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Using the refined theory of dry bundles, we analyzkthe curvature (length
diversity) of yarns in the fabric composite for obaining the maximum effect of
pseudo-ductility (constant yield stresses during # deformation). Because of
length diversity, yarns destruction happens conseantly, starting with the
straight yarns and ending with the most curved onesThe polymer matrix en-
sures a monolithic structure and high damping of te oscillations due to the in-
tensification of matrix shears during tension/compession of the composite. To
simulate an ideal elastoplastic stress-strain diagm of the composite, we formu-
lated the law of changes in fiber lengths, the meelnical properties of which were
considered to be the same. To study the technologicpossibilities of the local
curvatures of yarns in fabric preforms, we performel experiments using the in-
denting method and arrays of conical and flat needls. We showed that conical
needles allow us to obtain simultaneous curvaturefavarp and weft yarns to the
same extent. The needle spacing controls the ratad straight and curved yarns;
so, by changing the spacing we can bring this ratioloser to the value required
for getting the needed length of the yield plateaun the case of flat needles with
various orientation to the warp yarns, we can obtai anisotropic yarns curvature
(of only one yarns family, for example). For expernental deformation of the fab-
rics with locally curved yarns we used aramid fabrés of plain weave and carbon
fabrics of twill weave.

Keywords: fabric composite; pseudo-ductility; cuiua of yarns; dry bundles
theory; indentation.

Introduction. Modern fiber polymer composites gain increasingupaity in the construction of
critical structures for the aerospace industry thu¢heir high strength and stiffness [1, 2]. Howeve
their mechanical characteristics also include Ibriiss (small possible deformations) and simultaneo
failure [3, 4], which decrease the operationalatality of constructions with stress concentratammes
(for example, open holes and roundings) and sradditys factors. Therefore, substantial nonlinear de-
formation, pseudo-ductility, together with the et high strength and stiffness, is highly dedeab
composites. Due to the growth of possible technagadlications pseudo-ductility of composites has
been drawing rising attention of researchers lagtyears, which can be seen from the number sudrge o
relevant SCOPUS papers (Fig. 1).

Nowadays researches on pseudo-ductility are coatheeith hybrid composites, which contain
both stiff and compliant fibers [5, 6]. Becausestiff fibers (carbon) composites have a high etasti
modulus, and compliant fibers (glass, aramid) supgtiff ones during the deformation process [7, 8]
creating conditions for their kinematic loading agrddual failure. The certain ratio of stiff andhgali-
ant fibers results in a yield plateau on the stsésEn diagram [9, 10]. The length of this platefas
pends on the distribution of the stiff fibers sgdmn longer plateau corresponds to wider distrdoufi/].

Therefore, the yield plateau length adjustmeninistéd and depends on the fibers production tech-
nology. Moreover, as fabric yarns consist of huddrand thousands of elementary fibers, the distribu
tion of the yarn's strength is insignificant. Tooal these restrictions, we proposed a modification
method for UD strips and materials of flat weaveg.(dabric, twill). This method is based on thguiar
local bending of yarns, which creates the presajtle diversity of yarns. Hence, there is no need to
combine stiff and compliant yarns: curved and gtryarns in the same layer will be compliant and
stiff, respectively. Polymer treatment createsdabmposite layer with pseudo-plastic properties,ciwhi
depend only on the length diversity of yarns. Femtfiore, shear strains in affected areas of thierlay
intensify the damping of oscillations.
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Fig. 1. Number of SCOPUS publications on topic ~ pseudo ductility composites _ per year (1972-2017)

Model. Consider the tension of a flat UD layer with ldgaurved yarns of different lengths (Fig. 2,
a). Yarns have the same mechanical properties:i@lastdulusE, ultimate stres¥, linear postcritical
behavior up to ultimate failure, which is charaided by softening modulug& . This model of UD
composite behavior at the kinematic loading (Figb,2solid line) was proposed in [11]. For curved
yarns the stress-strain curve has the same shapedhifted by the value of specific elongatidr(Fig.
2, b, dashed line). To model the functioning of theaidelastic-plastic material (Fig. 2) with the de-
fined yield strengthor and the yield plateau of the maximal lengilat tension it is necessary to obtain
the length function (the dependence of yarn’s sjpegliongation on the yarn’s number).

