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Main research fields
• Biobased polymers and biocomposites

• Polyurethanes Foams Obtained from Biobased and Renewable 
Components

• Biopolyurethane –nanoparticles composite for functional coating 
applications

• Polylactide (Polybutylene succinate) / LignoCellulose Biocomposites

• Carbon (CNT, graphene) based materials and polymer 
composites for functional applications (sorbents, 
electrodes, energy storage, EMI, ESD)

• Graphene aerogels as sorbents and flexible electrodes
• Solid and gel like polymer electrolyte for secondary batteries and 

supercapacitors
• Carbon and hybrid nanoparticles incorporated polymer composites



1.Polyurethanes Foams Obtained from 
Biobased and Renewable Components
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Rapeseed oil Recycled PET waste

Bio/recycled polyols

+ triethanolamine + diethelene glyocol

transesterification glycolysis

Rigid PUR foams

Tall oil

+ triethanolamine

transesterification

• Density 45 – 50 kg/m3

• Closed cell content
92 – 97 vol.%



Possible structure of polyols

Gaidukovs.et al. Industrial Crops
and Products (2017)
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Sample Recycled 

component

Functional additives Biobased 

component

Renewable and

recycled content in

obtained polyols

PET,

mol

DEG,

mol

GL ADA RO, 

mol

TEA, 

mol

Renewable 

content, %

Recyclate 

content, %
wt. % mol wt. % mol

GL/ADA 0/1 1 2 0 0.00 1 0.03 - 46.9

GL/ADA 1/1 1 2 1 0.04 1 0.03 - 46.5

GL/ADA 1/3 1 2 1 0.04 3 0.08 - 45.6

GL/ADA 1/6 1 2 1 0.13 6 0.08 - 44.7

GL/ADA 3/3 1 2 3 0.04 3 0.17 - 44.3

GL/ADA 3/6 1 2 3 0.13 6 0.17 - 43.5

GL/ADA 6/6 1 2 6 0.26 6 0.17 - 42.3

GL/ADA-RO 0/1 1 2 1 0.00 6 0.03 0.31 0.90 33.5 23.5

GL/ADA-RO 1/1 1 2 1 0.04 1 0.03 0.31 0.91 33.5 23.2

GL/ADA-RO 1/3 1 2 3 0.04 1 0.08 0.32 0.93 33.5 22.8

GL/ADA-RO 1/6 1 2 6 0.13 3 0.08 0.33 0.95 33.5 22.4

GL/ADA-RO 3/3 1 2 3 0.04 6 0.17 0.33 0.96 33.5 22.2

GL/ADA-RO 3/6 1 2 6 0.13 3 0.17 0.34 0.97 33.5 21.8

GL/ADA-RO 6/6 1 2 6 0.26 6 0.17 0.35 1.00 33.5 21.2

Polyol compositions



Polyol OH value, 

mg KOH/g

Acid value, 

mg KOH/g

Water content, % Viscosity at 20°C, mPa·s

GL/ADA 0/1 472 3.04 0.17 ± 0.03 3130 ± 40

GL/ADA 1/1 466 2.88 0.18 ± 0.01 2490 ± 33

GL/ADA 1/3 466 2.63 0.22 ± 0.03 2060 ± 10

GL/ADA 1/6 492 2.66 0.18 ± 0.02 1650 ± 37

GL/ADA 3/3 531 1.79 0.11 ± 0.02 1255 ± 69

GL/ADA 3/6 503 3.20 0.11 ± 0.01 1165 ± 26

GL/ADA 6/6 515 1.32 0.09 ± 0.04 1172 ± 13

GL/ADA-RO 0/1 405 4.02 0.11 ± 0.01 700 ± 87

GL/ADA-RO 1/1 408 4.20 0.14 ± 0.02 725 ± 53

GL/ADA-RO 1/3 417 2.90 0.09 ± 0.03 820 ± 40

GL/ADA-RO 1/6 399 2.83 0.13 ± 0.01 725 ± 12

GL/ADA-RO 3/3 449 2.49 0.10 ± 0.02 710 ± 21

GL/ADA-RO 3/6 440 2.70 0.16 ± 0.01 725 ± 15

GL/ADA-RO 6/6 430 3.17 0.11 ± 0.01 850 ± 22

Polyol properties



Amount, pbw

Component

Bio/recycled polyol 70

Lupranol 3422 30

TCPP 16

NIAX Silicone L6915 1.5

PC CAT NP-10 1.6

Solkane 365/227 16

Water 2.2

PMDI Isocyanate index 130

Rigid PUR foam composition

45%



SEM
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Table	3	Characteristic	phase	transition	temperatures	and	coefficients	of	thermal	expansion	

of	PU	foams.	

Sample		 Tg	(oC)	 Tsoft	 	(oC)	 Tdeg		(oC)	 CTE ×10-5 (1/	oC)	

DMA	 DSC	 TMA	 TGA	 30	oC	 120	oC	

GL/ADA-RO	
1/1	

121	 117	 140	 330	 5.12	 55	

GL/ADA-RO	
1/3	

129	 119	 140	 332	 5.65	 108	

GL/ADA-RO	
1/6	

129	 119	 140	 331	 7.08	 119	
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renewable materials 
(2018).



