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Abstract

Introduction. One of the reasons for undesirable delamination of polymer composites with fabric reinforcement is low
transverse shear properties. It is known that the reinforcement of polymer fabric composites in the Z direction reduces the
sensitivity to delamination and increases the viscosity of interlayer fracture. Various methods of three-dimensional
reinforcement of polymer fabric composites are proposed in the literature. However, they complicate the manufacturing process
of the structure. The problem is solved by the method of three-dimensional reinforcement proposed in this article — felting.
This is a local reinforcement of the composite in the Z direction with minimal production changes. The degree of
Z-reinforcement is determined by the felting density, i.e., the number of needle punches per 1 cm? of the fabric package. The
work is aimed at evaluating the effect of felting on the interlayer crack resistance of a composite material.

Materials and Methods. The interlayer fracture toughness Gu. was determined on a cross-woven fiberglass with
felting of 10 cm™. The material was impregnated with Etal-370 resin and Etal-45 hardener. Experiments according to
ASTM D7905M-14 and GOST 33685-2015 standards were carried out on an Instron 5900R test machine. The stress
state at the crack tip was analyzed with regard to the nonlocal strength theory in the ANSY'S Workbench program (option
“static strength analysis”). The finite element method (FEM) was used.

Results. The “load — displacement” curves were considered for the samples. Values G were calculated. The results of
ENF tests for felting density of 0 cm and 10 cm 2 were summarized. Control samples and felting samples were compared.
In the latter case, G turned out to be ~33% higher. The stress state at the crack tip was calculated under DCB and ENF
loading. The dependences of maximum normal and shear stresses, as well as displacements, were visualized in the form
of graphs and color charts. To get the calculated “load — displacement” dependences using FEM, the reverse method of
obtaining transverse shear constants was used. DCB loading showed that felting provided increasing the rupture strength
in the Z direction to ~18%, by 39 to 46 MPa, and in the planes XZ— to ~16%, by 77 to 89 MPa.

Discussion and Conclusion. Felting as a method of local three-dimensional reinforcement enhances the interlayer crack
resistance of polymer fabric composites. It provides reducing the area of stratifications after local impacts during the
operation of structures. Flexible felting technology makes it possible to create zones with an arbitrary impact density,
increasing fracture toughness only in the required places of structures. The FEM analysis of the stress state at the crack
tip within the framework of the nonlocal strength theory has shown that in strength calculations, the stratification crack
can be considered as a stress concentrator.
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

IToBbIIeHHE MEKCTOMHOM TPEIMHOCTOMKOCTH MOJMMEPHBIX TKAHEBbIX KOMIIO3UTOB
€ IOMOIIBIO JIOKAJBHOI0 TPEXMEPHOI0 apMUPOBaHus ((peTHHIa)
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AHHOTANUA

Bgeoenue. OnHa 13 IPUYUH HEXKENATENBHBIX PACCIOCHUH MONMMEPHBIX KOMIIO3UTOB C TKAHEBBIM apMUPOBAHUEM — HU3-
KHE TPaHCBEPCAIbHO-CABUTOBBIE XapaKTEPUCTHKH. V3BECTHO, YTO apMUPOBAHUE MOJUMEPHBIX TKAHEBBIX KOMIIO3UTOB B
HAaIpaBJICHUH Z YMEHBIIAET YyBCTBUTEIILHOCTD K PACCIIOCHHUIO U MOBBIIIAET BA3KOCTh MEXCIIOWHOTO paspyuieHus. B mure-
partype IpeaaralTcsl pasHble cOoCOOBI TPEXMEPHOTO apMHUPOBAHMS MTOJIMMEPHBIX TKaHEBBIX KOMIO3UTOB. OJJHAKO OHH
YCJIOXKHSIOT IIPOIIECC M3TOTOBICHHS KOHCTPYKIMU. [IpobneMy pernaeT IpeaoKeHHbIi B TaHHO! CTaThe CIIocod Tpexmep-
HOTO apMHpPOBaHUS — (EIATHHT. DTO JOKAJIHHOE apMHUPOBAaHHE KOMIIO3UTAa B HAIIPABJICHUH Z TPU MUHUMAIBHBIX TPOU3-
BOJICTBEHHBIX M3MeHeHHsiX. CTeneHb Z-apMHUPOBAHHS ONPEeNseTcsl INIOTHOCTBIO (DeNTHHTa, T.e. KOJMYECTBOM yIapoB
uriiel Ha 1 cM? TkaneBoro nakeTa. L{ess paboThl — OLEHUTH BIUSAHHE (ENTHHTA Ha MEXKCIIOHHYHO TPENIMHOCTORKOCTE KOM-
MIO3UTHOTO MaTepHana.

