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1 INTRODUCTION

Composite materials have been subject of permanent interest of various industries
specialists during last few decades. First military composite applications in aircraft
industry during thirties and forties triggered off their commercial use after the
Second World War. Use of modern composites enables significant structure weight
reduction. Composites offer many advantages compare to alloys, specially high
strength and stiffness, excellent fatigue properties and corrosion resistance. On the
other side, they have several disadvantages like low fracture toughness and moisture
absorption. In addition, inspections during the operation can be difficult and
maintenance complicated or impossible. These arguments speak for use of
aluminum alloys in primary aircraft structures and they are the reason why
airworthiness authorities did not accept composite materials in wider scale.

Aluminum Sheet
0.012 in. (0.3 mm)

Prepreg
0.009 in.
(0.23 mm)

0.054 in,
(1.4 mm)

Aluminum sheet alloy | 2024 and 7475

Fibér Aramid and glass

Fre_bfeg Unidirectional and cross-ply

Figure 1.1: FML concept (3/2 layup)

During last few decades, many scientists were aiming their effort to develop a
fatigue resistant material, which would keep low weight and good mechanical
properties of aluminum alloys. Most successful in this field was team of Prof.
Schjive at the Delft University of Technology, which developed fiber-metal
laminates (FML) called ARALL® (Aramid Reinforced ALuminum Laminates) and
GLARE® (GLAss REinforced) at the beginning of eighties. FML present a new
group of aerospace materials that join advantages of aluminum alloys and
composites having high strength and excellent fatigue properties. They are created
by stacking thin aluminum sheets (0.2 - 0.5mm) and prepregs containing aramid or
glass fibers. The concept is shown in Figure 1-1. GLARE and ARALL started to be
produced commercially by the Structural Laminates Company formed by Alcoa and



Akzo at the beginning of nineties. Both types of FML were already used as a
replacement of aluminum sheets in thin walled structural applications and also tested
in thicker lay-ups for lug applications [7,9]. Selection of different types of laminate
components together with the possibility to vary the volume fraction and fiber
orientation offers unlimited number of material properties of the resulting product.
Large scale investigation at the Delft University of Technology led to defining of
most appropriate FML configurations that cover wide range of possible applications.
ARALL was used for production of the C17 aft cargo door, GLARE for cargo floor
applications of several Boeing 777 planes, lower wing panels of the Fokker 27 etc.
[26,27]. Several FML test programs are under way at Airbus consortium and
GLARE was chosen as the fuselage skin material of the new high capacity plane
A3XX, which should enter the production line as the A380 in 2004.

Studies of carbon fiber use in FML concept were also preformed. Laminates called
CARE (CArbon REinforced) are not commercially available at this time. Carbon
fibers are relatively expensive, but thanks to growing volume of production, they
become more available and the wide scale of their mechanical properties (strength,
stiffness) makes them very attractive. In addition, the application of different alloys
in FML concept is being studied e.g. titanium [5,24].

Following decade will show if the fiber-metal laminates will find their well-defined
position among the structural materials in aerospace and another industrial areas.

2 PRESENT STATE IN THE FML FIELD

There are two types of FML currently available ARALL and GLARE. Their
configuration is shown in Table 2.1. Another types are in phase of development and
testing. Especially combination of aluminum alloys and carbon fibers called CARE
looks promising [5]. The use of titanium alloys was also tested [24]. Available
sources do not mention use of another kinds of alloys in FML concept.

Table 2.1: Commercially produced types of FML

ARALL GLARE
ARALL | ARALL | GLARE | GLARE | GLARE | GLARE
1 2 1 2 3 4

Alloy type 7075-T6 | 2024-T3 | 7075-T6 | 2024-T3 | 2024-T3 | 2024-T3
Metal sheet thickness [mm] 0.3 0.2-0.4 0.3 0.2-0.4 0.2-0.4 0.2-0.4
Type of fiber aramid aramid R-glass R-glass R-glass R-glass
Prepreg thickness [mm] 0.22 0.22 0.25 0.25 0.25 0.375
Fiber orientation [l [l Il Il X (50/50) | X (70/30)

Il - uniaxial fiber orientation, 2 prepreg layers [0/0]
X (50/50) - biaxial fiber orientation, 2 prepreg layers [0/90]
X (70/30) - biaxial fiber orientation, 3 prepreg layers [0/90/0]
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Figure 2.1: Crack bridging
2.1 GLARE

Laminates based on aluminum alloys and glass fiber/epoxy prepregs are currently
the most available and cost-effective. Thin aluminum alloy sheets (0.2 -0.4mm) are
used for this type of FML. Two types of alloys with different mechanical properties
were chosen in order to cover wider range of applications. 2024-T3 alloy has very
good fatigue resistance and high ductility, 7075-T6 or 7475-T76 have high strength,
good fatigue properties and lower ductility.

