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OPUEHTALIUA BOJIOKOH
B YCUJIEHHDbIX MOJIUMEPHbIX
KOMMAYHAAX

M.Kou, npo.,

OmdeneHue IkCnepumeHmabHoll Gu3suku noAynpo-
800HUKO08, pusuueckuil paryapmem, Mapbypackull
yHusepcumem um. duaunna, Menlo Systems;
I1.Kpok, Menlo Systems

Xunakokpuctannmyeckue noanmepbl obecneymsaroT
BbICOKYIO YCTOMYMUBOCTb K AepOpMaLLUM, XXECTKOCTb
M CONpPOTUBJIEHUE NMPU PACTSXKEHUU B COYETAHUN

C BbICOKOW 3/1aCTUMHOCTbIO. DTOT TUN MaTepuasnos
NpUMeHSeTCs BO MHOTMX OTpacasx, B 0CO6eHHOCTHU
B aBTOMO6MWJIbHOW NPOMbILWIeHHOCTU. C MOMOLLbIO
MeToAa TeparepueBoW CMEKTPOCKONUU

C paspelweHunem Bo BpemeHu (THz-TDS) MOXHO
OLEeHUTb ONTUYeCKUue napameTpbl MaTepmana, 4To
Heo6xoAUMO Ang ganbHenwero onpegeneHus
KOJinyecTBa U OpueHTaLMm BOJIOKOH NOJIMMEPHbIX
KOMMNO3UTOB. B cTaTbe npeacTaB/ieH MeTop,
nccnepoBaHNs OpUeHTaL MM BOJIOKOH B YCU/IEHHOM
MaTepuase C MOMOLLbIO TeparepueBomn
CNeKTpoCKoONnuun.

OJIMMepHBle MaTepHaJIbl CTaIH HeoTbeMJIe-
MOH YaCThIO [I0BCeJJHEBHOM KM3HU. MHOrHe
OKPY>KaIoIlHe HaC H3eNusl eXeLHeBHOTO
MCII0/Ib30BAaHHUS M3TOTOBJIEHBI U3 IJIaCTUKa. [lonu-
Mephl BCe Yallle 3aMeHS0T MeTa/Ibl B KauecTBe
CTPOUTEeNIPHOr0 MaTepHasna. OfZHAKO [ MHOTHX
IIPHUJIOSKeHU I NTepBUYHBIH IIOJIMMePHBIN MaTepHall
HOJI>KeH OBITH yIy4llleH B OTHOUIEHHH IIPOYHOCTH
M M3HOCOCTOMKOCTH. ITO JOCTUTAETCS IIyTeM CMe-
IIMBAaHMUS IIOTHMepa ¢ fobaBKaMH, K IPUMepY, CTe-
KJIOM WK OHOTOrMYeCKMMH BOJOKHAaMH. Takue
KOMITIayH/bl, YCH/IeHHbIe BOJIOKHAMHU (fajiee - yCH-
JTeHHBle KOMIIAyH[BI), IeMOHCTPUPYIOT OTIHY-
Hble MeXaHHYeCKHe XapaKTepPUCTHKH - HH3KHHU
BeC U BBICOKOE COIPOTHUBJIEHHE IPU PACTSIKEHUMU.
IPUMEPOM MOTYT CJIYXHTb XKUAKOKPUCTAIHYE-
ckye monumepsl (KKII), xoTopele obeclednBaIOT
BBICOKYIO YCTOMUMBOCTD K leGOpMaIIMHU, SKeCTKOCTb
1 COIIPOTHBJIEHHE IIPU PACTSISKEHUH, BBICOKYIO 3/1a-
CTHUYHOCTb. ITOT THUIl MaTepHa/IOB IIPUMEHSeTCS
BO MHOIHX OTPAcJsiX, B 0COOEHHOCTH B aBTOMO-
OM/IPHOM IPOMBIIIIEHHOCTH.
MexaHHUYeCKHe CBOMCTBA BCeX YCHJIEHHBIX
KOMIIayH/OB B 3HAYMUTEJbHOMN CTeIleHU 3aBUCST
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ORIENTATION OF FIBERS
IN REINFORCED POLYMER
COMPOUNDS