Dynamic mechanical properties
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Table	2	Storage	modulus,	loss	modulus	and	loss	factor	of	PU	foams.	

Sample	
E’	(MPa)	 E’’	(MPa)	 tan	d	

50	oC	 100	oC	 150	oC	 50	oC	 100	oC	 150	oC	 	

GL/ADA-RO	
1/1	

6.86	 2.88	 0.16	 0.40	 0.60	 0.03	 0.47	

GL/ADA-RO	
1/3	

6.95	 4.11	 0.25	 0.45	 0.63	 0.07	 0.44	

GL/ADA-RO	
1/6	

5.28	 3.32	 0.23	 0.35	 0.54	 0.08	 0.43	

	

	

S.Gaidukovs, Journal of 
renewable materials 
(2018).



2.Biopolyurethane –nanoparticles composite 
for functional coating applications 

• European	Regional	
Development	Fund	
project	ERDF

4 S. GAIDUKOVS ET AL.

Figure . Schematic of CNT/GO composite.

beginning of an exothermic reaction. The functional group ratio of NCO/OH is
1.20. The idealized structure of the prepared PU polymer is shown in Fig. 2.

The resultingmixture of polyol, isocyanate, andCNT/GOare casted on theTeflon
surface and allowed to dry up until solidification under ambient conditions for 24 h.
Then, the films are put in vacuum at p = 0.1 atm and T = 65 °C for 24 hours.
Thus, the films of thickness 150–200µm are ready. In total, four series of specimens
with a weight content % of CNT/GO in the amount of 0, 0.05, 0.1, and 0.3, wt.%
were prepared and tested. The specimens are also casted in plastic rod tubes and
processed by centrifugation. The obtained composite rods were post-processed the
same way as the films.

Figure . Structure of the PU.
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Platnieks, ECNF-2018

• RTU	Research	Fund

EP2824509

Gaidukovs, International 
J Polymer Science 



Biopolyurethane – hybrid 
nanoparticles composite preparation

polyol

toluene

isocyanate
ZnO-CNT
hybrid composite

OMMT-CNT
hybrid composite

SiO2-CNT
hybrid composite

Dispersion of the 
filler in polyol by 

ultrasonic treatment 
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Tensile curves

19
Rīgas Tehniskā universitāte
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Young's modulus
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2.4 Methods

The force and displacement amplitudes as well as phase shifts were determined with
the dynamic mechanical analyzer Mettler DMA/SDTA861e. The specimens were
run at a temperature interval was −100…+140, applied force of 5N, elongation of
30 µm, frequency of 1 Hz and heating rate 1 deg/min. Double cantilever mode was
used.

Thermo-mechanical analyzer (TMA) Mettler TMA/SDTA 1 IC/600 was used to
measure the dimensional changes of amaterial as a function of temperature at a tem-
perature interval of−100…+140, applied force of 0.5N, and heating rate 1 deg/min.
The specimens’ thickness was about 1 mm. Dilatometric mode of the thermo-
mechanical test was used to calculate the linear thermal expansion coefficient.

3. Results and discussion

3.1 Effect of filler addition on thermo-mechanical properties

Dynamic mechanical curves of the filled and the unfilled PU were studied as func-
tions of the filler content and temperature (Fig. 3). Storage modulus E’, which is

Figure . Storage modulus and loss modulus curves of CNT/GO nanocomposites.
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Dynamic mechanical properties

6 S. GAIDUKOVS ET AL.

Table . Young modulus E at−,+ and+ °C of CNT/GO composites.

Temperature, °C

CNT/GO, % −  

 . . .
. . . .
. . . .
. . . .

proportional to the energy stored elastically and reversible, was found to decrease
with increasing temperature.While, lossmodulus E”, which characterizes the energy
transformed into heat and irreversibly lost, of PU and CNT/GO composites has a
maximum at temperature range of −60 to −20 °C.

The relative heights of the loss tanδ, ratios of E” to E’, characterizes capability of
energy dissipation.

The calculated damping tanδ is a measure of how well a polymer material can get
rid of energy by its absorption due to change of chain conformations. The energy
dissipation corresponds directly to the viscoelastic deformation and is characterized
by the loss modulus [29]. It varies with the deformation state of the polymer mate-
rial, temperature, content of the filler in the composite, and nature and strength of
filler-matrix interface bonding. The viscoelasticity and stiffness properties are gov-
erned by the chain segments between entanglement sites and also between cross-
links in amacromolecules [29]. Thereto, filler addition can decrease polymer chains
dangling and flexibility. While restricted chain viscoelastic deformation will require
more energy. In the case of the loss modulus, CNT/GO composites showed aston-
ishing its value increase (100 times) in comparison to the unfilled PU, providing
high damping property by the polymer viscoelastic deformation. Furthermore, the
representative loss factor tanδ preserves values from 0.8 to 1.1, which represents that
the polymer chain network deforms without extensive internal friction [30].

