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AHHOTALUMA

BBegeHue. 3D-neyatb sBASETCA NEPCNEKTUBHOW TEXHOMOrMemn, No3BONSOLWEN MOBbICUTb 3PEKTUBHOCTb CTPOUTEMbL-
cTBa. Ha cerogHsLWHUIA A€Hb OAHWUM U3 OCHOBHBIX HEAOCTATKOB A@HHOW TEXHOMOrMM ocTaeTcst Manas (yHKLMOHANbHOCTb
neyataembIX W3AENWUIA, B YAaCTHOCTW, AN TEMMOU30NSALUMN Y KOHOULIMOHMPOBAHWS HanevaTaHHbIX 34aHui UCMonb3yHTCs
TPaAWLUMOHHbIE METOAbI, YTO CHUXaeT NPOM3BOAUTENBHOCTb TEXHOMOrMW. B CBSA3M C 3TUM NpUMEHeHVe TepMOakkymymnu-
pytoLmx matepuanos (TAM) ¢ cyHKUMel da3oBoro nepexoaa B cTpouTenbHon 3D-neyatu Ans obecneveHusi NOCTOSIHHOM
KOMOPTHON TemnepaTypbl B 34aHUM NpeacTaBnseTcs nepcnekTuBHbIM. ViccnegosaH KOMMNO3UUMOHHBLIM TAM Ha ocHoBe
napadvHa Ans pa3paboTkn «yMHbIX» CTPOUTENbHbLIX «4EPHWUMY, KOTOPble obecnevaTt HaneyaTaHHble 34aHusi, SKCnyaTupy-
eMble B YMEPEHHOW KNMMaTUYeCKON 30He, pyHKLMEN NacCUBHOM TepMOpErynsaumu.

Matepuanbi u metoabl. Vicnonb3oBaH MeToq AvddepeHUmanbHOM CKaHMpyoLWwen KanopumeTpmm ans udydyeHus Tenno-
BbIX 3(pheKTOB ha30BbIX NEPEXOAOB KOMMO3NLIMOHHbIX TAM, cocTosimx 13 napadmHa, napadnHOBOro Macna 1 BasenuHa.
Pesynbrartbl. 3ahmMKCMpoOBaHO CHMXEHWE MUKOBbIX TemnepaTyp dasoBbix nepexogos TAM npu nnaeBneHumn — c 53,8
0o 32 °C, npu kpuctannusaumm — ¢ 47,6 go 32,6 °C. [Insa ABYXKOMMOHEHTHOrO COCTaBa MaKCMMaribHOE CHUXKEHWNE SHTarb-
num coctasmno npuv nnasnexHumn co 102,4 go 27,0 Oxx/r, npu kpuctannu3aumn — c 47,7 go 8,5 [x/r; Ana TpPeXKOMMNOHEHTHOrO
cocTaBa 3HTanbnusa npv nnaeneHnn — 60,6 [x/r, npu kpuctannusauum — 20,6 Ox/r. [ukoBas Temnepatypa nnasneHns
ans cmecent ¢ 60 u 40 % napaduHa — 39,4 n 39,9 °C, nukosast Temnepartypa kpuctannusaumm — 43,5 n 33,8 °C coot-
BETCTBEHHO.

BriBoabl. NpoBedeHHble MCCefoBaHWs Mokas3anu, YTO MCMonb3oBaHWe napadVHOBOrO Macrna 1 BasenvHa Mno3Bons-
€T CMeCTUTb rpaHuLbl TeMmnepaTtyp Tennosbix 3addektoB TAM Ha ocHoBe napaduHa B CTOPOHY MEHbLUMX 3Ha4YeHun. Bme-
CTe C 3TUM (PMKCUPYETCH CHIDKEHWE UHTEHCMBHOCTU COOTBETCTBYIOLLMX MWUKOB Ha TepMorpaMmax, 4YTo CBUAETENbCTByeT
O CHWXKEHUW 3HTanNbNMM npoueccoB a3oBbix Nepexogos. MonyvyeHne TpexKoMnoHeHTHbIX TAM AaeT BO3MOXHOCTb coXpa-
HUTb Gonee BbICOKYIO 9HTanbMNMo, obecnevns nocnegoBartenbHoe ha3oBoe Npeobpa3oBaHNe Kaxaoro U3 HUX.
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Selection of thermal accumulative material to develop “smart ink”
for 3D printing in the construction industry
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ABSTRACT

Introduction. 3D printing is a promising technology to improve the efficiency of construction. At the present time, one
of the main disadvantages of this technology remains the low functionality of printed products, in particular, traditional meth-
ods are used for thermal insulation and conditioning of printed buildings, which reduces the productivity of the technology.
In this regard, the use of thermal accumulative materials (TAM) with phase transition function in building 3D printing to en-
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sure a constant comfortable temperature in the building seems promising. A paraffin-based composite TAM has been inves-
tigated for the development of “smart” construction “ink” that will provide printed buildings operating in a temperate climate
zone with a passive thermoregulation function.

Materials and methods. Differential scanning calorimetry method was used to study the thermal effects of phase transitions
of composite TAM consisting of paraffin, paraffin oil and petroleum jelly.

Results. A decrease in the peak temperatures of TAM phase transitions was recorded from 53.8 to 32 °C during melting
and from 47.6 to 32.6 °C during crystallization. For the two-component composition, the maximum enthalpy reduction was
from 102.4 to 27.0 J/g during melting and from 47.7 to 8.5 J/g during crystallization; for the three-component composition,
the enthalpy was 60.6 J/g during melting and 20.6 J/g during crystallization. The peak melting temperature for mixtures with
60 and 40 % paraffin is 39.4 and 39.9 °C, the peak crystallization temperature is 43.5 and 33.8 °C, respectively.
Conclusions. The conducted studies have shown that the use of paraffin oil and petroleum jelly allows to shift the tempera-
ture boundaries of thermal effects of paraffin-based TAM towards lower values. At the same time, a decrease in the intensity
of the corresponding peaks on thermograms is recorded, which indicates a decrease in the enthalpy of phase transition
processes. Obtaining three-component TAM makes it possible to maintain a higher enthalpy by providing a sequential phase
transformation of each of them.

KEYWORDS: phase transition materials, heat storage materials, additive technologies, thermoregulation function, heating,
air conditioning, 3D printing, concrete, paraffin, organic materials
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BBEJAEHHUE

B nactosmee Bpems 3D-meuaTs B CTpOUTENb-
CTBE YK€ HeJlb3sl Ha3BaTb HOBOM TEXHOJOTMEH, KO-
JUYECTBO 3[aHUIl, BO3BOAMMBIX METOJIOM aJJUTUB-
HBIX TE€XHOJIOTHUH, C KaXXJbIM TOJOM YBEIHMUHUBACTCS
Bo BceM mupe [1]. [Ipu aTom nponomkaeTcs Hempe-
PBIBHOE COBEPIIEHCTBOBAHHE ITPUHTEPOB U MOTU(HIIU-
poBaHHE «4epHHI» A 3D-1evatu B CBSI3U CO Cleay-
IOLIMMH, BOSHUKAIOIIUMH U3-32 0COOCHHOCTH JaHHOU
TEXHOJIOTHH, 3a/1auaMu [2—4]:

1) obecnedenue coueTanust OTHOCUTEIBHO IPOTH-
BOPEYMBBIX CBOHCTB «4YEPHHUI» — MPOKAYNBAEMOCTh
(anr1. pumpability), SkCcTpyaupyeMocTh (aHr. extru-
dability) m cmocob6HOCTh HapamuBaTh CJIOU (AHTII.
buildability);

2) coxpaHEeHHE KauecTBa IIOBEPXHOCTH — IPEIO0T-
BpalleHNne yCcaJkyu 1 00pa3oBaHUs TPEIINH, CO3JaHNe
POBHOM [IOBEPXHOCTH;

3) obecnieueHne GyHKIIMOHATBHOCTH MIEYaTaeMBbIX
U3JICTTNI — WCTIOJIb30BaHUE «yMHBIX YEPHHI, 00a-
JAIOMIMX MOJU(YHKIIMOHAIBHBIMU CBOMCTBaMH, T.C.
00eCreunBaouX He TOJILKO HECYIIyH0/CaMOHECYIIY IO
(GYHKINIO, HO M UMEIOIINX TEIION30IMPYIoNe, 000-
rpeBaromIye, KOHIUIHOHUPYIOIINE, CAMOOYNIIAIOIINE-
Cs1 I/WIIN IpyTHE CBOMCTBA.

