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Abstract : Carbon fiber reinforced composite materials (CFRP) are being widely used in aircraft parts and
unmanned air vehicle (UAV) airframe production due to their high specific stiffness and strength. Besides their
superior characteristics, they have a disadvantage of poor electrical conductivity when used in UAV airframes
which subjected to lightning strike during their service life. In order to protect UAV airframe from lightning
strike damage, adding a metal wire to CFRP composite is an alternative method. Moreover, UAV and aircraft
airframe materials subjected to solid particle erosion damage during their service life also.Surface damage
induced by solid particle erosion cause aerodynamic losses and result with increase in specific fuel consumption
or shortening of maximum air vehicle range. Also worn body could be lost its lightning strike residence. It is
evident that there is no much literature study about CFRP - metal wire hybrid reinforced composites solid
particle erosion behavior. The aim of this study is to characterize the solid particle erosion behavior of CFRP -
metal wire hybrid reinforced composite and analyze the post wear damage induced in the surface of the samples.
Solid particle tests were performed according to ASTM G 76 standard in a specially designed test rig.Mass loss
and erosion rate measurements after tests were done and damage mechanisms were discussed. Surface roughness
analysis of specimens before and after solid particle erosion tests were performed by using 3D non-contact laser
profilometer.
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Karbon Fiber-Metal Tel Orgii Hibrit Kompozitlerin Kat1 Partikiil
Erozyonu Davranmslari

Ozet: Karbon fiber gii¢lendirilmis kompozitler hava araglarinin parcalarinda ve insansiz hava araglarmin (IHA)
govde yapilarinda yiiksek fiziksel 6zellikleri ve mekanik dayanikliliklarindan dolay1 siklikla kullanilmaktadir.Bu
iistiin 6zelliklerinin yaninda yildirrma maruz kalmis bir IHA da yetersiz elektrik iletkenligi gosterirler.Karbon
fiber giiclendirilmis kompozitlere metal bir tel drgii eklemek IHA gévde yapilarim yildirim hasaridan korumak
i¢in alternatif bir yontemdir.Diger yandan IHA ve hava araci gévde yapilari servis siireleri boyunca kat1 partikiil
erozyonuna da maruz kalirlar.Kat1 partikiil erozyonunundan kaynaklanan yiizey hasarlar1 aerodinamik kayiplara
dolayisiyla yakit tilketiminin artmasina ve hava araglarinin menzilinin kisalmasina sebep olur.Ayni zamanda
hasarli kisimlar yildirim direncinin de azalmasina sebep olacaktir.Literatiirde karbon fiber-metal orgii hibrit
giiclendirilmis kompozitlerin kati partikiil erozyonuyla ilgili yeterli sayida ¢alisma yoktur.Bu ¢alismanin amaci
bu kompozitlerin kati partikiil erozyonu davraniglarini karakterize etmek ve numune yiizeylerinde olusan aginma
hasarini analiz etmektir.Kati partikiil testleri ASTM G 76 standartlarina gore dizayn edilmis test diizeneklerinde
yapilmistir. Testlerden sonra agirlik kayb1 ve erozyon dlgiimleri yapilmis, hasar mekanizmalari tartisiimistir. Kati
partikiil testlerinden onceki ve sonraki numunelerin ylizey piiriizlenmesinin analizi temassiz ii¢ boyutlu lazer
profilometre kullanilarak yapilmustir.
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1. Introduction

Solid particle erosion involves the impact of small high speed particles on a target, causing surface
damage and material removal that, on a per particle basis, occurs on a very small scale and for a
very short time. This, together with the irregularity of particle shape and size typically found in
erodent powders, and the complexity of the deformation and damage behavior of materials under
impact loadings, makes it very challenging to identify the micro- mechanisms of erosion that lead to
macro-scale material loss. These complexities have led researchers to take simplified approaches in
order to understand erosion mechanisms in ductile materials[1].

The introduction of composites in the primary structure of modern aircraft presents special
problems with regards to the lighting strike threat. While metallic structures such as traditional
aluminum airframes are highly conductive, Carbon Fiber Reinforced Polymers (CFRP) have a
much lower electrical conductivity. Although carbon fibers are good conductors, the polymer
matrix is an excellent dielectric and therefore reduces the overall conductivity of the composite
laminate. When lightning strikes, a large amount of energy is delivered very rapidly, causing the
ionized channel to expand with supersonic speed. If the shockwave encounters a hard surface, its
kinetic energy is transformed into a pressure rise, which causes fragmentation of the structure [2].
At the same time, resistive heating leads to temperature rise and, in turn, it initiates a breakdown of
the resin by pyrolysis. If the gases developing from the burning resin are trapped in a substrate,
explosive release may occur with subsequent damage to the structure [2][3][4]. In order to reduce
the threat of lightning strike damage, a lightning strike protection (LSP) is typically utilized. A
commonly utilized LSP is a metallic wire mesh, which is placed on the outer surface of the CFRP
structure, and acts as a continuously-conductive outer layer to dissipate direct or indirect
electromagnetic interference effects. The mesh can be comprised of aluminum, cop- per or bronze
wire, and can either be co-woven with the carbon fiber in a prepreg fabric ply, or bonded separately
as the outermost laminate layer [2-5].

