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HaHokanopumMmeTpus BbICOKOro BpeMeHHOro paspellueHus B nociegHue rogbl HaﬁMpaET nonynsspHocCTb
KaK ogUH U3 nepcnekTUBHbIX METOA0B TepMMnyecKoro aHanusa. Ee coyetaHme ¢ MUKpo- U HaHOdJOKVCHOf;I

PEeHTreHOBCKON Audpakumeil MO3BONSET U3y4aTb CJIOXKHbIE MPOLLECChbl

CTpYKTYypoobpasoBaHus

B GYHKLMOHAJIbHbIX HAHOCTPYKTYPMUPOBaHHbIX MaTepuanax pas/iMyHoun npupogabl. [laHHbIA MeToA MOXeT
6bITb BOCTPe60BaH B aKafeMMUYeCKUX U MPOMbILIEHHbIX NabopaTopusx, paboTalowmx B pasINYHbIX

obnacrax mMaTepuasioseaeHus.

High temporal resolution nanocalorimetry gaining popularity as one of the promising methods of thermal
analysis. Its combination with micro- and nanofocus x-ray diffraction allows to study complex structure
formation processes in nanostructured functional materials of different nature. This method can be useful
in academic and industrial laboratories working in various fields of materials science.

AHOKAJIOPUMETPHsI, HJIK CBePXObICTpas Kalopu-

MeTpHUS Ha 4HIle, B IIOC/IeJHUe ToAbl HabupaeT

IIOIY/ISIPHOCTDb KaK O H K3 I1ePCIIeKTUBHBIX MeTO-
J0B TEPMHYeCKOr0 aHaa13a. BeIcTpoe pa3BUTHe 3TOr0
MeTO/Ia CBSI3aHO C TeM, 4TO Bce 6ombllee KOMTHUYECTBO
MaTepHajoB CO3[AeTCSl U1K MCIIONb3YeTCsl B COCTOS-
HHUSIX, JaJIeKUX OT TEPMOLHUHAMHUYECKOI0 PABHOBECHSL.
BBICOKHe CKOPOCTH HarpeBa/oXJakK[AeHHUS U BbICOKAS
YyBCTBHUTEIBHOCTb METO/IA [ie/IAl0T ero Ype3BbIYakiHO
I0JIe3HBIM IIPH M3y4YeHHUH OPraHUYecKHUX U Heopra-
HHUYeCKHX MaTepHaJIoB, BK/IOUYas IOJIMMePBl, KOMIIO-
3UTHBIe MaTepHalbl, HAHOCTPYKTYpPHPOBaHHbIE KPU-
CTAIIMYeCKHe U SKUIKOKPUCTAIINYeCKHEe CHCTEMBI.
KpoMme TOro, BO3MOSKHOCTb HCIIONb30BaHU S 06pa3LioB

CBepXMaJIok Macchl (0T 1 HT) OTKPbIBaeT COBEPLIEHHO
HOBBIE [IePCIIeKTUBEI AJISI IPHMeHeHH I HaHOKAIOpH-
MeTPHH, HaIIpUMeP, B GapMaLleBTHUKe U /151 U3y YeHH s
COBpeMeHHBIX SHeproeMKHUX B3PhIBUAThIX BEIIeCTB, I7e
yBeJIM4YeHHe MacChl Y4aCTBYIOIIEro B SKCIIEPUMeHTe
MaTepHasa HeskeaTelbHO C TOUKHU 3peHH S SKOHOMHUKH
MK 6€30IIaCHOCTH.