B kauecTBe «4epHWI» Ha NMpaKTUKE Yalle Bce-
TO HCIIOJIb3YyeTCsl OETOH Ha OCHOBE HMOPTIaHIIEMEH-
Ta ¢ NPUMEHEHUEM DPa3IMYHBIX N00ABOK M MEJIKOTO
3amonHuTeNsA. Ha ceromHsIHUA neHb pa3paboTaHo
00JbIIOE KOJIMYECTBO COCTABOB, OTBEYAIOIIUX TpE-
OOBaHMSIM NPOKAYUBAEMOCTH, DKCTPYAUPYEMOCTH
1 CTIOCOOHOCTH HapalluBaTh CJIOH, TAaKXKe MperoxKe-
HBI Pa3iIMYHbIE PEIICHUs [UIsI COXPAaHEHHs KauyecTBa
noBepxHOCTH [1]. C apyroil CTOPOHBI, HEAOCTATOYHO
npopaboTtaH Bompoc 1o pazpaboTke GyHKIHOHATBHBIX
nevyaTtaeMbIX U3Aenui. B wactHOCTH, AN Temaouso-
JSIUH ¥ KOHAMIMOHUPOBAHUS 3aHUM, BO3BEIECHHBIX
C MPUMEHEHUEM aAJUTHUBHBIX TEXHOJOTUH, UCIIONb-

124

3yI0TCS TPaJUIMOHHBIE METO/IBI, YTO CHMKAET HPOU3-
BOJUTEILHOCTD JAHHOW TEXHOJOTHMH CTPOUTEILCTBA.
B pesynbrare xiroueBoe npeumyiiectso 3D-neuaru
10 CPAaBHEHMIO CO CTAHAAPTHBIMU TEXHOJIOTUSIMH CTPO-
UTENBCTBA [2] — CHIDKCHHE YHEPro- M TPyno3aTrpar —
peasu3yeTcst 4aCTHYHO.

s obecnieyeHUst TOCTOSIHHOM KOM(OPTHOM TeM-
nepaTypsl B Halle4aTaHHOM 3/aHMM MEPCIEKTUBHON
TEXHOJIOTHEH SBISIETCS UCTIOIb30BAHHUE TETIIOAKKYMY-
mupyroux MarepuanoB (TAM) ¢ pyHkumeit pa3zoBoro
nepexona (OPII) [5]. Hanpumep, B 3uMHMIA Ce30H H30bI-
TOYHOE TeII0, KOTOPOE BO3HUKAET ITPH HarpeBe IoMme-
IICHNUs, BBIIIE KOMPOPTHOH Temmepatypsl (22-24 °C),
YTO NPUBOJUT K noriouiennio TAM sHepruu, conpoBo-
JKJAIOILEMYCSI TIEPEXOAOM M3 TBEPIIOTO B JKUIKOE (azo-
Boe coctosiHue. [Ipu cHIKEeHUHU TeMIepaTypsl B 6onee
XOJIOZIHOE BpEMSI CYTOK (pa30BOE IPEBPAILEHHE TPOUC-
XOIUT B OOpAaTHOM HalpaBlICHUH, YTO COIPOBOXKAACT-
cs BbJIeIeHHeM Teruia. B netnuit ceson TAM moryt
3HAYUTEIHHO SKOHOMHUTBH PECYPCHI NMPU MOTIIOMICHUH
M30BITOYHOTO TEMJja, CHUXKAasl MPH 3TOM KoseOaHus
TEMIIepaTyphsl B JHEBHOE M HOUYHOE BpeMsl, oOecreyn-
Basi KOHJANIHMOHUPYIOIHN 3D PeKT.

Hcnonp3oBanue onucanHoro s¢dexra TAM pea-
JM3YETCsl Yalle B OrPaXkJarolINX KOHCTPYKLHIX 13 Oe-
ToHa. CyIecTBYIOT pa3JINYHbIE CIIOCOOBI BBEICHUS
komrioHeHToB ¢ DOII. ITpu 3TOM HEOOXOANMO Ha/IEK-
HO u30nupoBaTh TAM, Tak Kak ero yreuka NpUBOAUT
K CHIDKEHHIO (M3UKO-MEXaHHIECKHUX CBOWMCTB OETOHA
[6-15]. D ekTHBHBEIM METOJJOM CUHTACTCS BBEICHHE
UX B MUKpOKAICy/Iax U3 NoJuMepa WiId APYroro Mare-
puaia [6-9], Tak:Ke UCIIOIb3YESTCsI METOI CTAOMITU3AIIHH
(hopMBI ¢ TOMOIITBIO METaKOAIHHA, OCHTOHUTA, MAKPO-
KpeMHe3eMa U JPYTHUX MEJKOIOPHUCTHIX MaTepHaioB
[10—-12], He MeHee U3BECTEH METO]] MTPOIUTKHU JIETKOTO
3aroIHUTENS (KepaM3nUTa, NeM3Bbl, BCIIYYEHHOTO MepiIH-
Ta WM cianna) [13—15].
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B xauectBe TAM B CTPOMUTENBHBIX MaTepHaIax
HauOobIIee PACIPOCTPAHEHHUE MONIYYHIN TapaduH
U KUPHBIE KUCIIOTHI, YTO CBS3aHO C BBICOKUMH 3Hade-
HUSIMH SHTAJIBIHU (Ha30BOTO IMEepexona, X HEeTOKCHY-
HOCTBIO, BBICOKOW TEPMOCTAOMJIBHOCTBIO U HU3KOH
croumocTthbio [16]. C apyroit cTopoHsl, 10J00HbBIE Ma-
TepHaibl 00JIa1af0T, KaK MPaBHIIO, BBICOKOH TeMIepary-
poit masnenus (ot 45 °C), 4To orpaHUYMBacT MPIMOe
MIPUMEHEHNE B YMEPEHHOM KJIMare.

Heoprannaeckne TAM npencraBistoT coboif TH-
JIpaTel coneil 1 HUTpaThl. B kauecTBe UX OCHOBHBIX Ipe-
UMYILECTB BBIACIAIOT HEBOCINIAMEHAEMOCTh U HEOOIIb-
IIy10 CTOMMOCTh. OTHAKO HU3KOH TepMOCTaOMIIBHOCTBIO,
MePEOXIIAKICHUEM (OTCPOUKA 3aTBepICBaHuUs ) TIpH (az3o-
BOM TIEPEXOMIE «TBEPAOE BEIIECTBO — KUAKOCTHY U WH-
TeHCU(HKALIIEH KOPPO3UH METAILIIOB 00YCIIOBIICHA CIIOXK-
HOCTbh MCTIONIb30BaHMs Heopranmueckux TAM. Kpome
TOTrO, MPoOJIEMa 3aKIIFOYACTCS U B UX AECTPYKIUH TIOCIIE
TIOBTOPSIFOIIAXCSI IIUKIIOB M3MeHeHus (a3 [17, 18].

Takum 00pa3om, oCTaeTcs akTyaJbHOW 3amada
o pa3paborke TAM Ist CTPOUTEIBHBIX MaTepUAIOB
Ha MUHEPAJIbHOM OCHOBE, yAOBIETBOPSIONINX MIPUMe-
HEHHUIO B 3[aHMSIX, SKCIUTYaTHPYIOIINXCS B YMEPEHHON
KJIMMaTH4ECKON 30HE.

