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Y nepiod mexmnonoeiunoi nidzomoexu i nowamxoeux cma-
011l 0c60€HHA 6 CepilinoMY 6UPOOHUUMET KOMNOZUMHUX 6UPODIE
Mae micye 0ocumv 6euKa KilbKicmo i pisHOMAHIMHICMb Mmex-
Honozivnux depexmis. Pieenv yux depexmie wacmo nepesuwye

i, omoice, npuzeodumv do 6paxy eupoéie. Halibinvw xapaxmep-
HUM MEXHON02IUHUM OedeKmom 01 KOMNOZUMHUX KOHCMPYK-
uill, apmosanux Ge3nepepeHUMU 60J0KHAMU AGO MKAHUHHUMU
Mamepianamu, € 6i0XULEHHA MOGUUNU (POPMOEAIH020 KOMNO-
3umy 6i0 ii npoexmnozo snauenns. Inmum eudom xapaxmep-
Hux Oepexmie € JOKANLHI NOPYUeHHA YiicHocmi 6 Juckpem-
HUX 00’ €MaX NONIMEPHUX KOMNOZUUTHHUX MAMePIanie Y 6u2an0i
NOPONCHUH, WO BUHUKAIOMb NPU (YOPMYGAHHI 11020 NAKOBKU
6 mexnonoziunomy Qopmomeoprnomy ocnawenni. Iposedeno
ananis i 00TpyHmMyeanns nonie 0OnYcKie Ha Ui MUNU MexHoa0-
eiunux depexmie. Bcmanoeaeno 0onycku Ha 6i0XuieHHs moe-
wunu eupoly, wo Gopmyemvcs, 6i0 NPoeKmMH020 3HAMEHHS.
Hoxazano, wo eéxionuii Konmpoas eusHavae peanizoeane 6 npe-
npe3i 6I0XUNIEHHA MOGWUHU 610 HOMIHANY 0 00HOUAPOEO20
naniepadpuxamy. Bioxunenns ¢ moswuni naxoexu 6io Homi-
Hamy exauaAe CKAa0o06i, AKi 6UHUKAOMb npu ii Popmyeani.
ITi cxnadosi noe’azamni 3 inmezpanroHumu GiOXUNCHHAMU MeEX-
HOJI02iUH020 pexcumy opmyeanns (muck, memnepamypa ma
ix 3mina 6 uaci) 6i0 peesamenmosanozo 6i0no6ioHo10 VoKymen-
mauiero. Ompumano ananimuyni 3aaeicHocmi wo0o 00TpyHmMo-
641020 NPUIHAUEHHSA NOJIE 00NYCKI6 0 (PI3UKO-MEXAHIUHUX
xXapaxmepucmux noiMepHoz0 KOMNOIUYILH020 Mamepiany, uwo
Mae 6i0XUNEHHS 6 MOBULUHL, NPU HASEHOCMI 8 HHOMY JIOKATILHUX
nopywens cyuinvnocmi y euznsndi nopoxcueu. Ha eiominy 6io
icHy10uux moodeaeil, Ompumani 3anexHcHoCmi 00360aUNU OUTHUMU
AKICMb MeXHON02IMHUX npoyecie popmysanns Haniepadpura-
mie i 6upo6ie 3 NONIMEPHUX KOMNOIUUTIHUX Mamepiaie 3a Pi6-
Hem depexmie posensnymozo kaacy. IlIposedeno ananis enauey
depexmis danozo xnacy na Qizuxo-mexaniuni xapaxmepucmu-
KU nONiMepHo20 KomMnozuyiinozo mamepiany. Iloxazamno, wo npu
BUKOpUCMANHI Ol 6UZOMOBJIEHHS 6UPOOY APMYIOH020 Mamepi-
any 3 nacnopmHuMU nojem 00NYcKy IHAUeHHs 00 ’€MH020 8Mic-
my 80JI0OKOH 3A6HCOU 3HAX0OUMBCA 6 1020 iHmepeani. Y mou jce
4AC 6i0XUNEHHS 00 EMHO20 BMICMY 36’ A3Y101020 MOCE BUXOOU-
mu 3a MedHci C8020 NACNOPMHO20 NONS QONYCKY