IlepBble paboTEI, IOCBSIIEHHbIE METOY HAHOKAJIOPH-
MeTpHH, OpLIH o11ybnuKoBaHb! B 1994-1998 romax [1-3).
C IIOMOIIBIO CO3/IAaHHBIX IPHOOPOB OBLIN ITPOBEJEHBI
KOTHYeCcTBEeHHbIe TEPMHUYECKHe U3MepeHUs Ha 06pas-
LIaX YJIBTPATOHKUX OPTaHHUYeCKUX U HeOPraHHUYeCKUX
IIJIEHOK, a TaK>Ke Ha OIMHOYHBIX IIOTMMEePHBIX MOHO-
KpucTa/iax [4-6]. PAa3BUTHIO HAHOKAJOPUMeTPUU
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3HAYMTEeJIbHO CIIOCOOCTBOBAJIO IIOSBJ/IEHHE HOBBIX
M3MC-ceHCOPOB, ITTAaBHOM YaCTbI0 KOTOPBIX SIB/SETCS
HUTPHUA-KPeMHHeBas: MeMOpaHa C HU3KOH TeIIONPo-
BOZHOCTBIO M TOJIIIMHOM MeHee 1 MKM. Ha rogo6Hom
MeMbpaHe pacIioynaraeTcsi aKTUBHAs 06/1acTh CEHCOPa,
OrpaHHYeHHasd [AByMs [IapaMH HarpeBaTe/IbHBIX dJle-
MEHTOB H3 aJIIOMHHMUS U I10C/IeI0BaTe/IbHO COeIH-
HeHHBIMH IIeCThIO TepMoIlapaMu. Harpes obpasia,
IIOMeIeHHOTO B LIeHTP aKTHUBHOM 06/1aCTH, ITPOUCXO-
JUT IIPU IPOIIYCKAHHUHU 3JIeKTPHYECKOr0 TOKA Yepes
HarpeBaTe/IbHble JIEMEHTHI, a U3MepPeHHe TeMIlepa-
TYpBL 06pa3lia IIPOK3BOAUTCS C IIOMOIIBIO TEPMOIIAP.
CeHCOpBL JAHHOIO THIIA UMeIOT HU3KYIO TepMHUYe-
CKYIO0 MHEPLHIO U, KaK CJIe[ICTBHe, CKOPOCTH HarpeBa
Y OXJIakKAeHU s 0bpa3siia MoryT mocturarsb 10°°C/c [7-10].
YHUKaIbHBIH ITprbop "HaHoKamoprumeTp', pa3pabo-
TAaHHBIH Ha 6a3e 1a60paTOpHUU HHIKEHEPHOTO MaTepHa-
noBeneHus MIY um. M.B.JlIoMoHOCOBa, HCIIONb3yeT
BO3MOKHOCTH MOMC-CeHCOpOB II0CIeJHEero IoKoJie-
HUS U obecriedyrBaeT psifi IPeMYIIeCTB [Iepel] aHAJIOo-
TaMH:
 IIMPOKHH AHAIa30H pabovyux TeMIepaTyp: oT -100
0o 500°C;
* BBICOKAsl YyBCTBUTEJIBHOCTh HAHOKAJIOPUMeTpHUYe-
CKOI'0 CEHCOPa K JIeKTPUYECKOMY CUTHAIY;
* MHUPOKHUHN [AMHANA30H MOAYISLHUU TeMIlepa-
Typsl - oT 1,0 I'y mo 40 xTI'1x (Taxk HassiBaeMbIsT AC
PeKUM);

* TOYHOCTb M3MepeHHsI $pa30BOro CMellleHHs TeMIIepa-

TYPHOr'0 OTKJIMKA 06pa3iia - Beime 0,05%;
¢ MaKCHMaJbHasl 4acToTa BEHIOOPKH (paspelreHue

I10 BpeMeHH) - 5 MKC;

* TemIeparypHoe pa3pemenue 1°C.

Bo3MoO>KHasi CKOPOCTb HarpeBa aKTHUBHOK 06J1acTH
HaHOKaJIODUMeTPHUUYeCKOro ceHcopa B DC-pesxuMax
cocTtaBsieT 0 1 MaH.°C/c, KOHTpOIHpyeMast CKOPOCTh
OXJIaKAeHMs1 - 10 5 Tric.°C/c.