Hacrosimas paboTta mocsimeHa MCCIeI0BaHUIO
TAM ninst pa3paOOTKH «YMHBIX» CTPOUTENBHBIX «Uep-
HHWJI», KOTOpBIE 00ecIieyaT Harle4aTaHHble KOHCTPYKIUN
(byHKIMEH TaCCUBHOI TepPMOPETYIISIIUH.

MATEPHUAJIBI U METO/JbI

OO0nbexT uccnenoBanus — TAM, npeacrasisiio-
muye coboil yrieBoJOPOIHBIE COSMHEHNS U UX CMECH.
Momudurnupoanre TAM 3a cueT KOMOMHUPOBAHUS
KOMITOHEHTOB C HU3KOW TeMIepaTypoii (pa3oBoro rnepe-
XOJla HAIIPABJICHO HA ONTUMH3AINI0 KUHETHKH TEIUIO-
BBIX ITpe00pa30BaHMM.

B kauecTBe OCHOBHBIX KOMIIOHEHTOB JUISI pas-
pabotkn TAM UCTIOIB30BANKCH TOCTYITHBIC U HETOK-
CUYHbIe Marepuaibl: napadus HedTsiHOI TBepabIi [1-2
(CnaBued1p-SIHOC, 1. SIpocnais), mapad)mHOBOE Mac-
no/BazenuHoBoe Macino (OOO «Tynbckas dapmaiies-
tnyeckas (padbpukay, r. Tyna), Bazesnn (AO «MII3»,
. Mypom).

JIs M3roTOBIICHHST KOMIIO3UITMOHHBIX TAM mcxon-
HbIe MaTepuaibl HarpeBajauch a0 Temmneparypsl 80 °C
U TIePEeMEIINBAINCh B TEUCHHUE JIBYX MUHYT. [lomyuen-
HbIC 00pa3Ibl XPAHWINCh B TEPMETUIHBIX EMKOCTSIX
JUISL ITPEeIOTBpaLeH s UCTTapeHus Jerkux ¢paxumii. Co-
cTaBbl nccnenyeMbix TAM mpezncTaBieHs! B Ta0. 1.

Amnanu3 TeroBbIX 3(h(exToB (ha30BEIX MEPEX010B
TAM ocytiecTBisuics nmocpeacTsom auddepeHnnaib-
HoW ckarupytomier kanopumerpuu (JICK) ¢ ucmons3o-
BaHHMEM BBICOKOTEMIIEPATYPHOTO AU PEepeHINaTBLHOTO
ckaHmpytomero kamopumerpa Linseis DSC PT-1600
(puc. 1).

OO0pa31pl KCCleJOBAIMCH B BO3/LYLIIHON CPe/ie B pe-
JKUMeE TI0CIeoBaTebHoro HarpeBanus ot 20 mo 85 °C
n oxnaxxaenus 10 20 °C npu CKOpOCTH U3MEHEHUS TEMITE-
parypsi 2 °C/muH. Macca HaBecku coctaBisuia 2025 mr.
Pacder sHTAIBINN IPOBOJMICSA B COOTBETCTBUH C Me-
togoMm [19] (puc. 2).

CornacHO yKka3aHHOMY METOLY, IJIOMIA b O] Ipa-
(koM orpaHMYMBANACH OA3MCHOW JTHMHUCH U3 00IaCTH
BBICOKHX TEMIIEpaTyp, SKCTPAroIMPOBAHHON JI0 BEPTH-
KaJbHOH MMHUM [, TPOBEACHHOW W3 NMHKA, ¥ JTUHHUEH 2,
MIPOBEAECHHOM M3 TOUKU OTKJIOHEHHs Tpaduka oT 6aznc-
HOM JINHUY B 00JIACTH HU3KUX TEMIIEPATyP.

PE3YJIBTATHI UCCJIEJOBAHUA

C 1enpio BIOOpa KOMIIOHEHTOW OCHOBBI IS 3(-
¢exrtuBHbiXx TAM ObUIM HccleOBaHbI 0a30BbIE Be-
mectBa ¢ OODII (mapadun, mapapuHOBOE MacCIO
1 BazenuH). JJs KaxkJ10ro MOHOKOMIIOHEHTHOTO TAM
MOIy4YeHbI TpadUKy M3MEHEHHUs TEIMJIOBOTO IOTOKA
MIPYU HATPEBAHHUU U OXJIAXKICHHUH (pHUC. 3), KOTOPHIE I10-
3BOJISIFOT OLIGHUTh XapaKkTep U3MEHEHHs SHTAIbINH (a-
30BBIX TTEPEXOIIOB.

Ha rpadukax BHIHO, 94TO HCCIIEAyeMBbIC 00pa3Iibl
YIJIEBOJIOPOJIHBIX BELIECTB MMEIOT PA3IMYHYI0 WHTEH-
CHBHOCTh U3MEHEHHS TETUIOBOTO IIOTOKA. JTO OTUYETIINBO
HAOITFOIACTCS KaK MPY YBETMUCHUH, TaK ¥ TIPH CHIDKCHUH
TemIeparypsl. Takke OTMETHM OTIIMYAIOLIMICS BUI KPU-
BOH, XapaKTePH3YFOIIHI SHTAIBITHIO (Pa30BOTO TIepexora.
Jist napaguna rpaduk nmeeT OMMOJANIBLHBIA XapakTep
W3MEHEHUS C TIMKOM, CMEIIIEHHBIM B CTOPOHY OOJBIINX
Temneparyp. [Ipu 3ToM PHTanbIHS Maclia ¥ Ba3eluHA

Taou. 1. MapkupoBka 00pa31oB TEPMOAKKyMYIHPYIOIINX MaTepHaioB

Cocras [IpouenTHOE COOTHOILLIEHUE Mapxuposxa
BELIECTB
[Napapun 100 I
[TapadunoBoe macio 100 M
Bazenun 100 B
[Mapadun, mapadhuHOBOE MaCIO 50/50 TIM-50/50
[MapaduH, mapadhuHOBOE MaCIO 20/80 [IM-20/80
[Mapacun, Bazenun 50/50 I1B-50/50
[Mapacun, Bazenun 20/80 I1B-20/80
[Mapadun, Bazenun, mapaguHOBOE MaciIo 60/20/20 I[MBM-60/20/20
[Mapadun, BazenuH, mapaguHOBOE MaciIo 40/30/30 [MIBM-40/30/30
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Puc. 1. BeicoxoTtemmneparypHslit auddepeHnnanbHbIil CKaH-
pyrommii kanopumerp HDSC PT1600 Linseis DSC PT-1600 («)
C KOPYH/IOBOM cucteMoi m3mepenust (b)

OIIMCBHIBAETCS] CXOKMMH OJIHOMOJAJIIEHBIMU KPUBBIMU
C IIMKOM, CMEIIIEHHBIM B CTOPOHY MEHBIINX TEMIIEpaTyp.

Hcnonb3yst METOIMKY, OMMCAHHYIO BBIIIE, HA OC-
HOBE TMOJIYICHHBIX TpadukoB (puc. 3) yCTaHOBICHBI
mapaMeTphl 3apeTUCTPUPOBAHHBIX TETUIOBEIX A (eK-
TOB (Ta0I1. 2), KOTOpPBIE Tal0T BOZMOKHOCTH BEITIOTHUTH
KOJIMYECTBEHHBIN aHaIu3. B nepByro ouepenb, 3aKOHO-
MEpPHO HaOII0aeTCsl MEHBIIAS IHTAIBINS IK30TEPMH-
YECKUX MPOIECCOB (KPUCTAIUIM3ANNHN) KaKJOTO MOHO-
KOMIOHEHTHOTO TAM, 4eM NpoIeccoB, MPOUCXOAIINX
MIPY MOIVIONICHUH TeIuia (IJIaBJICHHUH).