Solid particle erosion primary damage mechanism is removing material from surface and inducing
roughness. Since outer layer of CFRP - metal wire hybrid reinforced composite consist of metal
wire to accomplish lightning strike protection, the repeated impacts of abrasive particles may cause
wire damage and decrease the capability of protection. Hence, the examination of solid particle
erosion damage mechanism in CFRP - metal wire hybrid reinforced composite used for lightning
strike protection is crucial. The aim of this study is to characterize the solid particle erosion
behavior of CFRP - metal wire hybrid reinforced composite and analyze the post wear damage
induced in the surface of the samples.

2. Methods

CFRP - metal wire hybrid reinforced composite is used in solid particle erosion tests. The samples
were cut into square coupon test samples, with a dimension of 40 mmx=40 mm. Carbon fiber fabric
with an aerial weight of 300 gr/m? and +45/-45 biaxial fiber orientation was used in manufacturing
samples. Nominal thickness of carbon fiber fabric is 0,3 mm (£%15). Epikote Resin MGS L 285
was used as composite resin. The technical properties of Epikote Resin MGS L 285 was given in
Table 1, according to the manufacturer’s declaration. A metal wire fiber laminate with a square
mesh geometry was applied to the outer side of the test samples.

183



ECJSE 2018 (1) 182-190 Solid Particle Erosion Behavior Of Carbon Fiber - Metal Wire ...

Table 1. Epikote Resin MGS L 285 properties
Certificate German Federal Aviation

Glider airframe, aircraft, UAV, model
aircraft
-60°C / +50°C without heat treatment
-60°C / +80°C with heat treatment
Process Temperature +10°C / +50°C
Very high level compatibility
Good mechanical and thermal properties

Usage Area

Service Temperature

Properties Running time from 45 minutes to 4
hours
Storage 24 months in package

In manufacturing composite, EPIKURE Curing Agent MGS H 285 is used. The technical properties
of EPIKURE Curing Agent MGS H 285 was given in Table 2, according to the manufacturer’s
declaration.

Table 2. EPIKURE Curing Agent MGS H 285 properties

Density (gr/cm?®) 0,94 — 0,97
Viscosity (mPas) 50-100
Amine Value (mgr KOH/gr) 480-550
Refractor index 1,5020 — 1,5500
Measuring Temperature 25°C

Figure.1 Test coupons after erosions tests

Solid particle erosion tests were performed in accordance with the ASTM G76 standard. The 80
mesh (150-212 um) alumina particles are used as an erodent during the solid particle erosion tests.
The particle erosion tests were performed at six different impact angles (15°, 30°, 45°, 60°, 75°,
90°). Erosive particles are blasted under air pressure of 3 bar through a ceramic nozzle with an inner
diameter of 7 mm in a specially designed air jet test rig. CFRP - metal wire hybrid reinforced
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composite samples were located at a distance of 20 mm from the nozzle exit (stand-off distance).
Abrasive blasting was continued for 10 seconds in each test. Three reputations were carried out for
each test parameter. The mean value of three experiments was taken into account for every test
condition. The erosion rates calculated from mass loss and used erodent was presented. Before the
particle erosion tests, sample surfaces were cleaned with air blasting and acetone in order to achieve
clean surface. Mass loss was measured by using an electronic balance with an accuracy of + 0,1 mg.

The erosion test rig used in this study is illustrated in Fig 2. Accelerated particles were impacted the
sample surface, which can be located at desired distance from nozzle and placed at various
impingement angles (15°-90°) by adjustable sample holder shown in Fig 2. Particle impact velocity
was measured by using the double disc method. Under 3 bar air blast pressure; abrasive alumina
particles with a size of 80 mesh has an impact velocity of 72 m/s.
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Figure 2. Solid particle erosion test rig
Solid particle erosion test parameters are given in Table 3.

