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Abstract. The article presents the results of the study of the influence of technological factors of 3D printing on the
strength of standard details made of glass-filled polymer composite. A matrix of a three-factor experiment was compiled,
where the temperature parameters of the extruder head, layer thickness and occupancy were taken as the factors of variation.
Regression analysis of the experimental results was carried out, response surfaces were constructed. According to the results of
mathematical processing, it was revealed that the factor— layer thickness - has the strongest effect on the strength of printed
products. The maximum value of the tensile strength of the composite sample was in the sample printed with the parameters:
the temperature of the extruder head is 2700, the layer thickness is 0.3 and the occupancy rate is 100%, the strength limit value

reached 81 MPa.

Keywords: 3D printing, additive technologies, composite materials, strength, polymer and technological factors.

1. Introduction

Due to the ability to easily adapt to any task and launch
complex geometry products into production as quickly as
possible at minimal cost, 3D printing is actively being intro-
duced into various industries and is the focus of research
attention around the world.

The increasing share of global consumption of compo-
sites in a wide variety of industries also causes an urgent
need to involve composite materials, in particular glass fiber
reinforced, in additive technologies. It is well known that the
formation of the properties of polymer products is influenced
not only by the structure of the material, but also by the
method of processing. The experimental data accumulated to
date on the use of polymer materials in additive technologies
show that the properties of products obtained by 3D printing
are significantly inferior to the properties of injection mold-
ing products, despite the fact that, unlike traditional pro-
cessing methods, 3D technologies allow you to adjust a large
number of printing parameters that can have a significant
impact on the physical and mechanical properties of the
printed object [1-3].

One of the factors significantly affecting the quality of
parts produced by additive technology are residual stresses.

Despite the significant development of technologies and
modeling, residual stresses are still poorly studied and diffi-
cult to determine, especially for anisotropic materials. This
article will consider the influence of technological factors on
the mechanical properties of products made by 3D printing
technology [4-6].

2. Materials and methods
The TOTAL GF 10% composite material based on a pol-
ymer matrix was also selected as the second object of the
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study. Discrete glass fiber manufactured by ESUN with a
length of 3 mm was used as inclusions (Figure 1).
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Figure 1. Pictute of granules of TOTAL GF 10% composite
material

To study the effect of printing modes on the properties of
formed products made of filled polymer, composite polymer
was used, previously obtained by mixing in the melt of the
company «ESUN» with glass fiber, the content of glass fi-
bers in the matrix was 10%. The material characteristics are
given in Table 1.

Composite samples were printed on a PioCreat G5 3D
printer (Figure 2) FGF printing technology. The FGF method
as a new stage of development in polymer extrusion, the
principle of operation of the FGF printing method. The prin-
ciple of movement of the extruder in an FGF 3D printer is
the same as in a traditional FFF printer, however, composite
granules are the consumable material instead of a filament.
Additional components, such as a hopper and a screw ex-
truder, are used for processing pellets. The screw in the ex-
truder moves the pellets from the inlet of the feed system to
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the nozzle opening. Immediately before extrusion through
the nozzle, the molten composite is subjected to high pres-
sure due to the motor that rotates the auger.

Table 1. Physical and mechanical characteristics of TOTAL
GF 10% for FDM printing from the company «ESUN»

Indicator TOTAL GF 10%
Sharpie Impact strength 11.5 kJ/m?
Tensile strength along layers 75.4 MPa
Modulus of elasticity in tension along the layers = 2.9 GPa
Flexural strength 98.2 MPa
Flexural modulus of elasticity 3.2 GPa
Maximum bending load 210N
Tensile strength across layers 72.2 MPa
Modulus of elasticity in tension across layers 2.9 GPa
Maximum tensile load 4030 H
Compressive strength 80 MPa
Compressive modulus of elasticity 3.1 GPa
Maximum compression load 9800 N
Elongation coefficient 30%

Figure 2. PioCreat G5 Printer

For the research, samples were made (Figure 3) for
testing with the dimensions given in Table 2 in accordance
with GOST 11262-2017 (ISO 527-2:2012) 3D models were
prepared in the COMPASS software.
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Figure 3. a) Sample type 1 GOST 11262— 2017 (I1SO 527-
2:2012); b) The GOST bar modeled in the COMPASS software

Table 2. Dimensions of Type 1 test samples

Dimensions 3 type (mm)
I; Total length | 250
b, Head width | 25

h Thickness 2

To study the effect of printing parameters on the mechan-
ical properties of finished products, a matrix of a three-factor
experiment was prepared. The research was carried out on
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various printed objects, varying the technological parameters
one by one.