I'paduik U3MEHEHNs TEMIOBOTO MOTOKA IPH HArpe-
BaHMU (puc. 3, @) MOKa3bIBaeT, YTo napaduH odIagaer
HauOOJIBIICH TeMIIepaTypoi IIaBIeHHs 1 HanOOJIbIIeH
sHepruei pazosoro nepexona. [Ipu aTom kpome sKcTpe-
MyMa (Tmka) pu temreparype 53,8 °C HabmromaeMsbid
B nmuana3one 20-42 °C moKalbHBII IKCTPEMYM HMEET
nuk npu temmeparype 33,8 °C. CormacHo padote [20]
3TO MOXET CBHJETEIHCTBOBATh O HAJIUYNU B COCTABE
oOpa3sia napaduHa ¢ HU3KOH MOJIEKYJISIPHON MacCOM.
I'paduky M3MEHEHHUs TEIJIOBOTO MOTOKA MPU HarpeBa-
HUH apa)MHOBOTO MAacJia 1 Ba3elInHa XapaKTepU3yIoT-
Ci HC6OJ'II)IIII/IMI/I SHAYCHUAMMU, IIPU STOM 60J'II>H_Ia}I 4acTb
9HEPruu norjomaeTcs B auanazone 22,8-46,5 °C.

OcobenHoctH (a30BBIX MEPEXOOB, KOTOPHIE Xa-

ﬁ
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Puc. 2. Cxema onpeneneHus IIONMIAIH O] TpapHrKOM U3Me-
HEHHsI TEIUIOBOTO TOTOKA JIJIsl pacueTa dHTAIbIHH (a30BOro
nepexoza

PaKTEpHBI AJIS UCCIEAYEMBIX 00pa3loB IPU yMEHb-
IICHUH TeMIepaTypsl (puc. 3, ), Taxke JeMOHCTPH-
pyroT, 4To mapaduH oOnamaeT HanOOIbIIeH MUKOBOM
TeMIepaTrypoil m HambOoIbIIeH >HepTHEei (a30BOro
nepexona. Kak u nmpu Harpese, rpaduk U3MEHEHHS Te-
IUIOBOTO ITOTOKA TIPU OXJIAXJIEHUU XapaKTepU3yeTcs
Hapoi PKCTPEMyMOB, OOJBIINI U3 KOTOPBIX COOTBET-
cTByeT TeMneparype 47,6 °C, a MeHbIINH (B JUana3oHe
20-38 °C) — 32,5 °C. 3arBepueBanue mnapaduHOBO-
r0 Macljia ¥ Ba3elnHa MPHU OXJIaKICHUU COMPOBOXKAA-
©TCs BBIJICJICHUEM PHEPIHH B JAMANla30HE TeMIIeparyp
21,9-39,8 °C. Otmerum 0Opasen napahuHOBOIO Mac-
7a, rae O0oJbInas 9acTh dHEPTuH (Ha30BOTO Iepexonaa
HaXOANTCS OMMXKe K ONTHMAIBbHBIM JUIsl pa3padaThiBa-
€MOro MarepHasa TeMIeparypam.

AHann3 MoTydeHHBIX JaHHBIX CBUIETEIbCTBYET
0 TOM, YTO IapapHOBOE MACJIO M Ba3eIMH 00JIaaaioT
HaMMEHBIIUMH 3HAYEHUSIMH SHTAJIBIHNH (a3oBoro me-
pexofia ¥ IpH 9TOM 00J1aJaf0T HEBBICOKOW TeMIIepary-
poii niaBnenus. JlaHHoe CBOHCTBO OBIIIO UCTIOIB30BAHO
MIPU CO3aHUM KOMITO3ULIMOHHBIX TAM Ha ocHOBe ma-
paduna. Ha puc. 4 npencraBieHbl rpauKu H3MEHEHHSI
TEIUIOBBIX TIOTOKOB KOMITO3UITHOHHBIX 00pa3iioB TAM,
mapaMeTpsl 3HAO- U 3K30TEPMHUECKUX IIPOIECCOB
MIPEACTaBICHHI B Ta0MI. 3.
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Puc. 3. l3MeHeHne TEMIOBOTO MMOTOKa MOHOKOMIIOHEHTHBIX TEIUIOAKKYMYIHPYIONINX MaTepHaIoB IPH HarpeBaHuu (a);

nipu oxyaxnaeHud (b): I1 — mapadun; M — napadunoBoe macno; B — Bazenun
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Tabu. 2. ITapamMeTpsl 3HI10- U IK30TEPMUUECKHX MPOIIECCOB MOHOKOMITIOHEHTHBIX TEMIOAKKYMYIHPYIOIIHX MaTepHaIoB

DHA0TepMUYECKull rporuece DK30TepMuuecKuil npouece
Oopa3zen
t,°C t,°C t.o°C E, Tx/r t,°C t,°C t.oC E, i/t
I 24,1 59,6 53,8 102,4 51,2 21,9 47,6 47,7
M 24,0 46,5 314 14,6 39,8 23,1 37,3 8,1
B 22,8 53,3 324 24,4 37,3 26,0 34,5 8,0
Ilpumeuanue: t — TeMIepaTypa Hadyana Tpouecca; /[ — TEMIEparypa KOHIA mpolecca; f —— MHKOBas

TEeMIIepaTypa, E — »HTanenms OHJ0- U SK30TCPMHUICCKUX IIPOLECCOB.

Hcnonp3oBanne cmecu ¢ 50 % napauHOBOTO Mac-
J1a TI03BOJIMJIO CMECTUTH MUK TEMIEpaTyphl MIaBICHUS
10 41,8 °C, sHTaNBNMs IPU TOM CHU3HIACH TPAKTUYE-
cku B 1Ba paza — 10 54,0 JIx/r. [Ipu nanpHeiem yBe-
JMYCHUN conepkanus napadunosoro macna 10 80 %
MUK TEMIIEPATYpPbI IUIABIECHUS CHU3HWICS 10 ONTHMAb-
Horo 3HaueHUs B 32 °C, ogHaKo SHTANBIHS (HAa30BOTO
mepexona Taxke cHu3miack — 27 JIx/T, 9To oTpuIa-
TEJIGHO CKa3bIBaeTCs Ha 3()(PEKTUBHOCTH MOTVIOIICHHS
teria TAM.

CwMmecu napaduHa ¢ Ba3eJIMHOM IIPU HAarpeBaHUU
00J1a1ay MUKOBBIMU TEMIIEpaTypaMHy IPH COOTHOIIIE-
HUAX KoMmmoHeHToB 50/50 — 45,3 °C, 20/80 — 38,7 °C,
IIPY 3TOM OOJIBIIEH SHTAJIBIHMEH 110 CPABHEHHIO C 00-
pasuamu ¢ napadpuHOBBIM MacioM — 67,5 u 37,2 Jix/r
COOTBETCTBEHHO.

TpexxommnoneHTHbIE cMecH ¢ 60 1 40%-HbIM conep-
JKaHWeM TapaduHa IMO3BOJIMIN CHU3UTH ITUKOBYIO TEM-
nepatypy miasienus 10 39,4 u 39,9 °C npu 3HaueHUsIX

B A

T 20 N P

E \_.‘\“:wﬂ - ’,"‘4 - ;’

e 40 nM-50/50° TS

5 IM-20/80

2 6.0 _B-50/50

= --TIB-20/80

2 80 _nBM-602020 Harpen |2
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Temneparypa, °C

a

sHTanbnun 72,9 u 60,6 JIk/r coorBeTcTBeHHO. CTOUT
oTrMeTuTh obpaser ¢ 40%-HbIM conepikaHueM napagpu-
Ha, r7e OoJbIIas YacTh SHEPTUH IIJIABICHUS TOTIONIa-
eTcsi B 0071acTH HU3KUX TEMIEpaTyp, 4TO MOBBIIIAET
a¢pexruBHOCTD paboTel TAM.