Mamepuanst u memoovt. MexcIolHyI0 BA3KOCTb pa3pyiieHus Gi ONpeaessuld Ha CTEKJIOTKAHU MOJOTHSHOTO Ieperie-
TeHns ¢ genturrom 10 cM2. MaTepuan OponMTHIBAIM cMONoi Dtan-370 u otBepauTeneM Jtan-45. DKCIEPUMEHTHI 110
cranaapram ASTM D7905M—-14 uI'OCT 33685-2015 npoBoaunu Ha uctieitatensHoi Mamuse Instron 5900R. Hanpsoxen-
HOE COCTOSIHHE y BEPIIUHBI TPEIIUHB]I aHAM3UPOBAIN C MO3ULUH HENOKAIbHOM TEOPUH MPOYHOCTU B Iporpamme Ansys
Workbench (omust «cTaTideckuii IpOYHOCTHOM aHAH3Y ). 3a1eHiCTBOBAIM METOJ] KOHEYHEIX eMeHTOB (MKD).
Pesynomamur uccnedosanus. Jjis o6pa3LioB paccMOTpPENN KPUBBIE «HArpy3ka — IMepeMelleHue». Boruucnunm 3Hade-
aust Gy.. 0606wy urorn ENF-ucnibrranmii st itotsocta dentuara 0 M2 u 10 M 2. CpaBHUIIM KOHTPOJIBHBIE 00pas3Ibl
u o0Opasisl ¢ penruaroM. B mociennem cirygae G okasanack Bbimie Ha ~33 %. Paccunrany HampspkeHHOE COCTOSIHHE Y
BepimHbl TpenwHbl 1pu DCB- u ENF-narpyxenun. Busyamisuposanu B Buze rpa)ikoB 1 LIBETOBBIX JIHAarPaMM 3aBHCH-
MOCTH MaKCHMAJIbHBIX HOPMAJIbHBIX U KacaTeIbHBIX HANPSKEHHUHN, a TakxKe epeMerleHnil. [l momyyeHus pacyeTHbIX 3a-
BHUCHMOCTEH «Harpyska — IepeMenienie» ¢ nomomsio MKD mcnons3oBami oOpaTHBI METON IOyYeHUS! TPaHCBEp-
CabHO-CIBUIOBBIX KOHCTaHT. Harpyxenue o cxeme DCB nokasano, 4to (enTuHr mo3BoseT yBeTHIUTh Ipeer IPOvHo-
CTH Ha pacTsDKeHHUE B HanpasiieHuu Z Ha ~18 %, ¢ 39 1o 46 Mlla, a B mmockoct XZ — Ha ~16 %, ¢ 77 MIla no 89 MIla.
Obcyancoenue u 3axknroyenue. PENTUHT KaK CIIOCOO JIOKATILHOTO TPEXMEPHOI'O apPMUPOBAHHS YCHIMBACT MEXCIOHHYIO
TPEIINHOCTOMHOCTD MOJMMEPHBIX TKAHEBBIX KOMIO3UTOB. OH MO3BOJSIET COKPATHTH IIOIIAAb PACCIOCHMH MOCTE JIO-
KaJBHBIX YAAapOB MPH KCIUTyaTallli KOHCTPYKIMH. I MOKast TexHosmorus (eNTHHra JaeT BO3MOKHOCTH CO3/1aBaTh 30HBI
C MPOU3BOJIBHOW TIOTHOCTHIO YAApOB, MOBBIIIAS TPEIIUHOCTOWKOCTh JIMIIb B HEOOXOAMMBIX MECTax KOHCTPYKIMH.
MKD3-ananu3 HanpspKeHHOTO COCTOSIHUSL Y BEPIIMHBI TPELMHBI B PaMKaX HEJIOKAJIbHOW TEOPHH TPOYHOCTH ITOKA3al, 4TO
B IIPOYHOCTHBIX PacyeTax TPEUINHY PacCIOEHHUS MOJKHO pacCMaTpUBaTh KaK KOHIICHTPATOP HAIPSDKECHHH.