Kniouogi crosa: xomnosum, popmoymeopenns, 6i0xunenuns
MOSWUHY, NOPYUEHHS UiNICHOCMI, NoJs 00nYCcKie, QizuKo-me-
XauiuHi xapaxmepucmuxu
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1. Introduction

Advanced state-of-the-art technology is characterized
by constant increase of the volumes of polymer composite
materials (PCMs) used worldwide, which urges developers
to achieve their more advanced technical and economic
characteristics [1]. Along with the undeniable advantages
of PCMs over other structural materials, composites also
have a number of disadvantages, including the impossi-
bility of creating «defect-free» structures in advance [2].

It is known that various types of defects in structures with
PCMs negatively affect their functional properties, which
are especially critical for products of various classes of tech-
nology. Elements of composite structures in the process of
manufacturing undergo many technological effects, both
thermal and mechanical [3, 4]. Many of these defects are the
result of insufficient performance in a number of technologi-
cal processes in experimental production and errors in the de-
sign documentation [5, 6]. Other defects are due to the lack
of equipment, deviations in technological regimes, and the



influence of the human factor directly in production [7, 8].
The most characteristic technological defect for composite
structures reinforced with continuous fibres or fabric mate-
rials is the deviation in the thickness of a moulded PCM from
its design value [9, 10]. This discrepancy in the thickness of
the composite as to the design appears during the technolo-
gical operations of impregnating the prepreg binders or in the
formation of the package and reduces the physical and me-
chanical properties (PMPs) of the PCM in the local area of
the appearance of this defect and the load-carrying capacity
of the product as a whole [11]. Another type of characteristic
defects is local violations of integrity in discrete volumes of
PCMs in the forms of pores and voids that appear when mak-
ing the package in technological forming equipment. Local
violations of integrity in the form of voids are microscopic
air pores formed during the package-making with incomplete
removal of solvent vapour from the binding element [11].
The level of technological defects associated with these
influences often exceeds the permissible design documentation
requirements and results in a significant expansion of the PCM
PMPs and, consequently, in the absence of composite products.
Therefore, the analysis and justification of the tolerance fields
for these types of technological defects is an urgent problem.

2. Literature review and problem statement

At different times, many authors discussed the types
of technological defects in composite structures, for exam-
ple [12—19]. The traditional simulation of the physical state
of a PCM consists in explicit representation of the con-
sidered defects in the model. Thus, for the study of the influ-
ence of such defects as hollowness, the theory of inclusions
is usually used, in which inclusion has zero properties [12].
However, such assessments were inadequate in certain cases,
as was shown in [13]. In [13], in contrast to work [12], when
studying a defect in the form of a void, it is proposed to local-
ly shift the PCM fibre to accommodate it. More precise con-
sideration of the influence of emptiness and its placement on
the PCM PMPs is given in [10]. In [14], there is a systematic
numerical study of the effect of hollowness on the size of the
bundle which is thus formed. In [15, 16], a two-dimensional
model of the violation of the integrity of structural elements
with PCMs is considered. In these studies, the quasi-static
destruction of layered plates is analysed in the presence of
elliptical voids between monolayers. In papers [17-19], the
buckling of monolayers of a rectangular form are analysed.
Work [20] also contains the results of large studies conduc-
ted using finite-element analysis software packages. Most
models investigate the development of a «permissible» devi-
ation, which means a defect the shape and size of which allow
the product to function for a certain time. During this time,
this defect develops, increasing its size up to its destruction.

However, it is necessary to provide conditions for the
manufacture of composite structures that would not lead to
a significant increase in the size and quantity of defects. That
is, it is essential to maintain the size and number of defects
in the field of allowable values throughout the life of the
products to ensure a regulated spread of the PCM PMPs.
In this case, the simulation of the physical state of a PCM
should consist in the averaging of heterogeneities without
explicit representation of the defects in the model, as is done,
for example, in papers [21, 22]. Thus, in [22] the averaging of
defects is carried out as to their volumetric content. How-

ever, the results found in this work relate only to composite
materials obtained by carbonization with their conversion
into carbon-carbon material.

