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ABSTRACT
In this work, the technology of chemical overlap welding of polymer materials based on epoxy resins (transparent film) and 
their nanocomposites with oxidized graphene (black film) was developed. The overlap welding of film materials with a thick-
ness of 0.5 mm was carried out under the conditions of isothermal heating of 150 °C and pressure of the limiting plate. The 
selection of an effective welding mode was performed at different duration of welding: 30 and 60 min. Mechanical tests of the 
produced welded joints showed their strength at the level of the base material. features of the structural organization of welded 
joints of composites were investigated by the method of wide-angle X-ray diffraction. the chemical structure of the material 
of welded joints was investigated by the fourier transmission infrared spectroscopy. Modeling of stresses that occur in the 
specimens of welded joints was calculated using the values of the modulus of elasticity and the coefficient of linear expansion, 
experimentally found by the method of thermal mechanical analysis.
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INTRODUCTION
Development of shape-memory materials capable of 
reacting to environmental changes (temperature, pow-
er, electromagnetic field, solvent, humidity, etc.) and 
correcting their mechanical parameters (shape, posi-
tion, deformation, etc.) for recovery to original state, 
is an important and relevant direction of development 
of construction machinery [1], structures deployed in 
space [2], artificial muscles [3], biomedical devices 
[4], sensors [5], and energy converters [6]. solution of 
this problem is closely related to application of cross-
linked polymers that is attributable to their high heat 
resistance, fixing ability and shape recovery rate. Fab-
rication of structures with shape-memory effect can 
be simplified by application of welding.

In the case of diffusion welding of dissimilar ma-
terials it is necessary to take into account the features 
of thermal impact on each of the welded polymer ma-
terials. the compatibility of material combinations is 
determined by the ratio of their coefficients of linear 
expansion (a1/a2). according to literature, the high 
strength of the joints produced by diffusion welding 
can be achieved only in such material combinations, 
for which a1/a2 < 1.2 [7], that essentially limits the ap-
plicability of welding.

unlike diffusion welding which is due to the forc-
es of intermolecular interaction in the joint zone, 
chemical welding takes place due to interaction of 
functional groups on the contacting surfaces with 
bond formation. chemical welding of dissimilar 
materials into one part is rational for building more 

complex and multifunctional structures. In particular, 
joining polymer composites with discrete vitrifica-
tion temperatures is one of the methods of produc-
ing thermosensitive shape-memory materials. thus, 
the shape of each part is deformed and recovered at 
certain temperatures, independently one from another 
[8]. Another strategy of transformation of flat films 
into 3D-static structures is creation of two layers with 
further application of external stimuli (photo-, chemi-
cal or other treatment) [9, 10]. active 3D-static struc-
tures were recently obtained by chemical welding of 
liquid-crystal elastomers based on epoxy resins and 
their composites with polydopamine (pDa) with their 
further two-directional tension [11]. so, the difference 
in the response to nIr-radiation (1.0 W/cm2) led to 
specific 3D deformation in keeping with the pattern: 
the composite recovers its initial length, while the 
transparent film does not react to light and keeps its 
elongated shape, making the sample bend through 90° 
(figure 1, a). similarly, the linear pattern can be con-
trolled by sample bending in the form of a circular arc 
(figure 1, b), spiral (figure 1, c), and claws (figure 1, 
d). It should be noted that 2D-dynamic structures are 
required, which demonstrate automatic reversible 
change of shape, convenient for transportation and 
storage.

In this work a technology of chemical welding of 
transparent polymer films, based on epoxy resins and 
their composites with oxidized graphene, is proposed, 
features of structural organization of the produced 
welded joints were studied, and their mechanical and 
thermal properties were established.
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MATERIALS AND EXPERIMENTAL 
PROCEDURES
Diglycyl ether of bisphenol A (4.4ʹ-isopropylenedi-
phenol diglycidyl ether, 2.2-bis[4-(glycidyloxy)phe-
nyl]propane, DgeBa) with the following main char-
acteristics: epoxy equivalent mass of 172–176, M = 
= 340.41 g/mole, ρ = 1.21 g/ml at 25 °C.

