - 2.5. The fluidity and thickening of
the slips were determined using an Engler viscometer.

To reduce the fire shrinking of the samples, it is necessary
to maximize the density of the slip while maintaining its
rheological properties; therefore, the task was set to obtain a
slip with better properties at a moisture content of 25 - 30%.

The samples were fired in a laboratory muffle furnace
Nabertherm HTCT 01/16 at a temperature of 1350°C with a
holding time of 2 hours.

The main characteristic, on the basis of which the degree
of sintering can be estimated, is water absorption, and an
important characteristic that makes it possible to evaluate the
closed porosity is the apparent density. These characteristics,
as well as open porosity, were investigated by the “express
vacuumation” method according to ISO 5017:2014.

6. Research results

The results of determining the rheological properties of the
slip are presented in Table 1.

Additive Slip moisture, Slip fluidity, Slip
% s thickening
40 7
No additive 35 14
30
30 19 1.75
Dolapix PC 67
28 22 1.67
(0.1 wt.%)
26 28 1.65
30 25 21
Stellmittel ZS
2 27 1.84
(0.1 wt.%) 8 8
26 35
Sodium 30 20 1.73
tripolyphosphate 28 22 1.65
(0.1 wt.%) 26 30 1.61

Table 1 Rheological properties of the slip
1. tdblazat Az 6nté massza reolégiai tulajdonsdgai

The performance properties of the samples were also
determined, the slip was poured into pre-dried gypsum molds,
and the appearance of the gypsum molds is shown in Fig. I. In
the absence of clay components in the slip and, accordingly,
practically zero air shrinkage, at this stage, filter paper was laid
in the gypsum molds. This made it possible to freely remove
the workpiece from the mold after the set of the shard. There
was also a low mechanical strength of the workpieces, which
manifested itself in the form of chips under slight pressure.
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The fired ceramic samples were characterized by the absence of
defects, and had significant porosity and low density.

”

~

\—J ik ol

Fig. 1 Plaster mold during casting
1. dbra  Gipsz ontés sordn

From the data obtained, it can be seen that the slip without
additive and at a moisture of 40% and 35% is characterized
by high fluidity, and at a moisture of 30% the slip is too thick.
According to the change in the properties of the slip, with the
addition of the Dolapix PC 67 thinning additive, its positive
effect is observed, the fluidity of the slip at a moisture of 30%
is 19 s, the fluidity at a moisture of 28 and 26% is satisfactory,
but the thickening coefficient is lower than the required values
- 1.66 and 1.65, respectively, which indicates a narrow range
of casting properties and, accordingly, the thixotropy of the
slip. As for the expediency of using the Stellmittel ZS additive,
it can be concluded from the experiment that this additive
is better used as a slip stabilizer. Sodium tripolyphosphate,
as a thinning additive, has less effect on the rheology of the
slip (fluidity - 20 s, thickening capacity - 1.73). Since, under
the same conditions, the slip with Dolapix PC 67 additive has
better flow and thickening values, it is more expedient to use
this additive.

After heat treatment, the performance properties of the
samples were determined using industry-specific methods.
The results of studies of the properties of samples cast from a
slip with optimal properties are presented in Table 2.

Additive Slip Firing Water Open Relative
mois- shrink- absorp- porosity, density,
ture, % age, % tion,% % g/cm?
No 40 24.8 11.6 23.0 2.03
additive 35 16.1 10.5 21.6 2.01
Dolapix 30 12.5 10.2 21.5 211
PC 67 28 11.8 9.7 21.2 2.18
0.1wt%) — 5g 11.2 8.8 19.6 2.23

Table 2 Properties of samples cast from a slip with optimal characteristics
2. tdblazat Az optimalis jellemzGkkel rendelkezd ontvények tulajdonsdgai

For clarity, on the basis of the data obtained, a graphic
interpretation of the properties of the obtained ceramic
samples depending on the water content in the slip and the
thinning additive was built (Fig. 2).

The data obtained indicate that a decrease in the moisture
content of the slip from 30 to 26% improves the properties
with a linear dependence. Water absorption and open porosity
decrease from 10.2% to 8.8% and from 21.5% to 19.6%,
respectively, and the apparent density increases from 2.11 to
2.23 g/cm®.
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Fig. 2 Properties of the obtained samples of slavsonite ceramics after firing at a
temperature of 1350°C depending on the moisture of the slip with the addition
of Dolapix PC 67 thinner

2. dbra A szlavszonit kerdmiamintdk tulajdonsdgai 1350 °C hémérsékleten torténd
égetés utdn, az onté massza nedvességétdl fiiggéen, Dolapix PC 67 higité
hozzdaddsdval

7. Discussion of the results

In this study, the main part of attention was directed to
the development of technological parameters for obtaining
an aqueous slip based on slavsonite with optimal rheological
properties. The purpose of this decision was to establish the
optimal technological conditions for casting products by
studying the change in the moisture content of the slip and the
use of thinning additives.