Glass fibers with relative volume about 60% in epoxy matrix (3M, AF-163-2) form
the optimal prepreg layer of FML. Prepregs are 0.125mm thick. Two prepregs are
used together in most cases so the resulting thickness of prepreg layer in the
laminate is 0.25mm. GLARE 4 presents one exception where three prepregs of total
thickness 0.375mm are used. Basic mechanical properties of aluminum alloys and
fibers used in FML are shown in Table 2.2.

Table 2.2: Mechanical properties of FML components

Fiber Prepreg Aluminum alloy
aramid glass | carbon | aramid | glass | carbon | 2024-T3 | 7075-T6
Twaron HM | R-glass | T 300 | (50%) | (60%) | (60%)

Ry, [MPa] 2800 4400 3500 1400 2500 2100 455 538
Rpo2 [MPa] - - - - - - 359 483
E [GPa] 125 84 230 62.5 51.6 138 72.5 71.1
&ulr [70] 2.3 5.1 1.5 2.3 5.1 1.5 14 8
p [kg/m’] 1450 2540 1770 1300 1980 1570 2780 2780

The surface of aluminum sheets is anodized and primed. This surface treatment
provides good strength of the bond and good corrosion protection in case of eventual
moisture penetration into the adhesive joint. Chromic or phosphoric acid anodizing
1s used. Al-cladding of outer laminate sheets can be used to increase the corrosion




resistance. At the end of curing cycle in autoclave (at increased temperature and
pressure, depending on type of used matrix, usually around 120°C and 0.3-1MPa
during 90 minutes) residual stress in all layers develops. It is caused by different
thermal expansion coefficients of aluminum and prepreg. Tensile residual stress
remains in aluminum layers and compressive in prepreg layers. This laminate
condition is called 'as cured'. The orientation of the residual stress is possible to
reverse by plastic deformation of entire laminate sheet. This procedure called 'post-
stretching' is used mostly for laminates based on 7075-T6 and 7475-T76 that do not
have fatigue properties as good as 2024-T3. Compressive residual stress in
aluminum layers significantly improves the fatigue behavior of the laminate.

GLARE exhibits very good strength, especially in fiber direction. It has slightly
lower stiffness compare to aluminum. Fatigue life of GLARE specimens is 10x-
100x higher than of aluminum alloy [18,20]. Basic mechanical properties of GLARE
are specified in Table 2.3.

Table 2.3: Mechanical properties of FML [6]

tAL tor Ry, [MPa] | Ryo2[MPa] | E[GPa] | p[kg/m’]
ARALL 1 0.30 0.22 897 535 67.5 2160
ARALL 2 0.30 0.22 849 411 68.3 2160
GLARE 1 0.30 0.25 1494 530 62.2 2420
GLARE 2 0.20 0.25 1670 416 60.9 2340

0.30 0.25 1449 406 63.0 2420

0.40 0.25 1295 399 64.5 2470
GLARE 3 0.30 0.25 849 382 51.3 2420

Note: All values are for longitudinal direction (L) and laminate thickness t > 4mm

2.2 ARALL

ARALL laminates are also based on thin aluminum alloy sheets in this case
combined with prepregs containing Twaron HM aramid fibers produced by ENKA
in epoxy matrix AF-163-2 that was developed specially for use in ARALL by 3M
[18]. Prepregs are 0.215mm thick and the relative fiber volume is 50%. Higher fiber
volume is not recommended due to decrease in adhesion between fibers and epoxy
matrix and potential danger of fiber pull out from the matrix. Another disadvantage
of aramid fibers is the low resistance to compressive deformation [6,18,20]. From
this reason is necessary to 'post-stretch' the ARALL laminate sheets after curing and
reverse the residual stress to tensile in prepreg layers and compressive in aluminum
layers.

ARALL laminates are produced only with uniaxially oriented fibers. They exhibit
lower strength but higher stiffness compare to GLARE. Fatigue resistance is best in
case of asymmetric tensile cycle loading. Thanks to low density of aramid fibers



ARALL is the lightest of the currently produced types of FML. Most important
mechanical properties of ARALL are specified in Table 2.3.

2.3 CARE

CARE is based on combination of thin aluminum alloy sheets and carbon fiber
prepregs. Application of prepregs containing various carbon fibers from high
strength to high modulus types was tested at Delft University of Technology.

The possibility of galvanic corrosion presents a potential problem when combining
carbon fibers and aluminum. In spite of that the fibers in prepreg are covered by
epoxy matrix, which should represent an isolating layer, direct contact between fiber
and aluminum can occur. Two ways how to prevent the eventual galvanic cell
formation were developed and tested so far [5]:

- aluminum sheets are covered by very thin (0.02mm) thermoplastic layer based on
polyetherimide (PEI)
- thin glass fiber prepreg (0.1mm) isolates the carbon fiber prepreg on both sides

CARE laminates with uniaxially and biaxially oriented fibers were tested. They
show similar strength as ARALL laminates. The stiffness of CARE strongly
depends on the type of fibers used and can be as twice as high compared to ARALL
or GLARE. Fatigue performance might be slightly lowered when PEI coating is
used but fully comparable with fatigue performance of GLARE. Specific weight of
CARE varies between values valid for ARALL and GLARE depending on applied
type of carbon fibers and isolating layer. There is no version of CARE currently
commercially available.