Only such an approach to modelling helps evaluate the
properties of PCMs and structures on their basis on the
whole. Under these conditions, it is possible to establish
reasonable tolerances for the PMPs of monolayers and com-
posite packages, which will enable to evaluate the quality of
the technological processes of their formation.

3. The aim and objectives of the study

The aim of the study is to identify patterns of techno-
logical processes in the formation of composites, which will
ensure the reduction of the influence of technological defects
of PCMs on the distribution of their PMPs. To achieve this
aim, the following objectives were set and done:

— to find out the interaction of technological factors in the
formation of PCMs and their joint effect on their final PMPs;

—to obtain analytical dependences for the purposeful
assignment of tolerance fields for the PMPs of monolayers
and composite packets having deflection in the thickness, in
the presence of local destructions of continuity in the forms of
pores and voids.

4. Materials and methods of studying the intereffect
of technological factors in the production of composites
on their physical and mechanical properties

Research on technological defects of PCMs and the rea-
sons for their occurrence is carried out on the basis of methods
of technological mechanics of composites. In this case, the
PMPs of unidirectional PCMs are determined on the basis of
mathematical models of the theory of reinforcement with the
addition of increments of corresponding characteristics within
them within the limits of their passport interval of tolerances.
For structures consisting of three directions of reinforcement
(0°, +¢°, 90°), the tolerance fields are established based on the
dependence derived from the model of V. V. Vasiliev [22, 23].

5. Detection of the intereffect of technological factors
in the production of composites on their physical and
mechanical properties

The thickness of the monolayer 8y depends on the techno-
logy of forming the package and its initial state [4, 10]. If the
formation is carried out with impregnation of the binding tape,
the prepreg, then the volume content of the fibres ©; and the
binding element ©, must be realized within it within the tole-
rance. Otherwise there is a defect of the deflection of the thick-
ness from the nominal. The defect is manifested either before
the formation of the product at the stage of input control or in
the finished product [24, 25]. The unit section of the fragment
of the thickness of the prepreg has the form shown in Fig. 1.

In the first case, it is caused by violations of the regula-
tions on the impregnation of the semifinished product (pre-
preg) associated with the deviation of the «pressure-time»
regime (p—1), «temperature-time» regime (7-t), general
violation of the regime (p, T-1) or deviation of the rate of
impregnation, that is, the «t» mode [5, 9, 12]. As an example,
these tolerances are given for carbon tapes (Table 1) [26].
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Fig. 1. Possible types of cross-sections of prepreg after impregnation:
a—normal: Ad=0, A®,=0; b — with refinement: A5<0, A®,<0; ¢ — with thickening: A5>0, A®,>0

Table 1
Properties of carbon tapes and unidirectional epoxy carbon fibres on their basis
Width . Density of | Number Properties of epoxy hydrocarbon
Linear - -
Type ofthe | 11 g ty the thread | of threads Density | Contentof | Bending | Tensile Modulus of | Monochrome
of the tape | tape, g/m " | in the tape, | per 10 cm, | ©¢ /S mys the filler | strength |strength | elasticity during | thickness 8,
mm g/cm? not less | P> 8/¢ 0y, % vol. F,GPa | F*,GPa| bending E, GPa mm
0.10£0.01
LU-P 25525 | 3543 1.69 460 1.53 63+4 - - 16520 0.13+0.02
LU-P-0.1-A | 25520 | 30£5 1.69 460125 1.49 6214 0.7 0.7 157425 0.1..0.12
LU-P-0.1-B | 25520 | 30+5 1.69 460£25 1.49 6214 0.6 0.7 157425 0.1..0.12
LU-P-0.2-A | 25520 | 30£5 1.69 48525 1.49 6214 0.7 0.7 157£25 0.11...0.15
LU-P-0.2-B | 25520 | 305 1.69 485%25 1.49 6214 0.6 0.7 157425 0.11..0.15
ELUR-A | 245430 | 3045 1.71 420425 1.50 634 0.9 0.9 145+(20...25) 0.11..0.13
ELUR-P-B | 245£30 | 3045 1.71 420£25 1.50 63+4 0.8 0.8 145%(20...25) 0.11..0.13
The normal cross section has an error corresponding to It is known [27, 28] that:
the tolerance guaranteed by the supplier of reinforcing semi-
finished product A8. This tolerance is related to the deviation 0,+6,=1. )

of the linear density of the reinforcing semifinished product
(the number of threads per 10 cm wide) and, as a conse-
quence, with the volume content of the reinforcing semifin-
ished product ©f under the control (passport) production of
a unidirectional prepreg.