Dr. M. Koch, AG Experimentelle Halbleiterphysik
Prof. Faculty of Physics, Philipps-Universitdt
Marburg;

Patrizia Krok, Menlo Systems GmbH

Liquid crystal polymers provide high
dimensional stability, stiffness and tensile
strength combined with high elasticity. For
this type of materials there is a wide field

of application in many industrial branches,
especially the automotive industry. With THz-
time domain spectroscopy (TDS) it is possible
to extract optical material parameters with
which the amount of fibers or their orientation
can be calculated. Method to study the fiber
orientation of fiber-reinforced material with THz
spectroscopy and demonstrate the enormous
potential of THz-TDS for the quality analysis of
polymeric compounds is presented.

olymeric materials are an indispensable

part of everyday life. Many articles of

daily use are made of plastic, and plastics
increasingly replace metals as an established
construction material. However, for many
applications the raw polymer material has to be
improved in terms of strength and durability.
This is achieved by mixing additives, e.g. glass
or biological fibers, into the polymer. Such
fiber-reinforced compounds show excellent
mechanical characteristics like low weight and
high tensile strength. Liquid crystal polymers
(LCPs) for example provide high dimensional
stability, stiffness and tensile strength
combined with high elasticity. For this type of
materials there is a wide field of application
in many industrial branches, especially the
automotive industry.

The mechanical properties of all fiber-
reinforced compounds strongly correlate
with additive fiber content and orientation
within the manufactured product, and the
knowledge of the orientation provides valuable
information, especially when the components
are used in safety applications. The established
inspection methods of reinforced materials are
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OT COJepKaHHUS KU OpPHEeHTALIMH BOJIOKOH BHYTPH
IIPOM3BOAMMOro MaTeprana. Muopmanus ob opu-
eHTALIUHU SIBISeTCS 0COOEHHO IIeHHOM B CIydasx,
KOTrga KOMIIOHEHTBHI MCIIOJB3YIOTCSL B CHCTeMax
obecrieyenus 6Oe3zomacHocTu. TpaZULIMOHHBIE
MeTOAbl KOHTPOJISI YCHJIEHHBLIX MaTepHaJIoB OCHO-
BBIBAIOTCS Ha HCIIBITAHUSIX Ha U3TUb, pacTskeHHUe
Y Ha yAapel. i UccieloBaHHUS MHUKPOCTPYKTYPEL
[IOJIMMEePHBIX MAaTepHaJIOB TaK’Ke HCIIONb3YITCS
MeTOAbl ONTHUYECKON HIU 3JeKTPOHHOM MHKPO-
ckomuu. OJHAKO BCe 3TH MeTOAbl TPebYyIOT Bpe-
MeHH Ha IIOATOTOBKY K HMCC/IIeJOBAHHSIM, a TaKKe
YaCcTHUYHO pas3pyliaioT obpaser. IIpoBoAUTb Hepas-
PYLIAOUIMN KOHTPOJIb IO3BOJASIOT TOJIBKO PeHTre-
HOBCKHE MeTOAbl, HO, CTOUT OTMETUTb, YTO OHU
CBSI3aHBI C OTIACHBIM HOHHU3UPYIOU UM H3/Iy4eHHUeM,
Y, TaKUM 006pa3oM, BO3HUKAET AOIOJIHUTEIbHAS
Heob6XOIVMMOCTh COONMIONEHUS CIELIHMAJIbHBIX Mep
6e30IMacHOCTH.