KiioueBble ¢ji0Ba: apMUPOBAHUE MOJIMMEPHBIX TKAHEBBIX KOMIIO3UTOB, TPAHCBEPCATEHO-C/IBUIOBAsT IIPOYHOCTh, MEKCIIOUHAS
TPEIMHOCTOUKOCTD, MEXKCIIOCBAS BI3KOCTh PA3pyIICHNUsL, (PEITHHIOBOE JIOKAITBHOE TPEXMEPHOE apMHPOBAHHE

BaarogapHocTn. ABTOpBI BRIpakalOT NMpU3HATENBbHOCTh koineram HukonoBy A.B., XepysumoBy A.B. 3a nomoms B
M3TOTOBJICHUH 00PA3LIOB IS SKCIEPUMEHTAIBHBIX HCCIIEIOBAHUH.

®unaHcupoBaHnue. lccienoBanue BBHIOJHEHO B pamkax [Iporpammbl cO3JaHWS M Pa3BUTHS HAay4dHOTO IIGHTpa
MHUpOBOTo ypoBHs «CBepx3Byk» Ha 2020-2025 roxsl npu ¢puHaHCOBOI noaaepxke MunoOpHayku Poccun (cornamenne
ot 17 mast 2022 1. Ne 075-15-2022-1023).

s nutupoBanus. @openrans I'.A., CanoxurkoB C.b. IloBblieHre MEeXCIOWHONW TPEIMHOCTONKOCTH MOJIMMEPHBIX
TKAaHEBBIX KOMIIO3HUTOB C IIOMOIIBIO JIOKAJIBHOTO TpexXMepHOro apmupoBanus (dentunra). Advanced Engineering
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Introduction. Fibrous polymer composites are widely used, in particular, in aviation and space engineering due to
their significant rigidity and strength in the fiber orientation (plane XY) [1]. However, the transverse shear strength of
these materials is quite low [2], as it is determined by the features of the polymer matrix [3]. Reinforcement of polymer
fabric composites in the Z direction provides reducing the sensitivity to delamination, i.e., increasing the viscosity of
interlayer fracture [4].

Various methods of three-dimensional reinforcement of polymer fabric composites are known [5]. However, they
create additional difficulties in the manufacture of structures made of polymer fabric composites [6]. The method of three-
dimensional reinforcement proposed in this work, felting [7], makes it possible to obtain a locally reinforced composite
in the Z direction with minimal changes in the production process. The degree of Z-reinforcement is determined by the
felting density, i.e., the number of needle punches per 1 cm? of the area of the fabric package [8].

The use of various methods for determining the fracture toughness of polymer composite materials [9] makes it
possible to conduct studies on various samples [10] and with different loading methods [11]. One of the most common
approaches is the three-point bending method. In this case, a beam-shaped delamination sample is used. We are talking
about ENF tests (End-Notched Flexure — bending of a sample with edge delamination) [12], which involve transverse
shear loading. This makes it possible to determine the interlayer fracture viscosity of Gn. — mode II fracture. High shear
stresses occur at the crack tip [13].

Another common way to determine transverse characteristics is the Double Cantilever Beam method (DCB tests). In
DCB tests, the value of the interlaminar fracture toughness Gi. is determined under separation loading — fracture
according to mode I [14]. The delamination crack spreads due to the action of normal stresses [15].

The presented work was aimed at the evaluation of the effect of felting on the interlayer fracture toughness of a
composite material. To do this, ENF tests (bending of a sample with an edge separation) of a composite material with
increased crack resistance due to the use of felting were carried out. Previously, the authors studied the effect of felting
on the interlayer crack resistance of a composite material during DCB tests [16]. A computational model based on the
nonlocal theory of strength has been developed. It provides for the calculation of the stresses that occur in ENF and DCB
samples, for cracks of various lengths, using the finite element method (FEM).