The following factors were taken as variable: the temper-
ature of the extruder head, the percentage of filling and the
thickness of the layer. Tables 3, 4 present the experiment
planning matrix.

Here, the following factors were also taken as variable:
the temperature of the extruder head, the percentage of filling
and the thickness of the layer. Table 3, 4 shows the experi-
ment planning matrix.

Table 3. Parameters of the experiment of layer-by-layer appli-
cation of the TOTAL GF 10%

Parameters Max = Min
Temperature, °C 290 | 270
Layer thickness, mm | 0.3 0.1
Density filling, % 100 30

Table 4. Parameters of the 3 - factor experiment

Ne | Temperature, Layer thick- Density Xl X2 X3
’Cc ness, mm filling, %
1 + + + 290 0.3 100
2 - + + 270 | 0.3 | 100
3 + - + 290 0.1 100
4 - - + 270 | 0.1 | 100
5 + + - 290 03 30
6 - + - 270 03 30
7 + - - 290 01 30
8 - - - 270 0.1 30

When printing the TOTAL GF composite from 20% and
30% glass fiber fillings, the PioCreat G5 3D printer encoun-
tered difficulties and the printed samples were of very poor
quality. Scientific facts explaining these phenomena are
given in [7-9], the authors justify the defects of the printing
process by the fact that the increase in solid inclusions and
the decrease in binder leads to low adhesion of the matrix
with the filler (Figure 4).

a) TOTAL GF 20% 6) TOTAL GF 30%

Figure 4. Printed samples from a TOTAL GF a grade
composite pellet a) 20% and b) 30%
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Samples from the TOTAL GF 10% material had a
satisfactory appearance on visual inspection, without any
defects. Figure 5 shows 8 samples printed on this printer
from TOTAL GF 10% composite material.

The eighth sample, when removed from the substrate, had
a large warping, which indicates high residual stresses, and
this assumption will have to be verified by conducting
further experiments.
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Tensile and bending tests of polymer
materials.

The tests were carried out at a temperature of 230, at a
speed of 20 mm /s on a WDW-50E breaking machine. Figure
6 shows photographs from the experiment.

composite

Figure 5. Printed 8 samples from a TOTAL GF 10%
composite pellet

Figure 6. Formation of the neck at break

During the tests, it was noticed that the rupture occurs in
all samples closer to the clamping devices, which indicates
the heterogeneity and anisotropy of the structure of the
printed details.

3. Results and discussion

Tensile strength along the layers (tear) composite materi-
al TOTAL GF 10%.

Graphs of the stress-strain relationship at break are shown
in Figure 7. Photos of torn samples before and after are
shown in Figure 7.

Dimensions of the sample: width — 25 mm, thickness —
2 mm, length — 250 mm and working length at break — 75
mm. The speed is 2.00 mm/min. The material is TOTAL
GF 10%.
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Figure 7. The dependence of the load on displacement for
samples from TOTAL GF 10% at break (the first red stripe is
sample No. 1, the first green stripe is sample No. 2, the first blue
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stripe is sample No. 3, the pink stripe is sa ple No. 4, the blue
stripe is sample No. 5, the second red stripe is sample No. 6, the
second green stripe is sample No. 7, the second blue stripe is
sample No

Figure 8. a) samples after 3D printing b) samples after
stretching along the layers (break)

The data on the results of the experiment are summarized
in Table 5.

Table 5. Breaking stress along TOTAL GF 10% layers

Neo Combination of factors Breaking
samples = Temperature, Layer thick- Density stress, MPa
°’Cc ness, mm filling, %
1 290 03 100 96.3
2 270 0.3 100 101.8
3 290 01 100 925
4 270 0.1 100 98.2
5 290 03 30 91.6
6 270 03 30 93.6
7 290 0.1 30 77.5
8 270 0.1 30 78.7

The table shows that the sixth, fifth, fourth and second
samples have high indicators. In the second and fourth
samples, the filling density is 100%, and the layer thickness
is 0.3 and 0.1 mm, respectively. At this moment, the fifth
and sixth have a filling density of 30%, and a layer thick-
ness of 0.3 mm. The first and third samples show the aver-
age voltage values at a filling density of 100%. Here, the
lowest values are in the seventh and eighth samples of 77.5
and 78.7 MPa, respectively. These samples have a layer
thickness of 0.1 mm. According to the values, it can be
concluded that the thickness of the layer matters most when
it breaks.

