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ABSTRACT

Oleksyshen V.O. Improvement of equipment for producing polymer products by
spatial printing. Qualifying scientific work on theights of the manuscript.

A thesis for obtaining a scientific degree of a Ph.D on specialty fiBflustrial
Machinery Engineering 1 National TechnicalUniversity of Ukrainef | gStkarsky
Kyiv Polytechnid n s t ,iKyiw 20200

The dissertation is deted to the study of the spatial printing process, namely,
the impact of the main technological parameters on the value of interlayer adhesio
and local deformation of the applied thermoplastic polymer material during the cooling
process, as well as theudy of the dynamics of movement of the executive parts of
FDM 3D printers, depending on the type of design scheme.

An analytical review of the current state of research on spatial printing
technology is carried out. The main modern technologies of addiavelfacturing are
considered, the designs of 3D printing equipment with thermoplastic polymeric
materials are systematized depending on the kinematic scheme of movement of tr
executive bodies, the types of designs of printheads based on patent selaches :
considered, studies of the physical and mechanical characteristics of printed produc
are analyzed depending on the main parameters of 3D printing and the geometry of tf
layers.

The review showed that the industry of modern additive equipment for the
production of polymer products is developing extremely rapidly, however, approaches
to the design of new types of equipment do not take into account the properties o
consumables. The main design task for engineers is to optimize and modernize existir
structures. Also insufficiently studied is the issue of the process of forming finished
products. The conducted studies of the mechanical properties of samples do not provic
accurate data on the magnitude and nature of interlayer adhesion, which is tbé basis
additive technologies. Even in the studies, static uniaxial tensile tests were carried ot
in the transverse direction of the application of the layers, a contour wall was presen
and this, in turn, is incorrect for establishing the value of interlagibesion.
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It should be noted that the question of the behavior of the melt of thermoplastic
material after it leaves the print head, and the very process of its cooling and interactio
with the previously applied material, has practically not been studieseparate
applied topic, also poorly studied, is the issue of the dynamics of motion of the
executive bodies and the performance of equipment, depending on the design schen

To simulate the cooling process, a tdionensional mathematical model of
unseady thermal conductivity and a model of the flow of a-Nawtonian non
isothermal fluid are used. To simulate the deformation of the polymer layer under its
own weight with simultaneous cooling after deposition on the previous layer, a relatec
thermomechnical problem was solved taking into account the pdawrdependence
of the polymer viscosity on the strain rate and the Arrhenius law of the temperature
dependence of viscosity.

The results obtained showed that, under conditions of intensive bloweg, th
polymer in less than 1 s has time to cool to a temperature below the pour point withou
noticeable deformations. However, to prevent warping and delamination of products
the temperature should not go beyond certain limits, which indicates that a certair
minimum period of time must be established before applying the next layer, it is
different for different polymers and layer sizes. This imposes restrictions on the
allowable speed of the 3D printer.

Modeling allows to obtain data on the degree of fillihg crosssection of
products, establish the causes of defects and select the optimal thickness, temperatt
and printing speed.

To simulate the process of stretching printed samples in the transverse to th
direction of application of layers, a discretathematical model was applied using a
limiting element based on the penalty method to predict the delamination of deposite
polymer layers.

The results obtained showed that delamination occurs starting from the edges c

the contact surface of the layersaing to the brittle fracture scheme.
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The presented model and method of numerical simulation make it possible tc
predict the strength of printed polymer products in the direction across the layers base
on experimental data of tensile tests of printadsas.

Corresponding experimental studies of printed samples for rupture were carriec
out depending on the geometry and technological parameters of 3D printing, such a
temperature and printing speed, as well as the height and length of the applied layer.

The methodology for carrying out the relevant studies has been improved and al
experimental setup has been created for their carrying out, including mechanical an
electronic parts, and software for data processing has been created. The creat
installation and the corresponding methods are used in the educational process whe
performing laboratory work, coursework and diploma design at the Department of
Chemical, Polymer and Silicate Engineering of the National Technical University of
Ukraine "Igor Sikorsit Kyiv Polytechnic Institute".

A group of experimental tensile studies of samples allowed to establish a numbe
of dependences of the value of interlayer adhesion on the temperature and speed of t
print head, as well as the thickness of the applied.layer

1. It was revealed that there is an optimal temperature range
(tie= 2 1 0 .C), at wiich thédvalue of interlayer adhesion reaches its maximum
values. At lower temperatures, surfacing is rather weak, and attdngberatures,
polymer recrystallization occurs, which negatively affects the interaction between the
layers.