PaspaboTaHHBIN NpUOOpP MMeeT KOHCTPYKIIHIO
OTKPBITOrO THUIIA, YTO II03BO/ISIET COBMEIIATh TEII/IO-
du3MYecKUN aHAIU3 C APYTHUMU MeToAaMU GHU3UKO-
XMMHUeCKOTo aHa/Iu3a 151 BhISIB/IeHUS MeXaHU3MOB
CJIO’KHBIX I1ePeXO0/IOB, IIPOMCXOSIINX BO BpeMs TepMHU-
YyecKor 06paboTKH MaTepHasoB, U Hoyee qeTaTbHOTO
M3ydeHHs] QyHKIMOHAIBHBIX HAHOCTPYKTyPUPOBaH-
HBIX MaTepHasoB. Tak, A KCIIepHMeHTa I10 COBMe-
IIeHUI0 HAHOKAJIOPUMETPUH U MUKPO- U HAaHOPOKYC-
HOM PeHTIeHOBCKOM AudpaKkLUuU 6bLIH pa3paboTaHbl
CHCTeMBl JepkaTesler, obecledHBalOIIUX TOUHOe
MO3ULIMOHUPOBaHHE U IPOCTPAHCTBEHHYIO YCTOMYH-
BOCTbh HaHOKaJIOPUMETPHUUYeCKOIro CeHcopa B poKyce
Iy4YKa peHTIeHOBCKUX JIydel, a TAK>Ke 3al[UTHl aHa-
JIOrOBOT'O CUT'HAJIa OT ITIOMeX ITPU ero Iepefaye oT HAaHO-
KaJIOpUMEeTPHUYECKOTO CeHCOpa K 31eKTPOHHOMY
6oky "HaHokanopuMeTpa". IIpu6op 6b11 ycTaHOBIIEH
Ha TXHHUI0 ID13 EBPOIeHCKOro LieHTpa CHHXPOTPOHHOIO
usnyderus (ESRF) B [peHobme (Ppanus). B sxcriepu-

anocalorimetry, or ultra-

fast chip calorimetry, in

recent years, gaining pop-
ularity as one of the promis-
ing methods of thermal analy-
sis. The rapid development of
this method is caused by the
fact that an increasing number
of materials is created or used
in states far from thermody-
namic equilibrium. High speeds
of heating/cooling and high sen-
sitivity make it extremely use-
ful in the study of organic and
inorganic materials including
polymers, composites, nano-
structured crystalline and liquid
crystalline system. In addition,
the possibility of using sam-
ples of very small mass (from
1 ng) opens completely new per-
spectives for the application of

nanocalorimetry, for example,
in the pharmaceutical indus-
try and for the study of mod-
ern energy-intensive explosives,
where the increase in mass of
the material involved in the
experiment is undesirable from
the point of view of economy or
security.

The first works devoted to the
nanocalorimetry, was published
in 1994-1998 [1-3]. Using the cre-
ated instruments the quanti-
tative thermal measurements
on the samples of ultrathin
organic and inorganic films, as
well as on a polymer single crys-
tals have been carried out [4-6].
The development of nanocalo-
rimetry was promoted consid-
erably by the emergence of new
MEMS sensors, the main part of

which is nitride-silicon mem-
brane with low thermal conduc-
tivity and a thickness of less than
1 pm. The active area of the sen-
sor located on the membrane is
bounded by two pairs of heat-
ing elements of aluminum and
the six series-connected thermo-
couples. Heating of the sample
placed in the center of the active
area, occurs by passing an elec-
tric current through the heating
elements, and temperature of the
sample is measured using ther-
mocouples. Sensors of this type
have low thermal inertia and, as
a consequence, the rate of heat-
ing and cooling of the sample can
reach 106°C/s [7-10].

The unique Nanocalorimeter
device developed at the
Laboratory of Material Science
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Puc.1. Cxemamuueckoe uzobpaxceHue (cAesa) u pomozpadus (cnpasa) ycmaHosKu No cosmelleHUr HaHOKAAopumMempuu ¢ HaHo- U
MUKPOOKYCHOU CUHXPOMPOHHOU dudpakuuell peHm2eHo8cKux Ayydel: 1 — 31eKmpOHHbIU 6A0K HAHOKAAOpUMempa; 2 — HAHOKAAopu-
Mempuydeckull ceHcop; 3 — dep)xameAb 05 HAHOKAAOPUMempU4eckozo CeHcopa; 4 — cucmema 8blCOKOMOYH020 NO3ULUOHUPOBAHUS
ceHcopa; 5 - sHewHss mepmonapa; 6 — cucmema anepmyp; 7 — HaNpasAeHue PeHM2eHo8cKo20 Ay4a; 8 — demexkmop Dectris Eiger X 4M
Fig.1. Schematic representation (left side) and photo (right side) of system for combination of nanocalorimetry with nano- and microfo-
cus synchrotron x-ray diffraction: 1 - electronic unit of nanocalorimeter; 2 - nanocalorimetric sensor; 3 - holder for nanocalorimetric sen-
sor; 4 - system for high-precision positioning of sensor; 5 - external thermocouple; 6 - system of apertures; 7 - direction of x-ray beam;