The Young modulus E, property of the elastic material behavior, at temperatures
of −100, +25 and +100 °C of CNT/GO composites were calculated and summa-
rized in Table 1. The results show tremendous increase in E value in the investigated
temperature range. In the case of CNT/GO loadings 0.05 and 0.1%, the composites
modulus has increased about 3 and 3.5 times, accordingly. As more filler loading
(0.3%) is introduced into the PU, the respective improvement of E is to some extent
smaller due to the agglomeration of the elementary particles.

These observations testified that the content of thefiller is responsible for the stiff-
ness and viscoelastic properties of the obtained CNT/GO composites. Additionally,
the obtained composites have sufficient properties to be used for adhesives and coat-
ings applications.

3.2 Effect of filler addition on glass transition

Figure 4 is typical loss tanδ spectrum for CNT/GO composites as a function of
temperature. The characteristic temperature of the peak corresponds to a glass
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INTEGRATED FERROELECTRICS 7

Figure . Loss factor curves of CNT/GO nanocomposites.

transition temperature of the polymer. Furthermore, the intensity of the peak height
represents the specimen’smechanical damping properties. For the polymer compos-
ite containing the hybrid CNT/GO filler, the glass transition temperature tends to
increase with the higher filler concentration from 85 till 90 °C, but with more filler
(0.3% CNT/GO) the glass transition decreases to 75 °C. The increase of Tg is gen-
erally observed for the filled polymer systems with the homogeneously dispersed
filler, while particle agglomeration and phase separation leads to the decrease or
no changes in the glass transition temperature [14]. Value of tanδ shifts in to the
opposite direction – decreases after addition of the filler, but for 0.3% CNT/GO
tanδ is similar to the unfilled polymer. This points out that the chain mobility was
depressed by the physical bonding the filler surface owing to interaction with ure-
thane and ester groups of the PU [31]. Furthermore, the secondary solid-solid phase
transition for the CNT/GO composite at the temperature range from −80 to −20
was clearly visible (Fig. 4). It indicates, that the filler incorporation into the polymer
also strongly affected the polymer chain network structure. The interfacial chemical
bonding are developed in the composite preparation stage between the chain back-
bones with isocyanate -NCO groups and hydroxyl –OH groups on the surface of the
carbon particle (GO) [32].

3.3 Effect of filler addition on thermal expansion

The solid-solid transitions are generally accompanied by volume changes [33]. The
glass transitions like this are observed as a step and change of the curve slope in
the thermo-mechanical experiment. A characteristic feature of this is TMA test;
the probe in TMA applies only a very small force to the specimen. The Fig. 5
shows dilatometric curves of the CNT/GO polymer composites, which shows a
continuously increasing linear thermal expansion coefficient. A glass to rubber
(glass transition) transition occurs at broad temperature interval of 40–80 °C and
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8 S. GAIDUKOVS ET AL.

Figure . Linear thermal expansion of CNT/GO composites.

relates to some shrinkage due to the material softening and the structure relax-
ation. In the further heating, the sample continues to expand. The expansion curves
for CNT/GO composites show that the structural changes occur quite rapidly at
the transition temperatures 65–75 °C, which depends from the rapid relaxation of
frozen internal stresses in the specimen and softening of the material [34 ]. This
explains the different shapes of the expansion curves measured for unfilled PU and
CNT/OC PU composites. The coefficient of thermal expansion (CTE) was calcu-
lated from the slopes of the thermal linear expansion curves. The resulting CTE
as a function of temperature are summarized in Table 2. Results show that the
CTE is directly dependent from the temperature and the composition of the poly-
mer material. Addition of CNT/OG filler and heating increases CTE value of the
material.

Table . Coefficient of thermal expansion of CNT/GO composites.

CNT/GO

 . . .

Temperature °C -/deg

 . . . .
 . . . .
 . . . .
 . . . .
 . . . .
 . . . .
 . . . .
 . . . .
 . . . .
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Gaidukovs, Integrated 
Ferroelectrics (2016).



SEM



PU PU ZnO/CNT 0,1%

Optical Density at 600nm
Ps. putida RG4 Ps. putida OD Sph.paucinobilis 

I II I II I II
PU 0 0.028 0 0.056 0.014 0.056

PU /CNT 0,1% 0 0.028 0 0.028 0.014 0.126

PU ZnO/CNT 0,1% 0 0.014 0 0.014 0.014 0.084

Bacterial growth (AFM)



UV light, water and temperature effect



3.Polylactide / LignoCellulose
Biocomposites

BioComposites Preparation

Polylactide
Polybutylene succinate

Lignin

Tetrapak® 
nanoCellulose

Functionalization:
silanes,  stearic acid

30, 40, 50 weight %

Platnieks, FMNT 2017 



Nanocellulose
• Kraft cellulose oxidation with APS

53 
 

8.5.SEM 

Lai pierādītu celulozes nanomateriālu ieguvi E sērijā, raksturotu to formu un izmērus, 

tika izmantota skenējošā elektronu mikroskopija. Ne visos izpildītajos eksperimentos tika iegūta 

nanoceluloze. Reakcijas, kas tika veiktas 0,2M HCl neuzrādīja nanodaļiņas SEM mikroskopijā, 

tikai celulozes šķiedras izmēros virs 500nm (29. a) att), par spīti paaugstinātajam kristāliskumam 

un masas zudumiem reakcijas laikā. No eksperimentiem, kas tika veikti 1M HCl izceļas E7 (29. 