2. It was found that at low speeds of movement of the print head
Vot O 2 0 ) thenvalsie of interlayer interaction slightly lower than at optimal
(Mprint = 30...40 mm/s), due to local overheating of the thermoplastic polymer; at
printing speed¥,inn O 5 0 , timenappdied layer gradually breaks off and the quality
of the samples gradually decreases. Obviouslypthe speed primarily affects the
time between the application of two adjacent layers, therefore the highest strength c
the samples corresponds to the case when the next layer is applied on a gstaiietry

but still very hot layer of thermoplastic polgmmaterial.
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3. The size of the interlayer interaction is practically unchanged for samples with
a layer thickness @fuyerO M ho-3e With increasing thickness, the strength decreases
and at critical valueSyer> 1/2 dnozz19 3D printing becomesnpossible. So from the
point of view of the productivity of layer thicknessggyer = 0,05 ... 0,1dnozzesare
irrational and do not affect the strength of the products.

Also, a regularity was found for the appearance of defective samples, the
strengthof which was lower by 30 80% of the strength of other samples of the
corresponding group. With an increase in the esestional value by 50%, the number
of such samples gradually decreased. This is due to a number of factors, namel
underdextrusion afhe polymer raw material at the beginning of the construction of a
new layer, deformation of the layer cressction during cooling, air entrapment by the
applied polymer thread, as well as vibrations of the working platform and the print
head, form microavities at the boundary of two layers. With an increase in the-cross
sectional area, the specific volume and the probability of the appearance of critica
defects decrease, and, consequently, the strength and quality characteristics of t
samples increas

A group of experiments to study the dynamics of motion of the executive bodies,
primarily the print head of a 3D printer, depending on the type of design, made it
possible to study the process of applying a thermoplastic polymer consumable, obtai
dataon the actual speed of movement at each point of the layer, and identify places ¢
stopping and acceleration. It was found that the print speed is always slightly slowe
than the one specified in the executive program and is different depending on th
patern of movement of the print head. It was also found that with an increase in
printing speed, the difference between the actual and theoretical printing times
gradually decreases and the relationship between them is described by a power la\
and for all types of designs.

A methodology was proposed for assessing the accuracy of manufacturing thin
walled largesized molds based on finding the deviation field between 3D polygonal
scanning of an object and the basic sstake form, and the relationship betweke
deviation of the shape and the intensity of cooling was established. The study showe
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the optimal valueof the cooling modes. At sufficiently weak values, excessive
deformation of the cross section of the applied material occurs, and at critiicgdly
values, the polymer shows high shrinkage, which also negatively affects the
manufacturing accuracy.

The scientific novelty of the research lies in a comprehensive study of the
formation process of polymer products created by the 3D printing metaiog|y, the
size, geometry, nature of interlayer adhesion and deformation of the hot layer of ¢
thermoplastic polymer material; methods have been created to develop and improv
the process and equipment of FDM printing in the direction of increasing thaepigo
of the characteristics of the final product.

The scientific and technical results of the dissertation work were introduced into
the educational process of the Department of Chemical, Polymer and Silicate
Engineering of the National Technical Univéysof Ukraine "lgor Sikorsky Kyiv
Polytechnic Institute”, as well as in LLC "Tukan ENGINEERING UKRAINE" (Kiev,
Kiev region), which is confirmed by the acts of implementation.

Keywords: 3D printing, 3D printer, FDM, additive technology, interlayer

adhesionpolymer, printing temperature, printing speed.
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Fringe: Default, A1 Static Subcase. Displacements, Translational, Magnitude. (NON-LAYERED)
1.3-008
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1.0-008
9.4-007)
8.4-007)
7.5-007)
= 6-007)
6-007]
4.7-007)
3.8-007)
2.8-007)
1.9-007)
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9.4-008
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Fringe: Defautt, A1:Static Subcase, Stress Tensor, , Tresca, Maximum.2 of 2 layers
31.76

3162
31.48——
3134
3120

31.070

\ o
ézg 83 30 79I
’ 30,66

3082

30.38

30.24

30.10)

29.97

2983

default_Fringe
Max 3189 @Nd 1663
Min 29.83 @Nd 3791
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C: Copy of tensile
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
09.03.2021 14:59

107,64 Max
96,412

6,5526 Min

0,000 1,000 2,000 (mm)
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B: shear
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
09.03.2021 15:12

517,73 Max
460,41

0,000 0,500 1,000 (mm)
[E— ]