D/1eKTPOMAarHHUTHOe H3Jy4YeHHe B Tepareplie-
BoM (TT1L) CIIeKTpaJ/IbHOM JHaIlla30He He SIBJISeTCS
HOHH3HUPYOIIUM M MCIOAb3yeTCs A/ Hepa3pylla-
IOIe OUAarHOCTHUKHU, 6e30mMacHOM OIS II0JIb30Ba-
Tens. C MOMOIIBI0O MeToJla TepareplLeBoOr CIeKTPo-
CKOIIMHU C pa3pelreHueM Bo BpeMeHHU (THz-TDS)
CTaJI0O BO3MOXXHBIM OIlpelle/IITh ONITHYECKHe I1apa-
MeTpBl MaTepuajla [JIs OIlpele/leHUs KoOJIHYe-
CTBA U OPHEHTALIMM BOJOKOH. B maHHON paboTe
NpeACTaBIeH MeETOJ HCCIef0BaHHUS OPHeHTalHU
BOJIOKOH B YCH/I€EHHOM MaTepHajie C IIOMOILBIO
TeparepleBOl CIeKTPOCKOIIMKU M IIPOJeMOHCTPU-
pOBaH OrpoMHBIM HoTeHLHan THz-TDS nns Kaue-
CTBEHHOIO aHaJ/IM3a IIOJMMePHBIX KOMIIAyHJIOB.
MeToguKa 3aK/IKYaeTCsd B OLeHKe HM3MepPeHHOIO
TepareplLeBoro CUrHanaa B onpefe/leHHBIX TOUKaX.
[Ipy CKAaHUPOBAHUU ILJOMAAU 06pa3slia MOMUK-
CeJIbHO COo3[aeTcsi 300paskeHHe B YCIIOBHOM IIBeTe,
oTobpaskarolee yroa OpHeHTALI NN BOJIOKOH.

MATEPUAJIbl U METO/lbI

MHorue yculeHHBIe MaTepHabl JeMOHCTPHPYIOT
CBOEro poja [AByaydelpejoMjeHHe: OINTHYeCKHe
CBOMCTBAa, B YaCTHOCTH IIOKa3aTesab IIpeloMIie-
HHS, 3aBUCAT OT IOJMSApH3aLlMU U yIja IaJeHHUsd
IIy4YKa TeparepleBoro M3Jy4YeHUS OTHOCHTEJIBHO
rccienyemoro obpasua. YUHUTBIBAasi, YTO BOJIOKHO,
3al0/JIHeHHOe IIOIMMEPOM, SB/ISIETCS AH3IeKTPHU-
YeCKOM CMeChIo JBYX KOMIIOHEHTOB, 3TOT 3$deKT
MO>KeT OBITh HCIIONB30BAH [JISI OIIpefesieHUsl OPH-
@HTAllMK BOJIOKOH. KOMIIO3HMTHBIE MaTepHaslbl
MOTYT OBITH OIIHMCAaHBI C IIOMOIIBIO TEOPUHU 3ddek-
TUBHOU cpensl (TDC) mo Tex mop, IOKa pasmep
yacTul 6ymeT MeHbIlle, YeM JJIMHA BOJIHBEL Teparep-
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Puc.1. Teopemuyecku pacc4umanHbili nokasamenb npeaomae-
HUSI 0AS1 NOAUMUAEHA 8bICOKOU NAOMHOCMU CO CMEKASIHHbIMU
80/10KHAMU, OPUEHMUPOBAHHbIMU OMHOCUMEAbHO NOASIpU3a-
Uuu mepazepuesoli 80AHbl

Fig.1. Calculated refractive index for HDPE with glass fibers,
oriented relative to the polarization of the THz wave

bases on bending, tensile and impact tests. Also
optical or electron microscopy are used to study
the microstructure of polymeric materials.
However, all these methods require preparation
time and partially destroy the sample. Only
x-ray techniques enable mnon-destructive
testing, but this implies hazardous ionizing
radiation so that special safety precautions are
mandatory.

Electromagnetic radiation in the terahertz
(THz) spectral range is non-ionizing and
empowers a new non-destructive and user-
safe testing method. With THz-time - domain
spectroscopy (TDS) it is possible to extract
optical material parameters with which the
amount of fibers or their orientation can be
calculated. We present a method to study the
fiber orientation of fiber-reinforced material
with THz spectroscopy and demonstrate
the enormous potential of THz-TDS for the
quality analysis of polymeric compounds. The
technique evaluates the measured THz signal
of a sample at specific points. By scanning
a larger sample area pixel by pixel, a false
color image is created displaying the fiber
orientation angle.
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LleBOro M3ay4deHUus (dacTtoTe B 1 TT1I COOTBETCTBYeT
nnuHa BonHBL 0,3 MM) [1]. TOC m03BONISIeT TEOPETH-
YeCKH pacCUYHUTaTh ONTHUUYeCKHe CBOMCTBA, K IPHU-
Mepy KOMIUIeKCHYIO AH3JIeKTPHYeCKYI0 IITPpOHHIIA-
eMOCTb € CMeCH, MCXO[Sl K3 CBOMCTB NEPBHUYHBIX
KOMIIOHEHTOB [2]. IIpM 3TOM TeopeTHYeCKH pac-
CYHUTAaHHBIN 30 eKTHUBHBIN IOKa3aTeab IIPeIoM-
JIeHU S 3aBHCHUT OT IIePBUYHBIX KOMIIOHEHTOB IH3-
JIeKTPUYeCKON CMecH, obbeMHOM Io1H U GOpMBI
4acTUL.

