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The microstructure of a layered polymeric composite material used in the construction of a metal composite over-
wrapped pressure vessel is investigated. The purpose of this work was to evaluate the parameters characterizing the
structure of a laminate polymer composite material. Due to their technological and structural features, laminated
polymer composite materials have a number of operational disadvantages that lead to a reduction in the overall level of
strength characteristics. From the different zones of the nine-layer composite shell of the metal composite overwrapped
pressure vessel, four vertical flat samples of the composite material for the manufacture of thin sections were cut out.
The method of electron-scanning microscopy was used. The analysis of the percentage confinement of fibers in the ma-
trix was carried out. The structure of the layered polymeric composite material is uniform with the presence of a dis-
persion of distances between the fibers. The analysis of porosity in a composite material was carried out. The analysis
of the structure of composite materials with different porosity has shown that with increasing pore area and their num-
ber, the strength characteristics of composite tapes and reinforcing fibers decrease. Using the “mixture rule” and
“polydispersity model”, the values of the effective modulus of elasticity of the composite material are estimated. It is
determined that the modulus of elasticity of the composite material in the zone of the flange of the composite shell is less
than at the equator. A complex evaluation of the quality of a laminate polymer composite material used in the structure
of a metal composite overwrapped pressure vessel was carried out. The obtained results of inhomogeneity of the me-
chanical properties of the composite shell are necessary for design calculation of the stress-stain state of metal over-
wrapped pressure vessels.
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Hccnedosana mukpocmpykmypa cioucmozo noaumepHo20 KOMHOSUYUOHHO20 MAMepUand, NPUMEeHsAeMO20 6 KOHC-
PYKYUU MEemauiloKoMno3umno2o 6axa 8ulcokoz2o dasienust. Llenvio uccie0o8anus a6isaiacs OYyeHKa napamempos, xa-
PAKmepu3yIowux CmpyKmypy cloucmozo noaumMepHo20 KOMROZUYUOHHO20 Mamepuana. B ceasu ¢ mexnonosuueckumu u
KOHCMPYKMUSHBIMU OCOOEHHOCMAMU CLOUCMblE NOIUMEPHbIE KOMNOZUYUOHHbBIE MATEPUATbl UMEIOm psi0 HedoCcman-
KO8 Npu IKCHIYAmayuu, KOmopbvle RPUBOOSM K CHUINCEHUIO 00uje20 YPOBHSI NPOYHOCMHBIX Xapakmepucmuk. M3 pasuvix
30H 9-CIOUHOU KOMNO3UMHOU 00010YKU MEMATIOKOMNOZUMHO20 DAKA BbICOKO20 OasiieHust Obllo 8bipe3ano 4 eepmu-
KANbHbIX NAOCKUX 00pa3ya KOMROZUYUOHHO20 Mamepuana 0as uzeomosienus uaugos. Hccnedosanus nposoounucs ¢
