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CONTROL OF COMPOSITE NONLINEAR DEFORMATION
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Using the refined theory of dry bundles, we analyzed the curvature (length
diversity) of yarns in the fabric composite for obtaining the maximum effect of
pseudo-ductility (constant yield stresses during the deformation). Because of
length diversity, yarns destruction happens consequently, starting with the
straight yarns and ending with the most curved ones. The polymer matrix en-
sures a monolithic structure and high damping of the oscillations due to the in-
tensification of matrix shears during tension/compression of the composite. To
simulate an ideal elastoplastic stress-strain diagram of the composite, we formu-
lated the law of changes in fiber lengths, the mechanical properties of which were
considered to be the same. To study the technological possibilities of the local
curvatures of yarns in fabric preforms, we performed experiments using the in-
denting method and arrays of conical and flat needles. We showed that conical
needles allow us to obtain simultaneous curvature of warp and weft yarns to the
same extent. The needle spacing controls the ratio of straight and curved yarns;
so, by changing the spacing we can bring this ratio closer to the value required
for getting the needed length of the yield plateau. In the case of flat needles with
various orientation to the warp yarns, we can obtain anisotropic yarns curvature
(of only one yarns family, for example). For experimental deformation of the fab-
rics with locally curved yarns we used aramid fabrics of plain weave and carbon
fabrics of twill weave.

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

Introduction. Modern fiber polymer composites gain increasing popularity in the construction of
critical structures for the aerospace industry due to their high strength and stiffness [1, 2]. However,
their mechanical characteristics also include brittleness (small possible deformations) and simultaneous
failure [3, 4], which decrease the operational reliability of constructions with stress concentration zones
(for example, open holes and roundings) and small safety factors. Therefore, substantial nonlinear de-
formation, pseudo-ductility, together with the retained high strength and stiffness, is highly desirable in
composites. Due to the growth of possible technical applications pseudo-ductility of composites has
been drawing rising attention of researchers last 5—7 years, which can be seen from the number surge of
relevant SCOPUS papers (Fig. 1).

Nowadays researches on pseudo-ductility are connected with hybrid composites, which contain
both stiff and compliant fibers [5, 6]. Because of stiff fibers (carbon) composites have a high elastic
modulus, and compliant fibers (glass, aramid) support stiff ones during the deformation process [7, 8],
creating conditions for their kinematic loading and gradual failure. The certain ratio of stiff and compli-
ant fibers results in a yield plateau on the stress-strain diagram [9, 10]. The length of this plateau de-
pends on the distribution of the stiff fibers strength: longer plateau corresponds to wider distribution [7].

Therefore, the yield plateau length adjustment is limited and depends on the fibers production tech-
nology. Moreover, as fabric yarns consist of hundreds and thousands of elementary fibers, the distribu-
tion of the yarn's strength is insignificant. To avoid these restrictions, we proposed a modification
method for UD strips and materials of flat weave (e.g., fabric, twill). This method is based on the regular
local bending of yarns, which creates the preset length diversity of yarns. Hence, there is no need to
combine stiff and compliant yarns: curved and straight yarns in the same layer will be compliant and
stiff, respectively. Polymer treatment creates the composite layer with pseudo-plastic properties, which
depend only on the length diversity of yarns. Furthermore, shear strains in affected areas of this layer
intensify the damping of oscillations.
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Fig. 1. Number of SCOPUS publications on topic pseudo ductility composites per yealr (1972-2017)

Maodel. Consider the tension of a flat UD layer with locally curved yarns of different lengths (Fig. 2,
a). Yarns have the same mechanical properties: elastic modulus E, ultimate stress X, linear postcritical
behavior up to ultimate failure, which is characterized by softening modulus E . This model of UD
composite behavior at the kinematic loading (Fig. 2, b, solid line) was proposed in [11]. For curved
yarns the stress-strain curve has the same shape but is shifted by the value of specific elongation & (Fig.
2, b, dashed line). To model the functioning of the ideal elastic-plastic material (Fig. 2, ¢) with the de-
fined yield strength ot and the yield plateau of the maximal length &, at tension it is necessary to obtain
the length function (the dependence of yarn’s specific elongation on the yarn’s number).
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Fig. 2. Properties of curved yarns
For simplicity, we assume that the composite has N yarns or groups of yarns of different lengths.

