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Annomauus. Vicciienyrotcsi BHyTpEHHSISI CTPYKTYpa 1 ITOBEPXHOCTHBIN €101 00pa3IioB, MU3TOTOBIEHHBIX 10 TEXHOJIO-
T TTOCJIOMHOTO JIa3epHOTo crieKaHus. [TokazaHo, YTO KaueCTBO ITOBEPXHOCTH BIIUSIET Ha BO3MOXKHOCTb IIPUMEHEHHUST
TEXHOJIOTMU CEJICKTUBHOTO JIA3¢PHOTO CITIEKaHWS TTPU M3TOTOBJICHUN MOJEJICH TSI MCITBITAHUIA B a3pOIMHAMIICCKIAX
TpyOax B a3pOoINMHAMHNYECKUX TPyOax.

YTBepxkaaeTcs, 4YTo MCClieIoBaHNEe 00pasiia ¢ MOMOIIBI0 MEXaHUYECKOTO, JIA3€PHOTO WJIM JTI0OOTO IPYyroro cpesa
MIPUBOINT K HEOOpaTUMOMY M3MEHEHUIO €T0 BHYTPEHHEW CTPYKTYPHI. B cTaThe MpemiokeH METO/ MOJIyIeHUs CIIOs,
AHAJIOTUYHOTO cpe3y, HO 0e3 HapyIIeHUsT BHYTPEHHEW CTPYKTYphI. [1puBeneHbI pe3yabTaThl NCCIICIOBAHUIA METOIOM
MUWKPOCKOITMHY pa3IMIHBIX ITOBEPXHOCTEIT 00pa3moB. [IpeacTaBieHbI pe3yIbTaThl U3MEPEHMSI IIIEPOX0OBATOCTH MTOBEPX-
HOCTH, a TAaK3Ke OOIIMe BEIBOABI M TIPAKTUUCCKIE PEKOMEHIALIN.

Karoueswie caosa: nazepHoe cnekanue, SLS-npunTep, 3D-1euarsb, aapoarHaMUYeCKUe MOJIENIU, a3pOAMHAMUYECKU I
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Abstract

Technologies of layer-by-layer laser sintering by the SLS-printing method are being increasingly employed in modern
mechanical engineering and instrumentation. The gist of the technology consists in layer-by-layer sintering of powder
materials (polyamides, plastics) using a laser beam.

Relatively low labor intensity and cost, as well as the achievable speed of products manufacturing allows applying this
technology to aerodynamic models creation used for experimental testing of aerospace engineering products. However,
the development of these technologies is hindered by the poor studies of the internal structure of the parts’ material.
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There is an assumption based on the study of the outer layer of printed parts that a high porosity presents in the parts,
caused by incomplete melting of all powder particles. This effect of incomplete sintering is visible on the outer surface.
The problem lies in the fact that when sintering powder particles with a laser, neighboring, i.e. nearby particles that do
not completely melt, forming a kind of a“relief” of the surface, are baked to the outer molten layer. It is obvious that such
surface is not set in advance at the design stage, and the formed surface layer of stuck particles can be called undesirable.
The external roughness control is especially up-to-date when creating acrodynamic models, since the external structure
of the product surface may greatly affect the structure of the gas flow and the change in aerodynamic characteristics. The
study of this layer and the roughness parameters will help designers to set and evaluate the necessary design requirements.

The research conduction is based on the results of a series of experiments performed with the EOS FORMIGA P110
SLS printing unit, in which laser is the main heat source with a power of 200 W-1 kW. The PA 2200 polymer was used
for the samples production.