b) att,) sintēze, gan ar pazemināto reakcijas iznākumu, gan paaugstināto kristāliskumu un SEM 

attēlos redzamajām CNK šķiedrām. Arī eksperimentā E6 tika iegūtas celulozes nanokristāli 

(29.c) att.). Tā kā paraugi SEM mērījumiem tika pārklāti ar zeltu, augstā palielinājumā 

izšķirtspēja nav ļoti augsta, ir skaidri redzamas CNK daļiņas. Jāpiebilst, ka ne visa celuloze tika 

pārvērsta CNK, E6 gadījumā tika iegūts mikro un nanocelulozes maisījums, kas tika atdalīts ar 

centrifugēšanas palīdzību. 

 

 
29.att SEM attēli iegūtajai nanocelulozei: a) E1 eksperimentā; b)E7 eksperimentā; c)E6 

ekperimentā un d)OE1 eksperimentā. 

a b 

c c d 



Thermal properties

• DSC
• TGA

Lignin cellulose

Thermal degradation temperature
PLLA

nanocellignin funct. tetrapak

blend composites

Cold crystallization



Hardness and Elasticity
Vickers hardness

Elastic modulus

nanocellignin funct. tetrapak.

nanocellignin funct. tetrapak.

PLLA

PLLA



4.Preparation and functionalization of 
Graphene Based Aerogels



Polyvinyl alcohol 
PVA

Graphite

Oxidation - modified 
Hummer's method

Graphene oxide

+PVA
ultrasonication

GO/GR + PEO 
aerogel

GO/GR + PVA 
aerogels

GO + PEO 
aerogels

+ salts MgSO4
pH=4, 7, 9  

Graphene

+ PEO
ultrasonication

Lyophilization

AEROGEL SYNTHESIS

Polyoxyethylene
PEO

modification Electrolytic
delamination method

FTIR
RAMAN
WAXD

Rudzaja, FMNT 2017 





Selective WETTING

t = 1 sek t = 1 sek t = 1 sek

oil water

GO +PVA GO +PVA

water

GO +PEO

SuperhydrophilicitySuperoleophilicity



PETROL ADSORPTION 

t = 0 sec t = 5 sec t = 10 sec

GO + PEO 
(pH 4) reference

METHYLENE BLUE ADSORPTION pH influence

GO + PEO 
(pH 7)

GO + PEO 
(pH 9)

GO + PEO + 
Mg2+ (pH 7)

GO + Mg2+

(pH 7)

51 
 

 
3.16. att. Eļļas slapēšanas leņķis uz GR–PVA aerogēla virsmas (pēc 0 sec.) 

 

Sākumā tika novērota eļļas adsorbcija no ūdens GO–PEO aerogēlam, izmantojot 

atšķirīgu izejas suspensijas pH. Pie pH 4 aerogēls adsorbē 6,0 mg eļļas uz vienu mg aerogēla, 

pie pH 7 – 13,0 mg/mg un pie pH 9 – 14,0 mg/mg.  Ja hidrogēla veidošanai polimēra vietā 

izmanto MgSO4, tad eļļas adsorbcija iegūtajam aerogēlam pieaug līdz 20,5 mg/mg (3.17. 

att.). 

 

 

3.17. att. GO-PEO aerogēla eļļas adsorbcija atkarībā no pH un metālu jonu klātbūtnes 

 

GO, GR un rGO aerogēlu eļļas adsorbcijas spēja atkarība no sastāva apkopota 3.18. 

attēlā. Vislabākā eļļās adsorbcijas spēja novērojama GR–PVA šķērssaistītajam aerogēlam 

38,8 mg/mg, pie šķērssaistīšanas pakāpes 25% (skat. 3.18. att. b), lai gan pēc slapēšanas 

leņķa tas ierindojas otrajā vietā. To var skaidrot ar struktūras stabilitāti, kas šim aerogēlam 

piemīt pēc šķērssaistīšanas, tādējādi kapilārie spēki porās ir daudz izteiktāki un adsorbētais 

šķidruma daudzums porās ir daudz lielāks. GR–PVA un GO–PEO adsorbcijas spēja ir 

vienāda, apmēra 30 mg/mg, pie cietās vielas satura 0,5% (skat. 3.18. att. a). GR–PVA eļļas 

adsorbcija vairāk balstās uz virsmas īpašībām, bet GO–PEO gadījumā uz kapilārajiem 

spēkiem. rGO eļļas adsorbcijas spēja ir viszemākā visticamākais blīvās aerogēla struktūras 

dēļ (skat. 3.18. att. c.), rGO aerogēla tilpumsvars ir vairāk nekā 15 reizes lielāks salīdzinot 

ar pērējiem aerogēliem, kas izmantoti eļļas adsorbēšanai. 
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3.19. att. GO–PEO aerogēla dīzeļdegvielas adsorbcija atkarībā no pH un metālu jonu 

klātbūtnes 

 

Salīdzinot GO un GR aerogēlu dīzeļdegvielas adsorbcijas spēju, var novērot, ka 

aerogēli uz GO bāzes dīzeļdegvielu adsorbē apmēram divas reizes labāk, nekā GR aerogēli. 