Trimethylolpropane tris(3-mercaptopropionate) 
(t3M) with the following main characteristics: 
≥95.0 %, T? = 220 °C/0.3 mm. Hg, n20D = 1.518, M = 
= 398,56 g/mole, ρ = 1.16 g/ml at 25 °C.

Tin 2-ethylhexanoate (II) (tin octoate, tin salt 
of 2-ethylhexanoic acid, tin (II) 2-ethyhexanoate, 
sn(Oct)2) with the following main characteristics: 
92.5–100.0 %, n20D = 1.493, M = 405.12 g/mole, ρ = 
= 1.251 g/ml at 25 °C.

Oxidized graphene (Og). nanoparticles of oxi-
dized graphene consisted of blocks of 15‒20 weakly 
bonded graphene layers with the following main char-
acteristics: 4–10 % of oxidized edges (epoxy, carbon-
yl, hydroxyl, phenol groups) ρ = 1.8 g/cm3. Detailed 
Og structure is still not understood, because of irreg-
ular application of the layers. 

Transparent polymer films (polyDGEBA/T3M)) 
were obtained by thermal solidification of DGEBA 

and t3M at equal molar ratio of thiol and epoxy groups 
in the presence of 5.0 wt.% sn(Oct)2. Composite films 
(poly(DgeBa/t3M)/Og) were obtained with Og ad-
dition to the produced mixture with filling concentra-
tion of 1.0 wt.% [12]. Mixture preparation was con-
ducted in BaKu BK-2000 ultrasonic bath at 44 hz 
frequency and 50 °C for 30 min. Mixture polymer-
ization was performed under the conditions of step-
like isothermal heating: 120, 150 °C/2 h. Thickness of 
the produced poly(DgeBa/t3M) and poly(DgeBa/
t3M)/OG films was equal to 0.5 mm.

testing for static uniaxial tension was conducted 
in keeping with IsO 527 standard in upgraded ten-
sile testing machine 2054 R-5 fitted with 500N strain 
gauge. The samples were first cut out in the form 
of 60 mm long and 25 mm wide strips. samples of 
film materials and welded joints were tested with the 
rate of 2 mm/min and temperature control (25 °C). 
young’s modulus E for each sample was calculated as 
the slope of σ‒ε deformation curve between 0.25 and 
0.5 % ε deformation. Elongation at rupture was de-
termined as strain value at stress lowering to 10 % of 
the maximum strength value. stresses at destruction 
for base material and samples of overlap joints were 
determined by the following formula:

Figure 1. Schematic illustration of producing the welded joints and images of the respective 3D structures: composite film in the center 
(a), in the middle (b), diagonally (c) and crosswise (d)
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where σbr are the breaking stresses, Mpa; Pbr are the 
breaking loads, n; Sc is the cross-sectional area in the 
fracture site, mm2.

Morphological features of welded joint sections 
were studied using Versamet-2 microscope in the 
transmission mode in keeping with Dstu en12814-
5:2018. recording of the obtained results was per-
formed using a digital photocamera, with which the 
microscope is fitted.

features of structural organization of poly(Dge-
Ba/t3M) and poly(DgeBa/t3M)/OG films, as well 
as welded joints on their base were studied by the 
method of wide-angle radiography in XrD-7000 dif-
fractometer (shimadzu, Japan), where the X-ray op-
tical scheme is made by the Debye-scherrer method 
for passage of the primary beam through the studied 
sample, using cuKα-radiation (λ = 1.54 А) and graph-
ite monochromator. Investigations were performed by 
the method of automatic step-by-step scanning in the 
mode of 30 kV for 30 ma in the range of scanning an-
gles (2θ) from 3.0 to 55° at exposure time of 5 s. Tem-
perature of conducting the investigations was equal 
to 20 ± 2 °C. Mean distance between the molecular 
layers in amorphous polymers (d) was determined in 
keeping with Wulff–Bragg equation:

 d = nλ(2 sin θm)–1, 
where n is the ordinal number of the diffraction max-
imum (equal to a unity in studies of all the polymer 
types, as the structure of macromolecular compounds 
is of a relaxation nature); λ is the wave length of the 
characteristic X-ray radiation (λ = 1.54 A for CuKα 
radiation), θm is the angular position of the diffraction 
maximum on scattering profile.