8 - Dectris Eiger X 4M detector

MeHTaX HCII0/Ib30BaJICd PeHTIeHOBCKUU J1yd, CPOKY-
CHPOBAaHHBIM [0 pa3MepoB Mopsifika 100 HM ¢ IpuMe-
HeHHeM CHCTeMBHI IlepeKpeCcTHbIX THH3 OpeHess, obe-
CIeYHBaomen GoKyCHPOBKY C HAMMeHBIIeH [ToTepen
MHTeHCUBHOCTH. [IpUHIIMNIHA/IBHAS cXeMa U GoTo-
rpadus yCTAaHOBKH I10 COBMeIIeHHI0 HaHOKaJIOPHMe-
TPHHU C HAHO- U MUKPOQPOKYCHON CHHXPOTPOHHOH I G-
paKklLHel PeHTTeHOBCKHUX JIy4del IpUBe/leHa Ha puc.l.

Engineering at Lomonosov

Moscow State University uses

MEMS sensors of the latest gen-

eration and offers a number of

advantages in comparison with
analogues:

« wide range of operating tem-
perature from -100 to 500 °C;
 high sensitivity of nanocalo-
rimetric sensor to an electric

signal;

« wide range of temperature
modulation from 1.0 Hz to
40 kHz (so-called AC mode);

¢ measurement accuracy of the
phase shift of the tempera-
ture response of the sample is
higher than 0.05°;

HAHO MHOVCTPHA #s8/70/ 2016

« maximum sampling frequency
(temporal resolution) of 5 ps;
 temperature resolution of 1°C.

Possible rate of heating of the
active area of nanocalorimetric
sensor in the DC modes is up to
1 million°C/s, controlled rate of
cooling is up to 5,000 °C/s.

The developed device has the
design of the open type, which
allows combining thermal anal-
ysis with other methods of phys-
icochemical analysis to iden-
tify the mechanisms of complex
transitions that occur during the
heat treatment of materials, and
for a more detailed study of func-
tional nanostructured materials.

JlaHHasl yCTaHOBKA II03BOJISIET CKAHUPOBATh 06pa3Libl
HaHOpPa3MepHbIM PeHTTeHOBCKHUM ITYYKOM C LIAaroM
MeHee 1 MKM U I10/1y4aTh CTPYKTYPHbIE KapThl, COCTAB-
JIeHHBIe U3 IBYyMEPHBIX JHPPAKTOrPAMM BBICOKOTO Pas-
pemeHus [13-14].

B kauecTBe ImprMepa Ha PUC.2 U 3 IPeICTABIeHEBL
pe3yJIbTaThl M3y4YeHHUSI HaHOCTPYKTYPHUPOBAHHBIX
06pasnos nonu(rpumMeTuieH Tepedpranara) IITMTD).