Materials and Methods

Experimental determination of interlayer crack resistance by the ENF method. The samples were made of cross-
woven fiberglass with a layer thickness of 0.2 mm. A package of dry two-layered fiberglass was punched on a felting
machine with a felting density of 10 cm™ (10 punches with a felting machine needle per 1 cm? of dry glass fabric). The
fiberglass package was punched in such a way that after impregnation and hardening, the initial crack did not fall on the
felting area. To create an initial crack between two layers of fiberglass, an aluminum foil with a thickness of 11 um,
coated with a Vs-M parting lubricant, was placed. Fiberglass was impregnated with resin Etal-370 and hardener Etal-45.
For the production of reference samples, two layers of dry fiberglass were impregnated with Etal-370 resin and Etal-45
hardener without punching on a felting machine. After impregnation, plates from glass textolite STEF (electrotechnical
glass-cloth-base laminate) were glued to two layers of fiberglass (Fig. 1 ). Samples with a length of 150 mm and a width
of 16 mm were obtained by cutting the hardened plates using a high-speed circular saw.

P
Fiberglass l STEF 2 mm
t @w@uﬂ;ﬂ:ﬂ:ﬁﬂ%
r'y 7'y
P2 / P2
Felting o
area
a
2L
a)

Fig. 1. Configuration and parameters of ENF tests according to mode /I:
a — loading scheme; b — photo of tests
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The Instron 5900R test machine with a loading speed of 10 mm/min was used. The distance between the supports was
2L =100 mm. The initial crack length for all samples was ap =25 mm. To perform compliance calibration over a wide
range of crack lengths, one sample of each type was unloaded and reloaded. The resulting crack served as the initial crack
in the next loading cycle.

Calibration recommended by ASTM D7905M-14"! and GOST 33685-2015? standards was used to process the test
results. This approach provided determining parameters 4 and m for each felting sample and each non-felting control
sample from the linear dependence of two quantities — compliance of sample C and cube of the crack length a*:

C(8/P(8))=A+m-a*, (1)

where P — load applied to the sample; 6 — displacement.

After calibration and determination of parameters 4 and m, the crack length can be found from expression (1):

1
e o
m

The moment of the delamination onset is determined by the condition C(8) = C(Ppax). Value of the interlayer fracture
toughness at the separation onset (crack development):
3m-P2,. -a*

2b

where P — maximum load; a — crack length calculated by formula (2) at load P,uw; b — sample width.

Calculation of the stress state at the crack tip under loading according to the DCB and ENF schemes. The stress
state of a crack-like concentrator is estimated from the perspective of approaches that use nonlocal stresses [17], i.e.,
averaged on some basis [18]. The calculation model also includes the assumption of linear-elastic behavior of the material

up to destruction [16].
The main hypothesis is that the strength criterion of the composite, which includes all components of stress averaged

on the basis A, is responsible for the development of a crack-like concentrator (Fig. 2):

maxo ? 4| maxoy, ? +(maxrxzx )2 _ Maxoc . -maxgc y, <1 )
Z, X, S Z,-X, o

where Z; and X, — rupture strength in the Z and X directions; S — shear strength in the plane XZ.

GHC = s (3)

Tz C:

max Ty \(T'“(x) max o, \(GZ(X)

<«— max T, (l max T
<—T-l,—> max oy, <—1‘_l,—> max oy,
— —
\l« max Gy, ‘l’ max Oz,
a) b)

Fig. 2. Stresses averaged on the basis A at the crack tip:
a — ENF tests; b — DCB tests

' ASTM D7905/D7905M~14. Standard Test Method for Determination of the Mode 11 Interlaminar Fracture Toughness of Unidirectional Fiber-Rein-
forced Polymer Matrix Composites. URL: https://cdn.standards.iteh.ai/samples/89096/03be6b5e53664£13a8703bb4342d981a/ASTM-D7905-
D7905M-14.pdf (accessed: 22.04.2024).