Lai gan tilpumsvars šiem aerogēliem ievērojami neatšķīrās, GO aerogēlu struktūra bija 

mehāniski daudz stabilāka, kapilārie spēki izteiktāki. GO gadījumā ir novērojama arī neliela 

polimēra un cietās vielas satura ietekme uz dīzeļdegvielas adsorbcijas spēju. GO–PVA 

aerogēls uzrāda vislabāko dīzeļdegvielas adsorbciju, kas pieaugot cietās vielas saturam no 

0,5%–2%, samazinās no 0,53 mg/mg līdz 0,23 mg/mg. GO–PEO aerogēla gadījumā tā 

samazinās no 0,37 mg/mg līdz 0,25 mg/mg. GR aerogēlu adsorbcija neseko šai sakarībai, 

vidējā adsorbcijas spēja ir apmēram 0,12 mg/mg (skat. 3.20. att.). Kopumā novērojama 

tendence, jo blīvāka struktūra, lielāks tilpumsvars, jo mazāku daudzumu dīzeļdegvielas 

aerogēls spējīgs savākt. 

 

 

3.20. att. GO un GR aerogēlu dīzeļdegvielas adsorbcija atkarībā no sastāva 
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5. Polymer Electrolytes for Energy Storage

the lithium and the resistance of this layer grows with time,
which can reach values over 10 kOhm cm!2. Although, the
structure of this layer is not understood, but it is known that
uncontrolled passivation phenomena affect the cyclability of
lithium electrodes and thereby entire lithium battery system.
The nature of this layer depends mainly on the purity and com-
position of the electrolyte. This solid electrolyte interface
(SEI) plays a crucial role in determining their properties,
which include shelf life, safety and lithium deposition and dis-
solution efficiency and cycle life. Also, it has been reported
[135] that the rate of SEI formation is in a time domain less
than 100 ms and the characteristics of the formed layer are
very inhomogeneous. As is well known, uncontrolled passiv-
ation phenomena affects the lithium electrode and thus the
entire battery system and may lead to serious safety hazards
eventually. Therefore, the criteria for the selection of proper
battery electrolyte must be based not only on fast transport
properties but also, and perhaps principally, on favorable inter-
facial properties [132,136]. In the present study, the compati-
bility studies have been examined with proper attention for
PVdF-HFP membranes as described in the earlier section.
Also the sample S5 was examined as this composition was
found to be optimal in ionic conductivity point of view.

Fig. 7 displays the variation of interfacial resistance ‘‘Ri’’ as
a function of time for the composite polymer electrolytes con-
taining two different lithium salts, namely LiClO4 and LiPF6.
It is observed from the figure that the polymer electrolyte con-
taining LiClO4 as salt is more suitable when lithium metal was
used as anode. On the other hand, the film with LiPF6 as salt
exhibits a little higher interfacial resistance values. The poor
compatibility of polymer electrolytes containing fluorinated
lithium salts with lithium metal anode may be attributed to
the following reasons. As confirmed by XPS analysis the
amount of the fluorine substances on the lithium surface in-
creases according to the storage time [137,138]. An important
reason for the increase in ‘‘Ri’’ is supposed to be the formation
of fluorine compound on lithium surface [135e138]. Also the
PVdF-HFP copolymer reacts with lithium at ambient and ele-
vated temperatures. The growth of interfacial resistance does

not follow a regular trend for all the samples studied. After
200 h the resistance values remain unchanged. This may be
attributed by assuming that the morphology of the passivation
films changes with time to finally acquire a non-compact, pos-
sibly porous structure [16]. Furthermore it is quite obvious
from the figure that the interfacial resistance of the polymer
host has considerably been reduced upon the incorporation
of the inert filler (lower than filler-free membrane). According
to Kumar et al. [62] nanosize inert fillers are more compatible
than the fillers with micron size. As depicted in Fig. 8, the
inert particles depending upon the volume fraction would
tend to minimize the area of lithium electrode exposed to
polymers containing O, OH-species and thus reduce the pas-
sivation process. It is also foreseeable that smaller size parti-
cles for a similar volume fraction of the ceramic phase
would impart an improved performance as compared to larger
size particles because they will cover more surface area [62].
The formation of an insulated layer of ceramic particles at the
electrode surface is probable at higher volume fraction of
a passive ceramic phase. This insulating layer will impede
electrode reactions. This may very well have happened when
excessive amount of the passive ceramic phase was introduced
into the polymer matrix.