UCNONIb308AHUEM DNIEKMPOHHO-CKAHUPYIOWel Mukpockonuu. B xo0e ucciedosanuti Obliu NOgyYeHbl U300paAHCEHUSL MUK-
POCMPYKmMYpbl KOMNO3UYUOHHO20 MAMEPUANA C XAPAKMEPHLIM BbICOKUM YPOBHEM KOHMPACMA MeHCOY B0NOKHOM U
mampuyet. I[Ipogeden ananus npoyeHmHo20 coO0epIcanus y2iepooHbiX 8010KOH & mampuye. OnpedeieHo, Ymo cmpyK-
mypa CIoUCmoz0 NOAUMEPHO20 KOMNOSUYUOHHO20 MAMepUudid 0OHOPOOHA C HALUYUeM pasdpoca paccmosHull Mexcoy
sonokHamuy. CpasHumenbHoulll AHAIU3 CIVYAUHBIX 30H MUKPOCMPYKMYPbl KOMNOZUYUOHHO20 MAMEPUANA YKA3Al HAd Mo,
YUMo pasHuUYa 6 NPOYEHMHOM COOEPICAHUU Y2ePOOHBIX BOJOKOH 6 Mampuye mexcoy obpazyamu, 6bipe3aHHbIMU C IK-
samopa, HebobUIAs, OOHAKO UMEEMC sl CYWEeCMBEHHAs PA3HUYA MeHCOY 00pA3YOM, 8bIDE3AHHBIM C IKEAMOpa, U 06pas-
YoM, Gblpe3aHHbIM 6 30He (ananya. [Iposeden ananusz nopucmocmu 6 KOMNOUYUOHHOM Mamepuane. AHaIu3 cmpyKkmy-
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Dbl KOMROZUYUOHHBIX MATNEPUATO8 C PA3TUYHOU NOPUCHIOCHBIO NOKA3AT, YO C POCTHOM NIOWAOU NOP U UX KOAUYeCH-
84 XApaKxmepucmuky HPOYHOCHU KOMNOIUMHbIX JIEHM U apMUpYIOWux 6010KOH ymeHvuiaromes. Paccuumanwr 3nauenus
ahpexmusro2o MoOya YRpy2oCcmu KOMNOZUYUOHHO2O MAMEPUALA C UCTIONb30BAHUEM (NPABULA CMECU» U «NOAUOUC-
nepcnou mooeauy. Onpedeneno, 4mo Mooyib ynpy2ocmu KOMHO3UYUOHHO20 MAMEPUANd 8 30He (hranya KOMNO3umHou
060104KU MeHble, yem Ha dxkeamope. [Iposedena KOMNIEKCHAA OYEeHKA KA4eCmed CIOUCIO20 NOTUMEPHO2O KOMRO3U-
YUOHHO20 MAMepUad, NPUMEHAEMO20 8 KOHCMPYKYUU MEMAII0KOMROZUMHO20 OaKa 8blcokozo dasnenus. [lonyuennvie
pe3yibmamyl HeOOHOPOOHOCIU MEXAHUYECKUX CEOUCTNE KOMNOZUMHOU 000J0UKU MO2YM OblMb UCHOb308ANbL NPU NPO-
EKMHbIX paciemax Hanpsa*ceHHO-0eQOPpMUPOBAHHO20 COCTNOAHUL MEMAIOKOMNOZUMHBIX OAKO8 8bICOKO20 OABIEHUSL.
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Introduction. Layered polymeric composite materials
are one of the most popular and promising materials in the
space and aviation industries. Composite materials have
high strength, increased stiffness and low specific gravity,
which increase the service life of products [1]. The main
feature of composite materials is the structure of the mate-
rial, which can be formed for a specific task and provide
the necessary characteristics of mechanical properties.
However, due to technological and structural features,
composite materials have a number of shortcomings that
appear during operation: the fibers break, there is a loss of
stability of the fibers in the matrix, pores and voids are
formed, the matrix is peeled off and microcracks are dis-
tributed [2]. All this leads to the emergence of stress con-
centrators and reduction in the overall level of strength
characteristics.