chemical structure of the welded joints was stud-
ied by fourier transmission infrared spectroscopy 
(ftIr), using tensor 37 spectrometer of Bruker com-
pany in the frequency range of 4000–600 cm‒1. for 
each spectrum 32 sequential scans with the resolution 
of 4 cm‒1 were averaged. Intensity of absorption band 
with the maximum at 1607 cm‒1, which corresponds 
to phenyl group oscillations, was used as the internal 
standard.

additional studies of the stressed-strained state 
of samples of base material (poly(DgeBa/t3M) and 
poly(DgeBa/t3M)/Og) and welded joints, were 
performed to assess the possible strains and stresses 
at sample heating. they were conducted using the 
ANSYS19.1 finite element analysis software. Model-
ling was performed at heating the samples from 40 
to 100 °C. Experimentally established values of the 

modulus of elasticity and coefficient of linear expan-
sion, obtained by the method of thermal mechanical 
analysis, were taken as the initial data for sss cal-
culation. sample model of 60×10×0.5 mm size was 
broken down into a simple hexagonal finite-element 
mesh with element size of 0.25 mm.

EXPERIMENTAL PART AND DISCUSSION
chemical overlap welding of (poly(DgeBa/t3M) 
and poly(DgeBa/t3M)/Og) was conducted by the 
thermomechanical method under the conditions of iso-
thermal heating at 150 °C and pressure of the limiting 
plate, coated by antiadhesive film in MTS651.06E-04 
environmental chamber (usa). effective welding 
mode was selected on the base of the change of weld-
ing process duration. two soaking scenarios were 
considered: 30 and 60 min. scheme of overlap welded 
joint formation is shown in figure 2, a. energy sup-
ply into the joint zone by thermal heating ensured for-
mation of 1.0 mm thick joint. primary control of the 
joint quality by visual examination showed absence 
of defects, namely change of colour, Og pressing 
outside, as well as traces of burns-through, pores and 
cavities (figure 2, b). It should be noted that no transi-
tion of (poly(DgeBa/t3M) and poly(DgeBa/t3M)/
Og) into the plastic state took place during welding 
that is confirmed by the stability of their dimensions 
and absence of deformations after the joint formation 
(figure 2, b).

a complex of tests and investigations was conduct-
ed for assessment of physico-mechanical properties 
of the produced (poly(DgeBa/t3M) and poly(Dge-
Ba/t3M)/OG) films, as well as their overlap welded 
joints. It was found that destruction of welded joints 
produced during 30 min, runs through the weld, at 

Figure 2. schematic image of material structure recovery in the 
weld zone during chemical welding (a): 1 — weld zone; 2 — 
transparent film; 3 — composite; b — appearance of the produced 
overlap welded joint
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8.1–9.5 Mpa (table). at the same time, at increase of 
welding duration to 60 min, welded joints fail through 
base material (poly(DgeBa/t3M), beyond the weld-
ed joint. It should be noted that in this case welded 
joint σfr is on the level of that of (poly(DgeBa/t3M) 
base material.

conducted studies of the macrostructure of exper-
imental welded joints revealed absence of any signs 
of the interphase (figure 3). thus, during chemical 
welding no formation of an independent continuous 
phase, which would differ by its properties from those 
of poly(DgeBa/t3M) and poly(DgeBa/t3M)/Og 
base materials, was observed.

analysis of wide-angle X-ray diffraction patterns 
(figure 4) showed that the welded joint is character-
ized only by short-range ordering during translation in 
space of fragments of internodal molecular links. this 
is evidenced by appearance on the diffraction pattern 
of one diffraction maximum of the diffuse type (amor-
phous halo) with 2θm angular position close to 18.8°. 
however, mean distance between the layers of inter-
nodal molecular links in the welded joint is equal to 
2.5 Å in keeping with Bragg’s equation. at the same 
time, compared to base material of optically transpar-
ent (figure 4, curve 2) and composite films (Figure 4, 
curve 3) no shifting of the diffraction maximum of 
diffuse type is recorded on the diffraction pattern of 
weld sample (figure 4, curve 1). It is indicative of 
the fact that the mean distance between the layers of 
molecular links does not change as a result of weld 
formation.