Piecewise linear dependence of the stress s on the deformation £ of i-th yarn with the arbitrary curvature
0 can be formulated as follows:
0.0<e<d;

E(e-6.).0; <g<é‘i+%;

5(€,0;) = (1)

X-FE g—é‘i—i ,é‘i+£<g<é‘i+£+£;
E E E E

X X
0,£€>0.+—+—.
E E

Superposition of stresses (1) for the case of the parallel connection of yarns with different & is writ-

ten as follows:
N

o(e)=~35(e.5) @
N

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

Calculation example. In linear approximation length function o = i-d, where d is the elongation
step, and i is yarn’s number. For modeling of yarns made of carbon fibers (with the volume ratio ~60 %)
in the epoxy matrix [12] we used the following mechanical parameters: £ = 150 GPa, X = 1500 MPa u
E” = 300 GPa. Fig. 3 presents the diagram of kinematic loading of one yarn and yarns bundle with the
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fixed elongation step d = 0,2 %. This value of the elongation step corresponds to the yield strength oscil-
lations less than 5 %, which can be neglected in engineering applications.
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Fig. 3. Diagrams of kinematic loading of (a) one yarn and (b) 10, 20, and 30 yarns of different length

Fig. 3, b shows that the composite’s yield plateau is longer for yarns with a wider length range.
However, at the same time yield strength decreases, and specific energy of deformation (area under the
stress-strain curve) remains the same and equal to ~11,3 MPa, which coincides with the fracture energy
of one yarn at the kinematic loading.

We calculated the elastic range of the stress-strain curve, using dry bundles approximation. There-
fore, we neglected the bending stiffness and yarn’s shift in the epoxy matrix. In real cases, slightly
curved yarns will have a higher elastic modulus, while straightening [13]. Moreover, in the initial sec-
tion of the stress-strain curve, the composite will have bigger stiffness than the simulated predictions
(see dashed line in Fig. 3, b).

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

Firstly, we used cylindrical needles of diameter 2 mm with a sharp conical end. Fig. 4, b shows that
the fabric area, affected by a needle. is limited to the square 5x5 mn1’. Outside this area the fabric is not
deformed. So, if the indenting step is larger than 5 mm, there will be straight yarns in the fabric. The
width of P110 fabric yarns equals to 0,5 mm. Therefore, if the indenting step equals to 5 mm, in re-
peated affected areas of the fabric we will have almost symmetrical arrays of curved yarns of different
lengths (5 to the left and 5 to the right from the needle hit). These lengths for Fig. 4, b are: 5,00, 5,10,
5,22, 5,37, and 5,60 mm (left array); 5,45, 5,35, 5,20, 5,15, and 5,00 mm (right array). Of course, in
practice, an indenter willghjt arbit laces, so the curvatures and lengths of yarns will vary.

, : TR R :

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. 4, b (single hit), we calculated the stress-strain curve (see Fig. 5),
using mechanical properties of aramid yarn RUSAR [14]: linear density ~28 tex, £ = 70 GPa, X = 2000
MPa, £’ = 100 GPa. The dashed line in Fig. 5 stands for the yield strength ~400 MPa of the sample with
the periodic indenting through the whole fabric area (indenting step 5 mm). As both warp and weft yarns
are curved, mechanical properties during tension along these yarns will be the same (isotropic modifica-
tion of fabric).
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Fig. 5. Stress-strain diagram of the sample, depicted in Fig. 5, b

Secondly, we used flat needles of width, equal to 3 mm, and thickness, equal to 1 mm (Fig. 6, a). In
this case, periodic indenting (direction of hits is 45° to horizontal/vertical lines, shown by white arrows
on Fig. 6) led to the anisotropic curvature: only warp (vertical) yarns were curved, weft yarn remained
straight (Fig. 6, b). Fig. 6, ¢ presents the fabric of twill weave modified by indenting by conical needle
oriented at 45° to horizontal/vertical lines. Because of high lateral yarn’s stiffness the area, affected by
the flat needle or the conical indenter of a diameter of 3 mm, has quite big linear dimension: 100 mm.
White ellipses are the needle orientation schemes.

Fig. 6. Flat needle (a) and fabrics of b) plain and c) twill weave after indenting by flat and conical needle, respectively

Conclusions. Modeling showed the great potential of the method of local curvature of yarns, con-
sisted of brittle fibers, for achieving a long yield plateau of a composite Failure of high-quality carbon
fibers happens at relative deformations of around 1 %. By introducing length diversity of yarns (with the
elongation step of 0,2 %) we achieved ultimate stress of approximately 300 MPa and more than
500 MPa, and failure deformation more than 4 % and 2 % for the case of 20 and 10 different yarn's
lengths, respectively.