One of the problems while the research conducting is the impossibility of cutting samples or obtaining sections by
mechanical or other methods without damaging the material structure. To solve it, an approach was adopted, according to
which the operation of the installation was “emergently” terminated until the next layer of powder was applied. In other
words, the newly obtained sample layer was not being filled with powder to form a new subsequent layer. It is possible to
fulfill this by the printing emergency stoppage. Thus, it provided an opportunity to study the surface of the sample by the
microscopy and measuring the roughness parameters of the formed surface. After processing the obtained images, the
inference is being drawn that the internal structure is rather homogeneous and differs significantly from the outer layers of
the samples. The outer layer of the products is of high level of roughness, which limits the possibility of their application

in the field of aerodynamics. The article presents possible options for improving the surface layer of products.

The conclusion is made that the technology of selective laser sintering is utterly promising for creating aerodynamic
models, provided that recommendations on improving characteristics of the outer surface roughness will be issued.

Keywords: laser sintering, SLS printer, 3d printing, aerodynamic models, aerodynamic experiment

For citation: Shuvalova A.M., Filimonov A.S., Galinovskii A.L. Studying the Possibility of Selective Laser Sintering
Technology Application for Aerodynamic Models Manufacturing. Aerospace MAI Journal, 2023, vol. 30, no. 2,

pp. 46-50. DOI: 10.34759/vst-2023-2-46-50

BBenenue

B coBpeMeHHOM MalIMHOCTPOEHUU U TIPUOOPOCTPO-
€HMU BCE IIMPE TPUMEHSIIOTCST TEXHOJIOTUU TTOCTIOWHOTO
JlazepHoro crnekanust metonoM SLS-mevatu. Cyth Tex-
HOJIOTUY COCTOUT B IMOCJIOIHOM CTIEKAHUW TTOPOLITKOBBIX
MaTtepuayioB (ITOJIMaMUIOB, TUTACTUKOB) C TIOMOIIIBIO JTyJda
nasepa [1, 2]. Poct nonyassipHOCTH JaHHOW TEXHOJOTUU
OOBSICHSIETCST TEM, UTO TPENOCTaBIISIET MHXKEHEPaM-TeX-
HOJIOTaM PsIT HOBBIX BO3MOXKHOCTEH [3], B YaCTHOCTH pedb
WUIET O BO3MOXHOCTH:

— U3TOTOBJICHUS IETaJIEil CO CJIOKHBIMY BHYTPEHHUMU
cTpykTypamu [4, 5];

— TIPOM3BOJICTBA €AMHUYHBIX JETajeil C MEHbIIECH
TPYIOEMKOCTBIO U CE0ECTOMMOCTHIO [6];

— M3TOTOBJICHUSI JIETaJIel Ha OKOJIO3EMHOI OpOUTE, YTO
obecrieunBaeT CHIKEHIE BEIBOAMMOTO 00heMa IMOJIe3HOTO
rpy3a npu redatu B kocMoce B 3—35 paz [7];

— MOBBIIIIEHNSI MEXaHUUECKNX CBOMCTB Y TOYHOCTHBIX
XapakTepucTuk [8, 9];

— TIOTyYeHUs BBICOKMX 3HAYeHU KoadduiimeHra
WCTIONIb30BaHMSI MaTepuajia ¢ y4eTOM U TOoTo (dakTa, 4yTo
OCTaBIIUICS TTOCTIE TIOCTPOSHMS MBIV MaTepUaT MOXET
TMOBTOPHO MCMOJIb30BaThes 11 reyatu [10].

biarogaps oTHOCUTENbHO HEOOJBIIUM 3aTpaTaM
TPYIOEMKOCTH U CEOECTOMMOCTH, a TaKKe CPOKaM U3-
TOTOBJICHUSI, OCOOBINI MHTEPEC BBI3BIBAET TIPUMEHEHUE
9TUX TEXHOJOTUI, B YACTHOCTH, JIJISI CO3MaHUST adpo-
JTVMHAMWYECKUX MOJEJIeit, UCTIONb3YeMBbIX IJIs DKCIe-
PUMEHTAIBLHON OTPaOOTKYU U3AEIUI a9POKOCMUYECKOM
TexHuku [11].

