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Beenenune

[Iponiecc co3maHust TpexMEpHBIX OOBEKTOB B TexHoJiormu laminated object manufacturing
(LOM) 3akirouaercst B MOCHEAOBATEIBHOM, MOCIOMHOM COEIMHEHHH JIMCTOBBIX MAaTEpPHAJIOB.
TexHonornyeckuii mpolecc BKIIOYAET B ce0s HECKOJBKO CTaAHii: MpeABapUTEIBHOE CO3/IaHuE B
CAD-cucteme Moty OMPEeIICHHON TeOMETPHUIECKON (DOPMBI; MPUIAHKE JINCTOBOMY MaTepHAITy
3aJlaHHOM (HOPMBI MPHU MOMOLIM JIa3epa; COeIWHEHUE JIMCTOBBIX MATEpUajOB MyTeM MpPUMEHEHUs
aJIr€3MOHHOTO CJIOS Y TIPOKATHIBAHUH HATPETOTO POJUIA IO IIOBEPXHOCTH BEPXHETO CIIOSI MaTepHala.
bnarogaps naHHOMY TeXHOJIOTHYECKOMY Tporeccy TexHonoruio LOM OTHOCAT Kak K aJiTUTUBHBIM,
TaKk U K CyOTpaKTHBHBIM CIoco0am co3fgaHus marepuasioB. OHAKO K TOCIEIHEMY OTHOCHUTCS
TOJIBKO MIPHJIaHUE JIa3epOM HY>KHOH (POPMBI TUCTOBOMY MaTepHaiy.

[TepBonavanbao mMeton LOM mpumeHsics A MpOU3BOACTBA U3EIHI U3 Oymaru u JepeBa.
[IpenmyriecTBa TEXHOJIOTHH, TAKHE KaK BBICOKAsi CKOPOCTh MPOU3BOCTBA, HU3KHI1 TeMIIepaTypHbIil
MOPOT, HE3HAYUTEILHOE J1Ie(hOPMHUPOBAHKIE H HU3KUE OCTATOYHBIC HAMIPSHKCHHS B TOTOBOM U3JICIIHH,
noBiusin Ha ObicTpoe pa3Bute LOM. Hampumep, B paborax [1] ucciaemyeTrcss BO3MOXHOCTb
COCIMHEHHS METAJUTMYECKUX (oibr. Pe3ynbTaTbl HCCIEAOBAHUS BO3MOXXHOCTH COCIUHCHHUS
KepaMHUYeCKHX MaTepuaioB NpeacTaBieHbl B [2]. BO3MOXHOCTh MCHONB30BaHUS B TEXHOJIOTHUU
HU3KUX TEMIIEpaTyp IO3BOJISET MPUMEHSATh METOJ JUIS COCJIMHCHUS TOJUMEPHBIX MaTepHUasioB,
takke Meto] LOM npumensiercs B cepe CTpOUTEIHCTBA U MUKPOIIIEKTPOHUKH.

[Ipu 3TOM pacmmpsieTcss He TOJBKO Pa3HOBUIAHOCTh MPHMEHSIEMBIX MaTepUAIIOB, HO U
COBEpIIIEHCTBYETCSl caM TeXHOoJIoThudeckui mporecc. B pabore [3], ucmonme3ys meton LOM,
KOMOMHHPYIOT COSAMHCHHE IEJUTFOJIO3HOTO BOJIOKHA C TMOJMMEPHBIMH JTOOABKaMHU JIJISl TIOydSHUS
npekepaMuyeckoil Oymaru, a B merozae, HazBaHHOM The Composite Metal Foil Manufacturing
(CMFM) wMetannuueckue (Onbrd  COBMECTHO  COEOUHSIOT C  JAPYTUMH  (UHAIBHBIMHU
COEIMHUTENIbHBIMU MaTepuanamu [4].

Hecmotpss Ha cCyIecTBOBaHME MHOXKECTBA WCCIICAOBAHUN, MAJIOW3YYCHHBIMH OCTAIOTCS
MPOLIECCHI, TMPOMCXOMASAIINE HEMOCPEACTBEHHO B aAre3sMoHHOM cjoe. JlaHHble dusznyeckue
MPOIIECCHI MPUBOAAT K TPOTCKAHUIO XMUMHYCCKHX PEAKIHH, (POPMHUPOBAHUIO HOBBIX CTPYKTYP,
BBIJIETICHUIO WJIM TIOTJIOMICHHUIO TeTia B cjoe kiesd. B padore [5] nmpeanokeHa u moapoOHO H3ydeHa
TerioGu3ndeckast MOICIb C XUMUYCCKH aKTUBHBIM ar€3HOHHBIM CIIOEM.