2.4 Titanium CARE or HTCL

An information about this group of laminates i1s mentioned in just few sources and is
very brief. Series of tests was performed at Delft University at the beginning of
nineties [5]. The material was named Titanium CARE. This type of FML is also
subject of interest of scientists from NASA-Langley Research Center where FML
research is performed since the middle of nineties under name Hybrid Titanium
Composite Laminates (HTCL) [24]. The fatigue performance dramatically increased
if compared with monolithic titanium according to both sources. For elevated
temperature applications (150-400°C) use of polymeric matrices (e.g. Poly-Imide
(PI) or Poly-Ether-Ether-Keton (PEEK)) is necessary. Thermally loaded components
of hypersonic aircraft or space ships will be the potential applications of Ti-CARE
or HTCL.



3 THESIS OBJECTIVES

The aim of this work is to study behavior of FML based on high strength steel and
carbon fibers. Laminates of this type are not commercially produced at this time.
Available literature does not contain any information about investigation of such
kind of laminate. Steel-C/Epoxy laminate could be used for components that must
exhibit high stiffness, good fatigue resistance and other characteristics like fire
resistance, corrosion resistance etc. Necessary steps prior to testing include the
proper material selection and determination of the manufacture technology.
Following are the main areas of the investigation:

e determination of appropriate manufacture technology for steel-C/Epoxy
laminates

e determination of basic mechanical properties

e conduction of laminate lug bearing strength tests

e study of blunt notched laminate specimen fatigue behavior

The testing of mechanical properties includes static tests of the interlaminar shear
strength, tensile and bending strength according to European standards. In order to
assess the laminate suitability for lug applications the bearing strength tests will be
performed. Fatigue tests of blunt notched specimens will enable to study laminate
behavior under constant amplitude cyclic loading. The influence of crack bridging
fibers on the stress intensity factor will be evaluated.

This work should result in new findings in the FML field and contribute to wider use
of modern composite materials in aerospace and other industrial areas.

4 APPLIED METHODS OF INVESTIGATION

The subtitle of this thesis indicates that the substantial part of the work performed
was experimental. The experiment presents an essential portion of most studies in
the field of material research. On the other hand, calculations became necessary part
of every engineering work since the beginning of modern era. In general, it is
possible to distinguish two basic groups of calculations. There are calculations
performed in order to evaluate the experimental results and they present an
inseparable part of the experiment. Statistical evaluation of experimental results is a
clear example, but there are other calculations that support the evaluation of results
(e.g. calculation of stress from measured values of force, determination of the elastic
modulus requires measurement and evaluation of two variables - force and
deformation and there are many more examples). The purpose of the second group
of calculations is to substitute the experiment or at least to reduce its extent. They
can be done based on either empirical relations or exact mathematical models. The
further classification of this group of calculations can be on hand calculations and

10



computerized calculations. The use computer is necessary if the scale of the problem
and required accuracy of the result make the classical hand calculation ineffective or
even impossible. Sophisticated methods like the Finite Element Method and many
other brought new dimensions to the engineering. They enable to simulate what is
happening to the structure or fluid in steady state or over the time. There are still
some limitations but they rapidly diminish as the methods improve. However, the
main responsibility still lies on the engineer. He must decide what kind of physical
interpretation and eventual simplifications to choose and what is often
underestimated - he must correctly interpret the results. It is necessary to mention
that very often, the experimentally determined data are used as input for such
analyses and their correctness and accuracy is essential. Very valuable can be the
comparison of experimental and calculated results. Especially in aerospace, the
experiment (test of the aircraft structure) became a benchmark to confirm the
correctness of the design and calculations.

S MAIN RESULTS

5.1 Material selection

Both, steel and C/Epoxy prepreg selected are relatively well affordable and can be
classified as the intermediate performance materials. Basic mechanical properties of
0.25mm thick AISI 301 stainless steel sheets and 0.14mm thick unidirectional
Hexcel Composites carbon fiber/epoxy prepreg Strafil C-EP 1-150/42 are specified
in Table 5.1. The fibers contained in the prepreg are high strength (HS) grade.
Relative volume of fibers in the prepreg is 60%. The matrix is advanced epoxy resin
with curing temperature of 120°C and short curing time of 25 minutes. Two prepreg
layers are used to form the fiber/epoxy layer in standard laminate configuration so
the resulting thickness should be 0.28mm. Measured thickness of two uniaxially
oriented prepreg layers after curing was 0.25mm.