0,250 0,750
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a, { b, C d3d3 A g d3d3/ P, 1 | Umax I
6 23,44 4,688
7 54,76 10,952
8 121,44 24,288
9 149,93 29,986
10 153,91 30,782
11 132,92 26,584
12 145,48 29,096
13 0,2 190 30 155,6 31,12
14 4552 9,104
15 138,73 27,746
16 135 27
17 144,46 28,892
18 78,34 15,668
19 93 18,6
20 149,37 29,874
1 91,32 18,264
2 163,67 32,734
3 157,55 31,51
4 158,1 31,62
5 90,36 18,072
6 102,12 20,424
7 112,37 22,474
8 149,39 29,878
9 104,54 20,908
10 151,38 30,276
11 0.2 200 30 164,12 32,824
12 72,7 14,54
13 53,35 10,67
14 157,91 31,582
15 155,78 31,156
16 142,38 28,476
17 62,38 12,476
18 164,77 32,954
19 152,39 30,478
20 153,81 30,762
1 155,3 31,06
2 169,35 33,87
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1 88,35 17,67
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3 175,44 35,088
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6 165,35 33,07
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8 198,12 39,624
9 187,68 37,536
10 180,16 36,032
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12 184,25 36,85
13 166,64 33,328
14 167,44 33,488
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16 189,28 37,856
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7 166,77 33,354
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17 158,74 31,748
18 161,12 32,224
19 159,81 31,962
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3 151,89 30,378
4 140,65 28,13
5 56,3 11,26
6 139,19 27,838
7 134,85 26,97
8 135,65 27,13
9 141,35 28,27
10 21,8 4,36
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12 135,71 27,142
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14 73,28 14,656
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16 145,36 29,072
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6 109,54 21,908
7 104,17 20,834
8 51,64 10,328
9 112,54 22,508
10 21,8 4,36
11 41,2 8,24
12 47,27 9,454
13 1 5 0,2 230 30 108,54 21,708
14 113,81 22,762
15 112,21 22,442
16 112,55 22,51
17 38,71 7,742
18 11,2 2,24
19 110,81 22,162
20 108,72 21,744
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1 350,31 35,031
2 343,21 34,321
3 347,72 34,772
4 351,56 35,156
5 312,43 31,243
6 330,57 33,057
7 112,92 11,292
8 1 10 0.2 220 30 341,53 34,153
9 372,64 37,264
10 357,68 35,768
11 117,58 11,758
12 143,23 14,323
13 345,64 34,564
14 344,33 34,433
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a,d30§ b, q d3d3 AH d3d3/ P, 1 Umax;_-[ 1 C
15 366,72 36,672
16 355,16 35,516
17 348,62 34,862
18 1 10 0.2 220 30 117,93 11,793
19 339,27 33,927
20 340,55 34,055
1 540,11 | 36,00733
2 545,25 36,35
3 548,73 36,582
4 533,01 35,534
5 540,15 36,01
6 578,53 | 38,56867
7 599,92 | 39,99467
8 301,24 | 20,08267
9 544,21 | 36,28067
10 563,57 | 37,57133
11 1,5 10 0,2 220 30 565.65 37.71
12 542,48 | 36,16533
13 332,57 | 22,17133
14 551,32 | 36,75467
15 554,74 | 36,98267
16 539,78 | 35,98533
17 528,85 | 35,25667
18 554,69 | 36,97933
19 531,28 | 35,41867
20 540,31 | 36,02067
1 706,34 35,317
2 496,72 24,836
3 720,84 36,042
4 729,35 | 36,4675
5 722,52 36,126
6 700,54 35,027
7 688,92 34,446
8 2 10 0.2 220 30 733,27 | 36,6635
9 729,86 36,493
10 700,29 | 35,0145
11 703,72 35,186
12 740,29 37,0145
13 729,47 36,4735
14 707,66 35,383
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1 totsH ts9 ) j dadzV

- ® owk| thewe| Vawhke o
a, dsd: b, (e d3d3 A g d3d3/ P, 1| Umax I
15 713,92 35,696
16 698,51 | 34,9255
17 690,74 34,537
18 2 10 0.2 220 30 554,64 27,732
19 701,97 | 35,0985
20 707,68 35,384
b. 4. [ sfydz' H Y § dzdaw HickzC tso Odzd - LtcOL

ZOY zOo dzj dzsc s h Otk

v OB dzd yWi JoL.Adz IsOIsd o dff tcsB 5o z9o Otelds L IsiMedz
o' Ldets® Istsoh ddesse M@elz " H 0,1 HB 0, 4

