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IMPROVEMENT OF THE REPAIR METHOD OF THE AIRCRAFT COMPONENTS

MADE OF POLYMER COMPOSITE MATERIALS WITH OPERATIONAL DAMAGE

The subject of study in this article is the repair method of the aircraft (A/C) components made of polymer com-
posite materials (PCM) with operational damage. This article improves the repair method of the A/C PCM
components with cracks and holes. Objectives: to improve the repair method of operational damage of the A/C
PCM components by layer-by-layer removal of the defective area using a milling tool; propose dependencies to
determine the serviceability period of the damaged area, considering the safety factor and geometric parameters
of the defect. The following methods are used: analysis of existing and common repair methods of the A/C PCM
components, mathematical approaches for their evaluation based on solving systems of equations. According to
the analysis, the shortcomings of existing and common repair methods of the A/C PCM components with cracks
and holes are identified. A proposal is made to improve the adhesive repair method of the A/C PCM components
by using a milling tool with a curved cutting edge with a radius of curvature from 3 mm to 5 mm. The main
stages of such repair are updated by filling the repair area with isotropic polymer paste. The dependencies of
the geometrical parameters of layer-by-layer milling on the strength of the A/C PCM components are shown,
considering the operating loads, calculated loads, and safety factors. The scientific novelties of the obtained
results are as follows: the repair method of the A/C PCM components with operational damage using layer-by-
layer milling with shaped radial mill to remove PCM layers in the defective area followed by filling the repair
area with isotropic polymer paste is improved; the dependencies of geometric and strength parameters of the
defective area of the A/C PCM components are established, which allow to easily determine the time of defect
development before the destruction of the structure and the temporary period of serviceability of the A/IC PCM
components. The proposed improvement of the repair method will increase the period of operation of the A/C
PCM components in general, which may be the next study.

Keywords: aircraft; polymer composite material; repair; operational damage; layer-by-layer milling; strength.

Non-metal reinforcement is also used in aircraft
structures with PCM, for example, to increase the load-

Introduction

Modern aviation world is characterized by the use
of different materials. Among metal materials, steel, tita-
nium, aluminum, and others are in the greatest demand.

Aluminum has a high-quality ratio of strength and
weight, good molding ability, corrosion resistance and
the ability to recycle it for reuse. These properties allow
to change heavier copper and steel in some aircraft.

Nowadays in the aviation industry the use of non-
metallic materials, such as PCM, is rapidly developing.
PCM can be both stand-alone materials and in combina-
tion with metal, which allows to combine several proper-
ties that are not usually found in one material. For exam-
ple, aluminum has a relative lightness and satisfactory
strength, which is sometimes insufficient for the use of
this material in critical structures of the A/C. Therefore,
aluminum is additionally reinforced with boron fibers
from refractory compounds (carbides, nitrides, borides
and oxides), which have high strength [1].

bearing capacity of the A/C elements by transverse rein-
forcement [2].

The use of metallic and non-metallic materials both
together and separately allowed to divide them into metal
matrix composites (MMC), ceramic matrix composites
(CMC) and polymer matrix composites (PMC) [3].

The competitiveness of PMC or PCM in relation to
metals largely depends on the stability of their physical
and mechanical properties, ease of control and repair of
damage occurring during the A/C operation.

Repair of external damage of the A/C PCM compo-
nents is caried out in accordance with the A/C operation
and repair requirements, provided by the A/C designer.

The repair methodology depends on the defect and
the damaged component type and must ensure the resto-
ration of the structure to the state of A/C airworthiness.

Materials that can be used for repair are described
in detail by the A/C designer in the relevant sections of
the operating documentation.
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The repair quality of PCM aviation parts and PCM
multilayer adhesive structures should be confirmed by
non-destructive testing (NDT) [4]. Modern NDT meth-
ods include reengineering technology, which can be used
to control geometry of the unit surfaces based on a three-
dimensional model according to analytical standard at all
stages of the A/C lifecycle [5].

The most common defects of PCM structural ele-
ments are holes and cracks, which account for 60 % of
total number of the defects’ types [6, 7]. Similar A/C de-
fects can occur at the production stage of the A/C PCM
structures [8]. Among the NDT methods for such defects,
the most common is the acoustic testing method [9].