The choice of moisture content and the introduction of thinning
additives made it possible to solve two problems. The first one is
to achieve the required rheological properties of the slip while
reducing the moisture content from 35% to 30%. The second one
is to improve the properties of fired ceramic specimens: to reduce
water absorption and increase the apparent density by 10%.

As a result of the experimental studies, it was possible to
improve the rheological properties of the slip with a decrease
in moisture, but it should be noted that indicators of water
absorption and open porosity, as well as low values of the
apparent density of the created ceramic samples have high
values. This indicates a low density of the cast blank, and also
negatively affects the mechanical characteristics of the cast
products. Therefore, in subsequent studies on the rheology of
the slip, it is planned to additionally conduct an experiment
to determine the rate of gain and the strength of the shard. To
reduce thixotropy, it is planned to additionally use stabilizing
additives, and conduct casting on the vibrating table.

8. Conclusions

It has been experimentally established that a slip based on
a slavsonite crystalline phase, even at a moisture of 40%, is
characterized by a high level of thixotropy.

The influence of inorganic and organic thinning additives, namely
Dolapix PC 67, Stellmittel ZS and sodium tripolyphosphate, has
been investigated. Based on rheological and technological studies,
it was established that Dolapix PC 67 in an amount of 0.1 wt. %
imparts optimum properties to a slip with a moisture content of
30% (fluidity — 19 s, thickening — 1.75).

The resulting ceramic prototypes are characterized by the
following parameters: water absorption — 10.2%, apparent
density — 2.11 g/cm’, fire shrinkage — 12.5%.
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Abstract

In timber structures, many joints are constructed with polymer adhesives and industrial timber
by-products also contain polymer resins in huge amount. Majority of these adhesives are artificial
polymers with big environmental footprints and lots of them have a negative effect on human
health. Some natural or silicate-based adhesives are available in the construction industry, but
their heat or water resistance are poor. Some of these types of adhesives have evolved but
compounds contain some artificial polymer, and the heat resistance is worse than silicate-based
in general. In this article, water-resistance and heat resistance have been investigated in the case
of silicate-based binders. In order to be a benchmark, a PVA based industrial timber adhesive (as
reference) was also tested. The shear strength of the bonded joints was tested and compared
under wet and hot conditions. Reference silicate-based binder was modified with other silicate,
acids or alkalines. The effect of modifiers on the solubility of binders was also investigated.

As a result it was stated, that reference binder has a higher strength under normal conditions,
but the modified silicate binders have better performance under wet and hot conditions. The
modifiers can increase the shear strength, ductility, and water-resistance without decreasing the
heat resistance and also makes the material quality more uniform. The silicate binders make a
rough bond surface, which can pass the forces effectively between the components of specimens.
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1. Research motivation

The application of timber in structures has revived in recent
decades, as a result of which the amount of adhesive/binder used
has increased. Most of these adhesives are high environment
polluting, so the present research is concerned with developing
a sustainable alternative. During the technological development
of the nineteenth century, timber lost its leading role in the
construction industry, and modern building materials, such as
concrete and steel became dominant. Due to the extensive use
of natural resources and the significant demand for invested
energy, the construction industry has a huge environmental
footprint today. In Europe today, the construction industry
responsible for around 42% of total energy consumption
generates 35% of total greenhouse gas emissions. Over the past
two decades, the growing awareness of policymakers and society
about the depletion of natural resources and climate change has
had a strong impact on the construction industry, leading to an
increase in the demand for sustainable and renewable building
materials [1]. Wood is the best known renewable building
material. Therefore, it has become important again, which has
helped develop a new bond (glueing) technologies. This is well
illustrated by the fact that the use of plywood in Europe almost
doubled between 2007 and 2012 and is expected to increase
further in the future [2] (Fig. I).

Nowadays, the sustainable lifestyle, green thinking is
dominant in all areas of life. As a result, many researches have
been conducted to create possible, environmentally friendly
alternatives to common adhesives. More than 70% of wood
products are made with some kind of glued technology [3].
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Wood adhesives have a significant share of the amount of
adhesive used in the world. It is of paramount importance
to reduce the amount of formaldehyde-containing adhesives
used, which is currently used in the largest quantities to bond
fibreboard and other by-product based boards (Fig. I). The
modern adhesive industry initially used large amounts of
formaldehyde in almost all adhesives, which can significantly
damage the health of workers, so the development of lower
formaldehyde and formaldehyde-free adhesives began.
Although modern adhesives are less harmful than their
predecessors, in case most of them are worth using masks
and skin and eye protection. In addition, their production is
energy-intensive (mostly fossil-based) and produces large
amounts of waste both during production and during use,
which is currently difficult to dispose or recycle [4].