Table 5.1: Properties of laminate components

Material R Rpo.2 E Sult P
[MPa] [MPa] [GPa] [%] [kg-m’S]

AISI301 stainless steel 1635 1508 185 2.1 8030

Strafil C-EP 1-150/42 >1900 - >120 1.6 1570

5.2 Manufacture of semifinished sheets

Smaller size sheets (max. 250x150mm) were manufactured in a pressurized jig with
silicone rubber membrane placed in hydraulic press. The top and bottom press plates
are electrically heated. Use of an autoclave is necessary for sheets of larger
dimensions. Prepregs are inserted between surface treated metal sheets (see section
5.6.1) and the eventual air pockets must be eliminated using roller in order to
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provide flawless contact between the prepreg layer and metal. The cohesion of
uncured laminate is relatively good because the prepreg surface is sticky. Uncured
laminate sheet is placed to the jig. The curing process for this type of prepreg takes
25 minutes at 120°C and 0.3MPa. It is possible to place more laminate sheets to the
jig at one time, if a separating film is put in between them.

Seven sheets of 2/1, 3/2 and 6/5 lay-up with uniaxially oriented fibers (0.75, 1.25
and 2.75mm thick, two prepreg layers [0/0] used to form the C/Epoxy layer) and two
pieces of 6/5# with biaxially oriented fibers (4.3mm thick, four prepreg layers
[0/90/0/90] used to form the C/Epoxy layer) were produced.

Three specimens (one of each thickness) were chosen for a test by ultrasonic scanner
(C-scanner) at TU Delft. The scanner is capable to examine panels in two
dimensions (longitude x and latitude y) using the transmission method. The
ultrasonic sender and receiver were operating in the 10MHz-frequency range, which
is suitable for most of the laminated products. The scanner should be able to find
defects quantitatively within certain limits according to specification TDR-98-006.
The 2/1 and 3/2 laminate sheets did not contain any internal defects. The 6/5
laminate had four defects. Two of them were classified as flaws because the area of
defect was larger than 25mm®. The two other defects were classified as indications
because the area of defect was smaller than 25mm”. The exact locations of flaws
were marked on the laminate sheet and only portions without defects were used for
specimen manufacture.

With respect to the outcome of the C-scan test (no defects in the 2/1 and 3/2 sheets
and relatively small area of defects in 6/5 sheet) it was concluded that these would
have minimal impact on the results of all the tests planned except the interlaminar
shear strength test (ILSS). Therefore the specimens for ILSS test were made from
the sheets checked by the C-scan and the remaining sheets were not scanned.

5.3 Specimen manufacture

Various cutting methods were tested from the classical machining to the modern
techniques. In order to avoid delamination around the cut edges it is necessary to
clamp the laminate between two tie-plates when machining methods like sawing or
milling are applied. Intensive cooling is required to protect the epoxy matrix against
burning. AISI 301 stainless steel has very low thermal conductivity. In addition, the
tool wears faster due to cutting carbon fibers. Use of cut-off wheel was also tested.
The tool wear is not a factor in this case but the heat generation is extremely high
and in spite of intensive cooling matrix burning occurred.

Modern techniques, such as laser and abrasive water-jet cutting were tested too.
Laser cutting is feasible but the cutting surface has very low quality. Thin droplets of
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metal cover the lower half of the surface as shown in Figure 5.1. There is good
experience with laser cutting of stainless steel and C/Epoxy composites separately.
This effect of spitting is probably caused by fast development of gases from the
burning epoxy matrix. These gases spit the melted metal around the location of the
cut and portion of it remains on the surface of the laminate edge.

Figure 5.1: Surface of laminate 6/5 after laser cutting

The abrasive water-jet cutting shows as the most suitable method for this type of
FML. The cutting surface has similar quality like in case of monolithic metals.
Delamination does not occur when the cut starts at the laminate sheet edge. In case
the cut starts in the middle of the sheet, local delamination of the bottom layer
usually occurs when the water-jet shoots through the laminate. Therefore, when
cutting holes or another shapes in the laminate sheet, it is necessary to drill a hole or
clamp the laminate between two plates at the location where the cut starts.

5.4 Calculation of steel-C/Epoxy laminate properties

Simplified stress-strain curves of prepreg, steel and the laminate 6/5 are shown in
Figure 5.2. It is possible to see two distinct portions of the relation. In the first one,
both metal and prepreg layers behave elastically, in the second one, prepreg layers
are deformed elastically and metal layers plastically. Second portion of the relation
ends by fiber failure and laminate fracture. Calculated mechanical properties of AISI
301-C/Epoxy laminate are shown in Table 5.2.