FeomeTpUsl 4YaCTHUL, HMeeT KJIOUYeBOe 3Haye-
HHe [/ HCCIeNOBaHHS OpPHeHTALIMKU BOJIOKOH.
YacTULBl MOTYT OBITH OIMCAHBI KaK CHUJIBHO aHU-
30TPOIIHBIE CTePKHHU, TAK YTO eCIH DONBIIHUHCTBO
BOJIOKOH OPHEHTHPOBAHL BIOJIb OIpele/eHHOIo
HaIlpaB/leHHs, HabirogaeTcs MaKpOCKOIIHYeCcKoe
OByay4dempenoMaeHure. Ecaiu MMeIOTCS CBefeHUS
0 IapaMeTpaX YHCTBIX KOMIIOHEHTOB MaTepu-
ajla, CBOMCTBA KOMIIAyHJA MOTYT OBITH ONHCAHBI
MaTeMaTHYeCcKH C ucroab3oBaHuem TIC Ilongepa
U Ban-CaHTeHa [1]. C mOMOIIBIO 3TOH TEOPHUH pac-
CYHUTBHIBaeTCS 30PeKTHBHBIN KOMIIJIEKCHBIM ITOKa-
3aTe/ib IIpeJIOMJIEHHUSI KaK QYHKIIMS COOep>KaHU S
MepHeHIUKYJIAPHBIX, Mapaje/ibHbBIX MU CIy-
YalHO OPUEHTHUPOBAHHBIX BOJIOKOH OTHOCHUTEJIBHO
nongpusauuu Tlru-nyuyka. K mpumepy, Ha puc.l
IIOCTPOeH pe3yJbTHPYIOIIHUK II0Ka3aTeab HIpeioM-
JeHud npu yactoTe 0,42 TT'1y /1 YCHIEHHOTO IO~
3THJIeHa BBICOKOM IJIOTHOCTHU. Pa3snu4Has OpHeH-
TalLlMs BOJIOKOH (3e/ieHasi, CUHSS U cepasi TUHUH)
INpUBOAUT K HM3MEHEHHUIO IIoKa3aTejs IIPeoM-
JIeHHU$, W IIOJISIPU30BaHHAs TeparepleBas BOJIHA
OymeT 0cnabnasiTbCsI B COOTBETCTBHM C ee IOJIS-
pH3aliMelr OTHOCHTE/JbHO OPHeHTAIuu obpasma.
Takum ob6pa3om, MyTeM H3MepeHHS AMIIIHUTYABI
npomenmen TILI-BOMHBI KaK QYHKLIIMHU OPHEHTa-
nuu obpasla MOXKHO [efaTh BBIBOL 00 opHeHTa-
LMK BOJIOKOH HJ/IH H3BJIeYb HMHPOPMALIHIO O Comep-
SKaHHH BOJIOKOH.