Indenting by conical needles of a diameter of 2 mm with the indenting step of 5 mm along warp and
weft yarns of aramid fabric of flap weave P110 resulted in the material with the yield strength of
400 MPa and yield plateau of 10 %, which is unattainable for traditional fabric composites. These char-
acteristics will allow us to use the indenting technology for the aerospace constructions with stress con-
centration zones (e.g. holes or roundings). Because of pseudo-ductility our technology will decrease
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stress concentrations and increase failure loading, the same effect as in hybrid composites [10, 15],
where layers of fiberglass and carbon fibers alternate, or carbon and glass fibers are mingled in one yarn
of a composite.
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YMPABNEHUE HENMMHEWHOCTbIO AEPOPMNPOBAHUA KOMMO3UTA
C MNOMOLLBIO NOKANBbHOIoO UCKPUBINEHUA HATEU

C.b. CanoxHukoe, A.B. Xepyeumoe, A.C. Xopyxuii
FOxxHO-Ypanbckuli eocyOapcecmeerHsbill yHusepcumem, 2. YenabuHck, Pocculickaa ®edepayus
E-mail: sapozhnikovsb@susu.ru

Ha ocHOBe yTOUHEHHOH TECOPHH CYXHX IMYyYKOB BBINOJHCH aHATN3 HCOOXOAUMONW HCKPUBIEHHOCTU
(«pa3HOAMMHHOCTIY) HUTEH B TKAHCBOM KOMIIO3UTE TSI TIOJYUCHHSI MAKCUMAIBHOTO 3((EKTa mceBao-
IUVIACTUMHOCTH — MOCTOSHCTBA HANPSDKCHUHM «TEKy4ecTH» NpH AeopMupoBaHUU. PazHOATHHHOCTB
00CCIICYNBACT MOCIC0BATCIFHOC Pa3pyLICHHE HUTCH: CHaYaIa pa3pyatoTcs MPSMOIUHCHHBIC HUTH, a
B KOHILC — MAaKCHMAJIBHO I/ICKpI/IBHéHHbIC. Hamune HOHI/IMCpHOI\/'I MAaTPHULbI O6€CHC‘II/IBaCT MOHOJIUT-
HOCTb U BBICOKOC AeMI(pUPOBAHHE KOoNeOaHUH 32 CUET HHTCHCU(HKALINN CABUIOB B MaTPUILIC NIPH pac-
TH)KCHHH/C)KaTI/II/I KOMITIO3UTA. I[J'IH nMHUTALUN I/I,Z[Ga.]'ILHOI\/'I pryFOHJ’IaCTI/IquKOI\/'I AuarpaMmbl pacCTIKC-
HHA KOMIIO3UTA 6I>I.]'I Ha,I\/'I,Z[GH 3aKOH U3MCHCHUS OJIMH BOJIOKOH, MCXAaHHYCCKHC CBOIICTBA KOTOPBIX CUU-
TAaJIUCh OJUHAKOBBIMH. 3KCH€pI/IM€HTaJ'IbeIC HUCCICAOBAHUA TCXHOJIOTHYCCKHUX BO3MOKHOCTCH JTOKAJIb-
HOI'0 UCKPUBJICHUA HHUTCH B TKAHCBBIX Hpe(bopMaX BBIITOJIHCHBI MCTOAOM HUHACHTHPOBAHUA MaCCHUBOM
KOHHUYCCKHUX HIIH IINTOCKHUX HUTJI. HOKaSaHO, UTO IMPU UCHOJIb30BAHNU KOHUYICCKUX UIT pCain3yCTCd CUH-
XPOHHOE MCKPUBICHHE HUTEH OCHOBHI M YTKA B paBHOU crereHH. M3MeHad mar wuri, MOKHO Iporpam-
MHUPOBaTh COOTHOIICHUC HpHMOJ’II/IHCI\/'IHbIX u I/ICKpI/IBHéHHbIX HUTCH Tak, I{TO6I>I OHO MAaKCHUMAJBbHO COOT-
BETCTBOBAJIO PACUETHON BEIMYHMHE, HCOOXOAUMOM TS TIOAYUCHUS 3aJaHHON ATHHBI TUIOIMATKH «TCKY-
HCCTH. HpI/IMCHCHI/Ie IINIOCKHUX HI'JI C paSJ'II/I‘IHOI\/'I OpHCHTaLIHCﬁ K HampaBJICHUIO OCHOBHBIX HUTEH MO-
3BOJIACT MOIYyUaTh «aHU3OTPOITHOC» HUCKPUBJIICHUC HI/ITCI\/'I, HanmpuMmep, UCKPUBJICHUC JTUIIL OOAHOTO CC-
MeHcTBa. DKCICPUMEHTAIBHBIC HCCICAOBAHMS AC(POPMUpPOBAHN TKAHEH C NOKATBHO HCKPUBJICHHBIMU
HUTAMHU BBINOJTHCHBI Ha apaMUAHBIX TKAHAX MOJOTHAHOI'O NCPCIUVICTCHUA U TKAHAX U3 YTIICPOAHBIX BO-
JIOKOH CapKEBOTO TUICTCHHSI.

Knioueswie cnosa: mranegolii KOMNO3UM, NCEEIONIACHUYHOCHIb;, UCKPUGTEHHOCMb HUMET; MeopUsl
CYX020 NYUKA, UHOCHMUPOBAHILE.
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