Environmentally conscious adhesives were initially made
from natural polymers of plants and animals, animal blood, skin,
casein, starch, soybeans, dextrin, or cellulose. However, they
provided a weaker bond than synthetic adhesives and had low
water and fire resistance. The growing interest in biopolymers
from renewable sources such as wood, corn, and cereals has
encouraged the R&D sector, for example, to use biopolymers as a
sustainable adhesive [6]. Inorganic adhesives can have a similarly
positive effect on reducing the environmental pollution in the
same way as natural-based adhesives. The laboratory research
section of this article deals with such inorganic adhesives. In the
next chapter, the main classes of adhesives, the most important
components and basic properties of these classes are briefly
described and characterised.
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Fig. 1  Global market share of various adhesives [5] (above), Global consumption of

plywood in recent years [2] (below)
1. dbra A kiilonféle faragasztok globdlis piaci részesedése [5] (fent). A globdlis rétegelt
ragasztott lemez felhaszndlds az elmult években [2] (lent)

2. Organic adhesives for the timber industry

Urea-formaldehyde was the first widespread synthetic
adhesive introduced in the 1930s. Synthetic glue has resulted
in rapid growth in the timber industry [7]. Subsequently, new
synthetic adhesives for various special applications (not only
for timber gluing) were continuously developed, and proven
adhesives were further developed [8][9]. Synthetic adhesives
fall into two categories: thermoplastics and thermosets.
The two types differ in their chemical structure (linear and
crosslinked polymers) [10].

2.1 Thermosetting adhesives

The setting (crosslinking) of thermosetting adhesives is an
irreversible process. The curing process can be catalysed in most
cases by an exothermic process and the introduction of external
energy (heat, light) or chemicals (catalyst materials). The reaction
results in a higher molecular weight and melting point. These
adhesives provide a stronger bond than thermoplastics and are more
resistant to thermal, mechanical and chemical effects. Thermosetting
adhesives are often used to bond structural timber elements [11].

2.1.1 Dispersions based on polyvinyl acetate

The most common plastic-based adhesive is polyvinyl acetate.
Most are white, viscous, water-based dispersions containing
polyvinyl alcohol (PVA) as a protective colloid. After evaporation
of the water, these types of plastic adhesives form a flexible film
on the surface with good light resistance (UV) and durability.
The film layer is sensitive to water, swells, decreases in strength,
does not dissolve but regains a significant part of its strength after
drying. Their advantage is that they show good compatibility

with starch and gluten glues. As the temperature increases, their
viscosity decreases, leading to incomplete film formation in
porous materials. At low temperatures, the viscosity increases,
which can cause bonding problems and prolong the setting time
of the adhesive [12]. In the present study, polyvinyl acetate based
adhesive was used as a reference to compare the test results.

2.1.2 Polyurethane adhesives

The advent of polyurethane-based (PUR) adhesives has been
a major step forward. Due to their isocyanate content, they
are sensitive to humidity and ambient temperature changes,
and their use requires stable environmental parameters.
These environmental parameters affect the setting time of the
adhesive and the reactivity of the components, and thus also the
properties of the crosslinked adhesive. Its crosslinking is initiated
by the moisture content of the glued timber in the case of one-
component glue, but there are also two-component variants. It
is mainly used for plywood. Total solidification time is about 1-2
days. This type of bonding can ensure the highest load-bearing
connections in the case of crosslinked synthetic resins [13].

2.1.3 Phenol formaldehyde

Phenol formaldehyde is used in a wide range of timber
products. It bonds very well to timber and can be made of
heavy-duty and durable contact even in dry and wet conditions.
It is mainly used for products exposed to moisture and other
weather conditions (chipboard or fibreboard, plywood, pressed
laminated timber). Crosslinking is possible both hot and cold,
in hot conditions without an initiator. In the cold, it crosslinks
with the addition of initiator. Toxic, skin contact should be
avoided, free skin should be protected during use, and a mask
should be worn.

2.2 Thermoplastic adhesives

Their advantage is that the load-bearing bond is formed
very quickly between the adhesive and the connected parts,
significantly influenced by the instantaneous temperature of
the glued elements. In the case of thermoplastic adhesives, the
process of melting (plasticisation) and curing is reversible and can
be repeated several times [15]. These adhesives are ideally suited
for manufacturing technologies where high production speeds
and early adhesion are particularly important, such as in the
coating of the edges of timber products. Their main disadvantage
is the limited thermal resistance, even a small temperature
rise can significantly reduce the load-bearing capacity of the
adhesive [16]. Their scope is limited, they cannot be applied to
structural elements because they are not resistant to heat or fire.
Thermoplastic adhesives are not used in timber construction.
Therefore they are not relevant to the current dissertation topic,
but they are closely related to timber as a material. [15]