3.4. Transference number

In order to substantiate the conductivity results further, we
have measured the Liþ transference number, tLiþ , for all the
samples and are displayed in Table 4. This table reports the
results in terms of numerical values of tLiþ . The transference
number values may equally be affected by the interfacial
properties with lithium metal anode also [139]. An apparent
increase in the transference number, tLiþ (Table 1), is observed
when passing from the filler-free to the filler incorporated
composite electrolytes. This further supports the ionic conduc-
tivity results.
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Fig. 8. Schematic representation of polymer host, nano and micron sized inor-
ganic filler in the polymer host. Particles of (a) micron sized (b) nanosized
[62].
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• CNT, graphene acts as reinforcement
• LITFS acts as plasticizer

Neibolts, BPS 2016 
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G, % Mc, g/mol ρc, mol/cm3 n ζ , Å

1.sw
3 67 25439 4,76E-05 1155 30

10 65 21747 5,56E-05 987 27
30 69 18440 6,56E-05 837 25

2.sw
3 64 22090 5,48E-05 1003 28

10 69 17542 6,90E-05 796 25
30 64 17499 6,91E-05 795 25

3.sw 3 61 20792 5,82E-05 944 27
10 63 18592 6,51E-05 844 25

Flory – Renner eq.
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Aplūkojot iegūtos aprēķinus PEO gēliem ar 3% šķērssaistīšanas aģenta 

koncentrāciju, kuriem pievienotas nanodaļiņas, varam novērot difūzijas koeficienta un 

iespiešanās ātruma vērtību samazināšanos salīdzinājumā ar tīru PEO gēlu bez 

nanodaļiņām (2.2. tabula). Pievienotās nanodaļiņas ietekmē penetranta difūziju caur 

polimēra gēlu, jo tās rada necaurejamu šķērsli difūzijas frontes ceļā, tādējādi palēninot 

difūziju šādu daļiņu atrašanās vietās. Tā kā tiek kavēta difūzijas frontes pārvietošanās, tad 

attiecīgi tiek samazināta arī difūzijas koeficienta vērtība.  

2.2. tabula 

Difūzijas koeficienta un iespiešanās ātruma vērtības PEO gēlam ar 3% peroksīda 
koncentrāciju, kam pievienotas nanodaļiņas 

 D1, m2/min D2, m2/min Dvid, m2/min Viesp, cm/g 

3% 1.04*10-8 2.99*10-9 6.70*10-9 5.26*10-3 

GR 8.37*10-9 3.40*10-9 5.88*10-9 4.83*10-3 

MMT 8.71*10-9 3.55*10-9 6.13*10-9 4.96*10-3 

ZnO 8.66*10-9 3.11*10-9 5.89*10-9 4.86*10-3 

CNT 9.18*10-9 2.97*10-9 5.92*10-9 4.88*10-3 

SiO2 9.35*10-9 3.53*10-9 6.44*10-9 5.04*10-3 

 

Aplūkojot aprēķinātās difūzijas koeficientu un iespiešanās ātrumu vērtības PEO 

gēliem ar 10% peroksīda koncentrāciju un tilpumā ievadītām nanodaļiņām (2.3. tabula), 

var novērot līdzīgas iezīmes kā PEO gēliem ar 3% peroksīda. Tomēr salīdzinot difūzijas 

koeficientu vidējās vērtības starp tīru un nanodaļiņas saturošu PEO gēlu, nav 

novērojamas lielas koeficienta vērtību svārstības. Tātad palielinoties šķērssaistīšanas 

aģenta koncentrācijai polimēra gēlā, gēlam pievienoto nanodaļiņu ietekme uz difūzijas 

koeficientu samazinās. Iespiešanās ātruma vērtības, pievienojot PEO gēlam dažādas 
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6. CNT/graphene/iron oxide nanoparticles 
incorporation into thermoplastic polymer 

composites for ESD, EMI shielding and radar 
applications.
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Thermal conductivity

1.5-fold. This is in line with expectations that the conductivity of the amorphous poly-
mers would increase with temperature, which relates to the evolved molecular
mobility.51

The observed enhancement in the thermal conductivity, as shown in Table 2, is
mainly attributed to the heat transfer by phonons, electrons during the thermal activation
process.52 Generally, the observed enhancement in the thermal conductivity is also
attributed to other heat interaction processes taking place between polymer macro-
molecules and particles, and to possible formation of heat paths taking place in the
composites.53 Some authors also reported formation of conductive filler networks which
also facilitates electrons and phonons motion and contribute to the enhanced thermal
conductivity of polymer composites.54 With an increase in the CNT content, more CNT
may be percolated and, as well as, denser particles networks may be formed that leading
to higher thermal conductivity.55 It was reported that the filler arrangements by close-
packed, unidirectional, and random networks have great impacts on the thermal con-
ductivity of the composite materials.56

The temperature dependences of the thermal conductivity for the neat EVA and EVA/
CNT composites were analyzed according to the common Arrhenius equation (4).57

! ¼ !o " e# Ea=ðkTÞ ð4Þ

where Ea, !o, T, and k are the activation energy, the pre-exponential factor, the tem-
perature, and the Boltzmann constant, respectively.