Repair of the A/C PCM components with holes and
cracks is usually based on the installation of repair inserts
[10]. Today, popular methods of repair with inserts for
such defects are:

— with the use of autonomous repair systems, the
effectiveness of which is given in [11];

— mechanical — setting a temporary patch (metal
or made of PCM) using bolted joints [12];

— adhesive — layer-by-layer removal of the com-
ponents’ damaged areas followed by the layup of pre-
preg layers (Fig. 1) or installation of repair material [13].

pre-pregs

Fig. 1. Pre-preg layup in the repair area during the layer-
by-layer removal of defective layers

The use of autonomous repair systems is a promis-
ing area, but is currently expansive and their use should
be economically justified.

Installation of temporary metal or PCM patch with
bolted joints has a significant disadvantage — the protru-
sion of the mounting heads on the outer aerodynamic sur-
face, which degrades the A/C aerodynamic characteris-
tics, as well as inability to ensure uniform load distribu-
tion in the structure from the repaired area.

The adhesive repair method with gluing of the com-
posite patch, in comparison with a mechanical method,
has no such shortcomings and provides effective loading
redistribution from a defective area on a patch that essen-
tially reduces the stresses concentration in the structure.

The only disadvantage of the adhesive method is
that the layer-by-layer removal of the damaged area in
the perpendicular direction of the fibers creates stress
concentrators (Fig. 2), which reduces the fatigue strength
of the A/C PCM components repaired area.
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Fig. 2. Scheme of stress concentrators placement during
the layer-by-layer removal of defective layers

Despite the shortcoming of the adhesive method of
the A/C PCM components repair, today it is the most
common among the methods of repairing multilayer
structures and structures with honeycomb or tubular fill-
ers [14], so research to improve the method of repairing
the A/C PCM components with holes and cracks while
maintaining the strength of the repaired area, as well as
the possibility of establishing a temporary period of ser-
viceability of the damaged area is an urgent task.

1. Statement of research tasks

To improve the method of repairing the A/IC PCM
components operational damage, the following tasks
should be solved:

— improve the repair method of the A/C PCM
components operational damage by layer-by-layer re-
moval of the defective area using a milling tool with ra-
dius R;

— suggest dependencies to determine the tempo-
rary period of serviceability of the damaged area, taking
into account the safety factor and geometric parameters
of the defect to ensure operational strength.

2. Improving the method of repairing the
A/C PCM components operational damage

In this paragraph the improvement of the repair
method of the A/C PCM components operational damage
by layer-by-layer removal of the defective area using a
milling tool is suggested. The mill has a curved cutting
edge with a curvature radius R from 3 mm to 5 mm,
where the size of the mill radius depends on the depth of
the repaired component’s defective area (Fig. 3).
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Fig. 3. Milling scheme of the defective area of the A/C
PCM component, where R is the mill radius
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Repair of operational physical damages of the A/C
PCM components consists of the main stages:

— layer-by-layer milling of the component’s re-
paired area;

— treatment of milled surface with means that in-
crease the adhesive properties of the surface, such as BK-
25 glue [15] and reduce the risk of cracks between the
layers [16];

— filling the obtained recess with a composition of
isotropic paste, with its subsequent treatment by vibration
(sound or ultrasonic frequencies) to reduce internal voids,
which is further proposed by the authors;

— polymerization, application of protective coat-
ings on the component according to the component’s
manufacture and repair technological process.

Isotropic paste is a material that consists of two
components: a matrix (binder) and a filler (reinforce-
ment). Components from short-dimensional segments
(2 ... 7 mm) of a certain type of fiber are used for rein-
forcement [17]. In such pastes, high-strength fibers carry
the main stress that arises in it under the action of external
loads, and provide rigidity and strength of the repaired
element in all directions of load.

The matrix that fills the interfiber space ensures the
joint work of individual fibers due to its own rigidity and
interaction that exists on the matrix and fiber boundary.

It should be noted that when milling of the repair
recess, an area with rough surface is formed, which pro-
motes a more stable adhesive bond of the isotropic paste
with the material of the component being repaired.