- ® otk| ewe| Viske o

a,zdj b, c BB Ay B/ P, 1| Umax f
700,29 | 35,0145
703,72 35,186
2 10 0,1 220 30 700,29 | 35,0145
729,47 | 36,4735
707,66 35,383
679,41 | 33,9705
684,26 34,213
2 10 0,15 220 30 693,29 | 34,6645
674,12 33,706
683,61 | 34,1805
728,39 | 36,4195
714,25 35,7125
2 10 0,2 220 30 761,05 | 38,0525
758,48 37,924
712,07 | 35,6035
654,92 32,746
648,33 | 32,4165
2 10 0,25 220 30 635,21 | 31,7605
637,81 | 31,8905
640,02 32,001
541,92 27,096
2 10 0,3 220 30 542,42 27,121
534,42 26,721
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] ctsH 59 ) J dzdzV

- ® otk heoe| Visme
a,dzdi b, C < P,
s s | Au | dsc/

2 10 0,3 220 30

1! Omax [

551,07 | 27,5535
538,82 | 26,941
290,04 | 14,502
280,56 14,028
2 10 0,35 220 30 283,25 | 14,1625
275,74 | 13,787
277,23 | 13,8615

g WNF O~

. 5. tmd Hyjdedz" LwcOLS &, HtlkzC o Odzd

v OB dzd ywi t¢j.L5zdz' IsOIsd odftotse sdlica(Odds ', L d
heodHSCtsMIsw A

- ® otk| ewe| Viske o

a,zdj b, c BB Ay B/ P, 1| Umax f
1 683,47 | 34,1735
2 665,00 33,25
3 680,72 34,036
4 433,57 | 21,6785
5 702,92 35,146
6 710,38 35,519
7 673,74 33,687
8 688,55 | 34,4275
9 510,32 25,516
10 698,68 34,934
11 2 10 0.2 220 40 502,44 25,122
12 670,5 33,525
13 685,72 34,286
14 705,22 35,261
15 692,48 34,624
16 690,54 34,527
17 680,49 | 34,0245
18 683,25 | 34,1625
19 688,57 | 34,4285
20 694,35 | 34,7175
1 610,34 30,517
2 2 10 0.2 220 50 591,45 | 29,5725




l csHtS9 ) j dadgy. E

- R okt thwwe| itk o

a, dsd: b, C d3d3 A g d3d3/ P, 1| Umax I
3 621,72 31,086
4 387,82 19,391
5 620,38 31,019
6 210,58 10,529
7 578,64 28,932
8 573,06 28,653
9 614,61 30,7305
10 184,67 9,2335
11 365,48 18,274
12 2 | 10 02 12201 50 eas o T 31.766
13 612,42 30,621
14 311,98 15,599
15 594 42 29,721
16 605,27 30,2635
17 633,38 31,669
18 621,26 31,063
19 585,55 29,2775
20 263,48 13,174
1 410,23 20,5115
2 452 .37 22,6185
3 437,75 21,8875
4 173,55 8,6775
5 132,07 6,6035
6 421,73 21,0865
7 436,95 21,8475
8 154,23 7,7115
9 414 84 20,742
10 442 .59 22,1295
11 2 10 0,2 220 60 56.48 2824
12 428,35 21,4175
13 424 48 21,224
14 421,95 21,0975
15 134,23 6,7115
16 408,45 20,4225
17 412,28 20,614
18 102,95 5,1475
19 418,22 20,911
20 441.26 22,063
1 610,34 30,517
2 2 10 0.2 220 0 591,45 29,5725
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1 totsH ts9 ) j dadzV

- ® otk| ewe| Viske o

a, dsd: b, C d3d3 A g d3d3/ P, 1| Umax I
3 188,53 | 9,4265
4 144,44 | 7,222
5 251,65 12,5825
6 223,75 11,1875
7 105,89 5,2945
8 137,44 6,872
9 108,06 5,403
10 210,27 10,5135
11 173,25 8,6625
12] % | 0| 02 | 220 70 5ol T 0.2605
13 192,35 9,6175
14 143,57 7,1785
15 175,32 8,766
16 184,68 9,234
17 188,78 9,439
18 190,36 9,518
19 191,26 9,563
20 201,68 10,084
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d. ptsfpdz’ H Y j dadaw