XapaxkTep U3MEHEHHUS TPaHUKOB IPH OXJIAKACHUH
AQHAJIOTM4EH N3MEHEHHMIO rPpaMKOB IPH TUIABJICHUH 00-
pa3noB KoMIIo3UIMOHHBIX TAM, onHako HabrOnaeTCs
3HAUUTENIBHOE CHUKEHUE YHTAIBINH KPUCTAIIN3ALUN
IIPU HCIOIb30BaHUU cMecel ¢ 80%-HbIM coepkaHleM
napaguHOBOTO Macia 1 BazennHa — 110 9,1 u 8,5 JIx/r
COOTBeTCTBEHHO. YacTh sHEeprun (pa3oBoro mepexona
00pa3nos, cojepKalmx mapaduHOBOE MACIIO U Base-
JIMH, MOXKET BBIJICIISATHCS IPH 00JIee HU3KUX TEMIIEpaTy-
pax, He BXOASIIUX B IUAa30H U3MEPEHUN HACTOSILETO
HCCIICIOBaHUS.

HWcxons n3 ananmsa rpadukos JICK npu oxmaxe-
HUM W aHAJIN3a ONITHMAJIBHOTO pexkuMa padoTsl TAM,
HanOoJee IepCIeKTUBHBIMHI MPEACTABISIOTCS 00pa3Ibl

o 5,0 --TIM-50/50
E [IM-20/80
q -
340 —IIB-50/50
5 --TIB-20/80 I OK30
30 TBM-6022020 s
= TIBM-40/30/30 s
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b

Puc. 4. lI3MeHeHne TEMIOBOTO IIOTOKA KOMIIO3MIMOHHBIX TEIJIOAKKYMYJIUPYIOIIUX MaTepHaIoB IPU HarpeBaHuu (a); npu

oxnaxaeHuu (b)

Taou. 3. IlapameTpsl 3HI0- U K30TEPMUUECKUX IPOLIECCOB KOMIIO3ULIMOHHBIX TEIIIOAKKYMYJIUPYOLIUX MAaTepPUaIoB

OHpoTepMuuecKuil mpouece DK30TepMUUECKUil mporecc
Ob6pasen
t,°C t,°C t.oC E, Lx/r t,°C t,°C o C E, Lx/r

[IM-50/50 23,9 49,2 41,8 54,0 43,4 21,6 40,6 23,1

IIM-20/80 21,7 45,4 32,0 27,0 38,7 22,0 32,6 9,1

I1B-50/50 22,4 50,6 45,3 67,5 453 21,3 42,9 24,1

11B-20/80 25,0 51,4 38,7 37,2 43,4 25,0 33,8 8,5
[MIBM-60/20/20 23,5 53,2 39,4 72,9 45,9 24,5 43,5 26,9
[1BM-40/30/30 22,6 47,8 39,9 60,6 42,4 24,5 33,8 20,6
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C.P. CokonbHukoea, A.C. UHo3emues

C BBIXOZIOM OOJIBIICH YaCTH SHEPTUH [TPU KPUCTAILIH3a-
MU B o0acTé 0oJiee HU3KUX TeMIIepaTyp — KOMIIO-
sunuoHHBIX TAM mapadus u Bazenun 50/50, a Takxe
TPEXKOMITOHEHTHAsI CMECh C COOTHOIICHHEM KOMIIO-
HEHTOB «Iapa(uH — Ba3eHH — mapaduHOBOE MaCIIO»
40/30/30.

Takum o0Gpa3zom, NMPOBEACHHBIE HCCIIEIOBAaHUS
JIAI0T BO3MOXKHOCTB C(OPMYJIMPOBATh CIEAYIOIIUE 3a-
KITIOUCHHS:

* napaMHOBOE MACIIO M Ba3eJIMH MO3BOJISIOT CHHU-
3UTh MUKOBYIO TeMIIepaTypy IUIaBJICHHUS mapaduHa
¢ 53,8 1o 32 °C 1 mUKOBYIO TEMITEpaTypy KPHCTAIIIH3a-
uuu ¢ 47,6 1o 32,6 °C, npu 3TOM 3HaYE€HUS SHTAIBITUI
(ha30BBIX EPEXOI0B 3HAYUTEIILHO CHUYKAIOTCS C YBEITH-
YEHUEM KOJIMYeCTBa NapaMHOBOTO Macia 1 Ba3ellnHa;

* JIBYXKOMIIOHCHTHBIC CMECH «mapaduH — mnapa-
(dbuHOBOE Macio» U «rapadu — Bazeaun» ¢ 20%-HbIM
colep)kaHneM mapaduHa XapaKTepPH3yIOTCS CIBUTOM
rpauKOB TEIUIOBOTO MOTOKA B CTOPOHY Oojiee HHU3-
KHX TeMIepaTyp, T.e. OOJbIIas YacTh TETUIOBOW SHEp-
TUH TIPH (Pa30BOM IIEPEXOJIC MTOTIIOIMIACTCS/BBIACTISACTCS
B ONTHMAJILHOM Juana3zoHe temiepatyp. Hecmorps
Ha HEOOJIbIINE 3HAYCHHS SHTAJIBIUU (PA30BBIX IEpe-
XOJIOB, MMOIOOHBIE CMECH MOTYT OBITh ITEPCIIEKTUBHBIM
TAM B 3aJ1laHHBIX YCIOBHSIX TEMIIEPATyD;

* TPEXKOMIIOHEHTHbIE CMeCH «mapaduH — napa-
(hHOBOE MACIIO — Ba3eIMH» C COlepKaHUeM mapaduHa
60 1 40 % o0nagaroT 1OCTATOYHO BHICOKOM DHTAJIBIIHEN
rraBieHus 72,9 u 60,6 JIK/T ¥ SHTaNBIHCH KPHCTAIITH-
sarmu — 26,9 u 20,6 JIx/T cooTBeTCTBeHHO. [TnKoBast
TeMIieparypa rasieHus cocrasuia 39,4 u 39,9 °C, nu-
KOBas TeMneparypa kpucramumzanun — 43,5 u 33,8 °C
COOTBETCTBEHHO.

Haunbonee mepcieKTUBHBIM MPEACTABIACTCS pas3-
paboTka koMo3unoHHEIX TAM ¢ comepkaHueM ma-
paduna He MeHee 40 %, 001aaaroNINX JOCTATOYHO BHI-
COKHIMH TTOKa3aTeJISIMU SHTAIBIIH (Pa30BbIX IEPEXOI0B
1 HEBBICOKOH TeMITEpaTypoi MUKOB TEILIOBOTO TOTOKA

NP IUIaBJICHUH M KpucTaium3anuu. [1pun sTom 601b-
I1asi 4YacTh TEIUIOBOM 3HEprun npu (a3oBoOM Iepexose
TIOTVIOMIAETCS/BBIICISICTCSI B ONTHMAJIEHOM JTHAIa30He
TEMIEPaTyp, KOTOPBIH MOXKET OBITH ONTHMU3HPOBAH
BcriomorareiabHbiMu TAM B cocrase.

Pa3BuTHE TEMBI MOKET OBITH HAITPABICHO HA YIIPaB-
JICHUE TUara3oHaMH TEMIIepaTyp Hadana (pa3oBbIX Iie-
pexonoB TAM 3a cueT cTyneH9aTol HHTCHCH(UKAIIH
TUTABIICHNS WM KPHCTAJUIM3AINH, Ha CHIKEHUE TEM-
TepaTyp MUKOB TIABJICHUS U KPUCTAIIM3ALNH, ITPU CO-
XPAaHEHNN BBICOKUX 3HAUYEHUH SHTAIBIHNH (ha30BBIX
TIEPEXO/IOB.