B nmanHO# cTaThe HcclenyeTrcsl BIMSHHE TEXHOJIOTHYECKUX IMapaMeTpoB (TemmepaTrypa U
CKOPOCTh JBMIKCHHSI POJUIA, JIABJICHHWE NPIKATHS) HA DSBOJIONUI0 CTEICHH CTPYKTYPHBIX
MpEeBpaIeHU B CIIO€ Kiies. 3a OCHOBY B3ATa MOJENb [5], OJHAKO BMECTO XMMHUYECKUX PEaKIuit
AHATM3UPYIOTCS CTPYKTYPHBIC TIPEBPAIICHHUS.

ITocTaHoBKAa 3aga4uu
Uccnenyercss Moaenb COECOUHEHUS JBYX HHEPTHBIX CJIOEB MaTephana C HCIOJb30BAHHEM
aaresnoHHoro ciosi. Kak nokasaHo Ha pucyHke 1, M0 MOBEpXHOCTH MHEPTHOTO CIOSI A JABUKETCS

HarpeTbit po paxuyca (R, ) ¢ 3anaHHoOil MMHEIHOM CKOPOCTBIO.

[Ipn nBuxkeHHM poJula B O0JIACTH KOHTAaKTa pOJUIla MU HHEPTHOTO cJosi A BO3HHKaeT
MaKCHMaJIbHOE HaMpsDKEHUe, orpeaensiomieecs mno ¢popmyne [6]:
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P
T 2R e ) X

[TonymupuHy MIONMIaKK KOHTAKTa ONPEIEIIAIOT U3 BeIpaskeHus (2):

s =0,789,/2PR, (e, + ;). ()

3nech o = (1— V7 )/ E,, P — naBnenue npwxkatus, E, , v/ — Moaymu ynpyrocts u Ko3pGuiueHTsl
[TyaccoHa KOHTaKTUPYIOIIUX MAaTEPUAIIOB.

WHepTHbLIVA criow A

AAre3MoHHbIA cnon G

WHepTHbIW cnon B

Pucynoxk 1. Unniocmpayus k nocmanoske 3a0aqu

[losne Temmneparypbl HaxXOAMTCA W3 PELIEHUS CONPSHKEHHOW 3aladd TEIUIONPOBOIHOCTH,
BKJIKOYAIOLIEH YPAaBHEHUS

oT o°T, 07T
Cy Py &k =/1{ 8X2k + 6y2k] (3)
JUTst ’HEPTHBIX ciioeB K = A, B,
oT A oT A oT
cG,oG—G=/122 l1+ay>-1p | =2 +/122 1+as-2-1 ©l+w. (4)
ot 194 ) OX oy ) oy

s aaresmonHoro ciost G. 3mech C,, p, A, — TEIUIOEMKOCTb, IIOTHOCTh M KO3(PQHUIMEHTHI
TEIUIONPOBOJHOCTH COOTBETCTBYIOLIUX CIIOEB; X, Y — MPOCTPAHCTBEHHBIE KOOPJAUHATHI; t — Bpems;

W — 00beMHBIN UCTOUHUK TEIUIa BCIEACTBUE XUMHUECKUX PEaKLMi, Y — CTeleHb NPeBpalleHus B
peaknuu; a — CTENEHb CTPYKTYPHBIX IIPEBPALLECHHAMN.
CTpyKTypHBIE IPEBPAILEHUS B a[IT€3MOHHOM CJIO€ OIHMCBIBAIOTCS YPABHEHUEM:

da
— =Y[k,(1-a)-k,a]. (5)
dt

e (p(Y) — KUHeTHYeCcKas (YHKIMs, OTpakarollas MeEXaHM3M XHMHYECKOM peakinuud Ha

MHKpOypoBHe, E — oHeprusi axktuBammm, R — yHUBepcaibHas rasoBas IocTosiHHas, K, , K, —