HiczC BazOdztf g e se ®B s C tf

v OB dzd yivi JjoL. Bdz' IsOIsd o dff tcsBtse zo Odg
' mdzv Isjted3" ydats’ sBtesB ¢

- R ok thebe lsewsd Isstkss o

a,&d b, B3 | Au| Au | GtsH Pr 1 U]
1 485,53 24,2765
2 476,85 23,8425
3 2 10 0,2 220 70 1 481,68 24.084
4 484,12 24,206
1 300,72 15,036
2 298,05 14,9025
3 2 10 0,2 220 80 1 305.84 15292
4 304,9 15,245
1 124,38 6,219
2 125,17 6,2585
3 2 10 0,2 220 90 1 127.63 6.3815
4 120,59 6,0295

Hickz
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Hick

- R okl ks | lsewnd Isses °
8, & b, BB | Au | Au | G BH Pr | Unae ]
1 102,5 5,125
2 99,47 4 9735
3 2 10 0,2 220 100 1 98,12 4.906
4 100,05 5,0025
1 117,24 5,862
2 121,78 6,089
3 2 10 0,2 220 70 2 115.88 5794
4 116,12 5,806
1 102,87 5,1435
2 101,65 5,0825
3 2 10 0,2 220 80 2 103,98 5199
4 104,12 5,206
1 93,54 4 677
2 94,68 4,734
3 2 10 0,2 220 90 2 92.15 4.6075
4 94,88 4744
1 90,95 4.5475
2 89,17 4.4585
3 2 10 0,2 220 100 2 88.78 4.439
4 91,05 4 5525
. 7. [ tMdz HY j dedg¥ HtclztS tfote Odigddej dzdgOL € * o
v OB dzd yvt joL. Zdz! sOIsd o dff tcsB O Zz9o Odz
' mMdzv ©sfttsdy dzj dzdz”
- R otk ewe| Tofesdd o
a, d:’)d: b, C d3d3 A u fr] P, 1 Umax ;[
1 101,35 5,362
2 476,85 5,467
3 2 10 0,2 220 600 481 68 5421
4 484,12 5,382
1 485,53 4,144
2 476,85 4,154
3 2 10 0,2 220 800 481 68 414
4 484,12 4,151




] ctsH 59 ) J dzdzV

- ® otk| e Tofeed,d °

a,d3di b, a ‘ P, u

sa s | Au | L |t

1 101,35 3,677
2 476,85 3,586
3 2 10 0,2 220 1000 481.68 359
4 484,12 3,621
1 485,53 3,548
2 476,85 3,628
3 2 10 0,2 220 1200 481.68 3.615
4 484,12 3,459

168



rdrovfs

tryuvf2vduvrR 1 [ & wrrdf wsRr

fowmbo friwdw

Ly L1 sR
1.1 1l dL dzOyd dedzvy 6 j sd3j Isted ydzd n
s OB dzdjy jL EZdz' IsOIsd o dd3 tcs 9 Odz
LtcOL €O
ad3d3 b d. aOK;IZ tH'tGIZSQt Sd3d3 a@ d-‘ m
) 1] A d3d3 A H‘ ] H ‘ ]
0-10 0,42 0,104
10-20 0,45 0,095
20-30 0,47 |0,1075
30-40 0,5 0,115
40-50 0,52 0,13
0.5 100 0.2 2 50-60 0,52 0,13
60-70 0,53 0,135
70-80 0,55 |0,1425
80-90 0,56 0,145
90-100 0,6 0,155
1.l tshdz" Hyjdadzg HddZ2OR € d tkzrkz

9

v OB dzd.ywti JiL 2dz? sOIsd o dd3 tc® 9 Odz
tc' Ldzdr H' dzv d2C Or HtlkZCEZ L t&8OL SO Hdzw
® ol ke Ne ontd Teks| Viteme
A b ¢ el A | SBB h w | dsds/
0] 5 0,083| 0,00
10 29 10,567| 20,69
20 27 1,017 22,22
0.5 100 0.2 220 30 24 1,417| 25,00
40 24 1,817| 25,00
50 24 2,217 25,00

f Ot O3] Is

tetsL f SH'