3. Inorganic adhesives for the timber industry

Inorganic adhesives are based in most cases on the following
compounds: sodium silicate, magnesium oxide chloride, lead
oxide (litharide), sulphur and various metal phosphates. These
materials form strong, though rigid bonds and are well suited for
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special conditions such as high temperatures, in which case they
continue to be widely used. Increased use of synthetic organic
polymer adhesives has resulted in a reduction in inorganic
adhesives [17]. Nowadays, research on inorganic adhesives and
organic-inorganic adhesive mixtures has come to the fore again,
asitis generally true that the production of these adhesives and the
waste generated from them are less harmful to the environment.
Water glass (aqueous sodium or potassium silicate)
has long been used as a reliable, inexpensive adhesive for
bonding various porous surfaces and materials such as paper,
soil, mineral wool, and timber. Water glass is a colourless,
odourless, non-flammable, highly alkaline, yet safe liquid. It’s
disadvantages are the hardened water glass is inelastic, and its
water resistance is very poor. Zhang et al. studied the effect
of polyvinyl alcohol (PVA) on the water glass. The adhesion,
water and fire resistance of the adhesive made by mixing the
two materials were investigated. Adhesion and water resistance
have been shown to increase, but heat resistance decreases
compared to pure water glass [18]. Peng et al. studied the
properties of an adhesive/surface treatment agent made from
a mixture of water glass and starch and found that the water
resistance and flexibility of the mixture increased [19].

4. Force transfer in bonded connections

Timber is an anisotropic, porous material. Its cell cavities
and dimples are large enough to provide a good way for liquid
adhesives to penetrate. The adhesive penetration significantly
influences the adhesion/bond of the glued timber elements into
the pore system and the proportion of the open pores on the
glued surface. [20] (Fig. 2). At this surface, the stresses in the
bonded joints are transferred from the adhesive to the bonded
base surface. If this is not just the result of adhesion but also a
mechanical bond, the resulting bond will have higher strength.

These two components mainly determine the strength of
bonded joints: the first is the internal strength of the bonded
base material and the internal strength of the binder, so the
cohesion and the second is the force acting at the interface
of the base material and binder, this is the adhesion. In some
cases, the mechanical interlock is also acting. In a good quality
bonded joint, the adhesive forces are at least as high as the
cohesive forces. This means, that when well-bonded pieces
of material are subjected to a large force, the failure (tearing,
breaking) occurs inside bonded material and not at the
interface due to the separation of the binder [21]. With this
simple model, the process of force transfer is more complicated
in reality, and the layers of the connection cannot be so clearly
divided. They can be divided into the following layers, which
are chain-linked to each other (Fig. 2).

Adhesion

Cohesion

Fig. 2 Adhesion and cohesive forces in bonded timber joints (left) Chain analogy in
force transfer of glued timber joints (right) [22]
2. dbra  Adhéziés és a kohézids erék miikodése a ragasztott fakapcsolatokban (balra)
Ldnc analdgia ragasztott fakapcsolatok erédtadéddsdban (jobbra) [22]
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1: Pure binder phase, which is not affected by the bonded
base surface;

2-3: transition layer of binder no longer completely
homogeneous affected by bonded base surface;

4-5: A boundary layer between the binder and the bonded
surface, which ensures adhesion between the different
materials, thus ensuring the connection by covalent or
secondary chemical bonds;

6-7: In this layer, the binder enters in the surface pores and
thus influences the properties of the base material, as well as
provides mechanical interlock (Fig. 3) [3].

8-9: Pure timber material where glue does not enter
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Fig. 3 'The significance of adhesives penetrating the timber pore system. Lower
strength at lower penetration (left), higher strength at higher penetration
(right) [23]
3. dbra Faragaszték behatoldsa az anyag porusrendszerébe. Kisebb szildrdsdg kisebb
behatolds (balra), nagyobb szildrdsdg nagyobb behatolds (jobbra) [23]

5. Research objectives

Organic polymer-based adhesives have a high environmental
impact, limited heat resistance and in many cases water/
vapour resistance. Silicate-based adhesives have better
thermal-resistance, but their performance under normal use
generally lags behind organic polymers and is mostly sensitive
to moisture. A basic goal is to select a silicate raw material that
can be well developed and modified to improve the adhesive
properties to approach the favourable properties of organic
polymeric adhesives. The main goal is to increase moisture
resistance and at least retention of thermal resistance. The
developed binder is primarily recommended for bonding
timber joints exposed to high temperatures.

6. Laboratory research

6.1 Materials

The adhesive-bonded specimens were made according to
ASTM D906 and were 100 mm long, 25 mm wide, 4 mm thick,
from C20 material class pine wood. The bonded connection
was made on a surface with a nominal size of 30 mm x 25 mm
for each specimen. The bonded surfaces of the specimens were
ground to an absolute plane due to the proper connection of
the bonded elements, and then the surfaces were dusted with
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high-pressure air. Each element was dried to constant weight at
60 °C in a drying oven before applying the binder.