In particular, for the experiment
on the combination of nanocalo-
rimetry with micro- and nanofo-
cus x-ray diffraction the holders
were developed, which provide
accurate positioning and spatial
stability of nanocalorimetric sen-
sor in the focus of the x-ray beam
and also protect the analog sig-
nal from interference while it is
being transferred from nanocalo-
rimetric sensor to electronic unit
of Nanocalorimeter. The device
was installed in the ID13 beam-
line of the European synchro-
tron radiation facility (ESRF) in
Crenoble (France). In the exper-
iments we used the x-ray beam
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YacTuLel moaxuMepa I1aBuIu Ipu 230 °C ¢ rocieayo-
UM OpICTPEIM oxakAeHHeM (5000 °C/c) u U30TepMHU-
YeCKOM KPHUCTaJUIH3allkel Ipy 150°C. B BepxHeH 4acTH
puc.2 mpeAcTaBieHa XapaKTepHass HAaHOKA/IOPUMEeTPH-
YyecKasi KpUBas, IONydeHHAs IIpU Harpese obpasmua
I[ITMT® co ckopocTbio 1000°C/c, KoTOpas JeMOHCTPH-
pPyeT MHOXKeCTBeHHoOe IJIaBjeHHe 3aKPUCTaIN30-
BaHHOro Matepuaja. CpegHss KpHBas Ha PHC.2 COOT-
BeTCTBYeT YaCTUYHOMY IIaBJIIeHUIO 06pasia Ipu
192°C, a HU>KHAS KpUBas — [IOBTOPHOMY HarpeBy I10C/ie
YAaCTHUYHOTO IIJIABJIEHUS K CBePXOBICTPOM 3aKa/IKH.
Kaxk BUHO 13 IIPUBEAEHHBIX TPadUKOB, IIPU Harpese
YaCTHYHO IOAIIIaBlIeHHOro obpasia mepBbli MUK
IJIaB/IeHH S Ha TEPMOrPaMMe OTCYTCTBYeT.

YacTUYHO MOAIIJIaBIeHHBIN IIpH 192°C o6pa3eu CcKa-
HHUPOBAJICS HAHOPa3MePHBIM IIyYKOM PeHTIeHOBCKUX
nyder (0671aCTh CKAHUPOBAHUS 0003HaYeHa IyHKTHP-
HBIMU JTHHUSIMH B JIeBOH YacTH PUC.3). [IByMepHEbIe
IUPpaKTOrpaMMBbl MaJIOyIJIOBOIO PacCessHUS, IIO/TyYeH-
Hble B pa3/JIMYHBIX TOUKax obpasia c marom 1,33 Mkm
M BpeMeHeM 3KCII03ULMH 10 ¢, IIoKa3aHbl B BUE KOM-
MO3UTHOro M3obpaskeHus (puc.3, crpasa). Takxke
Ha pPUCYHKe BbIJie/IeHbl Pa3/IMYHble TUIIL JUPPAKTO-
rpaMM MajoyI/IOBOTO paccessHHs, TaKHe KaK OpHeH-
THUPOBaHHbIE JTUPPAKTOIPAMMBEL K JUPPAKTOI PAMMBL
THIIA 'CTPUKU ', XapaKTepHBIe [JIsl pacCessHUS OT UHIH-
BH/ya/lbHBIX KPHUCTAJIJIOB. I[IpOBeleHHBIN 3KCIIepH-
MEHT ITI0Ka3bIBAET, YTO B JAHHBIX YCIIOBUSAX IIPOMCXOIAT
I71aBjeHUe KpUcTanaoB [ITMT® HauMeHBbIIEN CTa-
OMIPHOCTH M PeKPUCTA/UIH3ALHS UX B 6ojlee cTabUIb-
HyI0 popmy [11], 4TO OTJTUYHO OT KJIACCHYECKOK MOJe/IH
IJIaB/IeHUSI-PeKPUCTAIIHN3a U [12-15].

C mosiB/IeHHeM HOBOTO ITOKOJIEHHS OBICTPOJEHCT-
BYIOIIMX PeHTTeHOBCKUX IeTeKTopoB Eiger 4M ¢upmsl
Dectris cTajzio BO3MOKHBIM IIpOBeJieHHe SKCIIePUMeH-
TOB I10 MUKPOOKYCHOMY PEHTITe€HOBCKOMY pacces-
HHUIO C OJHOBPEMEHHBIM II0JIy4YeHHeM HaHOKaJIOpH-
MeTpHUeCcKUX TepMorpaMmm [14-15]. lerexktop paboTaer
Ha 4JacTtoTe 200 'ty ¢ HeIpephIBHBIM CUUTHIBAHHEM
CHUTHaJIa MHTeHCUBHOCTH PeHTTeHOBCKHUX JIy4eH, YTo
II03BOJISIET II0/IyYaTh PeHTI€HOTPAMMBI BEICOKOT'O Kaye-
CTBa C TeMIIEPATYPHBIM pa3pelleHHeM, HallpuMep,
B 1°C IIpH CKOPOCTH Harpesa Jo 5 TrIC. °C/c.