Hic€ Iz o C
‘"W C dzj B3OIs d ydztst te il 3O FDM 3 D

hodHC S
BB =~ OC



1 totsH ts9 ) j dadzV

a8, 0b de&®osytisr: S ¢ Ne ontg Tees| Vitke
BB | Ad sH. f | d&3d3/

60 24 | 2,617 25,00

70 24 | 3,017 25,00

80 24 | 3,417 25,00

0.5 100 0.2 220 90 24 | 3,817 25,00
99,9 27 | 4,267 22,22
100 5 4,350 0,00

110 20 14,683 30,00

120 17 14,967 35,29

130 17 |5,250] 35,29

0.5 100 0.2 220 140 17 |[5,533| 35,29
150 17 15,817 35,29

160 17 |6,100] 35,29

170 17 16,383| 35,29

180 17 |6,667| 35,29

0.5 100 0.2 220 190 17 |[6,950| 35,29
200 5 7,033| 0,00

OB ddAW [ jLEd OIS

odd3 tv 9 Odz

170

Codzsr@ dte’ L dzgd = H ' dzv dzg¢ Or HtclzC-BotL tcOL € O

® owh ke Ne ontd Ters | Viere

BB g Aw | OB sw| f | dsds/
0 4 0,067| 0,00

10 24 10,467| 25,00

20 22 10,833| 27,27

30 19 |1,150( 31,58

40 19 |1,467| 31,58

50 19 |[1,783| 31,58

60 19 |2,100( 31,58

0,5 100 0,2 220 70 19 (2,417 31,58
80 19 |2,733| 31,58

90 19 | 3,050 31,58

99,9 22 | 3,417\ 27,27

100 4 3,483 0,00

110 17 |3,767| 35,29

120 15 (4,017 40,00

130 15 |4,267| 40,00

hodHC

H oz



1 totsH ts9 ) j dadzV

® o] ke Ne ontd Tebs| Viteme
Wb ] A | SBE | m | dds/
0,5 100 0,2 220 140 15 |4,517( 40,00
150 15 |4,767| 40,00
160 15 |5,017( 40,00
170 15 |5,267| 40,00
180 15 |5,517( 40,00
190 15 |5,767| 40,00
200 4 5,833| 0,00
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13 [ fd Hyjddz" fetsHEZC Il dsdish @ edzf &
MmrJ d3d FO®KId&Bj tcO
v OB dzdj™ jiL Edz 5O odd3 t¥ o Odzg' ftesHES I
sdfkz PruBoaa 1 3 IsO H
1 BBOY j| Mg © % Tuocs LJ@‘lsHu;dozfisdzfr Pooel
H]lsOdz| @ i
> H-Bot | Prusa| H-Bot | Prusa| H-Bot | Prusa
20| 608 671 | 470 | 470 | 939 | 131 | 0124
30| 403 | 435 | 359 | 359 | 7,36 | 200 | 0192
1.39 40| 308 318 331 | 3,14 | 695 | 0262 | 0252
50| 247 253 261 | 237 | 536 | 9330 | 0320
20| 2010 | 2150 | 2421 | 651 | 16,98 | 9117 | 0.104
421 | 30| 1345 | 1424 | 1517 | 555 | 11,34 | 5177 | 0167
40| 985 | 1032 | 1083 | 455 | 9,05 | o45 | 0233
o 50| 807 836 873 | 347 | 756 | 9300 | 0289
] 20| 4023 | 4371 | 5112 | 7,96 | 2130 | 117 | 0094
30| 2712 | 2910 | 3247 | 680 | 1648 | o166 | 0.149
8,05 40| 1985 | 2105 | 2343 | 570 | 1528 | 229 | 0206
50| 1595 | 1673 | 1852 | 466 | 13,88 | gogg | 0261
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B :
1 BBtOY J| Mg é Ty ogs LJG)ISHtGd?Sd; P, ¢/ 1
HilbOd| ¢ | 8|
> H-Bot | Prusa| H-Bot [ Prusa| H-Bot | Prusa
20 |10053| 11268| 13585| 10,78 | 26,00 | 0,135| 0,112
30 | 6681 | 7212 | 8634 | 7,36 | 22,62 | 0,211 | 0,176
25,32 40 | 5017 | 5286 | 5921 | 5,09 | 15,27 | 0,287 | 0,257
50 | 4045 | 4231 | 4533 | 4,40 | 10,77 | 0,359 | 0,335
20 |19983| 23512| 28512| 15,01 | 29,91 | 0,101 | 0,083
39,52| 30 | 13401 | 14659 17737| 8,58 | 24,45| 0,162 | 0,134
40 | 10105| 10914 12615| 7,41 | 19,90 | 0,217 | 0,188
50 | 7985 | 8530 | 9627 | 6,39 | 17,06 | 0,278 | 0,246
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TOB « TYKAHA IHIKHHIPHHI ¥YKPATHA»