KOHCTaHTBI CKOPOCTH OOpAaTHOM W TPSIMOW peakiuu CTPYKTypu3anuu. Ha rpaHumax pasmena
3aJlafiiM yCJIOBHSI MI€aTbHOTO KOHTAKTa (Ha TpaHMIIAX pasjienia paBHBI TEMIEPATYPHI CIOEB U UX
MTOTOKH TETUIA):

T,

oT,
y= HB: Ag :(/12(1_a)+/11a) 8; ) Tg :Te! (6)
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0T, oT,

=2 Te =T, 7
& ()

Ha wHwkHeld u OOKOBBIX IIOBEPXHOCTSAX HMeeM ycioBue anuabatuyHoctu. Ilpum
y=Hg +Hg +H, B 30He CONPUKOCHOBEHUS HATPETOIO POJLJIA C MOBEPXHOCTHIO HHEPTHOTO CIIOS

y=H,+H;: (1,(1-a)+ A,a)

A nmeewm:
T,=T,, ecm Vt+Xy—s(P)< x<vt+x+5s(P), (8)
BHE 30HBI COMIPUKOCHOBEHHSI POJLIa

OT, /oy =0, ecmu X<Vt+Xg—S(P)u Xx>Vvt+xy+5(P).

Cucrema (1)-(8) 3ambIkaercs HaganbHbIMK yenoBusamu t=0: T =T, a=0.

Tpebyercst paccunTarh Moje TEMIEPATyphl U CTENIEHb CTPYKTYPHBIX MpeBpaiieHuii B cioe G
MIPU BapbUPOBAHUHU TEXHOJIOTUYECKUX TTAPAMETPOB YCTAHOBKH.

Be3pa3mepHble nepeMeHHbIe
JUis1 KauecTBEHHOIO0 MCCIIEI0BaHUs IEPEMEHHBIX HEOOXOIMMO MEpelTH K Oe3pasMepHbIM
[IEPEMEHHBIM!
T —T X
0 =K SE;jg=——;n="-
RTS Hg Hg

roe Te — TeMmeparypa poiuia, E — sHeprusg akTuBaumu NIpsIMOM PeakIUH CTpyKTypu3zanuu. H. —
S YK G

- E
t,=(2,) lexp[ﬁ) _

BpeMs, B TEYEHHE KOTOPOTO IIOJHOCTHIO 3aBepIIaeTCs MpsMas peakius B aguabaTHYecKux
YCIIOBHSX.
Torna cucrema (1)-(8) mpumer Buj

BBICOTA aAT€3MOHHOIO CJI04,

00 Ky | 9°0, . 80, _
"o TS {6&2 ’ anz}’ A ¥
B Vo (1-ak2(0.0)-nam(0.0)] (11)
3necn

I'parnunbie yenoBus Baoyib ocu OF :

F=0, £=L: % _0; k=BG, A
¢
Ha TpaHUIlaX COeqUHsEMBIX cioeB B, A, G:
n=0: %zo;
on
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00 00
n=A;: Kﬂsﬁ—;:((l—a)ﬂca)a—;, Oy =6 ;
06, 00
n=1+A;: (1-a)+xa) 87; = KMa—};; 0, =0,.
B 30He KOHTaKTa poIuia ¢ MOBEPXHOCTb CJIOS A
n=1+Ag +A,: 0=0 ecmn 0T+ —Ep<ESOT+E)+Ep;
680A =0 ecmn E<wr+&—-&, u E2wr+ & +E,.
n
3agava BKIFOYAET Oe3pa3MepHbIe mapamMmeTphl:
_ t
L:L’ 950:&, ,;ZA:@’ w=va1
HG HG HG HG
c A A A CopcHE
KCB—CBpB’ Ky = ApA, Kp=2B, K,=2A, k=22, &= cPc .
CcPs CcPc A, A, A, ZAN
E k k RT
512=E_Z’ 71=ZL00’ 2=ZLOO, h= Ezs’ 7Ty = PPss 7 = Py P

Havansnsie ycnoBus:
r=0:6,=6,,Y=0,a=0.