Table 3 : Solid particle erosion test parameters

Erodent type Alumina
Erodent size 80 mesh (150-212 um)
Particle impingement angle 15°, 30°, 45°, 60°, 75°, 90°
Acceleration/blast gun pressure 3 bar
Erodent velocity 80 mesh (72 m/s)
Erodent Flow Rate 17 grls
Test temperature 25°C+2°C
Stand-off Distance 20 mm
Humidity 50 %

After solid particle erosion tests, the surfaces of the test samples were scanned with Nanovea PS50
non-contact 3D profilometer. The erosion crater area of 20 mm x 20 mm scanned with a 20 pm
precision. Roughness measurements and related results were obtained from these scans. Roughness
parameters such as R,, Ry, Rz, Sa and erosion crater volume were discussed.
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3. Findings

The erosion rate of a material is defined by the weight loss of the target material (mg) divided by
the weight of the erodent particles impinged on the target surface during erosion time (g). Erodent
flow rate of tests were measured as 17 gr/s and test duration was 10 seconds. Hence, the erosion rate
calculation is accomplished by dividing the mass loss of each sample by 170. the results also
multiplied by 1000 in order to use a scientific scale in graph.

Figure 3 illustrates the erosion rate of CFRP - metal wire hybrid reinforced composite tested with
80 mesh alumina abrasive particles at six impact angles. At oblique angles such as 15°, 30° and 45°;
erosion rate increases by increasing impact angle. Due to semi-ductile nature of CFRP, maximum
erosion rate observed at 45°-60° in these type composites [6]. On the other hand, CFRP - metal wire
hybrid reinforced composite tested in this work also contains metal wires and this resulted with the
maximum erosion rate occurrence at 45° impact angle. At impact angles 60°, 75° and 90°; the
erosion rate decreases when compared with 15°, 30° and 45°. Minimum erosion rate observed at
75° impact angle. The surface topography of the composite is not a homogenous character; the
erosion rate evaluations must also be discussed in a hybrid model damage characterization.
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Figure 3. CFRP - metal wire hybrid reinforced composite erosion rates versus impact angle

Figure 4 illustrates the 3D surface roughness maps of CFRP - metal wire hybrid reinforced
composite tested with 80 mesh alumina abrasive particles. Surface scanning with laser profilometer
gives the average roughness of surface named S,.

In Figure 4, erosion crater surface region boundaries were clearly be seen with 3D surface maps. At
oblique angles (15°, 30° and 45°) the carbon fiber and metal wire effected by abrasive particle
bombardment and the damage zones with material removal can be clearly seen in 3D surface
topography images taken by non-contact laser profilometer. At 45° impact angle (figure 4-C)
erosion crater spread over the sample surface. Both the carbon reinforcement and metal wire
removed and disconnection between individual metal wires occurred. The disconnection of metal
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wires will make lightning protection system useless and unserviceable. At normal impact angle
(90°), although the carbon fiber region removed, the metal wires except center erosion region has
no mass removal and disconnection.
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Figure 4. 3D surface roughness maps of CFRP - metal wire hybrid reinforced composite eroded at
six impact angles (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90°.

Figure 5 illustrates the line roughness of CFRP - metal wire hybrid reinforced composite tested with
80 mesh alumina abrasive particles taken from the center of the tested samples. On the left, the
location of the line illustrated on the surface of the test coupons and on the right side, the roughness
profile was shown in thickness axis.

In Figure 5-a, the erosion crater center line of CFRP - metal wire hybrid reinforced composite test
samples eroded at 45° impact angle through the thickness cross-section was seen. On the center
region a wide material removal volume can be seen clearly. As the center region has no peaks, not
only the CFRP but also the metal wires removed away from the test coupon by abrasive particle
bombardment. This result is well-suited with the erosion rates because also maximum erosion rate
observed at 45° impact angle.

In Figure 5-b, the erosion crater center line of CFRP - metal wire hybrid reinforced composite test
samples eroded at 75° impact angle through the thickness cross-section was seen. Minimum erosion
rate observed at 75° impact angle. Hence, the center region of erosion crater at 75° is not as
dominant as it was in 45°. Material removal is very slight at 75° when compared with 45° cross-
sectional view.