OnHako pa3BUTHUIO 3TUX TEXHOJIOTUM MPEHSITCTBYET
MaJiasi U3y4eHHOCTb BHYTPEHHEH CTPYKTypbl MaTepuasa
nerayieil. B 0coOOGHHOCTU 3TO KacaeTcsl CO3MaHMS dJie-
MEHTOB KOHCTPYKIIMI, MPUMEHSIEMbIX B IIPOU3BOICTBE
a9POKOCMMYECKOM TEXHUKHU C BBICOKUMM TPEOOBAHUSIMU
T10 KaUeCTBY U HaiexkHOCTU. CylIeCTBYET MPEIIOoNIOKEHUE,
OCHOBaHHOE Ha M3yYEHU U BHEIITHETO CJI0s1 HarleuaTaHHbIX
JeTajeit, 4To B AeTalIsIX IPUCYTCTBYET 3HAUUTEIbHAS T10-
PHUCTOCTh, IPUUYUHON KOTOPOM SIBJISIETCS HEIIOJIHOE pac-
IU1aBjieHue Bcex yacTull ropoika [12]. Takoit addekr
HETIOJTHOTO CIIeKaHUs BUIEH Ha BHEIIHEH IMTOBEPXHOCTH.
[MpoGaeMa 3akiI04aeTCs B TOM, YTO MPU CIIEKaHUU Jia-
3¢pPOM YACTUIL TTOPOIIKA K BHEIIHEMY PacIUIaBIsIEeMOMY
CJIOIO TIPUTIEKAIOTCS COCeIHUE, T.€. OJIM3JIeXaIme 4yacTu-
1IbI, KOTOPbIE MOJHOCTBIO HE PACILIaBISIOTCS, 00pasys
CBOEOOpa3HbIii «penbed» moBepxHoCcTU. OUeBUIHO, YTO
Takasi TOBEPXHOCTh He 3a/1aBajlach 3apaHee Ha ATare Mpo-
eKTUpOBaHUS U CHOPMUPOBABIIUICS TTOBEPXHOCTHBIMN
CJIOIf U3 HAJIMITIIMX YaCTUIL SIBJISETCSI HeXeJlaTeIbHBIM.
KoHTposb BHENIHE 111epOX0OBATOCTH OCOOEHHO aKTyajeH
MpU CO3MaHUM ad3POAMHAMMUYECKMX MOJAENel, TaK Kak
BHEIITHSISI CTPYKTYpPa MOBEPXHOCTHU U3IETUS MOXKET CUJIBHO
BJIMSITh Ha CTPYKTYPY TEUEHMS raza U U3MEHEHHUE a’po-
IMHAMUYECKUX XapaKTepucTUK. M3yyeHue aToro cios
U TapaMeTPOB IIEPOXOBATOCTH ITOMOXKET MTPOSKTUPOBILIN-
KaM 3a1aTh HEOOXOAMMbIE TPeOOBaHUS K KOHCTPYKIIMHU.
Takum oOpa3zoM, MOXHO TOBOPUTH O TOM, YTO JAaHHas
TeMa SIBJISIETCSI aKTyaJIlbHOM M YTO OHA MpakKTUYEeCKU
He pacCMOTPEHAa B Hay4HO-TeXHUUecKoi tuteparype. [To-
STOMY LIEJTbIO UCCICTOBAHMS SIBISICTCS U3YUCHUE U OIICHKA
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XapakTepa 1 crieliM@uKr (popMUpPOBaHUS TOBEPXHOCTHOTO
CJI0ST U3ICJINIA, TTOJTyYEHHBIX ITO TEXHOJIOTMH CEJIEKTUBHOTO
JIa3epHOTO CIIEKaHMUS.