Advantages of this repair type, compared to the typ-
ical adhesive method, are:

— reduction of the material volume removed by
milling and increase of the repaired components strength
due to use of the mill with radius R;

— reduction of the stress concentrators impact on
the fatigue strength due to the smooth transition between
the intersection of the created planes during milling;

— increase of the repaired area fatigue strength by
applying a layer of glue;

— reduction of the internal cavities due to vibra-
tion treatment (sound or ultrasonic frequencies).

3. Analysis of the layer-by-layer milling
geometrical parameters influence
on the A/C PCM components strength

For the analysis of the layer-by-layer milling geo-
metrical parameters influence on the strength of the A/C
PCM components to be repaired by the proposed method,
the experimental parameters that schematically shown in

Fig. 4 are determined: Fp is the calculated tensile force

acting on the PCM structural element during operation;

a isthe A/C PCM component thickness at the place of

repair; b is the depth of single-layer milling; C, isthe

width of single-layer milling; R is the connection radius

determined by the mill radius; 1 —1 is the cross-section
of the product with the defect being repaired in the place
of asolid array; Il — Il isthe cross-section of the product

with the defect being repaired in the place of material re-
moval for further isotropic paste application.
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Fig. 4. Calculation scheme of the repair area
of the A/C PCM component:
a — longitudinal section; b — cross-section

It is known that all structural elements (including
the A/C skin) carry certain types of loads and alternate
loads, such as stretching, compression, bending, torsion
[18]. The most critical are tensions from tensile forces
(stretching) [19].

In practice, the strength requirements are deter-

mined by operating loads (maximum actual loads F, that
are possible during operation) and the calculated loads
F. (operational actual loads F, multiplied by the estab-

lished safety factors f) [20].
When designing a specific structure of the A/C
PCM component, the calculated loads are used

F=Rf. 1)

The coefficient T isassumed to be equal to 1.5. Un-
der this condition, the tensile stress o, , which arises and

acts in the element of the A/C PCM component (cross-
section | —1, Fig. 4, a) is equal to
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FC
G]_ = S_ 5 (2)
1

where S; =ac, is the undamaged part of the A/C PCM
component element plain (cross-section 1—1).

The actual operating stress o, that arises and
stretches the structure of the A/C PCM component from

the remote defective area (cross-section Il —11, Fig. 4,
b) is equal to
F
62 = —- > (3)
SZ

where S, =(a-b)c,.

It is known from the failure theory that the failure
of a structure does not occur until the acting internal
stress arising in the structure does not exceed the region
of ultimate tensile strength o, of the material from

which it is made [21]
c, <o, /f. (4)

During the A/C flight operation, there may be case
when the malfunction of the A/C PCM component is
formed during post- or pre-flight service at the airport,
where there are no conditions to remove the detected de-
fect.

In this case, it is necessary to determine how much
the detected defect has reduced the life of the A/C PCM
component and predict the time to complete breaking,
i.e., it is necessary to establish the ability to fly to the
main base (base airport). For this purpose, it is necessary
to measure the defective area and determine the maxi-
mum depth of, for example, crack, or depth of the local
deformation area.

In the case of partial destruction of the structural el-
ement of the A/C PCM component, the operation contin-
ues due to the built-in safety factor f of the element (4).

With the increase of the initial defect of the struc-
ture of the A/C PCM component, the actual tensile stress
o, Will increase until the moment of its destruction,

when ¢, 206, .
To simplify the definition of equations, formula (3),
taking into account S, , can be turned to the following:

= - ®)

Taking into account formulas (5) and (2), it is pos-
sible to obtain a simplified formula for calculating the al-
lowable stresses of the A/C PCM components:

L 6
5 (6)

1-—
a

G, =0,

Based on equation (6), it is possible to build the
graph of dependencies of the actual tensile stresses o,
on the geometric parameters of the defect b/a asa func-
tion of different values of the safety factors f : 1.3, 1.5,
1.7, 2.0, where b/a, isthe actual value of the geometric
parameter as a result of the defective area of the structural
element of the A/C PCM component; o,, is the actual
tensile stress (point B) in the weakened cross-section of
the defective area of the structural element of the A/C
PCM component; (b/a)_ is the critical value (point A

) of the geometric parameter b/a of the defective area
of the structure of the A/C PCM component, which will
cause its destruction without repair (Fig. 5).