2 GOST 33685-2015. Polymer Composites. Test Method for Determination of the Interlaminar Fracture Toughness under Shear. (In Russ.) URL:
https://docs.cntd.ru/document/1200127774 (accessed: 22.04.2024).
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Due to the presence of symmetry planes, a three-dimensional 1/2 crack sample model was constructed for ENF
loading (Fig. 3), and 1/4 crack sample — for DCB tests (Fig. 4). Calculations were performed in the ANSYS Workbench
program (option “static structural”).

Contact
Frictionless

Contact
Bonded

Fig. 3. Finite element model 1/2 of the sample and a fragment of the grid for ENF tests

0.0 30.0 60.0 (mm)

15.0 45.0

Fig. 4. Finite element model 1/4 of the sample and a fragment of the grid for DCB tests

When creating the finite element grid, parameter A, = 0.75 mm in width of the sample [19] and parameter A. = 0.2 mm
in thickness of the sample were set, which corresponded to the thickness of the modified layer [20]. One finite element in
the thickness of the layer was set in accordance with the layer wise theory used in assessing the strength of layers within
the framework of mesomechanics of composites [21]. In ENF tests, the total displacements in the sample were much
greater than the local displacements from the loading roller (Fig. 1 b); therefore, the grid of finite elements was not
condensed at the places of application of loads and supports (Fig. 3). Properties of fiberglass used in the calculation:

- elastic modules E, = E, =23 GPa, E. =9 GPa;

- shear modules Gy, = G,. = G- = 6000 GPa;

- Poisson's coefficients ., = 0.15, 1. = e = 0.3 [22].

Since the volume fraction of transverse reinforcement is less than 1% [16], it is assumed in the calculations that the
elastic properties of fiberglass do not change under felting.

Dependence P(3) was calculated in accordance with the sequence described below.

1. FEM-calculation of the maximum stresses maxoc:,, maxc.. and maxt,z, and displacements of point 6 of application
of load P =1 H for cracks with the given lengths in the range ¢ = 20...90 mm (DCB) and a = 25...40 mm (ENF) was
performed.

1. Approximation dependences o2, = fla, P) = P-bra; on.=fla, P) = P-bya; tx.=fla, P) = P-bya; d =fla, P) = P-ci-a*>(DCB)
and o2 =fla, P) = P-bia; 69.= fla, P) = P-bya; tw. = fla, P) = P-(bya + d3); 8 = fla, P) = P-(c1a® + cx:a® + cya + c4)(ENF).

2. were constructed using the least squares method.

3. Load P.(ao) and displacement J,,, at which the initial crack length ap would increase abruptly by A, = 0.75 mm
upon the violation of the strength criterion, were determined (4).

4. With crack length ag+n, loads P(ag+nA) and displacements &(n) for >0 were determined.
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Research Results

Results of the experimental determination of interlayer fracture toughness by the ENF method. Figure 5 shows
the “load — displacement” curves for all tested samples. All “load — displacement” curves have an area with constant
compliance (Cj;,), corresponding to the linear “load — displacement” ratio. Values Cj;, were used for calibration.

P, kN

0.6

0.5

0.4

0.3

0.2

0.1

0.0 -
0 1 2 3 4 5 6 o, mm

Fig. 5. “Load — displacement” diagrams of ENF tests
without felting; == m= m= == with felting

Figure 6 shows the calibration curves. For felting and non-felting samples, compliance is proportional to the cube of

the crack length.

C, mm/N
0.012 - —
y=8.44-10"x+6.69-10" e R

0.010 | S ¥ B

0.008 B & e .
e—:'ﬁ-". y=6.98-10"x+629-10"

0.006

0.004

0.002

0.000 - -
0 10,000 20,000 30,000 40,000 50,000 60,000 @, mm?