TepareplieBrle CIHeKTPOMETPHl BPeMEHHOIO
paspelmieHus - C BOJOKOHHBIM BXxogom TERA K15
(puc.2) WK C BBOAOM HM3/Iy4deHHUs Hanpsmylo (free-
space) TERA K8 mpowm3BoacTBa KoMmaHuu Menlo
Systems, paboTallnre B reOMeTPHHU Ha IPOCBET,
HUealbHO IOAXOAST A/l IIPOBeleHUsI HU3MepeHHUH
Yy UyBCTBHUTEJBHBIX K IOASIpU3anuy o6pasnoB. Kak
TIr1-u3ay4daTesb, TaK U AeTeKTOP AeMOHCTPUPYIOT
NOCTAaTOYHYI0 JIMHEHHYI MOJSIPHU3aALHOHHYIO
CeNleKTUBHOCTb. CHEeKTpaJIbHBIM AHalla30H CIek-
TpoMeTpoB IpeBblmaeT 3,5 TI1L, BpeMeHHOH AHa-
[Ia30H CKAHUPOBAHUS cocTaBiseT 6osee 300 1ic,
YTO UEeaNbHO IIOAXOLUT JJIsl U3MepeHUs 06pasiioB
c 6onpmert TonmuHoM. CmekTtpomerp TERA KI5
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Puc.2. YcmaHoska TERA K15, cxema Ha nponyckaHue
Fig.2. TERA K15 assembled in transmission geometry

MATERIALS AND METHODS

Many reinforced materials show a kind of
birefringence where the optical properties,
in particular the refractive index, depend
on the polarization and the incidence angle
of the THz beam relative to the investigated
sample. Considering the fiber-filled plastics as
a dielectric mixture of two components, this
effect can be exploited for determining the fiber
orientation.

Compound materials can be described by
the effective medium theory (EMT) as long as
the particle size is much smaller than the
wavelength of the THz-radiation (the frequency
of 1 THz corresponds to a wavelength of
approximately 0.3 mm) [1]. The EMT enables
a theoretical approach to calculate optical
properties e.g. the complex permittivity € of
a mixture assuming the properties of the raw
components [2]. Herein, the calculated effective
refractive index depends on the pure components
of the dielectric mixture, the volumetric particle
fraction, and the particle shape.

The particle geometry is of key importance for
the investigation of the fiber orientation. The
particles can be described as strong anisotropic
rods such that macroscopic birefringence is
observed if a majority of the fibers are orientated
along a certain direction. When knowing the
material parameters of the pure components,
the compound can be described mathematically
by the EMT of Polder and van Santen [1]. It
calculates its effective complex refractive
index as a function of the filler content for
perpendicularly, parallel, or randomly oriented
fibers relative to the polarization of the THz
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CcHabkeH HMHHOBAaLlMOHHON TII-aHTeHHOH BBICO-
KON MOIIHOCTH, 3TO CO3[laeT IIpPeHMYIlecTBa IIpHU
H3MepeHHIX 00pasnoB ¢ OONBIIMMU TONIIMHAMH
U BBICOKHUM KO3)PUILIHMEHTOM IIOTJIOIIeHHU .

IS MONSIpU3alMOHHBIX H3MepeHHUH obpaselr
nomMemaioT B ¢okyc TTi-nyva. Ilromans 06pa3ua
CKaHHUPYyeTCsl C MCIO0Jb30BAaHHEM JIMHEHHOIO
M BpalllaloIerocs TpaHcaAsAToOpa. biaaromaps 3ajo-
SKeHHOMY aJTOpPUTMYy, GH3MKO-MaTeMaTH4YeCcKHe
OCHOBBI KOTOpOTO OIKCaHB B pabore [2], cyme-
CTBYeT BO3MOXKHOCTb II0JIYUHUTh KapTy YIJIOBOH OPH-
eHTAaLIUuH BOJIOKOH.

PE3YJ/IbTATbI 1 BbIBO/1 bl

IIpu momoinu TTI-CIIEKTPOMETPOB C pa3pelleHHEM
BO BpeMeHH, paboTaromux Ha IIPOCBET, IIOTy4eHO
n306paskeHHe IOBEPXHOCTH >KHAKOKPHUCTAJIIH-
YeCKOro IOJIMMepa CO CTeKJISHHBIMHU BOJIOKHAMMU,
OPHEHTHPOBAHHBIMHU IIOJ, YEeTKO OIpele/eHHbBMU
yrnamu (TTu-u3obpaskeHHe TIIpeAcTaBIeHO Ha
puc.3). B xozme 3KCIleprMeHTa BapbUPOBAJICS yIoi
OpHeHTAaMK 06pa3lia OTHOCHTE/JBHO HAIlpaBJe-
HUS nonasipusanuu TTu-nyda. BusyansHo obpaseln
BBIT/ISIIeNl OLHOPOAHBIM IIPU 1I060M IIOJIOKEHHUHU.
OnHaKo IMOMAPHU3ALMOHHO 4YYBCTBHUTenbHOe TIII
n3obpakeHHe IOKa3blBaeT 00/71acTH Ppa3UYHOM