Assuming that at the last structure diagnosis of the
AJ/C PCM component no physical defect was detected,
and at the next diagnosis after time t; the actual defect
with parameters b/a, was detected, then according
to the graph (Fig. 5): f=15  b/a, =0.15
Gy, =0.79Gy, .

Assuming that the gradient of defect development
(increase of geometric parameter b/a) remains con-
stant, it is easy to determine the time t, of defect devel-

opment in the structure of the A/C PCM component until
its complete destruction
(bj
a cr

b
a' a
The temporary period At of the structure servicea-

bility of the A/C PCM component with an operational de-
fect is determined by the formula:

&)

U]

At=t,—t, =t ®)
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Fig. 5. Graph of dependencies of the actual tensile stress ¢, from geometric parameter b/a of the defective area

of the A/C PCM component at different values of the safety factor f

By the value of 1, a decision is made on the suffi-
ciency of time to move the A/C to the repair base or the
need for its immediate repair at the parking area with the
call of the appropriate crew with the equipment.

Conclusion

1. The analysis of the existing repair methods of the
AJ/C PCM components showed the advantages of the ad-
hesive repair method of such structures with operational
damage — holes or cracks.

2. The relevance of research on the adhesive repair
method improvement of the A/C PCM components with
operational damage, which allows to maintain the
strength of the repaired are, is confirmed.

3. The repair method of the A/C PCM components
with operational damage is improved by using layer-by-
layer smooth milling with the help of shaped radial mill
to remove the PCM layers in the defective area, followed
by filling the repair area with isotropic polymer paste.

4. The analysis of the geometric parameters influ-
ence on the strength properties of the A/C PCM compo-
nents is given, which allows to establish the dependen-

cies of the actual tensile stress ¢, on the geometric pa-
rameter b/a of the defective area of the A/IC PCM com-

ponent at different values of safety factor f .
5. Dependencies for determination of temporary pe-

riod At of repair area serviceability taking into account
safety factor and geometric parameters of defect are of-

fered and justified. The value of At allows to established

the time of possible operation or its absence and the im-
possibility of operation of the A/C PCM component with
operational damage.
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YCOBEPHIEHCTBOBAHUE METOJA PEMOHTA COCTABHBIX YACTEN
ABUAIIMOHHOM TEXHUKH U3 IMTOJUMEPHBIX KOMITO3UIIMOHHBIX MATEPUAJIOB
C OKCIIIYATAITUOHHBIMH INOBPEXJTEHUAMUA