Koo €PIIOY 41071518
n'p UAZ13E08050000000026000554305

8 AT «Paiidpalizen Bark Ananss
MO SROEDS

Micoeanaxomacana: (4116, . Knis, ey, lllomymenka, 3
ven/hake: +380 (44) 520-57-67 ENGINEERING
email: info.uaf@iucans, acro, wWww, cana.aern

AKT
BNPOEATKEHHA PeIyILTATIE HAYKOBO-TEXHIHHX pospodok,
sukonanux acnipasrom kadeapn XTICM IX@ KT im. Lropsa Cikopeskore Ouexcnmenny B.O.
g KepiBHIITROM 1,7.H., npodgecopa kadeapn XTTCM IX® KT im, Iropa Cikopeskoro
Koaocora L€,

[lAM aET0M MOTESPIRVEMO, M0 PeIYILTATH HAYEORG-TEXHITHHX OIPOEDE IHACHEPHO-XIMITHOTO QaxyIsTeTy
Hauionanesoro rexuivHore yrineperrery Yepainn oKaipceeuil nonitexnivonfl imeteryT iveni Irops Cikopenkoros B
pAMEAN BHEOHAHHE gepaiiomeetnol Tesn No2027-n "KoHkypeHToCnpoMOskHa TEXHON0 A ophyEiHad EOHC TPy KRN
eHpoOIE 3 TPATHLITHIN T8 HAHOMOANIKOBREIX NOTIMEPHID ROMITDIHUIHHIN METCPLUTE", HOMED JCpRIEHOT precTpamy
011TUO00444, enposaskens na TOB “TYKAHA THXHHIPHHT VEPAIHA™ (saysoruil kepinmme - 1.T.H., npod.
Konocor OL.€., piomopiganeiuil BREoHARe DL ~ acm, Ouekcwmen B.O,).

Hayvwopwadn KIIL i, Irops Cikopeskoro Gyio pospoliieHe T4 nepeiano 10 pHkopactanng ma TOB “TYEKAHA
[HICHHIPHHD YEPATHA™ naykoso-Texriqanil NpOIysT ¥ BHIAAL METOLHKN SETOMETHIOEAHONO NpockTyELHEa Ta 3D-
MO I}E.l'lzl..illli.l.-n-.l.ﬂ 1A EHMOTORMCHHA MOnenci maa BEFO,:I,HHB:Mi‘IHED{ ,:'J,Dmiﬂ,?EEHb B AKOMY 3ACTOCHELHO t-}"lEI.CHllﬁ
MK A MPOCKTYRAHHA TA MOIETF BEHHA,

CTBOPEH] TPHBHMIPHL MOZENT KOHCTPVEMIA T4 BYI0B BOIROUIAFITL GBI To9Ae OOIpYHTYBaTH BRAGID iX
FeOMETPHIHNY Ta KOHCTPYVETHRHHY [ApaMerpin | vEHEHYTH 0JaraThox MOMEIOK, XAPRETEPHHX [PpH BHEODHCTAHEH
TRILIHLIAHHX IEOBHMIPHI KpeCIcHE.

E:."JID BCTAHORICHD, [0 RHEOPACTAHHA lal'l'pﬂl'[ﬂlll'lﬂﬂﬁn'l' MCETOOIHEH AETOMATHIOERHOTD MPOCETYRAHHA i
KOHCTPYETHERHX NpOnoiHiil  I0sBoiSe BOOCKOHATHTH DApaMeTpd Ta KOHCTPYRWN podovsx opradis, 3a AKHX
adeanedyeTLCA M ARHIIEHA AKICTE T3 TOYHICTE BRpOliE 12 VMOB JHECEEHES TRYA0CMHEOCT] IPOUEce IX pRpoOHHIITEL.

Omixyeaunii  exosoMidHRE  oeKT BT ENPOBLTMESHHA  TeXHIMHEX —OponosHUil 3 YIOCKOHAMEHHA
KOHCTPYETHEHOID ofpOpMISHHA O0NATHAREA 118 BATOTORTCHHA BCPOAMEAMITHIY Monene npu fiore cTeopedni #a TOR
STYEAHA IHHHHIPHHT YEPATHA™ cenanac 243 {InicTi copok TpH) THE. IPH. HA pik,

[lef a7 He € MiICTABCGIO [UTH Npen Spnesad qiHascoBRy BHMOT

UL A D L TeaucHED
24.08 2012




«3ATBEP/DKYIO»
[lepumii npopexrop HalioHaIbHOro TEXHIYHOIO
HiBepcuteTy Ykpainu « KHiBChKHi OMITEXHIYHUH