3AKJIIOYEHUE U OBCYXJIEHHUE

[IpoBeneHHbIE HCCIIEAOBAHMS [TOKA3aIIU, YTO, He-
CMOTpsI Ha TpeOyeMyro isi pa3pabaThiBAEMOro Ma-
TepHalia BBICOKYIO SHTAJBIIHIO MPOLEcCcOB (Pa3oBhIX
Mepexo0B, napaduH MPU ITOM HE OTBEYAET BTOPOMY
TpeOOBaHUIO — 00JaJaeT BHICOKUMH TeMIIlepaTrypamu
MTUKOB JIJISI IJTABJICHUSI M Kpuctaui3anuu (6onee 47 °C),
YTO 3HAYUTEIHHO BBINIE KOM(POPTHBIX YCIOBUH DKC-
miyartanuu moMenieHui. [1oaToMy I CHUIKEHUS
TeMIeparypbl (a3oBbIX MEPEXOI0B IEIeCO00pa3HO
KOMOWHHPOBaTh mapauH ¢ APYTUMHU YIIEBOAOPOJI-
HbIMH coefiHeHUsIM. Tak, coBMerieHune napapuHa
¢ napapMHOBBIM MACJIOM M Ba3eIMHOM B COCTAaBE JIBYX-
KOMIIOHEHTHOM CMeCHU MO3BOJIIET CMECTUTh TPAHHUIIBI
TEIUIOBBIX 3P PEKTOB B CTOPOHY MEHBIINX 3HAYCHHIA
KaK JIJIs IPOIECCOB IJIABJICHUSI, TAK M MPOIECCOB KPH-
crajuin3anuu. BMecTe ¢ 3TUM QUKCHPYETCsl CHUKEHHE
WHTCHCUBHOCTH COOTBETCTBYIOIUX MTHMKOB HA TEPMO-
rpaMmmax, 4T0 CBHJIETENILCTBYET O CHHIKEHUH DHTAJb-
nuu mnpoieccoB (GazoBbix mnepexonoB. [lomyuenue
KOMIO3ULIMOHHBIX TAM, cocTosUX U3 TPEeX KOMIIO-
HEHTOB, J1aeT BOBMOKHOCTh COXPAaHHUTh 00JIee BHICOKYIO
SHTANBIINIO, 00ECIEUUB TOCeI0BaTelbHOe (ha3oBoe
npeoOpa3oBaHue KaxJ0ro U3 HUX.
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INTRODUCTION

Nowadays 3D printing in construction can no lon-
ger be called a new technology, the number of buildings
erected by additive technologies is increasing every
year worldwide [1]. At the same time, printers continue
to be continuously improved and 3D printing inks are
being modified due to the following challenges arising
from the peculiarities of this technology [2—4]:

1) providing a combination of relatively contra-
dictory properties of “ink” — pumpability, extrudability
and buildability;

2) preserving surface quality — preventing shrink-
age and cracking, creating an even surface;

3) ensuring functionality of printed products —
use of “smart inks” with multifunctional properties, i.e.
providing not only a load-bearing/self-supporting func-
tion, but also having thermal insulating, heating, condi-
tioning, self-cleaning and/or other properties.

In practice, Portland cement based concrete with
various additives and fine aggregate is most often used
as “ink”. To date, a large number of formulations have
been developed to fulfil the requirements of pumpabil-
ity, extrudability and buildability, and various solutions
have been proposed to maintain the surface quality [1].
On the other hand, the development of functional print-
able products has not been sufficiently addressed. In
particular, traditional methods are used to insulate and
condition buildings erected with additive technologies,
which reduces the productivity of this construction tech-
nology. As a result, the key advantage of 3D printing
over standard construction technologies [2] — reduc-
tion of energy and labour costs — is partially realized.

To ensure a constant comfortable temperature in
a printed building, a promising technology is the use
of thermal accumulative materials (TAM) with a phase
transition function (PTF) [5]. For example, in the winter
season, the excess heat that occurs when heating a room
is above the comfortable temperature (22-24 °C),
which leads to the absorption of energy by TAM accom-
panied by a transition from solid to liquid phase state.
When the temperature decreases during colder times
of the day, the phase transformation occurs in the op-
posite direction, which is accompanied by the release
of heat. In the summer season, TAM can significantly
save resources by absorbing excess heat, while reduc-
ing temperature fluctuations during the day and night,
providing a conditioning effect.

The use of the described TAM effect is realized
more often in concrete envelopes. There are various
ways of introducing components with PTF. In this case,
it is necessary to reliably isolate the TAM, as its leak-
age leads to a decrease in the physical and mechanical
properties of concrete [6—15]. The introduction of them
in microcapsules made of polymer or other material is
considered to be an effective method [6-9], the method
of mould stabilization using metakaolin, bentonite, mi-
crosilica and other fine porous materials is also used
[10—-12], the method of impregnation of lightweight
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aggregate (expanded clay, pumice, expanded perlite
or shale) is no less well known [13—15].

Paraffin and fatty acids are most widely used as
TAM in building materials due to their high values
of the enthalpy of phase transition, their non-toxicity,
high thermal resistance and low cost [16]. On the other
hand, such materials have, as a rule, a high melting
point (from 45 °C), which limits their direct application
in temperate climates.

Inorganic TAM are salt hydrates and nitrates. Their
main advantages are non-flammability and low cost. How-
ever, low thermal resistance, supercooling (delayed solidi-
fication) at the phase transition “solid-liquid” and inten-
sification of metal corrosion cause the difficulty of using
inorganic TAM. In addition, the problem is their degrada-
tion after repeated cycles of phase change [17, 18].

Thus, the task of development of TAM for min-
eral-based construction materials satisfying the appli-
cation in buildings operating in the temperate climatic
zone remains urgent.

The present work focuses on the investigation
of TAM for the development of smart building “inks”
that will provide printed structures with a passive ther-
mal management function.

MATERIALS AND METHODS

The object of the study is TAM, which are hydro-
carbon compounds and their mixtures. TAM modifica-
tion by combining components with low phase transi-
tion temperature is aimed at optimizing the kinetics
of thermal transformations.

Available and non-toxic materials were used as
the main components for TAM development: solid
petroleum paraffin P-2 (Slavneft-YANOS, Yaroslavl),
paraffin oil/vaseline oil (LLC “Tula Pharmaceutical
Factory”, Tula), petroleum jelly (AO “MPZ”, Murom).

To make composite TAM, the starting materials
were heated to a temperature of 80 °C and mixed for
two minutes. The obtained specimens were stored in
airtight containers to prevent evaporation of light frac-
tions. The compositions of the investigated TAM are
presented in Table 1.

The thermal effects of TAM phase transitions were
analyzed by differential scanning calorimetry (DSC) using
a Linseis DSC PT-1600 high temperature differential
scanning calorimeter (Fig. 1).

The specimens were investigated in an air envi-
ronment in the mode of successive heating from 20
to 85 °C and cooling to 20 °C at a rate of temperature
change of 2 °C/min. The mass of the suspension was
20-25 mg. The enthalpy was calculated according to
the method [19] (Fig. 2).

According to the above method, the area under
the graph was bounded by a baseline from the high tem-
perature region extrapolated to a vertical line / drawn
from the peak and a line 2 drawn from the point where
the graph deviated from the baseline in the low tem-
perature region.
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Table 1. Labelling of specimens of thermal accumulative materials
Composition Percentage ratio of substances Labelling
Paraffin 100 P
Paraffin oil 100 M
Petroleum jelly 100 v
Paraffin, paraffin oil 50/50 PM-50/50
Paraffin, paraffin oil 20/80 PM-20/80
Paraffin, petroleum jelly 50/50 PV-50/50
Paraffin, petroleum jelly 20/80 PV-20/80
Paraffin, petroleum jelly, paraffin oil 60/20/20 PVM-60/20/20
Paraffin, petroleum jelly, paraffin oil 40/30/30 PVM-40/30/30/30
Line 2

a

Fig. 1. High-temperature differential scanning calorimeter
HDSC PT1600 Linseis DSC PT-1600 (a) with corundum
measurement system (b)

RESEARCH RESULTS

In order to select a component base for effective
TAM, base substances with PTF (paraffin, paraffin oil
and petroleum jelly) were investigated. For each mono-
component TAM, graphs of heat flux changes during
heating and cooling were obtained (Fig. 3), which al-
low us to evaluate the character of enthalpy changes
of phase transitions.