¢ o

c
Fig. 2. Properties of curved yarns
For simplicity, we assume that the composite IRagrns or groups of yarns of different lengths.
Piecewise linear dependence of the stsass the deformatiow of i-th yarn with the arbitrary curvature
J can be formulated as follows:
0,0<e<g4;

E(e-4).g<e<q +%;

,0)= . 1
5(£,9) X_E(£_4_5}4+5<£<4+5+_>§; (1)
E E E E
0,g>5|+1+1,,

E E

Superposition of stresses (1) for the case of #nallel connection of yarns with differedtis writ-
ten as follows:

N
o(e) 2%28(8,5| ). 2)
i=1

We calculated stress-strain diagrams of yarns thighdefined curvatures by using the superposition
method, implemented in MathCAD package.

Calculation example. In linear approximation length functiod = i-d, whered is the elongation
step, and is yarn’s number. For modeling of yarns made oboa fibers (with the volume ratio ~60 %)
in the epoxy matrix [12] we used the following manital parameterE€ = 150 GPaX = 1500 MPau
E’ = 300 GPa. Fig. 3 presents the diagram of kin@rlaading of one yarn and yarns bundle with the
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fixed elongation sted = 0,2 %. This value of the elongation step corraggdo the yield strength oscil-
lations less than 5 %, which can be neglected gineering applications.
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Fig. 3. Diagrams of kinematic loading of (  a) one yarn and (b) 10, 20, and 30 yarns of differen tlength

Fig. 3, b shows that the composite’s yield plateau is lorfgeryarns with a wider length range.
However, at the same time yield strength decreasesspecific energy of deformation (area under the
stress-strain curve) remains the same and equdl1@ MPa, which coincides with the fracture energy
of one yarn at the kinematic loading.

We calculated the elastic range of the stressastnaiive, using dry bundles approximation. There-
fore, we neglected the bending stiffness and yashift in the epoxy matrix. In real cases, slightly
curved yarns will have a higher elastic modulusilevktraightening [13]. Moreover, in the initialcse
tion of the stress-strain curve, the composite halle bigger stiffness than the simulated predistio
(see dashed line in Fig. B).

Experimental tests. To validate our models, we experimentally invesgiégl aramid fabrics of plain
weave (P110) [14], modified by indenting.

Firstly, we used cylindrical needles of diameteni with a sharp conical end. Fig.bBishows that
the fabric area, affected by a needle, is limitethe square 5x5 nfimOutside this area the fabric is not
deformed. So, if the indenting step is larger tbamm, there will be straight yarns in the fabritieT
width of P110 fabric yarns equals to 0,5 mm. Theeefif the indenting step equals to 5 mm, in re-
peated affected areas of the fabric we will haweoat symmetrical arrays of curved yarns of differen
lengths (5 to the left and 5 to the right from tleedle hit). These lengths for Fig.bdare: 5,00, 5,10,
5,22, 5,37, and 5,60 mm (left array); 5,45, 5,32055,15, and 5,00 mm (right array). Of course, in
practice, an indenter will hit arbit

- i -

Fig. 4. Aramid fabric of plain weave P110:  a) before indenting; b) after indenting by conical needle
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For the sample, depicted in Fig.B}(single hit), we calculated the stress-strain euee Fig. 5),
using mechanical properties of aramid yarn RUSAR:[linear density ~28 teXg = 70 GPaX = 2000
MPa,E = 100 GPa. The dashed line in Fig. 5 standsHenfield strength ~400 MPa of the sample with
the periodic indenting through the whole fabricaaf@denting step 5 mm). As both warp and weft garn
are curved, mechanical properties during tensiongathese yarns will be the same (isotropic madalific
tion of fabric).
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Fig. 5. Stress-strain diagram of the sample, depict edin Fig. 5, b

Secondly, we used flat needles of width, equal tend and thickness, equal to 1 mm (Figa),In
this case, periodic indenting (direction of hitst& to horizontal/vertical lines, shown by white arow
on Fig. 6) led to the anisotropic curvature: onlgrpv (vertical) yarns were curved, weft yarn remdine
straight (Fig. 6b). Fig. 6,c presents the fabric of twill weave modified by emting by conical needle
oriented at 45to horizontal/vertical lines. Because of high tateyarn’s stiffness the area, affected by
the flat needle or the conical indenter of a dianef 3 mm, has quite big linear dimension: 100 mm.
White ellipses are the needle orientation schemes.
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Fig. 6. Flat needle ( @) and fabrics of b) plain and c) twill weave after indenting by flat and conical n  eedle, respectively

Conclusions. Modeling showed the great potential of the methbtbcal curvature of yarns, con-
sisted of brittle fibers, for achieving a long yigblateau of a composite Failure of high-qualitybca
fibers happens at relative deformations of arouftl By introducing length diversity of yarns (witte
elongation step of 0,2 %) we achieved ultimatesstref approximately 300 MPa and more than
500 MPa, and failure deformation more than 4 % 28d for the case of 20 and 10 different yarn's
lengths, respectively.