It is easy to establish the relationship between the thick-
ness increments and the relative volumetric content of the
fibres and the binder.

The volume of a single structural element is equal to:

V=511. (1)

The increase in the volume of a single structural element is:

AV =A51-1. 2)

The volume of a single structural element consists of fibre
and binder volumes:

V=V, +V, 3)
According to (1) and (3), we obtain:
3=V, +V,. (4)

In the general case:

A8=AV, +AV,. 5)

Dividing (5) by (1), we obtain:

A5 _AS_ AV, AV,
vV § vV Vv

or

AS=78,+A0,.

In this case,
(6,£40,)+(0,£26,)=1%(A8,+A0,).

The desired connection between A and increments AOy
and A®, can be obtained from (6):

A3 =(A0, +A8,)3. (8)

Analysing Table 1, it is easy to establish, for example, for
a prepreg based on a tape LU that A§=%0.01 mm at =0.1 mm
and ©,=0.63+0.04, where A©;=%0.04. From (8) we obtain
A©;,=%0.06.

Thus, there may be a case at A®;=0.04, A©;=0.06
(6,+6,)+(A0,+A6,)=1.1and (6, +6,) (A8, +A8,)=0.9.

(6,+0,)—(a6,+28,)=09.

Thus, the field of tolerance as to the prepreg from this

3+0,04

tape is based on the volume content of the fibres 8 , = 0.637,

and with the binding element, it is 0, =0.37 ¢ .
0,=0,"% Thus,

b6}

n +A97

In the general case, 0,= (9/-%97 ,

A3, =5, (A6] + A0} ),

where A®} and A®; are passport values of the incre-
ments A©, and AG,,.

The defect of local integrity destruction in the forms of
pores and voids is modelled by the reference to the relative
volumetric content of the PCM components — fibres ©; and
the binding factor ©, of the third component, the relative
volumetric content of the pores and voids, A®,, similarly to
study [22].



Then, in accordance with the rule of mixtures [27, 28],
equality (7) will take the form:

0,+6,+6,=1 )
or

0,+6,=1-6,=y, (10)
where < 1.

When forming a PCM structure, the developer seeks
to implement as much as possible the relative volumetric
fibre content, as it is known that the reinforced component
of the PCM provides a high level of PMPs to the compo-
site [3, 11, 12]. However, depending on the type of fibre
location in the PCM section (packing density), a certain
O/max can be implemented in the material, after which it
ceases to be monolithic. Its PMPs are directed to zero values
(Fig. 2) [3,9, 12].

F 3

FCWI

F

0 > Of

ef max ef cr

Fig. 2. The conditional dependence of the PCM strength limit
on the expansion of F., on the relative volume of fibres O
Fj is the binding strength of the binder; 6, is the critical
relative volume content of the fibres

It is known that for an ideal tetragonal arrangement of
fibres in the cross section of the PCM, 6/.,=0.785, and with
hexagonal, it is 67,=0.907 [23]. However, as a result of the
technological limitations inherent in the methods of product
formation and possible deviations, the maximum relative vo-
lume content of fibres is usually regulated as 6/ max <8y This
excludes access to the subcritical area of the PCM PMPs.
Usually, 8 max lies within the range of 0.55...0.65 [23, 26].

The PMPs of a unidirectional PCM are determined on
the basis of approximate formulae based on the theory of
reinforcement [23, 28] with the addition of an increase in
corresponding characteristics within them within the pass-
port tolerance interval. Since the presence of voids ©, does
not change the initial volume content of the fibres, accord-
ing to (10) the PMPs of unidirectional PCMs with their
passport increments will be determined by the formulae re-
placing 1 by x <1 in applications that reflect the contribution
of the binder to this property.