The graphs show that the studied hydrocarbon
specimens have different intensity of heat flux change.
This is clearly observed both at increasing and decreas-
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a

Baseline

Heat flux

Temperature

Fig. 2. Scheme for determining the area under the graph
of heat flux change for calculating the enthalpy of phase
transition

ing temperature. We also note a different type of curve
characterizing the enthalpy of phase transition. For
paraffin, the graph has a bimodal character of change
with the peak shifted towards higher temperatures. At
the same time, the enthalpy of oil and petroleum jelly
is described by similar unimodal curves with the peak
shifted towards lower temperatures.

Using the technique described above, on the basis of
the obtained graphs (Fig. 3), the parameters of the re-
gistered thermal effects (Table 2) were established,
which make it possible to perform a quantitative analy-
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Fig. 3. Change of heat flux of monocomponent thermal accumulative materials during heating (a); during cooling (b): P —

paraffin; M — paraffin oil; V — petroleum jelly
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Table 2. Parameters of endothermic and exothermic processes of monocomponent thermal accumulative materials

. Endothermic process Exothermic process
Specimen
t,°C t,°C t,°C E, /g t,°C t,°C t,°C E,J/g
P 24.1 59.6 53.8 102.4 51.2 21.9 47.6 47.7
M 24.0 46.5 31.4 14.6 39.8 23.1 37.3 8.1
\% 22.8 53.3 32.4 24.4 37.3 26.0 345 8.0

Note: t — process start temperature; ¢, — process end temperature; — peak temperature; £ — enthalpy of endothermic and

exothermic processes.

sis. First of all, the lower enthalpy of the exothermic
processes (crystallization) of each monocomponent
TAM than the processes occurring at heat absorption
(melting) is naturally observed.

The graph of heat flux variation during heating
(Fig. 3, a) shows that paraffin has the highest melting
point and the highest phase transition energy. In addition
to the extremum (peak) at 53.8 °C, the local extremum ob-
served in the range of 2042 °C has a peak at 33.8 °C. Ac-
cording to [20], this may indicate the presence of low
molecular weight paraffin in the specimen. The graphs
of heat flux variation during heating of paraffin oil and pe-
troleum jelly are characterized by small values, with most
of the energy absorbed in the range 22.8-46.5 °C.

The features of phase transitions, which are char-
acteristic for the investigated specimens at decreasing
temperature (Fig. 3, ), also demonstrate that paraffin
has the highest peak temperature and the highest phase
transition energy. As with heating, the plot of heat flux
variation on cooling is characterized by sa pair of ex-
trema, the larger of which corresponds to a tempera-
ture of 47.6 °C and the smaller (in the range 20-38 °C)
to 32.5 °C. Solidification of paraffin oil and petroleum
jelly on cooling is accompanied by energy release in
the temperature range 21.9-39.8 °C. We note the speci-
men of paraffin oil, where most of the phase transition
energy is closer to the optimum temperatures for the de-
veloped material.

The analysis of the obtained data indicates that
paraffin oil and petroleum jelly have the lowest values
of enthalpy of phase transition and at the same time
have a low melting point. This property was used in

00 %, it
220 N SF
E \..“-\;¥ h\“'-.. ’:/, ";
E 40 pMs0/50 S
= PM-20/80
2 6.0 _pv.50/50
—PV-20/80
: End
80 pvM-602020 Heating | PN
PVM-40/30/30
-10.0

20 25 30 35 40 45 50 55 60 65
Temperature, °C

a

the creation of paraffin-based composite TAM. Fig. 4
shows the graphs of heat fluxes of composite TAM
specimens, the parameters of endothermic and exother-
mic processes are presented in Table 3.

Using a mixture with 50 % paraffin oil allowed to
shift the melting temperature peak to 41.8 °C, the en-
thalpy was almost halved to 54.0 J/g. At further increase
of paraffin oil content up to 80 % the peak of melting
temperature decreased to the optimum value of 32 °C,
but the enthalpy of phase transition also decreased —
27 J/g, which negatively affects the efficiency of heat
absorption of TAM.

Mixtures of paraffin wax with petroleum jelly had
peak temperatures at 50/50 component ratios of 45.3 °C
and 20/80 component ratios of 38.7 °C when heated,
with higher enthalpy compared to paraffin oil speci-
mens of 67.5 and 37.2 J/g, respectively.

The three-component blends with 60 and 40 %
paraffin content reduced the peak melting temperature
to 39.4 and 39.9 °C with enthalpy values of 72.9 and
60.6 J/g, respectively. It is worth noting the specimen
with 40 % paraffin content, where most of the melting
energy is absorbed in the low temperature region, which
increases the efficiency of TAM.

The character of change of graphs at cooling is sim-
ilar to the change of graphs at melting of composite TAM
specimens, however, a significant decrease of crystalliza-
tion enthalpy is observed when using mixtures with 80 %
content of paraffin oil and petroleum jelly — up to 9.1
and 8.5 J/g, respectively. Part of the phase transition
energy of specimens containing paraffin oil and petro-
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PM-20/80
2 40  ~PV-50/50
E ~-PV-20/80 [Exo
230 -~ PVM-60/20/20
= PVM-40/30/30 e
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Fig. 4. Change of heat flux of composite thermal accumulative materials during heating (a); during cooling (b)
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Table 3. Parameters of endothermic and exothermic processes of composite thermal accumulative materials
) Endothermic process Exothermic process
Specimen
t,°C t,°C 1,°C E,J/g t,°C t,°C 1,°C E,J/g
PM-50/50 23.9 49.2 41.8 54.0 434 21.6 40.6 23.1
PM-20/80 21.7 454 32.0 27.0 38.7 22.0 32.6 9.1
PV-50/50 22.4 50.6 453 67.5 453 21.3 42.9 24.1
PV-20/80 25.0 51.4 38.7 37.2 434 25.0 33.8 8.5
PVM-60/20/20 23.5 53.2 39.4 72.9 459 24.5 43.5 26.9
PVM-40/30/30/30 22.6 47.8 39.9 60.6 424 24.5 33.8 20.6

leum jelly may be released at lower temperatures outside
the measurement range of the present study.

Based on the analysis of DSC graphs at cooling
and analysis of the optimal mode of operation of TAM,
the most promising specimens with the yield of most
of the energy at crystallization in the region of lower tem-
peratures — composite TAM paraffin and petroleum jelly
50/50, as well as three-component mixture with the ratio
of components “paraffin — petroleum jelly — paraffin oil”
40/30/30.

Thus, the conducted research makes it possible to
formulate the following conclusions:

* paraffin oil and petroleum jelly can reduce
the peak melting point of paraffin from 53.8 to 32 °C
and the peak crystallization temperature from 47.6 to
32.6 °C, with the enthalpy values of phase transitions
decreasing significantly with increasing amounts
of paraffin oil and petroleum jelly;

* two-component mixtures “paraffin — paraffin
0il” and “paraffin — petroleum jelly” with 20 % paraffin
content are characterized by a shift of heat flow diagrams
towards lower temperatures, i.e. most of the heat
energy at the phase transition is absorbed/released in
the optimal temperature range. Despite the small values
of phase transition enthalpies, such mixtures can be
a promising TAM under given temperature conditions;

* three-component mixtures “paraffin — paraffin
oil — petroleum jelly”” with paraffin content of 60 and 40 %
have rather high enthalpy of melting 72.9 and 60.6 J/g
and enthalpy of crystallization — 26.9 and 20.6 J/g
respectively. The peak melting temperature was 39.4
and 39.9 °C and peak crystallization temperature was
43.5 and 33.8 °C, respectively.

The most promising is the development of com-
posite TAM with paraffin content not less than 40 %,
having sufficiently high enthalpy of phase transitions

and low temperature of heat flow peaks at melting and
crystallization. At the same time, most of the thermal
energy at the phase transition is absorbed/emitted in
the optimum temperature range, which can be opti-
mized by auxiliary TAM in the composition.