Indenting by conical needles of a diameter of 2 with the indenting step of 5 mm along warp and
weft yarns of aramid fabric of flap weave P110 hesliin the material with the yield strength of
400 MPa and yield plateau of 10 %, which is unaghle for traditional fabric composites. These €har
acteristics will allow us to use the indenting teclogy for the aerospace constructions with steess
centration zones (e.g. holes or roundings). Becafiggseudo-ductility our technology will decrease
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stress concentrations and increase failure loadhmgy,same effect as in hybrid composites [10, 15],
where layers of fiberglass and carbon fibers adtiernor carbon and glass fibers are mingled inyaine
of a composite.

This work was financially supported by the RusSarence Foundation (project No. 18-19-00377).

References

1. Daniel I.M., Ishai OEngineering mechanics of composite materi@gford university press,
2006, 432 p.

2. Gibson R.FPrinciples of composite materials mechaniCRC Press, 2007, 579 p.

3. Kaddour A.S., Hinton M.J., Li S., Smith P.A. Dage prediction in polymeric composites: Up-
date of Part (A) of the Third World-Wide Failure éfgise (WWFE-IIlI).Transactions of 18th Interna-
tional Conference on Composite MaterialSouth Korea, QinetiQ Ltd, 2011, 5 p. Available at
http://www.iccm-central.org/Proceedings/ICCM18predmgs/data/2.%200ral%20Presentation/Aug23
(Tuesday)/T45%20Mechanical%20and%20Physical%20Prepd 45-5-IF1621.pdf, accessed
12.12.2018

4. Yan S., Zeng X., Long A. Experimental assessméithe mechanical behaviour of 3D woven
composite T-joints. Composites part B: Engineering 2018, Vol. 154, pp. 108-113.
DOI: 10.1016/j.compositesb.2018.08.007

5. Kretsis G. A review of the tensile, compressilexural and shear properties of hybrid fibre re-
inforced plasticsComposites1987, Vol. 18, Issue 1, pp. 13-23. DOI: 10.1006M4361(87)90003-6

6. Manders P.W., Bader M.G. The strength of hygtabs/carbon fibre composites. Part 1. Failure
strain enhancement and failure modeurnal of Material Sciengel981, Vol. 16, Issue 8, pp. 2233—
2245. DOI: 10.1007/BF00542386

7. Swolfs Y., Gorbatikh L., Verpoest I. Fibre hydigation in polymer composites: a revie@om-
posites part A: Applied Science and Manufacturin@014, Vol. 67, pp. 181-200.
DOI: 10.1016/j.compositesa.2014.08.027

8. Sapozhnikov S.BDefekty i prochnost' armirovannykh plastik(efects and strength of rein-
forced plastics), Chelyabinsk, lzdatel'stvo Cheigakogo gosudarstvennogo tekhnicheskogo univer-
siteta Publ., 1994, 161 p. (in Russ.).

9. Fuller J., Wisnom M.R. Damage suppression im thly angle-ply carbon/epoxy laminates.
Transactions of 19th International Conference onmposite Materials (ICCM19)Montreal, July,
2013, 8 p.

10. Czél G., Wisnom M.R. Demonstration of pseudotiity in high performance glass/epoxy
composites by hybridisation with thin-ply carboremreg. Composites part A: Applied Science and
Manufacturing 2013, Vol. 52, pp. 23—-30. DOI: 10.1016/j.compesit.2013.04.006

11. Sandhu R.S. Nonlinear response of unidirectiand angle-ply laminate45th Structural Dy-
namics and Materials Conferendeas Vegas, NV, U.S.A., 1974. DOI: 10.2514/6.13B0-

12. Barbero E.Jntroduction to Composite Materials Desigdoca Raton: CRC Press, 2018, 525 p.
http://barbero.cadec-online.com/icmd, accessedl22009

13. Skudra A.M., Bulavs F.Y&rochnost' armirovannykh plastikqtrength of reinforced plas-
tics). Moscow, Khimiya Publ., 1982, 213 p. (in R)iss

14. http://www.aramid.ru/ru, accessed 12.12.2018

15. Yu H.N., Longana M.L., Jalalvand M., Wisnom M.Rotter K.D. Pseudoductility in intermin-
gled carbon/glass hybrid composites with highlgrdid discontinuous fibre€omposites part A: Ap-
plied Science and Manufacturing015, Vol. 73, pp. 35-44. DOI: 10.1016/j.compesit.2015.02.14

Received October 1, 2018

BectHuk HOYplY. Cepusa «MaTtemaTtuka. MexaHuka. Pusmnka» 47
2019, Tom 11, Ne 1, C. 43-49