A polyvinyl-acetate (Water resistance class D3 according to
EN 205 [24]) adhesive was used for the reference specimens.
The newly developed inorganic binder studied in this article
was based on potassium silicate (signed as B1). To increase the
binder strength and water resistance of this material, silicate
derivatives (B2-B3) and acids or alkalis (B4-B6) were also
used as additional materials to improve the properties of the
binder. Among the modified silicate binder, B1-B5 are one-
component, B6 is a two-component binder. The binders were
applied in equal mass to each contact surface. It is important to
note that after an initial pressing of 5-10 seconds, the B6 binder
already had a minimum strength (i.e., crosslinking begins), in
contrast to the other silicate-based binders tested.

To ensure that the load line passes through the adhesive layer
and the centreline of the specimen, we checked the parallelism
of the connected elements and marked the central axis of
the elements so that it coincided with the central axis of the
clamping jaws. Thus, all other possible stresses were excluded,
the connection was loaded by pure shear stress (Fig. 4). The
applied load was displacement controlled at a speed of 1 mm/
min. The research matrix is summarised in Table 1.

Test condition
high temp.

Component Organic/ Modifying

agent

Inorganic

normal wet

organic -

inorganic -

inorganic

inorganic

TS I SN PR TSN

inorganic

X X | X | X | X | X | X
X X X X [Xx |Xx

X
X
inoroanic X
X
X

X | X | X | X | X

2 inorganic

Table 1 Research matrix
1. tabldazat A kutatds kisérleti mdtrixa

6.2 Test methods
6.2.1 Test under normal conditions

The bonded surfaces were designed according to ASTM
D906 and, the reference adhesive was applied on specimens
according to application instructions, left in laboratory air for
the full cure time (24 hours) and then for 24 hours to ensure the
same age of the different adhesives at the time of shear strength
test. The specimens made by the silicate-based binder were
cured in a 60 °C oven for 24 hours and then kept in laboratory
air for 24 hours to be tested at the same moisture content as the
reference adhesive.

6.2.2 Test under moisture load

B2 and B6 binder were tested under moisture load, as they
performed best among silicate-based binders in the normal
conditions test. In this case, the procedure was performed
according to ASTM D-906 and D-1183too, the specimen was
soaked in water at 24 °C for 48 hours, and then the shear test
was performed in wet condition. The boiling test required by
the standard was not performed because it is less relevant to
the conditions of use.

Fig. 4 Bonded specimens (left) and shear test (right)
4. dbra A ragasztott prébatestek kialakitdsa (balra) és a nyirévizsgdlat (jobbra)

In the case of silicate-based adhesives, water resistance is a
common problem. It is an important parameter, so the water
solubility of pure water glass was compared with the solubility
of the modified silicate binder that achieved the best results
in mechanical tests. A non-standard method was used for the
study. For both types of binders tested, the same weight of
waterglass was weighed into the formworks in every series (the
water glass component was the same), so in the case of water
glass mixed with silicate additive, the additive weight appeared
as a surplus. This was necessary because it would distort the
change in solubility of the base material if the weight of the
additional material and its solubility were taken into account.
The specimens were thin cylindrical plates with the same
diameter and were tested by complete immersion in water. The
specimens were dried to constant mass before and after the
dissolution test, and the constant mass was reached at the same
time for all specimens due to the initial same water content.
The samples were submerged in silicone formworks (Fig. 5).
The specimens were dissolved in distilled water. A quantity of
water (water glass: water; 1:5) determined by the mass of dried
water glass, so that any water saturation affected the results
of the tests in the same way (the solution did not reach the
saturated state in either case).

After drying, the mass of each specimen was weighted (on
an analytical scales) and its integrity was visually inspected
at the end of the dissolution cycle. Cycles were continued
by type until the particular sample have its integrity, so did
not disintegrate. The dissolution cycles were five hours long.
Because silicate-based binders are sensitive to water, they can
usually appear as an inner structural element.

> Rl

Fig. 5 Parallel solubility test for adhesives B1 and B2
5. dbra Pdrhuzamos oldhatésdgi vizsgdlat a B1 és B2 jelii ragaszték esetén
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Fig. 6 -0 diagrams of the connections with the tested binders in the case of air-dry condition and normal temperature. Approximation of the average results of the tested binders

with a linear diagram of T-0 (bottom right)

6. dbra A vizsgdlt ragasztokkal készitett kapcsolatok -0 diagramjai légszdraz, normdl hémérsékletii esetben és a vizsgdlt ragasztok dtlageredményeinek kozelitése linedris T-8

diagrammal (jobbra lent)
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In this situation, water can only reach the inner structural elements
in extreme situations, such as excessive leaking. In Hungary, the
duration of such precipitation can be between 15 and 30 hours a
month, so if such precipitation occurs weekly, the bonded structural
contact may be exposed to moisture for approximately 5 hours [25]
[24][23]. Although in case of leaking “flowing” water loads the
bonded joint, which can carry away the solution, with the weight
ratio used and the potential for moisture exposure, the method used
is quasi-equivalent to common environmental exposure.