OnHUMU 13 Hauboree HHTEPeCHBIX QYHKIIHOHAIb-
HBIX HAHOCTPYKTYPHPOBAHHBIX MaTePHUAJIOB /IS U3yYe-
HUS JAHHBIM METOIOM SBJISIOTCS BOAHBIE MHUKPOTEIH
Ha ITOJIMMEPHOM OCHOBe. MHUKpOred MOTyT HaXOJUTh
IIHPOKOe ITPpaKTHYecKoe IpHMeHeHHe I10C/Ie MOJHM-
dUKalMK peaKLUMOHHBIMU Ipynmnamu (16, 17], nonu-
MepHBIMH Lensamu [18, 19], 6enkamu [20-22], 61aro-
POOHBIMU MeTaJlaMH U OKCHAAMHU [23-27], a TaKkKe
bruoMuHepanaMu. IIpu momMomu MOAUPHUKALUHU
BOOHBIX MHUKpoOrejser aMPHUOUIbHBIMU TUTaHAAMH,
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Puc.2. Hanokanopumempuyeckue Kpugble, noAy4yeHHbie npu
Hazpese co ckopocmbto 1 000°C/c obpasua NTMT®, usomep-
mMu4ecKku 3aKkpucmannu3o8aHHozo u3 pacnaasa npu 150°C.
BepxHss kpueas coomeemcmayem noOAHOMY NAABAEHUI0 06-
pasua. CpedHsIs Kpugas nokaspledem Y4acmu4vyHoe naasneHue
06pa3uya 00 192°C. HuXHSS Kpusas — N08MOopHbIl Hazpes 06-
pasua nocne 4acmu4Ho20 NAABAeHUs! U ceepxbpicmpoli 3aKanku
Fig.2. Nanocalorimetry curves obtained during heating at rate of
1,000°C/s of PTT sample, which was isothermally crystallized
from melt at 150°C. Upper curve corresponds to complete melt-
ing of sample. Middle curve - to partial melting of sample up to
192°C. Lower curve - to re-heating of sample after partial melt-
ing and rapid hardening

067110 MU KITHHOIIOA06HOM dopmort (puc.4), pas-
pabaThIBaIOTCS HOBBIE AAIITHBHBIE KOMIIO3ULIHOHHBIE
HaHOMaTepHabl (AKHM). OHu MOTYT OBITH UCIIOb-
30BaHbl, HaIlpUMep, I/ JOCTaBKH JIeKapCTBeHHBIX
cpencts. Hanmnune aMPuUIBHEIX Me30T€HOB B CTPYK-
Type obpasiia [103Bo/IsieT KOHTPOITPOBATh TEPMHUYeCKOe
IIOBeJIeHHe STHX MaTepHaJsioB.

Jng hccnemoBaHUSA CTPYKTYPHBIX M3MeHeHHH
AKHM BoO BpeMsi TePMHUYeCKOr0 BO3JeHCTBHUS OblL1
IIpoBefleH KOMIIJIEKCHBIHM aHa/IHU3 UCXOOHBIX aMHU-
OUIIBHEBIX JIMTAHOB IIPH [IOMOIIH COYeTaHUS HaHO-
KaJIOPUMETPHUU U MUKPOPOKYCHOIO PEHTIeHOBCKOI0
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Puc.3. Caesa: mukpopomozpadus obpasua MTMTD, usomepmudecku 3aKpucmanau3o8aHHo20 u3 pacnaasa npu 150°C, HaHe-
CEeHH020 Ha HaHokaaopumempuyeckull ceHcop XEN-39392 u yacmu4yHo nodnaasneHHozo npu 192 °C. MyHKMUpPHbIMU AUHUSMU
noKa3aHa 06Aacmp, UCCAe008AHHASI HOHOPA3MEPHbIM Ny4YKOM PeHM2eHO8CKUX Ay4el. Cnpasa: KOMNo3umHoe U3obpaxeHue,
cocmasneHHoe U3 08ymMepHbIX OUPPAKMOozpamm Manoyz2A08020 paccessHUs, NOAYYeHHbIX 8 KaXxdol moyvke obpasua MTMT®
c wazom 1,33 MKm u epemeHem 3Kcno3uyuu 10 ¢. beabie cmpeaku NoKA3bléarwm HanpasaeHue pocma Kpucmannos 8 cgepo-
Aume. Ha pucyHke mak>ke noKa3aHbl pa3AuvHblie munsl ouppakmozpamm manoyzn06020 paccesiHus, 8 YaCMHOCMU, OpueHmu-
posaHHble duppakmozpammel U duppakmozpammel muna "cmpuku”