Table 5.2: Calculated mechanical properties of laminate AISI301-C/Epoxy

Laminate | Metal volume | Elastic Tangential | Yield strength | Yield strength | Ultimate
fraction Modulus | modulus (0% ¢&p) (0.2% €;) Strength
T Elam [GPa] Ey lam [GPa] RpO.O lam [MPa] Rp0.2 lam [MPa] Rm lam [MPa]
2/1 0.67 163.6 46.2 1334 1426 1694
3/2 0.60 159.0 53.9 1296 1404 1716
6/5 0.55 155.8 59.4 1270 1389 1733
6/5# 0.35 103.8 42.5 846 931 1178
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Figure 5.2: Simplified stress-strain relation of the laminate 6/5 and its components

5.5 Determination of the residual stress

The residual stress in the laminate will develop after cooling from the curing
temperature (120°C). The mechanism how it develops was described in section 2.1.
Table 5.3 shows a comparison of analytical results with the FEM calculation.

Table 5.3: Residual stress

Laminate 1-D calculation 2-D FEM analysis Difference
Gpr O met Opr Omet
[MPa] [MPa] [MPa] [MPa] [%] [%]
2/1 -148.1 75.7 -148.1 74.0 0 2.2
3/2 -136.9 93.3 -137.2 92.1 0.2 1.3
6/5 -127.3 106.1 -130.9 110.5 2.8 4.1
6/5# -53.9 100.6 -54.5 102.2 1.1 1.6

The residual stress has constant value in the particular laminate layer except the area
near the free edges. The plane stress distribution ends in the distance approximately
equal to the laminate thickness from the edge. In this region high stress gradients
exist, residual interlaminar shear stress develops and it reaches maximum value at
the free edge of the laminate.

The stress distribution in the proximity of the free edge was determined using the
FEM computer code ANSYS 5.5. A simple two-dimensional model of the laminate
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edge was built for each laminate configuration. Each layer was modeled by separate
set of PLANES2 elements (quadrilaterals with midside nodes). The model was
constrained by symmetric boundary conditions on the left side, the free edge was on
the right end of the model. The loading was defined by a temperature drop from the
reference temperature T,~=120°C to the uniform temperature of the model
Tunir=20°C.

Table 5.4: Residual interlaminar stress in the proximity of the free edge

Laminate | No adhesive layers 0.02mm adhesive layers
Sxy [MPa] Sxy [MPa]
2/1 41.0 27.3
3/2 44.0 27.4
6/5 45.0 26.8
6/5# 31.6 19.9

Residual Interlaminar Shear Stress

\ \ \ 45
laminate 2/1, no adhesive layer 40

— —laminate 2/1, ahesive layer 0.02 mm

Sxy [MPa]

7 5
/

0 1 2 3 4 /5

Distance from model symmetry [mm]  Free Edge

Figure 5.3: Interlaminar shear stress distribution along the length of 2/1 laminate models

Table 5.4 contains summary of the interlaminar stress results. It is necessary to
mention that two types of model for each laminate thickness were finally built. The
second type of the model includes also very thin layers (0.02mm) at the interface,
which have epoxy matrix properties. This should simulate that the fibers concentrate
more in the center and the matrix has higher concentration on the outer boundary of
the prepreg layer. This fact has high influence on the interlaminar shear stress
magnitude, due to significantly lower stiffness of the matrix compare to overall
stiffness of C/Epoxy layer. Therefore, the model incorporating thin layers of
adhesive should provide more realistic results. Table 5.4 shows about one third
lower stress when the layers of adhesive are included in the model. The distribution
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of the interlaminar shear stress along the model length is shown in Figure 5.3. It is
possible to see very steep gradient of the stress near the edge, where on a distance
less than 2mm the stress value changes from almost zero to the maximum value. All
calculated values are well below the guaranteed interlaminar shear strength listed in
the prepreg material specification, which is 80MPa.

5.6 Testing of mechanical properties

Basic mechanical properties tests including the tensile strength and elasticity
modulus, bending strength, interlaminar shear strength and lug bearing strength
measurements were performed. The universal testing machine Instron with built-in
tensiometric force gauge up to 20 or 50kN and data acquisition system HBM Spider
8 connected to PC were used for all static tests.

Mean value, dispersion and standard deviation were determined for all
measurements. Values of strength shown in this section are determined by
subtracting triple of the standard deviation from the mean value. Such calculated
numbers are guaranteed with 99.8% probability.

5.6.1 Steel-prepreg interface shear strength test

Study of the surface pretreatment influence on the steel-prepreg interface shear
strength was examined prior to the series of laminate sheet manufacture. Table 5.5
contains results of the shear strength tests. Eight different treatments were applied on
the surface of steel sheets based on in-house availability. C/Epoxy prepreg was used
as an adhesive for the test specimens - simple lap joints according to EN 1465
standard. Specimen dimensions were according to the standard except the sheet
thickness that remained identical with the sheet thickness used for the manufacture
of the laminate. Set of seven specimens was tested and the results evaluated for each
type of surface treatment.