6.2.3 Test under heat load

In this case, the reference, B2 and B6 binders were tested too.
The shear specimens were tested according to ASTM D-2339-
98 [26], so the specimens were kept at 105 °C for 6 hours and
then tested in a heated condition. The specimens were kept
at the appropriate temperature by being transferred from the
furnace to the loading equipment as short as possible and
insulating the loaded cross-section and its surroundings with
loose (40 kg/m?) mineral wool 105 °C.

7. Research results

7.1 Shear strength
7.1.1 Air dry, normal temperature case

The shear behaviour of all joints with the tested binder types
can be modelled by a linearly elastic-perfectly rigid material
model. Thus, the deformation-stress curves for the specimens
can be properly approximated by linear lines, simplifying the
averaging of the deformation-stress curves belongs to different
adhesive types, and making their comparability illustrative
(Fig. 6). The 1-0 curves for each binder are shown in Fig. 6. The
highest shear stress results were achieved with the E (reference)
binder as expected. Interestingly, in the case of B2 binder, the
tensile strength and ductility were also increased compared to
the adhesive B1 (pure waterglass). Although in most cases, the
strength and ductility are inversely proportional to each other,
which can be seen in the conventional types of investigated
binders. In the case of binder B2, two-thirds of the strength of
the reference binder was achieved. Although the best results
were found by binder E, the failure occurs inside the timber in
only one case, other cases on the bonded surface. This means the
failure mode was not ideal in the case of the reference adhesive.

The explanation for this was verified by the bonded cross-
section records (cut and polished) by scanning electron
microscopy (Fig. 7). The section was made perpendicular to
the direction of loading of the specimen (due to better sample
preparation). Still, it can be assumed that the connection
structure is also very similar in the parallel direction.

Silicate adhesives are more rigid, so they are more sensitive
to tensile and shear loads than organic adhesives. On the other
hand, their stiffness is higher than the timber specimens, so
the stresses increase due to minor deformations in the bonded
cross-section. Therefore, in general, the failure occurs in the
glue cross-section or on the contact surface. Worthy of note
again that in most tested silicate binders, the failure did not
occur purely at the bonding contact surface, but partly inside
the timber cross-section. It can be seen that in the case of

the pure water glass adhesive B1, the failure occurred in the
cross-section of the binder (Fig. 8), in contrast, in most of the
modified binders B2-B6 the failure was partially in the timber
cross-section (Fig. 8). In the B6 binder case, the complete
failure typically occurred in the timber material (Fig. 9).

Fig. 7 Typical cross-sectional view of E, B2 and B6 (top to down) adhesive joints
after crack failure at 400 and 1500 magnification
7. dbra Az E, B2 és a B6 (fentrdl lefelé) ragasztéval késziilt kapcsolatok jellemzd
keresztmetszeti képe tonkremenetel utdn 400- és 1500-szoros nagyitdsban

Fig. 8 Typical failure surfaces of specimens are air-dry condition at room temperature
8. dbra Prébatestek jellemzd tonkremeneteli feliiletei légszdraz, normdl hémérsékleti
esetben

It can be seen in Fig. 7 that the line drawing of the connection
surface with the binder E is more even, the cross-sectional
thickness of the clear binder is smaller than in the case of the
adhesive B2, the boundaries are blurred because it penetrates
well into the nearby pores of the wood surface. In contrast,
binder B2 has rough line drawing and variable-thickness layer,
sometimes significantly thicker than binder E (despite the same

Vol. 73, No. 2 = 2021/2 = . 7
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amount of adhesive and pressing force applied). The reason for
the rough line drawing and the contact surface is that the silicate
adhesive contains inadequately dissolved portions of modifying
material that penetrates in the surface and closing accordingly
less evenly distributed. Increasing the binder layer thickness
increases the chance of material defect sites appearing in the
adhesive, making it more likely to result in a weaker contact
strength. Microscopic images show that binder B6 could be
applied to the surface in a thinner and more uniform layer,
which is in line with the higher shear strength measured.