HccaenoBanne 00pasiioB, H3rOTOBJIEHHBIX METOIOM CeJIeK-
THBHOTO JIA3€PHOTO CTIEKAHUS

WccnenoBanus 6a3upyroTcsl Ha pe3yJibTaTax Cepuu 9KC-
MEPUMEHTOB, BHIMIOJHEHHBIX C MPUMEHEHMEM YCTAaHOBKU
st SLS-neuatu EOS FORMIGA P110, B KoTOpoii oc-
HOBHBIM UCTOYHUKOM TeILja SIBJISIETCS JIa3ep MOIIIHOCThIO
200 Bt ... 1 kBt [13, 14]. dna u3roroBieHust oopa3ion
nucnonb3oBajics monumep PA 2200. @oTorpadust yacTuil
JTAHHOTO MOPOIIKa, TTOJIyYeHHasI C TOMOIIIbI0 MUKPOCKOITIA
Leica S9i, npencrasneHa Ha puc. 1.

OnHoi1 U3 mpobJieM MpyY MPOBEICHUU UCCIeA0BaHUI
SIBJISIETCSI HEBO3MOXKHOCTD BBIPE3KM 00pa3lioB WU MOJy-
YEHUsI CPE30B MEXaHWYECKUMU WA APYTMMU METOIAMM
0e3 MOBPEXKICHUST CTPYKTYphI MaTepuana [15, 16]. s ee
pelieHust ObUT MTPUHST MOAXO, COTJIACHO KOTOPOMY paboTa
YCTAaHOBKM «aBapuifHO» IpeKpallajach 10 MOMEHTa Ha-
HECEeHUsI 0OYePeHOro CJIosl MopouiKa. JIpyruMu clioBaMH,
BHOBb MOJIy4YEHHBII /10 00pa3lia He 3aChINaics MopoLl-
KOM 11 (pOpMUPOBAaHUSI HOBOT'O TMOCJEIYIOIIEro CJIosl, U
9TO TMPEAOCTaBUIO0 BO3MOXHOCTb U3YYUTh MTOBEPXHOCTh
obOpasiia cpefcTBaMu MUKPOCKOIIMU 1 TTyTEM M3MEPEHUS
MapaMeTpoB IIEPOXOBATOCTU C(hOPMUPOBAHHOMN MOBEPX-
HocTu. OOpa3ibl BhIpalllBaIvCh B (DOpMe CerMeHTa C OCHO-
BaHueM pazMepoM 50 x 50 MM, 4TO MO3BOJISIIIO MPUMEHSISITh
pa3IuYHbIe METOIBI U CPEACTBA TMATrHOCTUKU (puc. 2).

B pesysbrate ucciaenoBaHus MOBEPXHOCTHU C IIOMOIIBIO
mukpockona MBC-10 0b110 mojyyeHO M300paxkeHue
MOBEPXHOCTEM, MOJYyUYeHHBIX IITATHO (pUc. 3,a) U B pe-
3yJIbTaTe «aBapUiHOI» OCTAaHOBKM MpUHTEpa (puc. 3,0).

BuagHo, 4TO CTPYKTYphl MOBEPXHOCTEI Ha puc. 3,a
U 3,0 3HAUUTENBHO OTJIMYAIOTCS APYT OT Apyra. B nmepsom
ciyyae (puc. 3,a) 4eTKO BUAHBI HepacIllaBlIeHHbIC YaCTH -
11kl TOPOIIKA, KOTOPBIE MPUILIABUIMCH K OCHOBHOI YacTH
nzaenusi. Bo Bropom ciyyae (puc. 3,6) Takoro a¢pgekra He

Puc. 1. ®ororpacdus yactuil mopoiika PA 2200

Ry ==

Puc.2. O6paselt aist uccieq0BaHU

0

Puc. 3. Bua BHelIHeil moBepXHOCTH, MOJTyYEHHbII
Mpu OOBIYHOM peXUMe nevatu (a)
U «aBapUitHOI» OCTaHOBKeE MpUHTEpa (0)