MexaHuka

Bulletin of the South Ural State University
Series “Mathematics. Mechanics. Physics”
2019, vol. 11, no. 1, pp. 43—49

YOK 620.172 DOI: 10.14529/mmph190106

YMPABJEHUE HENUMHEMHOCTbLIO AE®OPMUPOBAHUA KOMNO3UTA
C NOMOLbIO JIOKAJIbHOIO UICKPUBJIEHUA HATEWU
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FOxHO-Ypanbckuli 2ocydapcmeeHHbIl yHugepcumem, 2. HensbuHck, Poccutlickasi ®edepauyusi
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Ha ocHOBe yTOUYHEHHON TEOPHM CYXUX IYYKOB BBIITOJIHEH aHAIH3 HEOOXOJIUMON MCKPUBIEHHOCTH
(«pa3sHOIIMHHOCTHY) HUTEH B TKAHEBOM KOMIIO3UTE VIS MOIYyYSHUSI MAaKCUMAIIbHOTO 3 eKTa MceBIo-
IUTACTUYHOCTH — TIOCTOSHCTBA HAMPSHKEHUH «TEKydecTH» MpU AeGOpPMUPOBAHUHU. PasHOMITHHHOCTH
obecrevynBaeT MoCeA0BaTeIbHOE pa3pyllicHHe HUTEH: CHavYalla pa3pyliatloTcs MPAMOJIHHEHHbIC HUTH, a
B KOHIIE — MaKCUMaJIbHO MCKpHUBIEHHBbIC. Hanmnuue moimMepHON MaTpHIlbl oOecreyrBaeT MOHOJHT-
HOCTh M BBICOKOE JeMI(pHUPOBAHHE KOJeOAHMIA 3a CUET MHTCHCU(HUKAIIMK CIBUTOB B MATPHUIIE MIPU pac-
TSOHKCHUM/CKATHU KOMITO3UTA. J[JIs1 UMHUTAIMU HACATBHOW YIPYromiacTHUSCKON IHarpaMMBbl PacTshKe-
HUSI KOMITO3UTa ObIIT HAlJIeH 3aKOH U3MECHEHUS JUTMH BOJIOKOH, MEXaHUYECKUE CBOWCTBA KOTOPBIX CUH-
TAJIMCh OJMHAKOBBIMHU. DKCIIEPUMEHTAIBHBIC CCIEJOBAHMS TEXHOJIOTMIECKUX BO3MOXHOCTEH JIOKAIh-
HOTO MCKPUBJICHUS HUTEH B TKAHEBBIX Mpe(opMax BBIMTOTHEHBI METOIOM HHICHTHPOBAHUS MACCHBOM
KOHMYECKHX WU TIOCKHX M. [Toka3aHo, 4TO MPH MCIONBb30BAaHUH KOHHUYECKHX UTJ PEAU3yeTCsl CHH-
XPOHHOE MCKPHUBIICHWE HUTEH OCHOBBI M YTKA B PaBHOM CTereHH. MI3MeHss IIar Wril, MOKHO IpOorpam-
MHUPOBATh COOTHOIICHNE TPSMOTMHEHHBIX U UCKPUBIEHHBIX HUTEH TakK, YTOOBI OHO MaKCUMAJILHO COOT-
BETCTBOBAJIO PACUETHOIN BeIMYMHE, HEOOXOMUMOMN IS TIONYyYCHHs 3aJaHHOU JJIMHBI TUTOMAJKHA TEKY-
yectu». [I[puMeHeHre IOCKUX UIJI C Pa3IMYyHON OpUEHTallled K HalpaBJIE€HUIO OCHOBHBIX HUTEW TO-
3BOJISICT MOJIY4aTh «AaHU30TPOITHOE» HMCKPUBJICHHE HUTEH, HANpPHMEp, UCKPUBICHUE JIMIIL OJHOTO Ce-
MeiicTBa. DKCIEPUMEHTATbHBIC UCCIEIOBAHUS Ne(hOPMHUPOBAHUS TKAHEH C JOKATBHO UCKPUBIEHHBIMU
HUTSIMU BBITIOJTHEHBI HA apaMUJIHBIX TKAHSIX MOJIOTHSIHOTO MEPETIETeHUS] U TKaHSIX M3 YTJIEPOJHBIX BO-
JIOKOH CapKEeBOTO IUICTCHHS.

Kniouesvie cnosa: mranegulii KOMRO3UM, NCEBIONAACMUYHOCTb, UCKPUBTEHHOCIb HUMEll, Meopusl
CYX020 NYUKaA, UHOEHMUPOBAHUE.
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