Fig. 9 BG6 adhesive failure surfaces in air-dry (above) and wet condition (below) at
room temperature
9. dbra A B6 jelii ragaszto tonkremeneteli feliiletei légszdraz (fent), illetve nedves
(lent) normal hémérsékletii esetben

The comparison of the internal structure is also instructive.
The inner part of the binder E is solid and crack-free, while B2
is cracked and in some places detached from the surface. One
of the reasons for these phenomena is shrinkage, which, due
to the rigid nature of the material causes cracks, the other is
the rigid behaviour during loading. The B6 typically contained
fewer cracks (than other silicate binders) in the binder cross-
section after failure, so the effect of shrinkage was reduced and
the ductility of the material increased. It is important to note
that the ductility of the adhesives increased steadily with each
additional silicate adhesive mixture, but this accompanied only
in two cases by an increase in strength (B2 and B6). When using
the silicate binder, the structural joint is usually mechanical
rather than chemical. The shear teeth are not sufficiently
dense and / or sized, and the joint will quickly shear along the
concatenated cracks material boundary. The effect of the shear
teeth was more significant, the shear stress may have increased
locally, failing the near-surface layers of the timber.

In the experiments, the joints bonded with the B2 binder
achieved 62% of the strength of the joints formed with the
PVA binder, which means this material is not an alternative
of PVA under normal conditions of use. However, the B6 has
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already reached 75% of the strength of the PVA binder, which
is forward-looking in the case of silicate adhesives. Future
research should improve the flexibility of silicate adhesives and
reduce their viscosity to penetrate deeper into the pores near
the surface. The development of these properties can positively
affect the shear strength of the joints tested in dry condition.

7.1.2 Moisture load at room temperature

After moistureloading, the specimens were examined prepared
with binder E, B1, B2 and Bé6. The integrity of adhesives E, B2
and B6 was maintained after moisture loading, adhesive B1 was
completely dissolved during soaking, so the bond could not be
loaded. The shear strength results of the joints made with binder
E and B2 got closer significantly to each other. While in the dry
case, B2 reached only 62% of the reference adhesive strength in
the wet case, this ratio was 115% (Fig. 11). The adhesives E and
B2 softened, which did not cause failure in the bonded timber
surface during load, and the elements of the specimens did
not separate completely, but the joints could not reach higher
bond strength. The B6 adhesive behaved unexpectedly, with a
lower decrease in strength than any other type of binder tested.
Besides, each of the three loaded specimens has partially failed in
inside the timber. It should be noted that this mixture achieved
250% of the strength of the reference adhesive. Moisture and
subsequent drying slightly increased the number of cracks in
the bonding cross-section (Fig. 12). Thus, in the wet case, the
modified silicate-based adhesive performed better although
the potassium silicate adhesive containing no modifying agent
was completely dissolved and thus could not be tested. It can
be stated that the added modifier significantly increases the
stability of the raw material against water and, as we have seen in
the results of dry loading, the strength also increases. Worthy of
note reference adhesive is waterproof according to the EN 205,
but this standard requires 7 day of dry storing after moisture
load and before the test. The examined case is different.

7.1.3 Heat load under dry condition

Tests under heat load were implemented on the joints formed
with binder E, B1, B2 and B6. After six hours of heat exposure
at 120 °C, all four types of adhesives maintained their integrity.
Binder E reacted unfavourably to the elevated temperature, its
strength decreased to 10% of its original value (compared to
the normal temperature air-dry case) (Fig. 13). Its failure was
a deformation rather than a strength failure, the bond surfaces
slipped over each other, but the contact of the elements did not
discontinue. After the stress exceeded the yield strength, the
bonded surfaces began to slip, and the tension dropped and
then continued to decrease as the area of the sheared surface
decreased. This is a significant difference from the normal
temperature case where there was no plasticisation. The
bonded wooden surfaces are not damaged.

Adhesives B1, B2, and B6 lost their crystal water due to
the high temperature (which can be seen from the adhesive
discolouration), resulting in a decrease in inner strength (Fig.
13). As a result of the water loss, further shrinkage took place
in the adhesive, which increased the number of microcracks,
which could be more easily joined into macro cracks. However,
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Fig. 10 1-6 diagram of adhesives E (top left), B6 (top right) and B2 (below) after moisture loading
10. dbra Az E (balra fent), B6 (jobbra fent) és B2 (lent) jelti ragasztok 1-6 diagramja nedvességterhelés utin

Fig. 11 'The cross-section of adhesive B6 after moisture loading captured with SEM

11. dbra A B6 jelii ragaszto keresztmetszetének elektronmikroszkdpos felvétele nedvesség terhelés utdn.

the ductility of the joint increased at a higher rate than the
strength decreased. The strength of almost all silicate adhesives
decreased to about 90%, compared to the normal temperature
air-dry case. The failures happened inside the wooden cross-
section in the case of almost every silicate-based adhesives,
so the adhesion between the binder and the timber was strong.
Compared to adhesive B1, the heat resistance of adhesives B2
and B6 did not decrease with the addition of modifiers.