HccaenoBanue

Hccnenyem BiIMsSHUME TEXHOJOIMYECKUX IapaMEeTPOB IIpollecca Ha BEJIMYHMHY CTEIEHU
CTPYKTYpHBIX mpeBpaiieHuil. Ilpumem, uyto posun HemoaBwkeH. llpu yBenMueHUM AaBlICHHS
MPWKATHS POJUIA, YBEITMYNBACTCS CTEIIEHb CTPYKTYPHBIX MPEBPAIICHNH, KaK MMOKAa3aHO HAa PUCYHKE
2. JIna naBneHus mpuxatus posuia, paBHOM 0,5, 3HaYeHHE CTENEHU CTPYKTYPHBIX MpEBpaIleHUH,
paBHoe 0.20, nocturanock 3a Bpemss 7 =1000. AHamoruuHoe 3Hau€HHE CTENEHU CTPYKTYPHBIX
npeBparieHuii 0buto Jgocturayto 3a 7 =500 mpu AaBiICHUM poJUIa, paBHOM 5 (CM. PHCYHOK 2a).
WHTepecHbIM SBIISIETCS BIUSHUE CKOPOCTH JIBUXKEHHUS pOJUIa Ha MPOLIECChl CTPYKTYpPU3aIlUH B CI0€
kies. 3adukcupyeM, BeJTUYHHY JIaBJICHUS mprxkatus poiuta, pasHou 0,5. [Ipu 3amaHHON CKOpOCTH
nekeHus: pouta @ =0,0125 creneHp CTPYKTYpHBIX MPEBpAIICHUI JTOCTUTAET MaKCHMAIbHOTO
3HaueHus 0.1625 (pucynok 26, xpuBas 3) 3a 7=200. OmHako NMpH HEMOABMKHOM pOJIIE 32
7 =200 BenMuUMHA CTENEHH CTPYKTYPHBIX TMpeBpanieHnii paBHa Bcero 0.125 (pucyHok 2a, KpuBas
3). [Ipuuem creneHb CTPYKTYPHBIX peBpallieHuit mpoaokaer pactu 1o 0,20.

0,20 0,20

0,15 0,15 4

w 0104 o 0101

0,05 0,05

0,00 0,00 4

T T T T 1 T T T T 1
0 200 400 600 800 1000 0 200 400 600 800 1000

T T

a) Ponn nenoosuoicen 0) Ponn osusicemcst co ckopocmovio @ = 0,0125
Pucynox 2. Deonioyus no epemenu eenuyunbl Cmeneny CmpyKmypHolx npespawjeruii npu
pasnuyHblx 3Hauenus oasnenust npuxcamus: 1 — 7=0,005;2 - =0,05;3- 7=0,5;4- 7=5
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[TonydeHHbIe pe3ynabTaThl HATAJIKWBAIOT Ha HEOOXOIUMOCTH Oojiee MOAPOOHOrO HM3y4EHUS
BJIMSIHUSL CKOPOCTH JBMDKEHHUSI pOJUIa Ha Mpolece CTpyKTypusanuu. s 3Toro 3apuxcupyeMm
BEJIMYMHY AaBiieHus npuxarus pasHoi 0,05, BapbUpys CKOPOCTb JIMHEWHOTO ABMKEHUS poJlIa KaK
noka3aHo Ha pucyHke 3. C yBEJIMYCHHEM CKOPOCTH IBIIKEHHS pPOJIIa CTENEHBb CTPYKTYPHBIX
IIpeBpalleHuil ymMeHbaeTcs. Harpumep, BeaudrHa CTENEHU CTPYKTYPHBIX IIPEBPALLICHUN IIAAAET C
a=0,2 mpu »=0,0025 no a=0,11 npu ®=0,025.

CpaBHeHHE paclpeeNICHHs] 3HAYCHUSI CTEIICHU CTPYKTYPHBIX MPEBPAIICHUI MPU CKOPOCTH
poiina paBHo# 0 u 0,007 moka3pIBaeT, 4TO MPH 3aJJaHHOW CKOPOCTH JIBMXKCHHS POJijIa HAOII0daeTCs
Oosiee ObICTpOE MpPOTEKAaHUE MPsMOI peakuuu crpykrypuszauuu (Puc. 4, 5); oOparnas peaxims
MOJKET M He HaOJIF0IaThCs. DTO 3aBUCUT OT COOTHOLICHHS MapaMeTpoB. CKOPOCTh JIBMKECHUS PoJLIa
BJIMSICT KaK Ha CKOPOCTh IIPOTEKAHMS PEAKIIMU CTPYKTYPU3ALUH, TaK U Ha 3HAYCHHE MaKCUMaJIbHON