Fig. 6. Dependence of compliance of sample C on the cube of crack length a’:
o — without felting; ® — with felting

To calculate values of the crack length a*, corresponding to the compliance at the delamination onset C(Puqy), the
obtained calibration curves and equation (2) were used. For the found values of the crack length a*, values Gy were
calculated using equation (3). The results are shown in Table 1.
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Table 1
ENF Test Results
Dellj:;g?me ao, mm | Cj, mm/N i;m’ a*, mm | Pua, N Grie, KJ/m? G (;J\;Ie;??(:’(e:\‘;;ﬂue)a
0 25 8.032 8.845 294 504.6 1.723
0 25 7.980 8.807 29.3 544.6 1.983
0 25 8.299 9.392 31.7 489.4 1.908 1.840£0.126 (6.9%)
0 25 7.905 8.900 29.7 505.2 1.746
10 25 7.587 8.337 30.8 627.3 2.432
10 25 7.849 8.677 324 625.8 2.682
10 25 7.937 8.811 33.0 578.4 2.376 2.441 £+ 0.154 (6.3%)
10 25 7.824 8.594 32.1 581.4 2.261
10 25 7.880 8.818 33.1 589.3 2.456

* variation coefficient

Felting samples showed a significant (by ~33%) increase in the interlayer fracture toughness Gy compared to the
control samples. After testing, felting samples were separated with a sharp knife and examined under a microscope.
Micrographs of the zone without felting (area of the initial crack) and the zone with felting (area of crack development)
are shown in Figure 7. When cracks develop, the fibers elongated during felting are destroyed, because their length is
greater than the critical one [16].

Fig. 7. Micrographs of felting samples after ENF tests:
a — zone without felting (area of initial crack);

b — zone with felting (area of crack development);
¢ — zone with felting (enlarged scale)
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Results of the calculation of the stress state at the crack tip under loading according to the DCB and ENF
schemes. Figures 8-9 show the dependences of stress maxc.(a), maxcw(a), maxts(a) and displacements o(a).
Conditions: P =1 N, loading according to DCB and ENF schemes.

max o, MPa ‘
6.0 | =2
7011054
5.0 L //
4.0 f/:/l/
3.0 -
20 //
1.0 2
0.0
0 20 40 60 80 @, mm
a)
max 1., MPa |
y=7.99-10"x
0.6 | //
* 2
R=1 /
0.4 /
09 /"/'/
0.0
0 20 40 60 80 a, mm
¢

max o., MPa T
y=2.07-10"x
1.6 i
R’ =0.999
12
0.8
0.4
0.0
0 20 40 60 80 @, mm
b)
d, mm
1.2
0.8
y=1.62-10%
R =
0.4 /l’
0.0
0 20 40 60 80 a,mm
d

Fig. 8. DCB-loading. Dependences of maximum stresses and displacements of the crack length at P =1 N:
a— dependence of normal stresses maxcw(a); b — dependence of normal stresses maxc:(a);
¢ — dependence of shear stresses maxtxa(a); d — dependence of displacements 8(a)
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Fig. 9. ENF- loading. Dependences of maximum stresses and displacements of the crack length at P =1 N:
a — dependence of normal stresses maxcw(a); b — dependence of normal stresses maxc:(a);
¢ — dependence of shear stresses maxtwa(a); d — dependence of displacements d(a)
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Examples of stress distribution at the crack tip are shown in Figures 10—11 with crack length ap = 30 mm.

EEN T ]
2.108 1325 0.361 -0.512 -1.822 MPa 0.639 0.450 0.262 0.073 -0.115 MPa
a) b)

0364 0.234 0.104 -0.026 —0.156 MPa
o

Fig. 10. Stresses at the crack tip under DCB loading: @ — normal stresses ox,;
b — normal stresses 6:1; ¢ — shear stresses Txz
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0.155 0.112 0.069 -0.026 —0.017 MPa
o

Fig. 11. Stresses at the crack tip under ENF loading: @ — normal stresses cx.;
b — normal stresses o:1; ¢ — shear stresses Tiz

To obtain the calculated “load — displacement” dependences using FEM, the strength characteristics of the composite
in the main directions are taken into account, i.e., criterion (4). Direct obtaining of transverse shear constants involves a
certain difficulty; therefore, the reverse method is considered below. With this approach, the constants vary, and their
best combination is found. This means that the calculated and experimental loading diagrams are in good agreement
(mean square deviation of displacements at specified loads is minimal).

The results of the calculation under loading according to the DCB scheme were compared to the authors' experiment,
which was considered in [16]. Samples were made in the same way. The tests were carried out in accordance with GOST
R 56815-20153 and ASTMD5528-14* standards.