A. B. Anopees, E. B. Maiioposa, b. B. /lynkun, M. H. boiiko, 0. A. Koponvkoe

[IpeaMeroM M3ydeHHs CTaTHH SBISIETCSI METOZ peMOHTa cocTaBHBIX dacteld (CH) aBnanmonHoi TexHuku (AT)
13 MONIMMEPHBIX KOMIO3UIMOHHBIX MaTepraioB (IIKM) ¢ akcruryaTallmOHHBIMH OBPEXICHUSIMH. Llernpio sBisieTcs
ycoBepuiencTBoBanue Merona pemonta CH AT u3 [IKM c tpemunamu 1 npoOorHaMH. 3ajauu: yCOBEPIIEHCTBOBATh
METOJl peMOHTa 3KcIuTyaTauoHHbIX noBpexxaeHuii CU AT u3 [IKM myrem mocioiiHoro yaaneHus e eKTHOW 30HbI
¢ IpUMeHeHneM (hpe3epHOro MHCTPYMEHTA; MPEIOKHUTH 3aBHCUMOCTH OIPEJIeNIeHNs] BPEMEHHOr' 0 Tiepruo/a paboro-
CHOCOOHOCTH TIOBPEX/JICHHON 30HBI C Y4eTOM KO3(QHIeHTa 0e30MacHOCTH M I'€OMETPHUUYECKHX IMapaMeTpoB je-
¢exra. Vcronp3yemble METOIBI: aHAIIN3 CYIIECTBYIOIINX U pacrpocTpaHeHHbIX MeTonoB peMoHToB CU AT u3 ITIKM,
MaTeMaTU4ECKUE MOAXObl IJI UX OLIEHKH HAa OCHOBE PELIeHHs CUCTeM ypaBHEeHUI. COriacHO MpOBEIEHHOIO aHa-
JIU3a YCTAHOBJIEHBI HEIOCTATKU PacIpOCTPAHEHHBIX U CYIIECTBYIOIIMX MeTonoB peMoHTOB CH AT u3 ITIKM c Tpe-
IMHAMHU U TipoOouHamu. [IpemiokeHo ycoBepleHCTBOBaHUe KieeBoro merona pemonta CH AT u3 I[IKM nyrem
NIpUMEHeHHUs (Ppe3epHOro MHCTPYMEHTA C KPHUBOJIMHEHHOH pexyIliell KpOMKO ¢ paJiycoM KPUBH3HBI OT 3 MM JI0 5
MM. OGHOBJIEHBI OCHOBHBIE 3Talbl TAKOTO PEMOHTA ITyTEM 3aIlOJTHEHUsI PEMOHTHOM 30HBI OJMMEPHOI U30TPOITHOM
nactoid. [Toka3aHbl 3aBUCHMOCTH T€OMETPUYECKUX MTApaMeTPOB MOocioiHoro ¢gpesepoBanus u npouHoctu CH AT u3
[TKM c y4eToM dKCIUTyaTallMOHHBIX HAIPY30K, PACUETHBIX HArpy30K M koddduimenra 6ezonacHoctu. Hayunas Ho-
BH3HA MOJYYEHHBIX PE3yJIbTaTOB 3aKJII0YaeTCs B CIEAYIONEeM: ycoBepieHcTBoBaH MeTo pemMoHTa CH AT u3 ITIKM
C DKCIUTYaTallMOHHBIMU MOBPEXCHUSIMH HCIOJIb30BAHUEM ITOCIOHHOI0 (ppe3epoBaHHms C TIOMOIIBIO (acOHHOM paau-
ycHoH ¢pesbl st yaanenus cinoes [IKM B 30He nedexTa ¢ mociaeayronmM 3arnoTHeHHEM 30Hbl PEMOHTA U30TPOITHOM
MIOJIMMEPHON IacTOM; YCTaHOBJICHBI 3aBUCUMOCTH F€OMETPUYECKHX U MPOYHOCTHBIX MapaMeTpoB Ae(eKTHOW 30HBI
CY AT w3 [IKM, no3BossifoIImMe JIETKO OMPEAEIUTh BPeMs pa3BUTHS Ae()eKTa JI0 MOJTHOTO Pa3pyLIeHUsI KOHCTPYKIIUH
U BpeMeHHbIH nepros padorocriocodnoct CY AT u3 [TKM ¢ noBpexaennem. [pemiaraemoe ycoBepiieHCTBOBaHHE
MeTO/la PEeMOHTa IMO3BOIMT yBennuuTh nepuon skcmryartaiun CH AT w3 IIKM u AT B menom, 9yTo MOXET CTaTh
CIIEAYIOIIMMH HCCIIEJOBAHUSIMH.

KnroueBble ci10Ba: aBHAIIMOHHAS TEXHUKA; TIOJIMMEPHBIA KOMITO3UIIMOHHBIN MaTepHall; pEMOHT; SKCIUTyaTalu-
OHHOE MOBPEX/ICHHE; TIOCIOIHOE (hpe3epOBaHUE; TPOYHOCTb.

YAOCKOHAJIEHHSI METOAY PEMOHTY CKJIATOBUX YACTHH
ABIAIIMHOI TEXHIKH 3 NOJIMEPHUX KOMIIO3UIIMHUX MATEPIAJIIB
I3 EKCIINIYATAIIMHUMH MO KO/ KEHHAMUA