i g

beam. As an example, in figure 1 the resulting
refractive indices at 0.42 THz are plotted for fiber
reinforced high density polyethylene (HDPE).
Different fiber orientation (green, blue and
grey lines) leads to a specific refractive index,
and the polarized THz wave will be delayed in
the investigated according to its polarization
relative to the sample orientation. Thus, by
measuring the transmitted THz amplitude
as a function of sample orientation one can
deduce the fiber orientation or extract the fiber
content.

Menlo Systems’ fiber coupled TERA K15 (Fig.
2) or free space TERA K8 THz time - domain
spectrometers are ideally suited to conduct such
polarization sensitivesample characterization
in transmission. Both, the THz emitter and
the detector show sufficient linear polarization
selectivity. The spectral range is exceeding 3.5
THz, and the temporal scanning range of more
than 300 ps is ideal for measuring even thicker
samples. The novel high-power THz antenna
technology used in the TERA K15 is a plus for
thicker or highly absorbing samples.

For the polarization imaging measurement,
the sample is placed into the focus of the THz-
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CO CMEKASIHHbIMU 80A0KHAMU, OpUEHMUPOBAHHbIMU HA Onpe-
OeneHHble yanbi

Fig.3. Photograph of an LCP sample with glass fibers
orientated at well-defined angles [3]
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Puc.4. Tru-u306paxkeHue, nony4yeHHoe nymem pacdema yana
opueHmauuu nonukceabHo [3]

Fig.4. THz transmission image reconstructed from the
calculated angles at each pixel position [3]

OpHMeHTAIlUHU BOJOKOH (pHC.4) C yrJIaMH B AHAIA-
30He 0T 0 o 90 rpamycos.

B 3ak/iIo4YeHHe CTOUT OTMETHUTD, UTO IOISpH3a-
IIMOHHO YYBCTBUTeNbHAA TTI-MeTOOMKA SIBJISIETCS
I0OBONBbHO 3PGeKTUBHON [Jisg HepaspylLIaloliero
HMCCIeJOBAaHU S OPHeHTALlMH BOJIOKOH MJIHM KOHIIeH-
TPpallMX HAMOJIHUTENSd BHYTPHU YCHIEHHBIX KOM-
IMayHAO0B. MeTogMKa IOAXOAMUT /s Pa3IHUYHBIX
BHUOOB BOJIOKOH, HM3TOTOBJIEHHBIX KaK M3 CTeKia,
TaK U U3 OHOIOrMYeckKUX MaTepHasoB. [lo3Bonser
OHa U OIlpefleIMTh CBOMCTBA MaTepHasa B KOHKPeT-
HOIl TOUKe MJIM IIOCTPOUTH KapTy paclpefe/eHUs
OpHeHTAIIUU BOJIOKOH II0 BceMy obpasiy.
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beam. With a combined translational and
rotational unit the sample area can be scanned
through the THz focus and rotated at each
pixel position, such that a map of the fiber
orientation angle is obtained using the physical-
mathematical algorithm described in [2].

RESULTS AND CONCLUSION

We have imaged a liquid-crystal polymer (LCP)
sample with glass fiber particles oriented at
well-defined angles (photo in Fig. 3, area of THz
imaging is indicated) in a THz transmission
setup. The sample was positioned at different
orientation angles of with respect to the THz
polarization. Optically, the sample appears
uniform at all positions. The polarization
sensitive THz image, however, reveals areas of
different fiber orientation (Fig. 4) with an angle
ranging from 0° to 90° in a false color map.

In conclusion, polarization sensitive THz
imaging is an attractive method for the non -
destructive investigation of fiber orientation or
the filler concentration within reinforced
compound materials. The technique is suitable
for various types of fiber, e.g. made of glass or
biological materials. It allows determining the
material properties at discrete points of interest,
or alternatively, with more calculation effort,
creating a detailed image of the entire sample

which illustrates the orientation of the fibers.