The unit of elasticity of a unidirectional PCM along the
fibres is:

(ExiAE_):E +AE] .0 +A67 AR (X_e +A9}).

¥ J-aE} T -0} b-AE} J-no

(11)

Here and hereafter, AR is the passport deviation from
the R i-th characteristic rating.

Poisson’s ratio when stretching and compressing along
the fibres is:

(Vo 80, )=V, 27 0,2 4y, 2 (y0,) (1)
The tensile strength of the compression along the fibres

essentially depends on which component of the PCM
collapses earlier: the fibre or the binder (matrix) (Fig. 3).
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Fig. 3. The conditional load diagrams of a unidirectional PCM
along the fibres: a — at ¢, , <€, ; b—at g, ,>¢

limf

If the boundary deformation of the binder is less than
the limiting strain of the fibres ¢, , (Fig. 3, @), then the first
matrix is destroyed [30]. Then

F AR
b_AF} +AE" +A0"
+ = b 7. 4
(FL —AFr) AR I:ELAE;' ef—Ae}]+
boAE}
+E, (-0, | < F, 0 (. #aF,), (13)
b_AE}! X J-n0} b AR E A5 !
b_AE}!

with e, >e,,  (Fig. 3, b)

(FyiAFx)_FJrAF/He +A07 +

TSR Y -ne

+AEy
Eh—AE,’f o tAOF) g +ARf (Ex iAEx) 14
E T-a0y |~ TS -aFp PR (14)
J-AE} J-AE}

Formulae (11)—(14) denote the following: Ej, v;, and
Fy are the elastic modulus, the Poisson coefficient, and the



maximum strength of the binder (matrix); £, v4, and Fy are
the elastic modulus, the Poisson coefficient, and the maxi-
mum strength of the fibre; £R" is the passport deviation of
the R-th property within the permissible limits.

The displacement modulus of the unidirectional G,
PCM and the limit of its Fy, displacement strength are deter-
mined by the dependence:

G +AG] .G,

(G £AG ): -G} Th-aGy .
Xy Xy n n ~n n\’
+AG) +A9/ +A(,/ _ +A6/
Gb—AG[,’ 9f—A97 + G.LAG}' X e./—AS}
+AG)
AF! +A0") [Ne +A0")
+ ): +ALy,, 7 b _ 7
(Eftl/ _AFW E“il/bfAF"L,, ef—A97 + G +AG) X e/—Ae_'; : (15)

J -G}

Since the fibres of the reinforcing material and the ma-

E
trix are isotropic, it can be assumed that G, =— _and
v 2(1+v,)
,=——2—19, 26]. In addition, in the passports on rein-
2(1+v,)

forcing materials and binders, tolerances on their modulus of
elasticity and the Poisson coefficients are more often given
than on Gy and G, and an analogue of this formula can be
used instead of formula (15) [9, 28]:

E +AE} . +AE]

S-AE} Tb-AE}
+ = / i
(G, £46,) e e (16)
[-AE} x /a0 Vb—Av,’,’
+AE} +AV} +A07
+ Eb—AE,’,’ (1 + V/-Av7 )Q/-Aey
B (1,
o n b_pE} N
_ +AF), +A07 b !
(Ertl/ t AFW) - Fﬂ/f—AF{L/ J-no} an

AEYI n :
E' /(1+vbf“:)

[-AE}

The modulus of elasticity of a unidirectional PCM across
the fibres at tensile-compression is determined by the formula:

E +AE}
S-AE!
+ ~ /
(E,+AE,) v . (18)
+A0) Tongp (o ene)
ef—Ae’/’ + E 2B (X, ef—A67
b-AE}

The strength of the unidirectional PCM across the fibres
with tensile-compression, taking into account the shape of
the fibre, can be approximated by the formula [9, 28]:

S

(F, £ AF,)=0.7F,"7. (19)

In the case of the formation of a package of unidirectional
prepregs, the PMPs of its structure, which consists of three
directions of reinforcement — along the direction of the fibres