7.2 Solubility test

The strength of PVA adhesives temporarily decreases under
the influence of moisture until they dry again but do not dissolve
in water. Thus, the solubility test was done with a comparison of
three silicate-based adhesives, one of the pure potassium silicate
(B1) from which the other adhesives were mixed, and the other
two modified versions of it that performed best among the
inorganic adhesives in the strength tests (B2, B6).
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Fig. 13 Weight loss of binders B1 (top left), B2 (top right) and B6 (bottom centre) on dissolution in distilled water

Pure potassium silicate adhesive could be tested in two cycles
because, during the drying phase of the second cycle, all of the
B1 samples lost their integrity. The reason for this can be seen
from the mass loss-dissolution time diagram. A specimen lost
more than 40% of its mass by the end of the second dissolution
cycle (Fig. 13). On average, the B1 specimens had a 26% mass
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loss by this time. It can be clearly seen that the variance of the
results is relatively large, so the material quality of the adhesive
was not good even.

For the modified B2 binder, the dissolution was repeated in
five cycles. Here a much lower mass loss was measured as a result
of the unit-time dissolution, and the specimens maintained
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their integrity well. On average, the specimens lost 7% of their
mass by the end of the last dissolution cycle (Fig. 13). It is
worthy of note that the variance of the results is much smaller
than for the Bl adhesive. Also, the proportion of dissolved
potassium silicate decreases with an increasing number of
cycles. From this, it can be concluded that the modifying
agents are not completely homogeneously distributed in the
sample but are present in a higher proportion in the inner parts
of the cross-section. Here, the binder is properly stabilised, and
the solubility of the binder increases as it moves away from the
core. Once the more soluble outer layer dissolves, the mass of
the binder is stabilised. The mass loss of the binder B6 also
decreased compared to B2, and the material quality became
even more uniform, as shown in Fig. 14. It is found that the
outer shell is more soluble compared to the inner core.

8. Summary and conclusions

The research investigated the possibility of improving the
properties of inorganic binders to approximate the strength of
joints with PVA adhesives widely used in the wood industry
today. Also, it was a priority to avoid the reduction of heat
and water resistance of silicate adhesives. For this reason,
the potassium silicate binder was modified with various
other silicate-based materials as well as acids and alkalis.
The shear strength properties of the silicate binders and the
effect of the modifiers were investigated by forming bonded
timber specimens, and shear strength was tested. Based on the
experiments, the following conclusions can be drawn:

= Silicate adhesive cannot exceed the strength of organic

polymer material under normal conditions. Silicate
binder B6 achieved 75% of the shear strength of the
joint formed with the reference adhesive, and binder
B2 achieved 63%. The other silicate-based mixture
performed significantly worse.

= Modifiers of silicate binder improve ductility and shear
strength in small doses (B2, B6), but this phenomenon can
be reversed (B3, B4). Overall, the ductility of the material
increased to 225%, and its strength increased to 125%
compared to the pure silicate adhesive used as a reference.

= It was a seemingly contradictory phenomenon that
lower strength silicate binder mixtures (e.g., adhesive
B5) caused a partial proportion of partial failure in the
cross-section of the timber elements of the specimens.
An explanation for this was found in the cross-sections
examined by SEM. Silicate binders make an uneven
bonding surface and, in some locations, dense shear
teeth at the micro-level in the timber surface, causing
local stress increases in the joint. Because of this, the
failure happened in the timber material.

= Under the influence of moisture load, the shear
strength results of binders E, B6 and B2 approached
each other but decreased. The strength of the silicate
adhesive B6 and B2 exceeded that of the PVA adhesive.
B2 reached 115% and the adhesive B6 250% of the
reference adhesive strength, so the used modifier can
improve the water-resistance of the bonded joint.

= Under heat load, the strength of the PVA binder
is significantly reduced. Timber joints showed
deformation partly and partly strength failure, plastic
behaviour appeared, while this was not observed at
room temperature. The strength of the binder B2 and
B6 decreased slightly because the silicate adhesive lost
its crystal water due to the heat load, which increased
the internal cracking of the adhesive.

= Under heat load, the shear strength of the bonded
timber joint with modified silicate adhesive was higher
than of PVA adhesive tested as a reference.

= Dissolution tests (B1, B2, B6) have shown that the
addition of modifiers significantly reduces the solubility
of potassium silicate and makes the material quality
more uniform. Uniform material property, is not fully
ensured within the cross-section, the modifying agents
are oriented towards the inner layers/core of the sample
and its stabilising effect appears here.

B2 and B6 performed better under moisture and heat load
than the commonly used PVA binder among the silicate
binders. Based on experimental results, it was stated that with
modifiers, we could create an inorganic binder with a lower
environmental footprint that is competitive with the binders
currently used in structural timber elements.
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