HaO01I01aeTCs M Mbl MOXKEM BUIETh OAHOPOIHYIO CTPYKTYpa
HareyaTtaHHoro cjiost. OqHaKo Ha KpOMKe o0pasiia MOXKHO
YBUIETh YaCTHULIbI, KOTOPbIE MPUIIEKIUCH K BHELIIHEMY CJIOIO
1 00pa30BaJIM 3HAYUTEIbHYIO 1IEPOXOBATOCTh MOBEPX-
HocTu. [ToaTOMy Ha 3TOI KpoMKe Haubosiee yaoOHO uc-
cJIeoBaTh IIEPOXOBATOCTU CTAHAAPTHOI'O BHEIIIHETO CJIOSI.

Ha cnenyroniem stamne uccienoBaHU ObLIM MPO-
BEICHBI U3MEPEHUS IIIEPOXOBATOCTU MOBEPXHOCTHOTO
CJI0S1 PACCMOTPEHHBIX YY4aCTKOB 00paslia ¢ IpUMEHEHUEM
npodunorpada-npodpuiomerpa, npousnsoacrsa HUN
«M3MepeHus». DTOT Mmokasaresb SBISIETCS BaXKHBIM, TaK
KaK XOpOILIO U3BECTHO [17], 4TO 1IEpOXOBATOCTH OTHOCHUT-
Csl K MUKPOT€OMETPUM TBEPAOTO Tejda U ONpenesseT ero
BaxKHeHII1e SKCIUTyaTallMOHHbIE CBOMCTBA, TPEXKIE BCETO
M3HOCOCTOMKOCTb OT UCTUPAHUS, TPOYHOCTD, IJIOTHOCTh
(repMEeTUYHOCTb) COEAMHEHUM, XUMUUECKYIO CTOMKOCTbD,
BHEIIHUIA BUJIL.

7151 iccenoBaHus IEPOXOBATOCTU MOBEPXHOCTH ObLIa
BBITMIOJIHEHA 00paboTKa M300paxkeHUs! (TTOBbILLIEHNE KOH-
TPACTHOCTH M PE3KOCTH M300paskeHMsI 11T ITOCIIEAYIOIIETO
BBIZICJIEHUST KOHTYpa BHEIIIHEH KPOMKM) B ITPOrpaMMHOM
nponykte Adobe Photoshop (cM. puc. 3), B pe3yabraTe
KOTOPOi1 ObLT MOJy4eH KOHTYP 111€POXOBATOCTH BHEIIHEH
MOBEPXHOCTH, NIpeCTaBlIeHHbII Ha puc. 4 [18, 19].

[TyreM naMepeHus mapaMeTpoB IIEPOXOBATOCTU C TIOMO-
1bto mpoduiorpada-npopunomerpa HUU «M3mepenusi»
B cootBeTcTBUU ¢ [OCT 2789-73 [20] ObLIO yCTAaHOBJICHO,
YTO MapaMeTphbl IIEPOXOBATOCTU OOpasiia, MOJTYyYEeHHOIO
MeTonoM SLS-reyaT, UMEIOT CeayIolIne 3HaYUeHUS:

— cpenHee apudMeTHuyeckoe 3HaueHUue OTKJIOHEHMS
npoduns: R, = 0,17 mmM;