200 wjmeHi Irops Cikopcbkoroy,
Q(:\_ AARCTHT Y 27 .
S ém,g’ Ykpainu
N .
g 2
¥ 5
. 8
i Mq I0piit AKUMEHKO
&2 ERE T
COPLD 5/ 2020 p.
(‘,";’060 P0x g ’\"\\“D‘\\"b‘ﬁ
S84 WIS
AKT BIIPOBAJUKEHHS

pe3yJsTatiB aucepTaiiitnoi po6otu Biranis OJIEKCHUIIEHA
Ha TeMy «BaockonasieHHs 00/1aHAHHS AJISl OJePHKAHHS NOJiIMEePHAX BHPOOIB METOAOM
NPOCTOPOBOIO APYKY»,
10 Npe/CTaBIeHa Ha 3100yTTs HayKOBOTO CTyNeHs A0KkTopa dinocodit

L[uM aKTOM 3acBi4y€ThCs, IO AUcepTaliiiHa podoTa acnipanTa kKadeapu XiMiuHoro,
TOJIIMEPHOrO i CHIIIKaTHOro MamuHoOy{yBaHHs HalioHalIbHOrO TEXHIYHOIO YHIBEPCUTETY
Vkpainn «KuiBchkuii momiTexHiynuii iHCTUTYT iMeHi Irops Cikopcbkoro» Bitanis
OJIEKCHUIIIEHA Ha TemMy «BmockoHajeHHsi OOJagHaHHS Ul OJEPXKAaHHS IOJIMEPHUX
BHUpPOOIB METOAOM IIPOCTOPOBOrO JpPYKY», LIO MpeACTaBieHa Ha 3400yTTS HayKOBOIO
cTynens aokropa ¢inocodii, Biamosigae HanpsMy HaykoBux jociifkeHp KIII im. Irops
Cikopcbkoro i 6e3nocepe/IHbO MOB’3aHa 3 HABYAJIBHUM MPOLIECOM.

PesynpTaTti aucepTaniiHoi poOOTH BHMKOPHCTOBYIOTHCS B HaBYaJIbHOMY MpOLECI
KadeapH XiMi4HOTO, MOJTIMEPHOTrO i CHIIKATHOrO MaIMHOOY TyBaHHS iHKEHEPHO-XIMiYHOIO
¢axynsrety KIII iM. Irops Cikoperkoro, nounHarouu 3 2018 poky i 1o 1poro gacy, mij dac
NPOBEJICHHS JIEKUIHHUX 3aHATh Ta JabopaTopHUX poOiT 3 mucuuiuiin «Komm roTepHuit
au3aiii» Ta « TexHoaorii KOMIO3ULIIMHIX MaTepiajiBy.

BrpoBajukeHHs pe3yibTaTiB - AucepTaliiHOl po0OTH B HaBYAIBHMM IIPOLIEC
3abe3nedyeTbes  (Gi3MYHUMH  H  MaTeMaTHYHAMH  MOJEISMM, EKCIIEPUMEHTaIbHUMH
yCTaHOBKaMH, METO/laMU KOHCTPYKTOPCBKOTO HPOEKTYBaHHS, METOUKaMHU
CKCIIEPUMEHTAIBHUX JIOCIi/DKeHb, cTBOpeHHs 3D-mopeneit ta 3D-apyky mnoaiMepHHX
BUPOOIB.

BripoBa/pkeHHs MaTepiaiiB JqucepTaliifHol poOOTH Ja€ 3MOTY CTyJEHTaM OTPUMATH,
MOTTMOUTH, CUCTEMAaTH3yBaTH M 3aKpinMTH JOCBiA (i3UYHOro M MaTreMaTHYHOTO
MOJICJIIOBAHHSA, @ TaK0X KOHCTPYKTOPCHKOrO TIPOCKTYBaHHS 1 CTBOpEHHs OO’ €KTiB
METOJIaMH aJIMTHBHOTO BUPOOHMIITBA.

JlexaH iHKEHEPHO-XiMIYHOrO (aKyyibTeTy,
J.T.H., ipodecop €sren [IAHOB

B. o. 3aBigyBaua kadeapu XiMigHoro,
M0JIIMEPHOTO Ta CHIIIKATHOTO MallMHOOY 1yBa
JL.T.H., ipodecop Onexcanap 'OHJJIAX
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