Fig.3. Left side: micrograph of PTT sample, which was isothermally crystallized from melt at 150°C, applied to XEN-39392 nanocalo-
rimetric sensor and partially melted at 192°C. Dotted lines show area investigated by nanosized x-ray beams. Right side: composite
image which is composed of two-dimensional SAXS diffraction patterns obtained at each point of PTT sample with pitch of 1.33 ym
and exposure time of 10 s. White arrows show growth direction of crystals in spherulite. Figure also shows different types of SAXS dif-

fraction patterns, in particular, oriented and streaky diffraction patterns

paccestHMs. [Ipy HarpeBe KJIHHOMOLOOHBIX aMPUPH-
n0B 110 270°C co ckopocTaMH 5°C/MHUH 1 1000 °C/MUH
U Ioc/eiyIomer cBepxbbIcTpoil 3akajaKe Ha KOMHAT-

focused to sizes of about 100 nm
with the use of Fresnel lenses,
which provide the focus with
the lowest loss of intensity.
Schematic diagram and photo of
the system for the combination of
nanocalorimetry with micro- and
nanofocus synchrotron x-ray dif-
fraction is shown in Fig.1. This
system allows to scan the sam-
ples using nanosized x-ray beam
with pitch of less than 1 pm and
to obtain structural maps based
on two-dimensional high-resolu-
tion diffraction patterns [13-14].
As an example, Fig.2 and Fig.3
present the results of studying of
the samples of nanostructured
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poly(trimethylene terephthalate)
(PTT). Particles of a polymer were
melted at 230 °C followed by rapid
cooling (5000 °C/s) and isother-
mal crystallization at 150°C. The
upper part of Fig.2 presents the
characteristic nanocalorimetry
curve obtained when heating the
PTT sample at rate of 1000°C/s,
which shows multiple melting
of the crystallized material. The
middle curve in Fig.2 corresponds
to partial melting of the sample
at 192°C, and the lower curve - to
re-heating after partial melting
and rapid hardening. As can be
seen from the graphs, the first
melting peak in the thermogram

HYIO TeMIIepaTypy Habmoganuch CyliecTBeHHbIe OT/IH-
unsi B a3o0BoM cocTaBe obpasua. Tak, popMUPOBaAHHE
KOJIOHYaToOM $a3bl BO3SHUKAJO B Xofie bolee MeieH-

is missing for heating of the par-
tially-melted sample.

Partially melted at 192°C,
the sample was scanned with
nanoscale x-ray beam (scan
area is marked with dashed
lines in the left part of Fig.3).
Two-dimensional SAXS diffrac-
tion patterns obtained at differ-
ent points of the sample with
a pitch of 1.33 pm and an expo-
sure time of 10 s are shown as a
composite image (Fig.3, right
side). Also the different types of
SAXS diffraction patterns, such
as oriented and streaky diffrac-
tion patterns that are typical for
the scattering from individual
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Puc.4. Xumuveckas cmpykmypa amouduAbHbiX AU2dHA08 (a), cmpoeHue 800H020 MUKPO2eAs Ha NoAUMepPHOL 0CHo8e 30 NOCMMO-
dupukauuu (b), duppakmozpamma ampuduabHoz0 AuzaHda npu 25 °C nocae npozpesa 3o 270°C co ckopocmsamu 5°C/muH (c) u