O. B. Auopees, K. B. Maitoposa, b. B. /Iynkin, M. M. Boiixo, 0. A. Koponvkog

[IpeameroM BUBYEHHS B CTATTi € METOZ PEMOHTY ckianoBux yacTuH (CY) aBiauiiiHoi TexHiku (AT) 3 momimep-
HUX Komno3uuiiHux MatepianiB (ITIKM) i3 ekcrunyataliiiHuMu MOMIKOIKEHHSIMU. METOI0 € YIOCKOHAJICHHS METOIY
pemonty CH AT i3 [IKM 3 Tpimuaamu Ta npodoiHamMu. 3aBAaHHS: YIOCKOHAJIUTH METOJ] PEMOHTY €KCILTyaTalliiHIX
nomkomkeHb CH AT i3 [IKM nuisixoM nmomapoBoro BUAadeHHs Ae(eKTHOI 30HH 13 3aCTOCYBAHHSIM (pe3epHOTO iH-
CTPYMEHTY; 3aIlpOIIOHYBATH 3aJIeKHOCTI JUIs BU3HAYEHHS THMYacOBOT0 IIepioy Npane31aTHOCTI MOMKOKEHOI 30HH
3 ypaxyBaHHsAM KoeQillieHTa Oe3leKH Ta TeOMETPHYHMX MapamerpiB aedekTy. BUkoprCcTOBYBaHUMH METONAMU €:
aHaJi3 icCHyrounX i po3noBciomkennx MetoaiB pemontiB CH AT i3 T[IKM, maTemaTuyHi miaxoau sl X OIiHIOBaHHS
Ha OCHOBI PO3B’sI3aHHS CUCTEM piBHsHb. OTpUMaHi Taki pe3ylnbTaTH. 3TiHO MPOBEJCHOr0 aHAJI3y BCTAHOBIIEHO He-
JIOJIIKK PO3TMOBCIO/IKEHUX 1 icHyrounx MeToiB peMoHTiB CU AT i3 TIKM 3 Tpimunamu Ta npodoinamu. HapaHo mpo-
TIO3UIIII0 3 yAOCKOHaNeHHs KieloBoro Merony peMoHTy CH AT i3 ITKM nuisixom 3acTocyBaHHS ()pe3epHOro iHCTpY-
MEHTY, 0 Ma€ KPUBOJIHINHY pKydy KPOMKY 3 paaiycoM KpUBHU3HH Bix 3 MM A0 5 MM. OHOBIICHI OCHOBHI €TaIu
TaKoOro PEMOHTY IUIIXOM 3allOBHEHHSI PEMOHTHOI 30HH 130TPOMHOIO MONTIMEPHOI0 macToro. [1okaszani 3a1exXHOCTI Te-
OMETPHYHHX MapaMeTpiB momrapoBoro ¢ppezepyBanus Ha MitHicTs CH AT i3 [IKM 3 ypaxyBaHHSAM eKCILTyaTaliHHUX
HaBaHTa)KEHb, PO3PAXYHKOBHX HaBaHTa)KEeHb Ta KoedirieHta 6e3mexu. BucHoBkr. HaykoBa HOBH3HA OTpUMAaHHX pe-
3YJIBTATIB MOJISTAE B HACTYMHOMY: ynockoHaneHo Metox peMoHTy CU AT i3 IIKM 3 ekcruryaTani HHUMH TOMIKOIKEH-
HSMHU BHUKOPUCTaHHSM IIOIIAPOBOro (hpe3epyBaHHs 3a TONOMOroro (GpacoHHOI paiycHol (pe3u i BUIAIeHHS IapiB
I[TKM y 30Hi JedexTy 3 HACTYIIHUM 3alIOBHEHHSM 30HH PEMOHTY 130TPOITHOIO TOJIMEPHOIO MACTOK; BCTAHOBICHI
3aJIeKHOCTI TEOMETPUYHIX Ta MinHiCHUX mapameTpiB gedektHoi 305 CU AT i3 IIKM, sKi Z03BOJNSIOTH JIETKO BU-
3HAYUTH Yac PO3BHUTKY Ae(EKTY JO IMOBHOTO PyHHYBaHHS KOHCTPYKIII Ta THMYAcOBHIA mepiof mpameszgaTaocti CH
AT i3 [IKM 3 nomkomKeHAsIM. 3alpOoIIOHOBaHE YIOCKOHAJICHHS METOTy PEMOHTY JTI03BOJIUTD 301IBIINTH IIEPio eKC-
mwryaramnii CU AT i3 [IKM Ta AT B miiomy, 1o MoXe CTaTd HACTYITHAMH TOCTiKCHHIMHU.

Kuro4oBi cjioBa: aBiariiiHa TexHiKa; MOTIMEPHIA KOMITO3HUIIIHHUN MaTepialr; peMOHT; eKCILTyaTaIliifHe TTOITKO-
JOKEHHST;, TToImapoBe Gppe3epyBaHHsS; MIITHICTb.
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