According to the data obtained, Table 6 was compiled.
Planning matrices for processing the results of TOTAL GF
10%.

The mathematical processing of the regression analysis
experiment was carried out in the following order:

1) variables are encoded,;

2) planning matrices are completed in coded variables
considering paired interactions and supplemented with a
column of average response values;

3) the coefficients of the regression equation are calculat-
ed;

4) the calculated coefficients are checked for signifi-
cance, previously determining the variance of reproducibil-
ity, and the regression equation in the encoded variables is
obtained;

5) the obtained equation is checked for adequacy;

6) interpretation of the received model is carried out;

7) the regression equation in natural variables is written
out.
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Table 6. Experiment matrices for processing the results of
TOTAL GF 10%

Ne  Temperature, | Layer Density | X1 X2 X3 'Y Y
°C thickness, | filling, Breaking Module,
mm % stress, MPa
MPa
1 + + + 290 0.3 100 763 2190
2 - + + 270 0.3 100 818 2260
3 + - + 290 0.1 100 725 2194
4 - + 270 0.1 100 832 2180
5 + + - 290 0.3 30 81.6 2214
6 - + - 270 0.3 30 83.6 2293
7 + - - 290 0.1 30 775 2033
8 - 270 0.1 30 78.7 2055

After determining the coefficients and checking the re-
sulting equation for adequacy according to the Fisher criteri-
on. The interpretation of the resulting model was carried out,
equation 1:

The TOTAL GF break is 10%. Regression equation:

y= bo + b1X1 +b2X2 + b3X3 + bllexz + b13X1X3 +b23X2X3 + b123X1X2X3 ! (1)

The values of the regression coefficients are summarized
in Table 7.

Table 7. Values of regression coefficients

bo by b, bs b1, b1s D23 D123
76.900 -2.425 3.925 1.550 3.550 -2.625 -3.325 0.750

According to Equation 1, the response surface of the ten-
sile strength function of the samples from technological
factors was constructed (Figure 9).

Figure 9. The surface of the response of the operating tension
under tension

According to equation (1), it is obvious that the factor x2 —
the thickness of the layer - has the strongest influence, since it
has the largest coefficient in absolute value. After it, according
to the strength of the influence on the response (stress at
break), there are: the double interaction of two factors x1x2 - a
combination of factors of layer thickness and temperature of
the extruder head; factor x1 — the temperature of the extruder
head. Since the coefficients at x2 and x3 are positive, the re-
sponse increases with an increase in these factors, i.e. the ten-
sile strength increases. The coefficients at x1, x1x3 are nega-
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tive, which means that with a decrease in the factor x1 and the
listed interactions, the response value will increase, and with
an increase it will decrease.

4. Conclusions

To identify the influence of the technological parameters of
3D printing, such as layer thickness, fillability and temperature
of the extruder head, a three-factor experiment was conducted,
the processing of the experiment showed the influence of
technological factors filling density, temperature and layer
thickness on the mechanical characteristics of the glass-filled
composite material. According to the derived regression equa-
tions and the constructed response surfaces, it can be seen that
the factor— the thickness of the layer - has the strongest influ-
ence, since it has the largest coefficient in absolute value. The
maximum value of the tensile strength of the composite sam-
ple was in the sample printed at the parameter of the extruder
head 2700, the layer thickness is 0.3 and the occupancy rate is
100%, the value of the tensile strength reached 81 MPa.
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3D Gachin MILIFAPYABIH TEXHOJIOTHAJIBIK (DAKTOPJIAPBIHBIH IIBIHBI
TOJTHIPBUIFAH MOJIUMEPJIi KOMIIO3UTTEH KACAJIFAH CTAHAAPTThI
OyiibIMIapabIH OepikTirine dcepi

F. O6ineszosa”, M. Ucamerosa, P. Kaprekos
Satbayev University, Arvameor, Kazaxcman
*Koppecnonoenyus ywin aemop: abilezova_gazel@mail.ru