The calculation was performed for loading according to the DCB scheme. When calculating dependence P(5) for
samples without felting, the following stress limits were found and rounded to integer values: Z; = 39 MPa, X; = 360 MPa,
S'=82 MPa. The obtained values 360 MPa and 39 MPa correspond to the data on the strength of fiberglass specified
in [23]. For felting samples (density 10 cm™), the calculated values were X* = 270 MPa, Z* = 46 MPa and §* = 97 MPa.
Thus, the use of felting made it possible to increase the rupture strength in the Z direction from 39 to 46 MPa (by ~18%).

3 GOST R 56815-2015. Polymer Composites. Method for Determination Specific Work of Exfoliation in Tearing Off Conditions. (In Russ.) URL:
https://docs.cntd.ru/document/1200131393/titles (accessed: 22.04.2024).

4 ASTMD5528M-21. Standard Test Method for Mode I Interlaminar Fracture Toughness of Unidirectional Fiber-Reinforced Polymer Matrix Compo-
sites. https://doi.org/10.1520/D5528 D5528M-21
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When loading according to the DCB scheme, the shear strength limits in the plane XZ S and S* do not make a big
contribution to criterion (4); therefore, values S =82 MPa and S* =97 MPa obtained in calculations according to the
DCB scheme need to be clarified according to the ENF loading scheme. Note that the effect of normal stresses in the X
and Z directions is insignificant compared to shear stresses under loading according to the ENF scheme. Therefore, in the
calculations, when searching for the values S'and S$*, values Z,, X;, Z;* and X;* were taken from solving the inverse problem
under loading according to the DCB scheme.

Values S =77 MPa (without felting) and $* = 89 MPa (with felting) were determined from the condition of the best
consistency of the experimental and calculated curves P(5) (mean square deviation of displacements at given loads is
minimal). Evidently, felting made it possible to increase the shear strength in the plane XZ by ~16%.

Figures 12—13 show the experimental “load — displacement” diagrams, as well as calculated dependences P(3) for
the found values of stress limits:

- Z;=39 MPa, X; =360 MPa, S = 77 MPa (for control samples without felting);

- Z* =46 MPa, X;* = 270 MPa, S* = 89 MPa (for samples with felting).

P, N

50

40
L

/ . )
\s"“‘_:*‘ .

20
10

0

0 5 10 15 20 25 8, mm

Fig. 12. Experimental diagrams “load — displacement” [16] and calculated dependences P(3):
= DCB tests of samples without felting; = calculation without felting (Z; = 39 MPa, X; = 360 MPa, S =77 MPa);
- - - DCB tests of samples with felting; - - - calculation with felting (Z* = 46 MPa, X;* = 270 MPa, S$* = 89 MPa)
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Fig. 13. Experimental diagrams “load — displacement” and calculated dependences P(3): == ENF tests of samples without felting;
= calculation without felting (Z; = 39 MPa, X; = 360 MPa, S =77 MPa); - - - ENF tests of samples with felting;
- - - calculation with felting (Z;* = 46 MPa, X;* =270 MPa, S* = 89 MPa)

Discussion and Conclusion. Studies of the fabric composite have shown that felting with a density of 10 cm™
increases the viscosity of the interlayer fracture Gy by ~33%.

Using FEM, the stress state was analyzed in a quasi-static elastic formulation of the problem and with a nonlocal strength
theory for the developed numerical models of a beam with cracks of the known length. The distinctive feature of the
calculations was that they did not use contact algorithms, but only considered the destruction of the composite layer closest
to the crack, and the corresponding change in the area of gluing the layers. That is, the crack was considered as a stress
concentrator. The composite strength criterion, which contained three parameters and was recorded through averaged
stresses, provided using the method of step-by-step crack advancement to predict the “load — displacement” curve.

The use of felting with a density of 10 cm2 increases the stress limit of the composite in the Z direction by ~18%, and
the shear strength in the plane XZ — by ~16%. This became known from solving the inverse problem, i.e., searching for
the strength characteristics of the material according to criterion (4) and the “load — displacement” curve.

The results of the presented research will find their practical application. They can be specifically used in problems
of forecasting defects, such as delamination (e.g., in low-speed impacts on composites in aircraft skin). The research
results will be useful for eliminating these defects with the help of felting.
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