@o=0°, at the angle @, and across the fibres ggy=90° is deter-
mined by the formulae [9, 23, 27, 28]:

; (B +AB )_L .
A8, )n| T (B, £AB,,)

(B, *ABy,). B _
xyiAny)—m’ (nyi"xy)—m’

(V + ):(BuiABu)’
" " (B11iAB11)

(20)

where (B;£AB;) means the generalized rigidity of the multi-
layer package (packing) and their growth in the orthotropic
axes. Therefore, the sum of the corresponding angles of the
monolayers is equal to ng+2nse+tngy=n. In the case of three
directions of reinforcement (1, 27+, 1190),

3, +Ad
(Bn iABn): ( - O) X

+Av{, +Avh,
(1 Vi Vot s

x {n, (E, £ AE} )+ nyy (E, = A} )+

+ 2n, [ (E, +AE] )cos* (o+Ap) +

+ [(EziAEz”)sin4((p+A(p)+

+ 2(E1 + AEF)Vzﬁi:gi sin® (¢ +A@)cos” (¢ +Ap)+
)

+ (G AG, (14 v, 0 v, 2 Jsin? 2(<p+A(p)]}; 1)

(8,£48,)

+Av{, +Av5,
(1 Vi Vat

(Bzz x ABzz) =

x {n, (E, + AE})+ny, (E, + A} )+

+ 2n, [ (E, +AE] )sin* (p+Ag)+

+ [(E2iAE2")cos“((p+A(p)+

+ 2(E1 +AE] v, sin® (o + Ag)cos” (@ -+ Ap) +

—Avy,

-V
—AVYy 21-avyy

+ (GuiAGn)(va*Mﬁ *Avﬁ‘t)sinZQ((erA(p)]}; (22)

5, +Ad
(B33 + AB33) = ( fmg - )+sz’,
(1 Vi ay, Vatayg, )

X [(m 7150 ) (G £ AG,, )1 v, 0 v, 0 )+

12-avt, Y 21ave,
+ 2n¢{|:(E1iAEf)‘F(EZiAEZ")_Z(E1iAE1”)V2Ci:§:]X

x sin® (@ +A@)cos” (@+ Ap)+
+(G,* AG12)(1+V1;AV:"Z A )0052 2(<p+A<p)}]; (23)

-V
—AVYy 21-Avy,

(8,£43,)

+AVY, +AVY,
1+ 12, 21
( V12’AV1"2 VQLAVEH

(B12 tAB, ) =

X [(n0 +ny,)(E, % AEf)vziig: +

+on {[(E £ A7)+ (E, +AE) |x

x sin’® (@+A@)cos’ (¢+A@)+

+(E,+ AEf‘)vziiii; [sin’ (¢+Ap)+cos (9+Ap) |-

- (G12 k= AG12)(1"' V12ti:::z 'V21tizgl )SiHZ 2(‘9"’ A‘P)}]‘ (24)

Here, from the direction of the axis of elasticity 1, the
angle of reinforcement j is deducted. This axis corresponds



to the direction x, and the axis of elasticity 2 corresponds to
the direction y. In formulae (21)—(24), the tolerance mark on
the thickness of the monolayer Ad is determined by the final
value of the packing thickness: for &> 84, the sign Ay is
positive, and for 87, <8, it is negative. In these formulae,
Ady equals:

8,90
ASO _ Jform th ,
n

(25)

where 8y, is the thickness of the package after the forma-
tion; & is the estimated thickness of the package, which
is determined by the passport value of the monolayer, ex-
cluding deviations from the nominal value, multiplied by the
number of monolayers.

6. The results of studying the intereffect of technological
factors in the production of composites on their physical
and mechanical properties

Let us define the mathematical expectation and the tole-
rance field of the elastic modulus of a unidirectional PCM along
the fibres by formula (11), which is formed from the tape LU-P
according to Table 1, with 8, +A87 =0.63£0.04. Assuming
that ©,=0.1 and  =1-6 , and also that E,=(3.3..3.58) GPa
and Ey=(200..250) GPa [26], we obtain the mathematical
expectation E,=3.44 GPa, +AE,=0.14 GPa and the mathe-
matical expectation E;=225 GPa, *AE;=25 GPa.