Table 5.5: Shear strength of steel-prepreg interface

Surface treatment 1 2 3 4 5 6 7 8

Shear strength T, [MPa] 69 | 68 | 67 | 7.5 | 93 [207 [ 192 | 14.1

1 - degreasing in acetone + sandpaper 220

2 - degreasing in acetone + pickling in chromosulphuric acid

3 - degreasing in acetone + sandpaper 220 + pickling in HCI+H,0,+CH,
4 - degreasing in acetone + pickling in HC/+H,0,+CH,

5 - degreasing in acetone

6 - degreasing in acetone + sandblasting

7 - degreasing in acetone + sandblasting + coating with primer PFL 120
8 - degreasing in acetone + coating with primer PFL 120
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It shows that the surface treatment no. 6 (sandblasting) resulted in highest shear
strength. Unfortunately, the extent of sheet warping prevented the use of this
pretreatment for FML sheet manufacture. The danger of remaining air pockets
between individual heavily warped layers of the laminate during the curing process
would be very high. From this reason, sandblasting was not used as the pretreatment
for the laminate manufacture. Finally, the treatment no. 8 (coating by primer), that
provides lower shear strength but does not cause unfavorable sheet warping, was
selected as a compromise. This should not have any influence on the tensile strength
or elastic modulus, but there can be some influence on the interlaminar
characteristics of the laminate.

5.6.2 Interlaminar shear strength (ILSS) test

This test was conducted in accordance with EN 2563 standard. It is a three point
bending test of short beam with small span length as shown in Figure 5.4. The
specimen is loaded by shear stress and the shear failure (delamination) between
layers should occur. The loading speed according to the standard was 1 mm/min.
Laminate configurations 3/2 and 6/5 were tested. Specimen dimensions are
10x20mm, in both cases the thickness is different than 2 = 0.2mm defined in the
standard. Therefore, it was necessary to determine the span length from the
thickness using relation L, = 5k that is recommended by the standard for such cases.
The interlaminar shear stress is than determined by the following equation:

_ 3'PR

T = 1
o (1)

Where P; 1s the maximum force, b 1s specimen width and /4 is specimen thickness.

Table 5.6: Interlaminar shear strength

Set of specimens | IA | IB | IC | ID

ILSS T, [MPa] | 60.4[69.0[40.6]59.3

1A - laminate 3/2, longitudinally oriented fibers
IB - laminate 6/5, longitudinally oriented fibers
IC - laminate 3/2, transversely oriented fibers
ID - laminate 6/5, transversely oriented fibers

Figure 5.5: Delaminated specimen from 6/5 laminate Figure 5.4: ILSS test
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All tested specimens were damaged by multiple shear failure at the steel-prepreg
interface as shown in Figure 5.5. Another type of failure such as bending or local
buckling did not occur. The results show that the guaranteed interlaminar shear
strength listed in the prepreg material specification (80MPa) was not exceeded. As
expected the critical location from the delamination standpoint is the steel-prepreg
interface.

5.6.3 Tensile strength and elastic modulus measurement

The tensile strength test was conducted in accordance with the European standard
EN 2561. This standard contains methodology for testing unidirectional carbon fiber
composites. Specimens have simple, rectangular shape with length of 250mm and
width of 10mm. Considering the laminate structure (combination of orthotropic and
isotropic layers of material) the choice of any standard for tensile strength testing is
arguable. Test results and the type of fracture (see Figure 5.6), which was usually
located far enough from the fixed ends, show that the specimen shape according to
EN 2561 is fully sufficient. Seven specimens for each laminate thickness were
tested. Loading speed of 2mm/min was used. The values of tensile strength and
elastic modulus are specified in Table 5.7.

Table 5.7: Values of tensile strength and elastic modulus

Set of specimens TO TA TB TC

Tensile strength R,,, [MPa] 1633 1571 1561 1598

Elastic modulus E [GPa] 184.8 162.6 159.8 154.6

TO - steel AISI 301
TA - laminate 2/1
TB - laminate 3/2
TC - laminate 6/5

Slightly lower measured values of tensile |g
strength compare to calculated values are
most probably caused by the residual
stress. If we subtract the residual stress
from the calculated values of ultimate
strength, we obtain numbers that are very
close to the measured values.

Figure 5.6: Ruptured specimen after tensile test

5.6.4 Bending strength test

The test was performed in accordance with EN 2562 which is a three point bending
test with the span length of 80mm. The specimens are 100mm in length and 10mm
in width. A set of seven specimens from the 6/5 laminate was prepared. Bending
strength can be determined from the following formula:
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Where Py 1s the maximum force, Ly is the span length, b is the specimen width and 4
the specimen thickness.

Figure 5.7: Specimen after bending test

The value of bending strength from the statistical evaluation is 1630MPa, which is
very close value to the tensile strength of steel layers. The failure always occurred at
the tension side of the specimen. The failure appeared on both specimen sides only
in two cases, when the most compressed carbon layer failed and the metal layer
buckled as shown in Figure 5.7. However, the bending strength in these two cases
did not significantly differ from other measured values.