Fibers in the composite material have higher physical
and mechanical properties than components. When the
matrix in the composite material is destroyed, the stresses
are redistributed to adjacent fibers [3]. The higher the
fiber content in the matrix and the packing density is, the
higher the modulus of elasticity and strength of the mate-
rial are. Thus, the volume content of the filler (fibers)
plays an important role in the composition of polymer
composite materials. In this regard, there is a need for
detailed consideration of the volume content of carbon
fibers in the epoxy matrix, which have a significant effect
on the characteristics of mechanical properties.

Another important parameter that determines the
strength properties of a composite material is the porosity
of the material structure. The reasons for the appearance
of pores in composite materials are explained differently
by researchers: some believe that pores are formed from
residues of air and volatile products captured during the
manufacture of prepregs; others account it for the pres-
ence of moisture in the structure of the composite, while
others suggest that pores are formed as a result of both
manifestations [4]. The pores in the composite material
primarily influence the strength properties of the material,
the fiber packing density in the matrix is disturbed (large
distances between the fibers occur), there is a loss of fiber
stability in the matrix and the formation of cracks at the
pore boundaries. All this leads to additional stresses,
which directly affects the strength characteristics of the
material.

Due to these features of the structure of laminate
polymeric composite materials, it is necessary to examine
in detail their structural parameters.
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Existing domestic and foreign methods for studying
the microstructure of layered polymeric composite mate-
rials do not allow cconducting full research and providing
a comprehensive assessment of the quality of the material.
The standard method for determining the volume content
of the reinforcing filler is based on the chemical decom-
position of the ASTMD 3171 polymer matrix [5]. The
main problem in determining the volume content of rein-
forcing filler according to this method is the assumption
of complete destruction of the polymer matrix in the ab-
sence of a destructive effect on the reinforcing filler [6].
Standard methods for determining the structure of com-
posite materials for the presence of porosity are based on
determining the density of the composite and its constitu-
ent components according to ASTM D 2734 [7] or GOST
15139-69 [8]. This method determines the values of the
analyzed parameter averaged over the sample volume and
does not allow obtaining complete information on the
geometric characteristics of the pores and their distribu-
tion over the sample surface.

The optimal solution for studying the microstructure
of laminated polymeric composite materials is the use of
electron-scanning microscopy [9—11]. The purpose of this
work was to evaluate the parameters characterizing the
structure of a polymeric laminated composite material
used in the construction of a metal-composite high-
pressure tank (MCHPT) using electron scanning micros-
copy to determine: the volume content of fibers in a com-
posite tape, the porosity, the volume content of fibers and
the effective modulus of elasticity of composite material.

Samples, methods, equipment, sample preparation.
The object of the study was the microstructure of the
composite shell, formed during the production of a metal-
composite high-pressure tank. This tank is used in electric
reactive propulsion systems of space vehicles and is in-
tended for storage of xenon (working fuel). The MCHPT
consists of a titanium liner that provides tightness, and a
9-layer power composite shell providing structural
strength (fig. 1).

The composite shell is made by the method of con-
tinuous multilayer winding on the liner of a composite
tape impregnated with an epoxy binder ED-I. The com-
posite material consists of a set of differently oriented
composite tapes based on T1000 carbon fibers, which,
during the winding process, are laid on the underlying
layers at different reinforcement angles. The structural
diagram of the layered polymer composite used in the
MCHPT is shown in fig. 2.
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Fig. 1. Metal composite overwrapped pressure vessel with designated zones
for cutting samples

Puc. 1. MeTa/utokOMITO3UTHBIN 0aK BHICOKOTO JAaBJICHHUA C 0003HAYEHHBIMU
30HaMH U1l BBIPE3KH 06pa3110B
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Fig. 2. The scheme of unidirectional 9-layer composite material

Puc. 2. Cxema oiHOHANPaBIEHHOTO 9-CIIOWHOT0 KOMIO3UIIMOHHOTO MaTepuana

In the design of the MCHPT, the most suitable zone
for cutting unidirectional specimens is the equatorial
zone, in which the angle of laying the belt is minimal and
is 10 degrees [12]. In addition, unidirectional samples
were cut near the MCHPT flange. Due to the technologi-
cal feature of winding of the composite tape on the liner,
the shell has a variable thickness. As we approach the
pole hole, the composite tape more and more overlaps the
underlying layers, forming a composite shell of variable
thickness, which leads to heterogeneity of mechanical
properties, as well as the appearance of additional flexural
forces [13]. This necessitates a detailed consideration of
the microstructure of the composite material in the flange
region.

Experimental studies were carried out in the labora-
tory of electron-structural studies of the “Center for Col-
lective Use” of the Siberian Federal University (CCU of
SFU).
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From the different areas of the MCHPT 4 vertical flat
samples of composite material were cut out to make pol-
ished sections. Flat unidirectional samples were cut with a
linear precision saw IsoMet 5000 BUEHLER. Grinding
was carried out using silicon carbide paper (grain size up
to P2400), after which the polished sections were polished
using diamond pastes with a gradual reduction in the
grain size to 0.25 um. The final polishing was carried out
on the Beta Grinder-Polisher (BUEHLER). The samples
were then cleaned in an ultrasonic bath in high purity al-
cohol, and dried. The samples were weighed on a Mettler
ToledoXS 205 DR analytical balance (0.1 pg accuracy).
The samples were pressed into a phenolic epoxy resin on
a Simplimet 3000 automatic press (BUEHLER), then
their cross sections were polished with diamond paste up
to 0.25 um in size.

