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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. Modem 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 year (1972-2017)

Model. Consider the tension of a flat UD layer with locally curved yams 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 S  (Fig. 
2, b, dashed line). To model the functioning of the ideal elastic-plastic material (Fig. 2, c) with the de
fined yield strength s  and the yield plateau of the maximal length eb 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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a b c
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 5 on the deformation e  of i-th yarn with the arbitrary curvature 
Si can be formulated as follows:

0,0 < e< S i ;

E  (e - S i ) ,Si <e <Si + X ;E
„  (  а X  Л s X  s X  X  (1)

^ E ) E E E
X X  

0, e  > Si + + .
‘ E E

Superposition of stresses (1) for the case of the parallel connection of yarns with different S is writ
ten as follows:

s(e,S , ) = <

1 N
s (e) =n  Z 5 ( e , S i )•

(2)

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 S = 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: E  = 150 GPa, X  = 1500 MPa и 
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.

а б
Fig. 4. Aramid fabric of plain weave P110: a) before indenting; b) after indenting by conical needle

а b
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 mm2. 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 will hit arbitrary places_, so the curvatures and lengths of yarns will vary.
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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, E = 10 GPa, X = 2000 
MPa, E' = 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).

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, c  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.

a  b  c

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 PI 10 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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УПРАВЛЕНИЕ НЕЛИНЕЙНОСТЬЮ ДЕФОРМИРОВАНИЯ КОМПОЗИТА 
С ПОМОЩЬЮ ЛОКАЛЬНОГО ИСКРИВЛЕНИЯ НИТЕЙ

С.Б. Сапожников, А.В. Херувимов, А.С. Хоружий
Южно-Уральский государственный университет, г. Челябинск, Российская Федерация 
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На основе уточнённой теории сухих пучков выполнен анализ необходимой искривлённости 
(«разнодлинности») нитей в тканевом композите для получения максимального эффекта псевдо
пластичности -  постоянства напряжений «текучести» при деформировании. Разнодлинность 
обеспечивает последовательное разрушение нитей: сначала разрушаются прямолинейные нити, а 
в конце -  максимально искривлённые. Наличие полимерной матрицы обеспечивает монолит
ность и высокое демпфирование колебаний за счёт интенсификации сдвигов в матрице при рас- 
тяжении/сжатии композита. Для имитации идеальной упругопластической диаграммы растяже
ния композита был найден закон изменения длин волокон, механические свойства которых счи
тались одинаковыми. Экспериментальные исследования технологических возможностей локаль
ного искривления нитей в тканевых преформах выполнены методом индентирования массивом 
конических или плоских игл. Показано, что при использовании конических игл реализуется син
хронное искривление нитей основы и утка в равной степени. Изменяя шаг игл, можно програм
мировать соотношение прямолинейных и искривлённых нитей так, чтобы оно максимально соот
ветствовало расчётной величине, необходимой для получения заданной длины площадки «теку
чести». Применение плоских игл с различной ориентацией к направлению основных нитей по
зволяет получать «анизотропное» искривление нитей, например, искривление лишь одного се
мейства. Экспериментальные исследования деформирования тканей с локально искривлёнными 
нитями выполнены на арамидных тканях полотняного переплетения и тканях из углеродных во
локон саржевого плетения.

Ключевые слова: тканевый композит; псевлопластичность; искривлённость нитей; теория 
сухого пучка; индентирование.
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