as was anticipated, 3441, 1735, 1607, 1509, 
1244, 1032, 825 cm‒1 absorption bands, typical for 
(poly(DgeBa/t3M) base material were recorded in 
ftIr-spectra of the weld zone (figure 5, curve 1). 
spectra of poly(DgeBa/t3M) (figure 5, curve 2) 
and poly(DgeBa/t3M)/Og (figure 5, curve 3) 
were used for comparison. It should be noted that 
absence of multiplet peaks in the frequency range of 
500–400 cm‒1 (characteristic for poly(DgeBa/t3M)/
Og) in the weld zone spectrum (figure 5, curve 1), 
confirms formation of the weld, which is identical to 
poly(DgeBa/t3M) by its chemical structure.

Strength of the produced films and their welded joints

sample
Welding mode

σfr, Mpa fracture
Т, °С t, min

poly(DgeBa/t3M) – 18.1‒19.9 –

poly(DgeBa/t3M)/Og – 20.1‒22.4 –

Welded joint 150
30 8.1‒9.5 Weld

60 12.1‒13.5 poly(DgeBa/t3M) base material

Figure 3. Optical photography of welded joint sections

Figure 4. Wide-angle r-ray diffraction patterns of the weld-
ed joint: weld zone (1); poly(DgeBa/t3M) (2); poly(DgeBa/
t3M)/Og (3)

Figure 5. typical ftIr spectra of the welded joint: weld zone (1); 
poly(DgeBa/t3M) (2); poly(DgeBa/t3M)/Og (3)
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figures 6, 7 give the results of calculations of stress-
es arising in samples of overlap welded joints at their 
heating from 40 up to 100 °C (calculation model I and 
model II). It is shown that stresses arising in model I 
(poly(DgeBa/t3M left part and poly(DgeBa/t3M)/
Og right part) are close to 1.95 Mpa and in calculation 
model II (poly(DgeBa/t3M left part), middle part with 
properties established for the weld zone, and poly(Dge-
Ba/t3M)/Og right part) they are equal to 2.36 Mpa, at 
the same distance from the fixing point.

CONCLUSIONS
chemical welding of different materials into one part 
is rational for fabrication of more complex and mul-
tifunctional structures. this work gives the results of 
studies on development of the technology of chemical 
welding of transparent polymer films based on epoxy 
resins (transparent film) and their composites, filled 
with 1.0 wt.% of oxidized graphene (black film). In-
vestigation showed that heating at 150 °C for 60 min 
is sufficient in general for formation of a sound weld-
ed joint. Visual examination of welds showed absence 
of the change of colour, pressing of oxidized graphene 
outside, or traces of burns-through, pores and cavities 
on the welded joint surface that ensures tightness and 
mechanical characteristics of the welded joint. Inves-
tigations of physico-mechanical properties of welded 
joints, produced at 60 min duration of welding showed 
that fracture occurs beyond the welded joint from the 
side of the transparent film material, and the strength 
limit is on the level of 12.1–13.5 Mpa, respectively. 
here, the overlap welded joint remains practically 
undamaged. Microstructural investigation of experi-
mental welded joints showed that the images of the 
produced weld surface do not reflect formation of in-
dependent continuous interphase. ftIr spectral stud-
ies enabled establishing a full correlation between the 
spectra of the weld zone and transparent polymer film. 
It is found that during weld formation the mean dis-

tance between the layers of molecular links does not 
change that is confirmed by the results of wide-angle 
roentgenography. finite element studies of the stress-
strain state at higher temperatures in simple welded 
polymer products, using the obtained coefficients of 
linear expansion showed that the stresses arising in 
calculation model I, are close to 1.95 Mpa, whereas in 
calculation model II they are equal to 2.36 Mpa at the 
same distance from the fixing point.

Investigations were performed under the project of 
the Research Laboratories of Young Scientists of the 
NAS of Ukraine No. 11/01-2021(2) for conducting in-
vestigations in the priority directions of development 
of science and technology in 2020-2021 (Program 
No. 6541230).
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