187



ECJSE 2018 (1) 182-190 Solid Particle Erosion Behavior Of Carbon Fiber - Metal Wire ...

e - 0
a- Impact Angle: 45 i /r Length = 20002.876 ym Pt=829.743 ym Scale = 1000.000 pm

e R e e e e e L R e e e e e e e e e B il Ll

- f_

200 —

400~
‘ —rrr .l  Jt 12y Pt / ' gt Do et |acg S0 Lde Looa! ey | ] T et et 1eed L ACEL DL .I l L) T .l | ey PLIC L
Estracted protie 0 2500 5000 7500 10000 12500 15000 17500 20000 yn

|
|t v et

-b- Impact Angle: 75° R T Length = 20011.225 pm Pt = 1070.746 pm Scale = 2000000 pm

I U Al B G B SR A G B U] IAS R LSV e B R LR LD e AT B e SR R DD T LA B I e

F 1000
-
r- ‘_‘[ ) 7mj
B m o 500
e
£ il __gl . 250 -
. ael o HTHT TN T
&Q‘{f"" .:. 2250 - |
o e eale 500 ~ »
750 - L
I-r-.u-r....'.|.r..l....r.'r-i--vrv-...r%
Exiracted proe 0 2500 5000 7500 10000 12500 15000 17500 20000 pn

Figure 5. Surface roughness center profiles of CFRP - metal wire hybrid reinforced composite after
erosion tests (a) 45° (b) 75°

Figure 6 illustrates various roughness parameters such as R,, Ry, R; and S, of CFRP - metal wire
hybrid reinforced composite tested with 80 mesh alumina abrasive particles. As it can be seen in
Figure 6, maximum R; values measured at 60° and 75° impingement angles. R, implies the average
of vertical distance between top of the peaks and bottom of the valleys occurred in sample surfaces
after solid particle erosion tests. This result well-suited with the erosion rate results because the
deformations at 60° and 75° increase roughness whilst slight material removal occurred. On the
other hand, minimum R, measured at 45° impact angle because of full material removal region at
the bottom of central erosion crater. Similar results measured for R, and R, values like R,.
Maximum R, and R, values measured at 60° and 75° impact angles whilst minimum measured at
45°. R, value implies the average roughness of tested samples. R, implies the roughness values in
valley occurred in sample surfaces after solid particle erosion tests. S, value implies average
roughness of whole tested sample. Minimum S, value measured at 90° impingement angle. Other
impingement angles S, values are similar to each other.

188



Arslan,G.,Fidan,S.,Sinmazgelik,T.

ECJSE 2018 (1) 182-190

400

Roughness (um)

—il— Ra
—®— Rz|
—A— Rv

—Ww_Sa|

30

Impact Angle (°)

i
45

i i T
60 75 90

Figure 6. Roughness values of CFRP - metal wire hybrid reinforced composite eroded at six impact

angles

Figure 7 illustrates erosion crater volumes of CFRP - metal wire hybrid reinforced composite tested
with 80 mesh alumina abrasive particles. As seen in Figure 7, biggest erosion crater volume
occurred at 45° impingement angle. Main reason of maximum erosion crater at 45° impingement
angle is the crucial material removal from sample surface. At 45° impact angle, measured erosion
crater volume is approximately twice the volumes measured at 15°, 30°, 75° and 90°. Minimum
erosion crater volume measured at 90° impact angle.

ZO Experimental =
Erodent: Alumina 80 mesh (150-212 pm)
- Erodent Velocity: 72 m/s
Erodent Flow Rate: 17 gr/s
EX0) = [rommommonconsesesamsamomsansasasamsassosansasessRsasanmaeesE:  Test Duration: 10 seconds
o il Stand-off Distance: 20 mm
o
£
é BO o BN
GE') d
= AQ i
o d
=
DO 30 P S E b
o
€I d
| —
L 20 [ | [
o
o I
10 -] D L L
0 1 T T
15 30 45 60 75 90
Impact Angle (°)

Figure 7. Erosion crater volume of CFRP - metal wire hybrid reinforced composites at six impact

angles.
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4.Results and Discussions
The main conclusions drawn from the present work can be summarized as follows:

CFRP - metal wire hybrid reinforced composites eroded with 80 mesh alumina abrasive particles
have minimum erosion rate at 75° impingement angle whilst samples eroded at 45° impingement
angle. Hence, CFRP - metal wire hybrid reinforced composites dominant erosion mechanism work
in a semi-ductile manner.

After erosion tests of CFRP - metal wire hybrid reinforced composites, roughness comparison was
accomplished. Minimum R, R, and R, values are observed at 45° impingement angle while
maximum roughness values measured at 60° and 75° impact angles. S, value is similar at oblique
angles while minimum S, measured at 90° impingement angle.

Biggest erosion crater volume occurred at 45° impingement angle. Hitting of abrasive particles at
45° to CFRP - metal wire hybrid reinforced composites cause severe damage and material removal.
Hence, lightning protection mission will be fail after a bombardment of abrasive particles at 45°
impingement angle.
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