Figure 5 shows a plot of ln(!) versus 1000/T that gives the thermal conductivity
process activation energy Ea (J) and the inherent conductivity value !o W/(m"K)) at the
infinite temperature. The Ea values were determined from the slope of the approximate
straight lines of the Arrhenius plots (Figure 5). The Ea is defined as the minimum energy

Figure 4. Thermal test curves for EVA/CNT composites. EVA: ethylene vinyl acetate; CNT:
carbon nanotubes.
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required to overcome the potential barrier of the polymer composite system. Table 3 also
shows that the calculated Ea and !o values tended to decrease as the CNT loading level
increases. For example, the Ea !10" 21 decreases almost 1.7-fold from 12.7 for the EVA to
7.4 J for EVA filled CNT 53 wt%; while the !o decreases almost 2-fold from 5.4 W/
(m!K) to 2.8 W/(m!K), correspondingly. It is interesting to note from Table 3 and Figure
5 the subsequent decrease in Ea values with adding CNT content. Henceforth, the
polymer composites’ conductivity is enhanced. It may be attributed to nanotubes per-
colation, particle–matrix interaction, hindered mobility of chains in the interphase, and
increased free volume in the composites that can reduce the interfacial phonon scattering
between the matrix and fillers.58 Definitely, the Ea values depend strongly on the
composites inherent structure features.54 This approach indicates that the obtained
thermal activation energy is a function to the materials’ density, crystallinity, glass
transition temperature, and electrical conductivity (see Figure 6). It revealed that the
activation energy drops and thermal conductivity is enhanced owing to an increase of
density, glass transition temperature, and reduction in the crystallinity of the polymer

Figure 5. Arrhenius plot: dependence of thermal conductivity on temperature.

Table 3. Ea and !o of EVA/CNT composites.

CNT, % (vol) !o, W/(m!K) Ea,!10" 21 J

0 5.43 12.7
0.4 2.62 9.6
1.4 3.24 10.3
2.3 2.82 7.4

EVA: ethylene vinyl acetate; CNT: carbon nanotubes.
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composites. These observations are in good agreement with the results derived from
other studies.53–55

As expected, the tensile properties of the EVA reinforced with CNT are remarkably
improved (see Figure 7). The Young’s modulus E rises monotonically with the filler
concentration. It indicates an almost 3-fold increase in Young’s modulus E and 2.2-fold
increase in yield strength !y at up to 5 wt% content. The strength at break !b changes
through the maximum value at 1 wt%. The agglomeration of the filler particles decreases
the reinforcement efficiency. As it was revealed by the SEM (see Figure 2), CNT
develops agglomerates at 1 wt%. The strain at break " (%) decreased from 1650% to
1300% as 5% of CNT was introduced into the composite; thereby, the high ductility of
the EVA/CNT composites remained. High strength and strain values for polymer
composites are essential for the extrusion of blown films and the biaxial drawing of the
packaging films.59 Effective reinforcement is ensured through effective stress transfer
between polymer matrix and filler particles with extremely high stiffness.26 Along with a
proper dispersion quality of the nanotubes, which determines the amount of matrix–filler
interface available for interaction, the type and strength of interface interactions are the
key parameters for achieving the intended property enhancements.27 It is reported that

Figure 6. Activation energy dependences from EVA/CNT composites’ density, glass transition
temperature, electrical conductivity, and crystallinity degree. EVA: ethylene vinyl acetate;
CNT: carbon nanotubes.
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1.5-fold. This is in line with expectations that the conductivity of the amorphous poly-
mers would increase with temperature, which relates to the evolved molecular
mobility.51

The observed enhancement in the thermal conductivity, as shown in Table 2, is
mainly attributed to the heat transfer by phonons, electrons during the thermal activation
process.52 Generally, the observed enhancement in the thermal conductivity is also
attributed to other heat interaction processes taking place between polymer macro-
molecules and particles, and to possible formation of heat paths taking place in the
composites.53 Some authors also reported formation of conductive filler networks which
also facilitates electrons and phonons motion and contribute to the enhanced thermal
conductivity of polymer composites.54 With an increase in the CNT content, more CNT
may be percolated and, as well as, denser particles networks may be formed that leading
to higher thermal conductivity.55 It was reported that the filler arrangements by close-
packed, unidirectional, and random networks have great impacts on the thermal con-
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process activation energy Ea (J) and the inherent conductivity value !o W/(m"K)) at the
infinite temperature. The Ea values were determined from the slope of the approximate
straight lines of the Arrhenius plots (Figure 5). The Ea is defined as the minimum energy
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carbon nanotubes.
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nanotubes. The EVA has a maximum dielectric loss value of 0.2 at the frequency of 1
MHz corresponding to the chain !-relaxation. The spectrum shows that the "00

remarkably increases with increasing the interphase volume that attributed directly to the
CNT loading. EVA/CNT composites have "00¼0.5 for 3% and "00¼1.5 for 5% of CNT
that relates to 2.5-fold and 7.5-fold increase comparing to the neat EVA, correspond-
ingly. Previously, we indicated by the thermal analysis the increase in glass transition

Figure 2. SEM images of the (a) CNT and fractured surfaces of the EVA/CNT composites with
(b) 1 wt% and (c) 3 wt%. SEM: scanning electron microscopy; EVA: ethylene vinyl acetate;
CNT: carbon nanotubes.
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(b) 1 wt% and (c) 3 wt%. SEM: scanning electron microscopy; EVA: ethylene vinyl acetate;
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temperature attributed to the reduction of the amount of flexible polymer segments from
the amorphous phase. This finding is supported by the observation of the significant
increase in the rigid amorphous fraction, which was attributed to the polymer molecules
that are in close proximity to the nanoparticle surface, as they hinder their mobility in the
interphase.47