1000°C/muH (d) c nocaedyrouwieli caepxbbicmpoli 3aKankol

Fig.4. Chemical structure of amphiphilic ligands (a), structure of polymer-based aqueous microgel before postmodification (b), diffrac-
tion pattern of amphiphilic ligand at 25°C after heating to 270°C at speeds of 5°C/min (c) and 1,000°C/min (d) with followed ultra-

fast hardening

HOro Harpesa (puc.4c), a IIpHU MOBBIIIEHUH CKOPOCTH
HarpeBa B obpasie ¢popMHUpOBaIach TaMesasipHas
dasa (puc.4d). Kak BUAHO CKOPOCTh HarpeBa OKa-
3pIBaeT OTPOMHOE BIMSHHE Ha (pa30Boe MoBeJeHHe
HaHOCTPYKTyPHPOBAHHOI0 MaTeprasa. TakuM obpa-
30M, peryaupys CKOpoCTbh H3MEHEHHUS TeMIIePaTyPhI,
MOSKHO CTabHM/IM3UPOBATh TY MJIK HHYIO dasy.

B 3ak/ioueHMe MOKHO CAeJIaTh BRIBOJ, O TOM, UTO
paspabarsiBaeMast aBTOPCKUM KOJIJIEKTUBOM HaHO-
KaJTOPUMETPHS BHICOKOTO BpeMeHHOTO pa3pelieHus

U ee coYeTaHHe C MUKPO- U HAHOQOKYCHOM peHTre-
HOBCKOM JAUPPaKILIHeH [T03BOISIOT U3yYaTh CJIOKHBIE
IIpoLlecChl CTPYKTypoobpa3oBaHHUSs B GyHKIIHOHAIIb-
HBIX HAHOCTPYKTYPHUPOBaHHBIX MaTepHaaX Pasany-
HOM NPUPOABL. B mpeAcTaBIeHHOM MeToJe u3Mepe-
HHe TepPMOJHMHAMHYeCKHX [IapaMeTPOB C IOMOIIBIO
HaHOKaJIOpPUMEeTPHUHU JOIO0NHSAETCS OLHOBPeMeH-
HBIMU PeHTTeHOCTPYKTYPHBIMH HCC/IeJOBAaHUSIMH,
C UCII0JIb30BAaHKEM BBICOKOCKOPOCTHOM JeTeKLHHU
PeHTreHOBCKUX Jy4der. MoXXHO IIPOrHO3UPOBATh,

crystals are highlighted in the
figure. The experiment shows
the melting of PTT crystals of
the smallest stability and their
recrystallization in a more sta-
ble form [11], which is differ-
ent from the classical model of
melting-recrystallization [12-15].

With a new generation of
Dectris Eiger 4M high speed x-ray
detectors it has become possible
to conduct experiments on the
microfocus x-ray scattering with
simultaneous obtaining of nano-
calorimetry thermograms [14-15].
The detector operates at a fre-
quency of 200 Hz with a con-
tinuous reading of the signal

intensity of x-rays, which allows
to obtain x-ray patterns of high
quality with the temperature res-
olution, e.g., of 1°C at a heating
rate of 5,000 °C/s.

Aqueous microgels on the poly-
mer basis are one of the most
interesting functional nano-
structured materials for study
by this method. The microgels
can find wide practical applica-
tion after modification by the
reaction groups [16, 17], polymer
chains [18, 19], proteins [20-22],
noble metals and oxides [23-27],
and also by biominerals. By
modification of aqueous micro-
gels using amphiphilic ligands,

having a V-like shape (Fig.4), the
new adaptive composite nano-
materials (ACNM) are developed.
They can be used, for example,
for drug delivery. The amphiphi-
lic mesogens in the structure
of the sample allows to monitor
the thermal behavior of these
materials.

For the study of structural
changes in ACNM during heat
exposure we carried out a com-
prehensive analysis of the source
amphiphilic ligands using com-
bination of nanocalorimetry
and microfocus x-ray scatter-
ing. During heating of the V-like
amphiphiles to 270 °C with speeds

#8/70/2016 NANO INDUSTRY
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It can be concluded that devel-
oped by authors high temporal
resolution nanocalorimetry and
its combination with micro- and
nanofocus x-ray diffraction allow
to study complex structure for-
mation processes in nanostruc-
tured functional materials of dif-
ferent nature. In the presented
method, the measurement of
thermodynamic parameters
using nanocalorimetry is com-
plemented by simultaneous x-ray
diffraction studies using high-
speed detection of x-rays. We can
predict that this method would
be popular in academic and
industrial laboratories working

in various areas of materials sci-
ence. [ |
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