Substituting these values in (11), we obtain for the PCM
with the presence of a relative number of voids ©,=0.1
(x=0.9) that:

(E.% ), =168.61 GPaand (E,"),, =118.76 GPa,

max min

which corresponds to the tolerance field +AE,=24.93 GPa
with the mathematical expectation +E,=143.68 GPa.

For the elastic modulus of a unidirectional PCM in the
absence of voids (©,=0, x=1) from formula (11), we obtain:

(E0 ), =168.97 GPa, (E4),, =119.09 GPa.

max min

The relative loss E 4% in the presence of voids makes:

+AE,
x=AE, —0.15Max
_ _ ~Umax . o/ _
(A ) =|1 Ty |10 %=
| (ESE) e
~max

168.61
=[1- 100 % =0.21 %;
( 168.97)
(A% ) =(1— 118‘76)-100 %=0.28 %.
™/ min 11909

It can be expected that the relative losses of PMPs of
a unidirectional PCM along the fibres will be insignifi-
cant [29]. Thus, for the strength limit of a unidirectional PCM
at values of F/fig/ =211 GPa[26] and the former fields of

tolerance of Effig =225'7 GPa and E,’}; =3.4470}; GPa,

we obtain that (AF‘ )mx =0.14 % and (AE\ )mm =0.23 %.

max min

max . .,
The value (max] corresponds to —A®7, (E, +AE}) and

(E,+AE}), and the value (m%n) corresponds to +A67,

min

(E, - AE}) and (E, - AE;) with the substitution in (11).
The relative losses of PMPs of the unidirectional

PCM across its fibres with all previous tolerance fields

for ©,=0.1 are:

(A, ), =3120 %, and (4, ), =41.71%.

max min

The obtained results indicate a more significant impact
of the technological factors considered in the processes of
forming a unidirectional PCM across the fibres on the rela-
tive losses of its PMP. This is confirmed by some conclusions
of work [29].

7. Discussion of the results of studying the intereffect
of technological factors in the production of composites
on their physical and mechanical properties

When making a prepreg with a passport field, the to-
lerances AQy are always in the range —A®} <A@, <A®)
while AQ;, may go beyond the range of the passport values:

—AB] <AB, < A6 (26)

This is the case with an unregulated pressure between the
rolls when rolling the prepreg (repressing) p>[p], or at an in-
creased binder viscosity at the time of impregnation n,>[nj].

The binder viscosity may be higher than standard if the
rolling temperature is less than the regulated T<[T]. Finally,
inequality (26) may also occur if the velocity is less than
the regulated V<[V] in the rolling process of the reinforcing
semifinished product between the rolls.

Consequently, (26) may occur:

—for p=|[p], but T<[T] (the reason is low T), as in this
case Mp>[1p];

— for p>[p], T=[T] (the reason is high p);

—for p<[p], but T>[T] (the reason is high T), as in this
case M, <[N).

Inequality (26) takes place at A3, =3, (A(—); - Aeb), where
A®] is the passport value of A@y; A®j is the value of A as
aresult of rolling reinforcing semifinished product (prepreg).

With insufficient compression,

A8, > AQ. 27)

The correspondence of an insufficiently impregnated
reinforcing filler to the passport data is checked at the input
control by weighing a batch of its samples in length of 1 m at
a given width of (bFAb). Dividing the average mass of the
batch of samples by the area of S =(b+Ab)(1£A), where A is
the tolerance to the cut width of the sample of 1 m, we obtain
the linear density (pFAp) [m/g] regulated in the passport
for the supply of the reinforcing material. The linear density
(pF Ap) should correspond to the value regulated in the pass-
port. If it is less than this value, then the number of threads
for 10 cm in width exceeds its passport value and vice versa.

For example, let us consider the tape LU [pFAp]=
=35+3 g/m (Table 1). When entering the control of a batch
of samples, it turned out that (pFAp)=35+8 g/m. Conse-



quently, the number of threads in the tape exceeds the corre-
sponding passport of 460 units by 10 cm.