In turn, Figure 3(c) shows the increment in the conductivity ! of EVA/CNT com-
posites. The obtained increase of conductivity with CNT loading is related to the
increased charge carrier concentration and development of conducting percolated net-
work of nanotubes.48 Thus, the loading of conductive filler remains the dominant
parameter that affects the electrical conductivity of the composites. The conductivity
also increases with increase in alternating field frequency that arises out of polarization
of accumulated permanent dipoles, induced dipoles, and release of interfacial charges in
the interphase polymer.49

Another important parameter describing the dielectric properties of EVA filled with
CNT (Figure 3(d)) is the dielectric loss factor tan! which characterize the dissipation
value of the electric energy. Moreover, the dielectric loss of the polymer composites may

Figure 3. Dielectric properties for EVA/CNT composites: (a) real permittivity "0; (b) loss per-
mittivity "0 0; (c) conductivity !; (d) loss factor tan!. EVA: ethylene vinyl acetate; CNT: carbon
nanotubes.

Gaidukovs et al. 9
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notiek virsmolekulārās struktūras modifikācija un rezultātā atvieglojas brīvo elektronu un 

jonu mobilitāte jeb kustīgums, kas izraisa elektrovadamības palielināšanu.  

Dati liecina, ka, pie 5% CNT daudzuma paraugā, pretestība tiek pazemināta no 

1,32*1012 līdz 1,5*106 Ω ekstrūdējot un līdz 1,8*105 Ω, izmantojot „Brabender” maisītāju 

(sk. att. 2.3.2.). Savukārt īpatnējas elektrovadītspējas rezultāti rada 1/ρ palielināšanos 

ekstrūdētiem paraugiem no 3,64*10-17 S/m līdz 3,2*10-12 S/m, bet maisītājā iegūtai 

kompozīcijai līdz 2,67-11 S/m (sk. att. 2.3.3.).  

 
Att. 2.3.2. Pretestības atkarība no CNT satura kompozītos 
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7. Crystallization of polymers PEO in thin 
films
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+ Gr 0.1%

0.4% PEO + Li 5% 
+ Gr 0.1%

Applied Electric Field

b=67 nm b=71 nm

b=82 nm

• I Drop on Silicon • II Ultra thin film

Polymer Films



PEO %

Homo-, hetero- nucleation
CNT 0.1%



I Drop on Silicon: CNT -nucleation

2 % PEO/CNT

2 % PEO

1 % PEO/CNT



II Ultra thin film on Si (50 nm)

0.4% PEO

0.4% PEO + Li 
5% + Gr 0.1%

Poling and 
crystallization in 
electrical field

68 nm

70 nm

61 nm



8. UV-light Induced Curing of Epoxy 
Novolac Resin for Protective Coatings 

the developed ENR photopolymerization technology can be used to 
receive protective coatings for applications in power generation and 
maritime industries where thermal curing processes and two-component 
resin hardening are unacceptable. 

Post cure MarineMend System with heating/steam coils 
at a minimum substrate temperature 60°C for 24 hours!!!



Chemistry 

Scheme 1. Structure of branched epoxy novolac resin, photoinitiator and active diluent.200 225 250 275 300 325 350
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Fig. 3. Images of ENR coatings on glass 
with 1.5% of PI and irradiation times of 
1, 3, 5, 10, 20 and 50 min. (a); ENR 
coating with 1.5% of PI and irradiation 
time 5 min. on steel (b); optical 
microscopy image with hardness 
indentation for ENR 1.5% of PI and 
irradiation time 3 min. (c).

Gaidukovs, ExpressPolymLetters (2018)

UV Curing
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Fig. 4. Time dependence of Vickers 
microhardness of photocured ENR 
coatings for different PI concentrations.

 

 

 

 

 

 

 

 

 

 

Fig. 5. FE-SEM images of photocured ENR coatings with PI=1.5% at irradiation times of 

5 and 50 min. 
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Fig. 6. FTIR absorption spectra of ENR for 

different PI concentrations and an 

irradiation time of 5 min. (a); time 

evolution of FTIR absorption spectra of 

ENR with PI=1.5% (b).
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Fig. 10. Time-dependent absorption of 

bands 375 and 607 nm of ENR with 

PI=1.5%.  
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Future topics and welcome for 
collaborations 

• Materials for 3D printing
(3DPrintInn project 2018-2021)
• Biobased polymers, biocomposites and wood mimic
• photopolymerization, fusion deposition

• Polybutylene succinate, Polyhydroxy Alcanoate / 
LignoCellulose Biocomposites

• Carbon and hybrid nanoparticles incorporation into 
polymer composites

• +EMI, ESD, 
• +Energy harvesting i.e. nanogenerators, 
• +shape memory, self healing
• +laser fabrication of polymers



Thank You !
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RTU IPM facilities



Melt processing of composites

INJECTION MOULDING 
MACHINE

GRINDER
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CONTROLLABLE COMPRESSION MOULDING PRESSES 
WITH  HEATING



Rheology
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