The primary visual control of the surface of the sam-
ples was carried out with an optical microscope Nikon
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LV100D. The microscope is equipped with a CCD cam-
era (5 megapixel) for transferring images to a computer.
Subsequent studies of the microstructure and morphology
of the surface of the transverse sections of the samples
were carried out with an electron scanning microscope
(ESM) JEOL JSM 6490LV.

In the course of the studies, images of the microstruc-
ture of the composite material of the MCHPT were ob-
tained using an ESM with a distinctive high level of con-
trast between the fiber and the matrix. To estimate the
average value of the volume content of fibers in the ma-
trix, measurements were made for randomly selected
zones. According to the recommendations, in the study
[12] we applied zoom with 30 to 100 fibers appearing in
the field of view, in the case of ESM usage the optimum
zoom was x2000.

Results and their discussion Determination of the
volume content of fibers in a composite tape. Fig. 3
shows the microstructure of the composite material cut
from the equator of the MCHPT. The image at 2000 times
magnification was processed using Imagel. (fig. 3, b).

From the analysis of the obtained images it follows
that the structure of the composite material is uniform
with the presence of a large spread of distances between
the fibers. The average diameter of carbon fibers T1000
was 5.42 microns.

A comparative analysis of the thin sections of the ran-
dom zones of the microstructure of the composite material

10 um

a

(fig. 4) indicates that the difference in the percentage of
carbon fibers in the matrix between the samples cut from
the equator is small (fig. 4, a—c), in all cases the micro-
structure is homogeneous. However, there is a significant
difference between the sample cut from the equator
(fig. 4, b) and the sample cut out in the flange zone (fig. 4, d).
In the latter case, the microstructure of the sample cut out
in the flange region (fig. 4, d) has a lower density of car-
bon fibers than on samples from the equator.

In the course of the study, the average values
of the volume content of fibers in the composite tape
were obtained for each sample, the results are shown
in tab. 1.

The percentage of carbon fibers in the composite tape
at the equator is 75.31 %, which corresponds to the opti-
mal values according to the data of [3], which are in the
range 65-83 %. However, in the case of MCHPT, where
the thickness of the composite shell is variable, the per-
centage of carbon fibers varies with the transition from
the equator to the flange region. Near the flange, the car-
bon fiber content was 61.33 %. The change in the per-
centage of fibers leads to a change in the characteristics of
the mechanical properties of both the material and the
shell as a whole.

Determination of porosity in the composite mate-
rial of the MCHPT. To determine the porosity in the
composite material, we used ESM at a 100-fold magnifi-
cation of the image (fig. 5).

Fig. 3. The microstructure of the composite material at 2000 times magnification before (a)
and after (b) computer processing

Puc. 3. MukpocTpykTypa KOMIO3UIMOHHOTO MaTepuaina npu 2000-kpaTHOM yBeIHYeHUH 110 (a)
u nocse (6) KoMIbIOTEepHOK 00paboTKU

Table 1
The values of the volume content of fiber in the matrix for the composite tape
Sample Average value of fiber content, %
Sample cut from the equator Ne 1 77.8
Sample cut from the equator Ne 2 75.39
Sample cut from the equator Ne 3 72.75
Sample cut from the flange Ne 4 61.33
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Fig. 4. Comparative analysis of the microstructure of the composite material at 2000 times magnification:
a — first sample; b — second sample; ¢ — third sample; d — fourth sample

Puc. 4. CpaBHUTEIBHBIN aHAIN3 MUKPOCTPYKTYpPhl KOMIIO3ULUOHHOrO Marepuana npu 2000-kpaTHOM yBEIUYCHUU:
a — TIepBbIi 00pasel]; 6 — BTopoit o0paser; ¢ — TpeTHi 00paselr; 2 — 4eTBepThIi 0Opaser
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Fig. 5. The microstructure of the composite material at 100 times magnification before (a)
and after (b) computer processing