CTEIEeHU CTPYKTYPHBIX MIPEBPAIICHUA.
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Pucynok 3. eonroyus eenuuunvl cmenenu
CMPYKMYPHBIX NPEeSPAUeHUL NPU PA3HbIX
3HAYEHUAX CKOPOCU OBUICEHUS POJIIAL:
1-©=0,025;2—- ©=0,0125;

3- w=0,0025;4-0=0

=110

=170

Pucynox 5. Pacnpedenenue eenuuunsl cmenenu CmpyKmypHuIX npespaujeHuti npu Henoo8UMCHOM pOiLie

304

284

26+

24

224

=70

30

28

24

224

20

| 4

26+

=110

=170

Pucynok 6. Pacnpedenenue senuyunvl cmenenu CmpykmypHbiX npespaujerull npu CKopocmu
osudcerus porna o= 0,007
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3akaroueHue

Takum 00pa3om, B paboTe MOCTPOCHA MaTeMaTUYeCKasi MOJIEIb CTPYKTYPHBIX MPEBPAIICHHUI
B aJr€3MOHHOM CJIO€, YYHMTHIBAIOIIAsd NPSAMYI0 MU OOpaTHYI cTaaud. Mojenbs pealr3oBaHa
YUCJICHHO. BpIJienensl Hanbolsiee Ba)KHBIE TEXHOJIOTHYECKHE IapaMeTphbl, TaKME KaK JIaBJICHHE
MPYDKATHS U CKOPOCTh ABIDKEHUS pOJIIa, BIAUAIOIIWE HA MPOTEKAaHWE PEaKUUU CTPYKTYpU3aluu B
CJIOC KJICH. B X0I€ YUCICHHBIX BKCHepI/IMeHTOB BBISIBJICHO, YTO YBCJII/I‘ICHI/IG JdaBJICHUSA HpI/I)KaTI/ISI
poJula IPUBOAUT K YBEIUYECHUIO CTEIICHH CTPYKTYPHBIX IIPEBPALLECHHUN B CJIO€ KIEsl, ITOCKOJIBbKY
oOpaTHasi peakuusi JuOO HE ycHeBaeT HayaThCs, JIMOO ObICTpO mpekpamiaeTcs. OaHAKO BIUSHHE
CKOPOCTH JIMHEHHOTO JBMIKEHUS HE CTOJb OJHO3HAYHO, TOCKOJIBKY CKOPOCTH JBMIKEHHUS pOJUIa
MPUBOJAUT K YCKOPCHHUIO MPOTEKAHMUSI PEAKIUU CTPYKTYPU3AIHMH, HO OJHOBPEMEHHO MOXKET
OFpaHI/I‘-II/ITL MAaKCHUMAJIBHOC €€ 3HAUYCHUC.
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Laminated object manufacturing (LOM) is a process of creating three-dimensional objects
from sheets of different materials. The technological process of creation objects roughly can be
divided on three main stages. The first, development 3D-model of the object with certain geometric
shape in CAD-system. The second, clipping waste material using a laser. The third, bonding
finished sheets with adhesive layer by LOM machine. Initially, the LOM method was used for
manufacturing paper and wooden products. The advantages of technique (such as high fabrication
speed, low warping and internal stresses, variety of organic and inorganic materials) have
influenced to rapid development of LOM. The possibility of combining metal foil was investigated
by Precht et al [1]. Moreover, Weisensel et al (2014) tried to adopt LOM technology for ceramic
materials [2]. The possibility of using low-temperature in technology allows joining polymeric
materials; also LOM method is used in construction and microelectronics. At the same time
researches work on improvement of technological process itself. For example, the principles of
creating preceramic paper were investigated in [3]. Furthermore, mixing metal foil with other final
joining operation was described in paper [4], and named Composite Metal Foil Manufacturing
(CMFM). In spite of numerous studies, the process occurring in adhesive layer was not explored
enough, but it leads to heat adsorption or release, and structural transformation.

This article examines the effect of process-dependent parameters (temperature, speed, and
nip-force of the roll) on the evolution of structural transformation in the adhesive layer. The
mathematical model from [5] was taken as a basis model.

The model was implemented numerically. In the course of numerical experiments, it was
revealed that an increase of nip-force of the roll leads to an increase in the magnitude of the degree
of structural transformations in the adhesive layer. However, the influence of the linear motion
speed is not so unambiguous, since the speed of the roll movement accelerates the structuration
reaction, but at the same time can limit its maximum value.
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