As noted above, an increase in the relative volumetric
content of fibres in the PCM increases its PMPs if this
value is 87<07.. Upon reaching 8y, the PCM ceases to be
monolithic, since the relative bulk content of the binder
0, :(1—6 f) will not be sufficient to completely cover the
surface of the fibres. In this regard, the excess of the linear
density over the passport value is unacceptable. At the
same time, the supplier seeks to provide 8y as close to
as possible to 0, . =[6/-+A9/]. That is, for the tape LU,
0/ max=(63+4) %. For example, at (pFAp)>[pFAp], for the
LU of (pFAp)=34+£6g/m, the PCM PMPs will be lower
than the passport guarantee; for example, the elastic modulus
at bending is E<(165+20) GPa (Table 1).

If a consumer is provided with a prepreg, the regu-
lated value of its thickness during the formation of the
monolayer [8,£A8,]| and the expected (guaranteed) PCM
PMPs are indicated in the passport. For example, for an
epoxy carbon fibre LU-P-0.1-A (see Table 1), the guaran-
teed values at [§,+A8,]=0.1...0.12 mm are the following:
the tensile strength is F'=0.7 GPa, the bending strength
is F=0.7 GPa, and the modulus of elasticity at bending is
E=157+25 GPa [26, 30]. In this case, [0, +A0, |=0.62+0.4.

At the input control, compliance with the passport cha-
racteristics is verified by tests of samples made from a prepre
manufactured by the technology that provides [9 ; i—AGf]g,
by implementing the thickness equal to 8=(8,+Ad,)n and
corresponding to the passport value of the PCM PMPs with
the permissible tolerances for them (Table 1).

The tolerance field for any i-th characteristic of the
PCM =AR, is determined by the task (regulation) of
the parameter y and the known passport values of the tole-
rance fields included in the characteristic of R; components
of the unidirectional PCM — fibre and binder.

In formulae (19)—(25), the deviation of the PMP pa-
rameters of the monolayer AR corresponds to the permissi-
ble passport value. If the deviation module of the thickness of
the monolayer A8 can be reasonably assumed to be constant
for any monolayer of the package, then such a hypothesis
regarding the deviation in the i-th layer Ag; is very rough
when manually laying the packaging monolayers. However,
with automated presentation, A@; can be assumed to be
a constant, determined by the tolerance field regulated for
this equipment, equal to [£Ae].

Under the above conditions of dependence (21)—(24), the
tolerance field of any PMP can be determined from (20) as:

(R+AR)-(R-AR)
2

for further decision on the admissibility of the deviation of
the PMPs.

The tolerance fields are also established for violation of
the integrity of the PCM in the product in the form of pores
(voids) causing a slight decrease in the PCM PMPs under the
action of static loads on the product in operation. However,
porosity reduces the crack resistance of the product, which
leads to a decrease in the product durability [9, 20, 22, 23].

AR, =

(28)

8. Conclusion

1. The interaction of technological factors of PCM for-
mation processes and their joint effect on their final PMPs
was revealed and studied. It has been shown that the input
control determines the deviation of the thickness from the
nominal value for a single-layered semifinished PCM. The
deviation in the thickness of the package from the nominal
includes the components that appear during its formation.
These components are connected with the integral devi-
ations of the technological mode of formation (pressure,
temperature, and time change) from those that are regulated
by the relevant documentation). If the reinforcing material
in the form of a prepreg has passed the input control, defects
in the form of deflection of thickness from the nominal value
that arise in the process of manufacturing products with the
PCM and measured after its formation result in a deviation
from the passport values of the PMPs.

2. Based on the formulae of the theory of reinforcement,
the fields of tolerances have been obtained as to the physical
and mechanical properties of the monolayer and packs of
a PCM, which have deflection in the thickness, in the pres-
ence of local violations of continuity in the form of voids.
An analysis of the influence of the presence of voids on the
change in the tolerance fields of the «theoretically non-
porous PCM» was carried out.

The obtained dependences help estimate the quality
of technological processes of the formation of semifinished
products and products of polymer composite materials by the
rate of defects of the considered class.
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