5.6.5 Lug bearing strength test

Specimens from the 6/5 laminate with unidirectionally oriented fibers and 6/5# with
biaxially oriented fibers were manufactured. Two different lug dimensions were
chosen to find out if any influence of lug size on the results exists. The smaller lug
has the hole diameter equal to Smm and the larger 9mm. In both cases the distance
from the hole center to the lug edge is one and half times the hole diameter
(e/D=1.5) and the specimen width is three times the hole diameter (b/D=3). This
kind of lug geometry presents a typical configuration for bearing strength testing [9].
Four sets, each containing five specimens, were tested. Resulting values of
maximum load and bearing strength are shown in Table 5.8. The specimen failure
was in all cases by lug rupture as shown in Figure 5.8.

Table 5.8: Bearing strength of laminate lu

Specimen set OTA | OTB | OTC | OTD

Ultimate bearing load Fp,x [kN] 17.5 21.9 36.0 434

Lug bearing strength o, [MPa] | 1359 | 1001 | 1481 | 1135

OTA -laminate 6/5 (t=2.75 mm), b=15mm, D=5mm, e/D=1.5
OTB -laminate 6/5# (t=4.30 mm), b=15mm, D=5mm, e/D=1.5
OTC -laminate 6/5 (t=2.75 mm), b=27mm, D=9mm, e/D=1.5
OTD -laminate 6/5# (t=4.30 mm), b=27mm, D=9mm, e/D=1.5
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Maximum ultimate bearing load of steel lug of
same dimensions, material and thickness equal
to six metal layers would be approximately
20kN for hole diameter D=5mm and 36kN for
D=9mm. It is obvious that the contribution of
prepreg layers is in the case of smaller lug
negligible, for specimen set OTA 1is the bearing
strength even slightly lower.

Figure 5.8: Ruptured specimen OTC3

This is probably consequence of local buckling of thin metal layers, which does not
happen when monolithic material is used. In case of specimen set OTD prepreg
layers contributed to ultimate bearing load by approximately 20%. It is possible to
presume that for larger lug dimensions the contribution of prepreg layers to the
ultimate bearing load will increase. The test results of larger size lug made of fiber-
metal laminate GLARE show that the contribution of prepreg layers to the ultimate
bearing load can range from 20 to 30% [7].

5.7 Fatigue tests of notched laminate specimens

Constant amplitude cyclic tests of notched specimens were carried out to study
fatigue crack initiation and growth in the laminate. All tests were performed with the
use of servo-hydraulic testing machine MTS 880 (110kN) controlled by Digital PDP
11/34 minicomputer at the Institute of Physics of Materials in Brno. A CCD camera
with objective in macro mode was used to observe the fatigue cracks. Specimens
with blunt notch (central hole) were manufactured from laminates 2/1, 3/2 and 6/5.
The specimen width was 30mm, length 250mm and the hole diameter 9mm. The
notch stress concentration factor is 2.45 for this type of geometry and isotropic
material. Specimens were tested under cyclic loading with constant amplitudes.
Testing was performed under load controlled sinus cycle with stress-cycle
asymmetry ratio R=0.04, which is a slightly pulsating tensile loading. Cycle with
R=0 is not suitable for this type of test due to possible buckling of thin specimens at
minimal load values. Result data of fatigue tests enable to create the crack
propagation curves as shown in Figure 5.9.
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Figure 5.9: Crack propagation curves at 800MPa maximum stress

It is apparent that the crack initiation occurs earlier in the laminate than in
monolithic steel sheet. This is caused mainly by lower stiffness of prepreg layers
compare to metal layers. Therefore, metal layers in the laminate are loaded more
than prepreg layers. Another factor is the residual stress after laminate curing.
Tensile residual stress in metal layers and compressive stress in prepreg layers are
the result of different thermal expansion coefficients and curing temperature. In spite
of these two disadvantageous factors the fatigue behavior of investigated laminates
is better than of monolithic steel specimens. Figure 5.10 shows the difference in
crack propagation rate for all types of specimens.
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Figure 5.10: Crack propagation rate - crack length relation
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Fatigue crack propagation speed in metals is a function of stress intensity factor K.
In fiber-metal laminates is the stress intensity factor in metal layers decreased due to
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crack bridging effect of fibers. The extent of K-factor decrease is depending mostly
on fiber stiffness and adhesion between individual laminate layers. Exact analytical
formulation of such K-factor decrease is complicated and was derived only for long
cracks [18,39]. Following solution is relatively easy and sufficient for estimation of
crack bridging effect [40]. If we call K, the stress intensity factor in a monolithic
specimen with crack, it is possible to determine the stress intensity factor in metal
layers of the laminate as:

Kmet,lam = Kmet'Kbr (3)

We can determine the stress intensity factor decrease K, from this equation if we
know K., and K, jam- Kne: can be calculated using following formula:

K,,=C-o-r-l 4)
Where C is a geometry factor related to finite specimen width, o is applied stress and
[ 1s the sum of the crack length and hole radius. This relation is valid for cracks
longer than 0.1 times the notch radius, where the influence of notch stress

concentration on the stress distribution at the crack tip is insignificant [41].