Puc. 5. MukpocTpykTypa KOMIIO3HIMOHHOTO MaTepuana npu 100-kpaTHOM yBenu4eHuH 10 (@)
1 riocte (0) KOMITBIOTEpHOH 00paboTKH
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Fig. 6. Comparative analysis of the microstructure of the composite material at 100 times magnification:
a — first sample; b — second sample; ¢ — third sample; d — fourth sample
Puc. 6. CpaBHUTENBHBIN aHAIN3 MUKPOCTPYKTYPBI KOMIO3UIHMOHHOTO MaTepraia npu 100-KkpaTHOM yBeIUUEHHHU:
a — TIepBHIA 00paselr; 6 — BTopoid 00paselr; 6 — TPEeTHi 00pa3ell; ¢ —4eTBEPThIA 00pa3zer]
Table 2

Characteristics of the porosity of the composite material of the MCHPT

Cut sample area

Pore occurrence, %

Average pore area, pm

Equator

2.32

726.58

11.678

49038.63

Flange area

A comparative analysis (fig. 6) showed that the micro-
structure of the laminate polymer composite material has
a chaotic pore distribution. The pores on the equator
(fig. 6, a—) have small dimensions, and also frequent
distribution over the surface. On the sample cut in the
flange zone (fig. 6, d) there are critically large pores that
create a stress concentration in the material. This is ex-
plained by the fact that during the winding of the compos-
ite tape in the flange area, the composite tape does not
adhere well that leads to an excess of resin and the ap-
pearance of pores. This feature of the technological proc-
ess is determined by the complexity of the elliptical shape
of the liner.
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During the research, the porosity characteristics of the
composite material (percentage of porosity and average
pore area) were determined. The results are shown in tab. 2.

Analysis of the structure of composite materials
with different porosity shows that with the growth
of the number of pores and their area, the strength character-
istics of composite tapes and reinforcing fibers are reduced.

The most dangerous are elongated pores, the length of
which exceeds the critical length of the fiber in the com-
posite material. Such pores are stress concentrators and
under external influences on the design or the occurrence
of internal residual stresses in the material, they are the
sources of the occurrence of microcracks.
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Determination of the volume content of fibers in
the composite material of the MCHPT. To determine
the actual volume content of fibers in the matrix for a
laminate polymer composite material, it is necessary to
take into account the porosity of the material and the ex-
cess of epoxy resin according to the formula:

Vd) :V;{ﬂ‘(HKJFI/IaC) (1)

where ¥, is the volume content of fibers in the compos-
ite tape, %; I1
U is epoxy resin excess.

3C

is porosity of the composite material, %;

3

Excess of epoxy occurs during the process of impreg-
nating the composite tape with a binder between the
layers. At the equator (sample No. 1-3), no epoxy resin
excess is observed, however, an excess of epoxy resin
between the layers is present in the flange zone (sample
No. 4) (fig. 7). Due to the imperfection of the technologi-
cal process of winding the composite tape onto the form-
ing liner, this factor must be taken into account when cal-
culating the actual volume content of fibers in the matrix.

Based on the photographs of the microstructures of the
composite material cut out in the flange zone, the percent-
age of excess resin was determined as 7.44 %

The actual values of the volume content of the fibers
for each sample were calculated using all the processed
data obtained (tab. 1, 2) and are presented in tab. 3.

Calculation of the effective modulus of elasticity of
the composite material of the MCHPT. The effective

modulus of elasticity of a composite material is calculated
using the “mixture rule” formula [3]:

EK :EHI/H+EMVM’ (2)

where E_,E, is the modulus of elasticity of the filler

and matrix; V.,V is volumetric content of filler and ma-

H> M
trix, %.

According to the formula (2), the strength of the com-
posite material must increase proportionally to the volume
content of the fiber in the matrix.