BectHuk MockoBcKoro aBuaiimoHHoro uHcruryra. T. 30. Ne 2

Aerospace MAI Journal, vol. 30, no. 2



A.M. Illysanosa, A.C. Quaumonos, A.JI. larunosckuii

A.M. Shuvalova, A.S. Filimonov, A.L. Galinovskii

Puc. 4. [Ipoduab MOBEepXHOCTHOTO CJI0S1 0Opasiia,
TOJy4YeHHOTO MeToaoM SLS-mevat

— CPEJHUI LIar MeCTHBIX BBICTYIIOB MpOodus:
S =0,54 mm;
— cpenHee apudMeTUUecKoe 3HaUeHME I1ara HepoB-
Hoctu: S,, = 0,33 Mmm;
— MakcuUMaJibHas BbicoTa npoduis: R, = 0,36 Mmm.
DTH 3HAYCHUS KayeCcTBa MOBEPXHOCTU TOKA3bIBAIOT,
YTO YPOBEHb LIEPOXOBATOCTH M3AEIUM, IMOJYICHHBIX
METO/IOM CEJIEKTMBHOT'O JIA3¢PHOTO CIIEKaHUsI, TOBOJIBHO
BBICOK, M 3TO MOXET OIrpaHMYMBaTh BO3MOXHOCTU 3KC-
TUTyaTalMu AeTajaeii, HarmeyaTaHHbIX 110 SLS-TexXHoMIoruu.
BwmecTte ¢ TeM nmocie aHaiu3a u300pakeHUi yCTaHOBJIEHO,
YTO BHYTPEHHSS CTPYKTYPA JOCTATOYHO OJHOPOAHA U HE
UMEET MYCTOT (Mop), pa3Mep KOTOPHIX IMPEBbILIACT AMAMETP
YaCTULBI TTopolKa (puc. 5).

BriBoapl

TexHOIOIMS CEJIEKTUBHOTO JIa3€PHOIO CIIEKaHMS
SIBJISIETCSI BeCbMa MEPCIEKTUBHOM IJISI CO3MAaHUs a3po-
JMHAMUYECKUX Mojeseid. B pesyibrare mpoBeaeHHBIX
HCCJIeIOBaHU ObLIM BbIPAaOOTaHBI PEKOMEHAALIMU 10
MPOU3BOJCTBY U3ennii MeTonoM SLS-nieyaT ¢ 3agaHHBIM
Ka4eCTBOM ITOBEPXHOCTHOTO CJIOS:

1. IpennaraeTcst MexaHUYeCKM 0OpadaThIBATh BHEILII-
HIOIO IIOBEPXHOCTb AeTaJeil 111 CHYDKEHUS IIIePOXOBATO-
CTH MIOBEPXHOCTH U TA30MPOHULIAEMOCTH. DTO TAKXe OyIeT
CIOCOOCTBOBATh PEIICHUIO 3a1a4¥ TUTPOCKOITMYHOCTH
MaTepuaja, Tak Kak IIp1u MeXaHU4eCKoil 00pabOTKe MOBbI-
LIEHUE TeMIIEPaTypPhl U YITPOYHEHHE ITOBEPXHOCTHOT'O CJI0SI
00eCITeYMBAIOT «ITOAIUIABICHUE» U «3aJIKY» UMEIOIIXCS
Ha TToBepXHOCTH Top [21].

2. OnHUM U3 CIIOCOOOB CHUXKEHUS 1IEPOXOBATOCTU
ITOBEPXHOCTU MOXKET OBITh €€ CKAHUPOBAHNE C TIOMOIIIBIO
JIa3epHOTO U3JTyYeHUSI (JJa3epHOE BBINIaXKMBaHKE) C LIEJIbIO
MPOIUIABJICHUS BBICTYIIOB M 3ajeibiBaHus 1op. Takxke

rnopa

2MM

Puc.5. Bun BHelIHe TOBEPXHOCTU CO CJIOXHOI TeOMeTpuii KpaltHeit
KPOMKHU, MOJIy4EHHO! MPU «aBapUitHOI» OCTaHOBKE MPUHTEPA
C BUAMMOM MOPOA

BeCbMa BEPOSITEH MOJOXUTEIbHBINA 3(MEKT OT 00KATKN
IMOBEPXHOCTU METAJUIMYECKIUMU POJIMKAMU ITPU SKCITEPH -
MEHTAJIbHO M PAaCUETHBIM IyTeM OIPeIeICHHbBIX YCUITHUSIX
U CKOPOCTSIX MOJauH.
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