Anpatna. Makanaga 3D Gachklll mIbIFapyIblH TEXHOJOTHSUIBIK (DaKTOPNAPBIHBIH IIBIHBI TONTHIPBUFAH ITOJUMEPIIi
KOMITO3UTTEH JKacalfaH CTaHIapTThl OHIMJIEPHAiH OepiKTIriHe ocepiH 3epTTey HOTHXKENepl KenTipiareH. YII (akTOpIbl
9KCIIEPUMEHTTIH MaTPUIACHI KacaJl/ibl, OHJIa SKCTPYyJep OachbIHBIH TEMIIEpaTypa mapaMeTpiiepi, KaOaTThIH KaJIbIHIBIFEI )KOHE
TOJITBIPBUTYBI ©3repMei (akTopiap peTiHAe KaObUIIaHAbl. DKCIIEPUMEHT HOTHXKEJIEpIHE PErpecCHsUIbIK TallAay >KYpri3iimi,
Kayar OeTTepi canblHAbl. MaTeMaTHKaJbIK OHACY HOTHKeJepl OOWbIHIIA Oachll IIbIFAphUIFaH OHIMAEP/IH OepikTiriHe acep
eTeTiH (akTop — KabaTThIH KaJbIHIBIFBI aHBIKTAIIABI. KOMIO3UTTIK YITiHI KBIPTY Ke3iHIeri Makcumaiibl OepiKTiK MoHi
napaMmeTpiepJe OachUIFaH yJrize Oonabl: 3KkcTpynep OachiHbIH Temreparypachkl 2700, xabGarteiy KanbiHABIFBL 0.3 sxoHe
TonTeIpbLTybl 100%, GepikTik meri moni 81 MIla-fa sxeTTi.

Hezizei ce30ep: 3D Oacvin wwieapy, adoumusmi MexHOIO2UANAD, KOMHOSUYUALLIK Mamepuanoap, Oepikmik, noaumep
JICOHE MEXHONOUANLIK PaKmopaap.

3D neyaTu HA NPOYHOCTH CTAHAAPTHBIX U3eJTUH U3
CTEKJIOHAMOJHEHHOT0 MOJIMMEPHOr0 KOMIIO3UTA

F. O6ineszosa”, M. Hcamerosa, P. Kaprekos
Satbayev University, Arvamoi, Kazaxcman
*Aemop onsn koppecnonoenyuu: abilezova_gazel@mail.ru

AHHOTanusi. B cTaThe npe/cTaBieHbl pe3yabTaThl 10 HCCIIEOBAHUIO BIUSHUS TEXHOIOTHUECKHX (akropoB 3D nevyaru Ha
MPOYHOCTh CTAHIAPTHBIX M3JENUH, U3 CTEKJIOHAOIHEHHOTO MOJIMMEPHOro KoMmo3uTa. beuia cocTaBineHa marpuia tpexdakx-
TOPHOTO IKCIIEPUMEHTA, Te 3a (haKTOphl BaApbHPOBAHMS MPUHUMAIKCH MaPAMETPhl TEMIIEPATYPhl 3KCTPYICPHON TOJOBKH,
TOJIIIIMHA CJIOS U 3aIOJIHAEMOCTh. BbUT MPOBE/ICH PErPECCHOHHBIN aHAIHN3 PE3yIbTATOB IKCIIEPUMEHTA, TIOCTPOCHBI TOBEPXHO-
ctu oTKinKa. 1o pe3yibTaraM MaTeMaTHuecKoil 00pabOTKH BBISIBIEHO YTO HaHOOJee CHUIIbHOE HAa MPOYHOCTH HAIEYATAHHBIX
I/ISI[CHI/Iﬁ U3 BJIHUAHHEC OKA3bIBACT (I)aKTOp* TOJIIIIMHA CJI0s. MaxkcumalibHOE 3Ha4YEHUE MPOYHOCTH IMPU pa3pbIBE KOMIIO3UTHOT'O
obpasna ObuT0 B 00pasiie, HaeyaTaHHOM NP MapaMeTpax: TemrepaTypa dKcTpyaepHoi rosoBku 2700, Tommuna cinost 0.3 u
3anonHseMocTh 100%, 3HaueHue mpeaena npoyHocTH gocturio 81 Mlla.

Kniouesvie cnosa: 3D-neuams, adoumusnvie mexHono2uu, KOMRO3UMHble MaAmepuaibl, RPOYHOCHb, NOIUMED U MEXHONO0-
2uyeckue haxkmopul.
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