In addition to the “rules of mixtures”, one can use the
“polydisperse model of a medium with cylindrical inclu-
sions” (CCA) to calculate the effective modulus of elas-
ticity under uniaxial loading in the direction of the axis of
a single compound cylinder [14]:

Av,—v,)* V,A-V,)
a-vy ., 1
K, K, G,

H

E, =V E+(1=-V)E + , (3)

where, v, , v, is Poisson’s ratio of filler and matrix;

M

K, , K, is bulk modulus of elasticity of filler and matrix;

G, 1is matrix shear modulus.

Formula (3) is the basic model in micromechanics,
which was proposed by Hashin [15]. The peculiarity of
this model is that additional characteristics of the me-
chanical properties of both the filler material and the ma-
trix are taken into account.

Fig. 7. The microstructure of the composite material near the flange at 100 times magnification before (a)
and after (b) computer processing

Puc. 7. MUKpOCTpYKTYpa KOMIIO3HILHOHHOTO MaTepuaia Boiu3u ¢uanna npu 100-kpaTHOM yBeTHueHUH
10 (a) 1 mocne (6) KOMIBIOTEPHON 00pabOTKH

Table 3
The values of the volume content of fibers in the matrix for the composite material of the MCHPT
Sample The actual volume content of fibers in the matrix, %
Sample cut from the equator Ne 1 76
Sample cut from the equator Ne 2 73.64
Sample cut from the equator Ne 3 71.06
Sample cut from the flange Ne 4 49.6
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Table 4
Characteristics of the mechanical properties of carbon fiber T1000 and epoxy resin ED-I
Characteristic E, E, G, K, K, v, v,
Value 290 hPa 3 hPa 1.13 hPa 219.69 hPa 2.7 hPa 0.28 0.32
Table 5

The values of the effective modulus of elasticity of the composite material of the MCHPT

Sample Effective modulus of elasticity, hPa
Sample cut from the equator Ne 1 221.12
Sample cut from the equator Ne 2 214.34
Sample cut from the equator Ne 3 206.94
Sample cut from the flange Ne 4 144.63

The mechanical characteristics of the composite mate-
rial MCHPT were taken from the technical documentation
of the product and are presented in tab. 4.

According to formulas (2) and (3), elastic moduli of
the composite material for each sample were determined.
The elastic moduli determined by the “polydisperse
model” are consistent with the modules determined by the
“rule of mixtures”. Taking into account additional pa-
rameters of the model gives insignificant differences. In
this regard, the results presented only for “polydisperse”
model are reflected in table 5.

The modulus of elasticity of the composite material
MCHPT near the flange is 32 % less than the modulus of
elasticity of the composite material from the equator.
However, the “mixture rule” and “polydisperse model”
for composites with unidirectional fibers are based on the
assumption that the strength of the composite depends
only on the strength and the ratio of the components, and
also that the bond at the interfaces is ideal. However,
these equations are not capable of giving a reliable esti-
mate of the strength of a laminated composite material.
The stiffness and strength of a laminated polymeric com-
posite are mainly determined by the outer layers and the
contribution of each layer [16]. For this reason, the ob-
tained effective modulus of elasticity may not correspond
to the experimental data presented in the study [17].

Conclusion. The results of the study made it possible
to give a comprehensive evaluation of the quality of the
layered polymeric composite material of MCHPT using
parameters characterizing the structure of the material.

Based on the results obtained, the volume content of
carbon fibers (taking into account porosity) in the com-
posite material of the MCHPT at the equator is 73.56 %,
which corresponds to the optimal values. However, near
the flange, the volume content of carbon fibers is 49.6 that
is significantly lower than the optimal values.

Despite the overestimation of the effective modulus of
elasticity of the composite material of the MCHPT, the
“mixture rule” and the “polydisperse model” are useful
for approximate calculations. From tab. 5, it can be con-
cluded that the effective modulus of elasticity in the equa-
torial zone and near the flange has a large difference in
values. In this regard, in the design calculations of the
stress-strain state of the MCHPT, it is necessary to take

into account the heterogeneity of the mechanical proper-
ties of the composite shell.
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