The development of the topic can be directed
to the control of the temperature ranges of the onset
of phase transitions of TAM due to the stepwise in-
tensification of melting or crystallization, to reduce
the temperatures of melting and crystallization peaks,
while maintaining high values of the enthalpy of phase
transitions.

CONCLUSION AND DISCUSSION

The conducted studies have shown that, despite
the required for the developed material high enthalpy
of phase transition processes, paraffin does not meet
the second requirement — it has high peak tempera-
tures for melting and crystallization (more than 47 °C),
which is much higher than the comfortable conditions
of room operation. Therefore, to reduce the temperature
of phase transitions, it is advisable to combine paraffin
with other hydrocarbon compounds. Thus, combining
paraffin with paraffin oil and petroleum jelly as a part
of two-component mixture allows to shift the bound-
aries of thermal effects towards lower values both for
melting and crystallization processes. At the same time,
a decrease in the intensity of the corresponding peaks
on thermograms is recorded, which indicates a decrease
in the enthalpy of phase transition processes. Obtaining
composite TAM consisting of three components makes
it possible to maintain a higher enthalpy by providing
a sequential phase transformation of each of them.

REFERENCES

1. Mohan M.K., Rahul A.V., Schutter G.D., Tit-
telboom K.V. Extrusion-based concrete 3D printing
from a material perspective : a state-of-the-art review.
Cement and Concrete Composites. 2021; 115:103855.
DOI: 10.1016/j.cemconcomp.2020.103855

2. Inozemtsev A.S. Modern theory and practice
of concrete technology for 3D printing in construction.
Vestnik MGSU [Monthly Journal on Construction and
Architecture]. 2024; 19(2):216-245. DOI: 10.22227/
1997-0935.2024.2.216-245 (rus.).

133

(1G) L BNSS] YL O] Loneonsapuesausps



scionco o ruction: o) 14, Issue 1(51)

Sofia R. Sokolnikova, Aleksandr S. Inozemtsev

3. Raphael B., Senthilnathan S., Patel A., Bhat S.
A review of concrete 3D printed structural members.
Frontiers in Built Environment. 2023; 8. DOI: 10.3389/
fbuil.2022.1034020

4. Pustovgar A.P., Adamtsevich L.A., Adamtsev-
ich A.O. International research experience in the field of
additive construction manufacturing. Housing Construc-
tion. 2023; 11:4-10. DOI: 10.31659/0044-4472-2023-
11-4-10. EDN FOCIIT. (rus.).

5. Jahangir M.H., Ziyaei M., Kargarzadeh A. Eval-
uation of thermal behavior and life cycle cost analy-
sis of greenhouses with bio-phase change materials in
multiple locations. Journal of Energy Storage. 2022;
54:105176. DOI: 10.1016/j.est.2022.105176

6. Jayalath A., San Nicolas R., Sofi M., Shanks R.,
Ngo T., Aye L. et al. Properties of cementitious mortar
and concrete containing micro-encapsulated phase change
materials. Construction and Building Materials. 2016;
120:408-417. DOIL: 10.1016/j.conbuildmat.2016.05.116

7. Hunger M., Entrop A.G., Mandilaras 1., Brouw-
ers H., Founti M. The behavior of self-compacting concrete
containing micro-encapsulated phase change materials.
Cement and Concrete Composites. 2009; 31(10):731-743.
DOI: 10.1016/j.cemconcomp.2009.08.002

8. Eddhahak A., Drissi S., Colin J., Caré S., Neji J.
Effect of phase change materials on the hydration reac-
tion and kinetic of PCM-mortars. Journal of Thermal
Analysis and Calorimetry. 2014; 117(2):537-545. DOI:
10.1007/s10973-014-3844-x

9. Aguayo M., Das S., Maroli A., Kabay N., Mer-
tens J.C.E., Rajan S.D. et al. The influence of microen-
capsulated phase change material (PCM) characteristics
on the microstructure and strength of cementitious com-
posites: Experiments and finite element simulations. Ce-
ment and Concrete Composites. 2016; 73:29-41. DOLI:
10.1016/j.cemconcomp.2016.06.018

10. Jeong S.-G., Jeon J., Cha J., Kim J., Kim S.
Preparation and evaluation of thermal enhanced silica
fume by incorporating organic PCM, for application
to concrete. Energy and Buildings. 2013; 62:190-195.
DOI: 10.1016/j.enbuild.2013.02.053

11. Sart A. Thermal energy storage characteris-
tics of bentonite-based composite PCMs with enhanced
thermal conductivity as novel thermal storage building

Received December 25, 2023.
Adopted in revised form on January 17, 2024.
Approved for publication on February 6, 2024.

materials. Energy Conversion and Management. 2016;
117:132-141. DOI: 10.1016/j.enconman.2016.02.078

12. Min H.-W., Kim S., Kim H.S. Investigation
on thermal and mechanical characteristics of concrete
mixed with shape stabilized phase change material for
mix design. Construction and Building Materials. 2017,
149:749-762. DOI: 10.1016/j.conbuildmat.2017.05.176

13. Marani A., Nehdi M.L. Integrating phase
change materials in construction materials : critical
review. Construction and Building Materials. 2019;
217:36-49. DOI: 10.1016/j.conbuildmat.2019.05.064

14. Aguayo M., Das. S., Castro C., Kabay N.,
Sant G., Neithalath N. Porous inclusions as hosts for
phase change materials in cementitious composites:
Characterization, thermal performance, and analytical
models. Construction and Building Materials. 2017,
134:574-584. DOI: 10.1016/j.conbuildmat.2016.12.185

15. Methode Kalombe R., Sobhansarbandi S.,
Kevern J. Low-cost phase change materials based con-
crete for reducing deicing needs. Construction and
Building Materials. 2023; 363:129129. DOI: 10.1016/j.
conbuildmat.2022.129129

16. Sharma M., Bose D. High temperature energy
storage and phase change materials : areview. Latent Heat-
Based Thermal Energy Storage Systems. 2020; 51-95.
DOI: 10.1201/9780429328640-3

17. Ling T.-C., Poon C.-S. Use of phase change
materials for thermal energy storage in concrete : an
overview. Construction and Building Materials. 2013;
46:55-62. DOI: 10.1016/j.conbuildmat.2013.04.031

18. Zalba B., Marin J. M., Cabeza L.F., Meh-
ling H. Review on thermal energy storage with phase
change: materials, heat transfer analysis and applications.
Applied Thermal Engineering. 2003; 23(3):251-283.
DOI: 10.1016/S1359-4311(02)00192-8

19. Berg L.G. Thermography and its areas of ap-
plication. Gypsum and its dehydration products. Pro-
ceedings of the LONITO silicate industry session. Prom-
stroyizdat, 1949. (rus.).

20. Pielichowska K., Pielichowski K. Phase chan-
ge materials for thermal energy storage. Progress in Ma-
terials Science. 2014; 65:67-123. DOI: 10.1016/j.
pmatsci.2014.03.005

BroNoTESs: Sofia R. Sokolnikova — postgraduate student; Institute of Industrial and Civil Engineering; Moscow
State University of Civil Engineering (National Research University) (MGSU); 26 Yaroslavskoe shosse, Moscow,
129337, Russian Federation; SPIN-code: 8761-0875, Scopus: 57222431488, ORCID: 0000-0002-0896-4512;

srsokolnikova@mail.ru;

Aleksandr S. Inozemtsev — Candidate of Technical Sciences, Associate Professor, Associate Professor
of the Department of Construction Materials Science; Moscow State University of Civil Engineering (National
Research University) (MGSU); 26 Yaroslavskoe shosse, Moscow, 129337, Russian Federation; SPIN-code: 2444-
1204, Scopus: 55889834500, ResearcherID: K-6341-2013, ORCID: 0000-0001-7807-688X; InozemcevAS@mgsu.ru.

Contribution of the authors: all authors have made an equivalent contribution to the publication.

The authors declares no conflict of interest.

134