The value of K, 1. 1S possible to estimate based on the knowledge of v-K curve for
alloy used in the laminate:

1

v \8
Kmet,lam = (0() (5)

Where v = da/dN is crack propagation rate in the laminate, o and f are metal
material constants.

Value of the stress intensity factor decrease in metal layers of the laminate is
possible to obtain from the relation (3):

Kbr = Kmet'Kmet, lam (6)

Relative stress intensity factor decrease can be obtained as:
(7)

The relation of B, crack length and maximum stress of the cycle is shown in Figure
5.11. It is apparent that the stress intensity factor decrease K, is greater with

22



growing length of the crack. Table 5.9 contains calculated values of B at crack

length a=6mm.

Table 5.9: Calculated values of the relative stress intensity factor decrease

B ata=6mm | G, =600 MPa | Gpax = 700 MPa | Gmax =800 MPa | Gpax =1000 MPa
laminate 2/1 0.18 0.37 0.32 0.24
laminate 3/2 0.37 041 0.32 0.26
laminate 6/5 0.31 0.37 0.29 0.27
Laminate 3/2
0.5 ‘
——@—— Smax=600MPa
0.4 = H — Smax=700MPa S |
- - A- - -Smax=800MPa - :
‘g 0.3 H|— -%— - Smax=1000MPa .- -A
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Figure 5.11: Relative stress intensity factor decrease - crack length relation

It 1s apparent that the stress intensity factor decrease K, is greater for longer cracks.
The ratio B varies from 0.18 to 0.41 for crack length 6 mm, which means that the
stress intensity factor in metal layers is decreased due to crack bridging effect of
fibers by 18 to 41%. Results of the calculation show significant decrease of the
stress intensity factor in metal layers of the laminate. However, if compared with
values of B determined in [40] it is obvious that results obtained for GLARE are
noticeably better. Values of B varied between 0.75 and 0.8 for cracks in GLARE that
are 6mm long, which is about twice more than values obtained during this study.
Besides other facts like relatively low specimen fatigue life, this shows that the
crack bridging was less effective compare to GLARE.

6 CONCLUSIONS

The basic objectives of the study were successfully carried out. Based on
conclusions and discussion of particular problems that were solved, it is possible to
make following general conclusions.
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The materials applied as laminate components were selected properly. They are
compatible from the ultimate strength, strain and stiffness standpoints. The
manufacturing and testing of the laminate revealed that special attention is necessary
to focus on the surface pretreatment of the steel sheets prior to laminate curing.
Eight different types of pretreatments or their combinations were tested based on the
in-house availability. Selected methods were mechanical or wet-chemical, in two
cases also coating by primer was applied. The wet-chemical methods showed as
ineffective for the shear strength of the steel-prepreg interface. The sandblasting
resulted in highest shear strength, but caused extensive sheet warping that prevented
use of this treatment for laminate manufacture. Therefore, other type of surface
treatment (coating by primer PFL 120) was applied during the laminate
manufacture. This treatment appeared as sufficient for static mechanical properties.
However, with regard to the results of fatigue testing that are discussed further, it
would be interesting to evaluate use of new methods like the Silicoater® procedure
[37] that could well replace the sandblasting pretreatment.

Another task was to determine the manufacturing procedure for the laminate sheets.
Only small size sheets were manufactured during this test program in a pressurized
jig placed in hydraulic press. Selected manufactured sheets were examined by
ultrasonic scanner with minimum flaws found. Various cutting methods were tested
from the classical machining methods to the modern techniques. The abrasive water-
jet cutting shows as the most suitable method for this type of FML.

The testing has demonstrated that it is possible to produce FML based on Steel-
C/Epoxy with good mechanical properties. The laminate exhibits high tensile
strength (1560MPa and more) and bending strength (1630MPa). The test of
interlaminar shear strength showed also sufficient results. In order to assess the
laminate suitability for lug applications the bearing strength tests were performed. It
shows that the lug bearing strength is almost proportional to the metal volume
fraction in the laminate. Prepreg layers contribute more to the bearing strength if the
lug dimensions are larger.

It is possible to determine the basic mechanical properties with satisfactory accuracy
by calculation based on simplified relations. The calculated and measured values of
elastic modulus are practically identical with difference less then 1%. In case of
tensile strength, there is a difference of 7 to 9% (123 to 155MPa), which roughly
corresponds to the residual stress in the laminate. The relatively high residual stress
that develops during the curing process cannot be reversed by post-stretching like in
case of GLARE. The calculation of the residual stress showed very good agreement
between hand calculation and FEA.

The fatigue tests of blunt notched specimens showed only moderate increase of the
laminate specimen fatigue life compare to monolithic specimens. The crack
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initiation in the laminate is earlier, but the crack propagation rate and stress intensity
factor in the metal layers of the laminate show significant decrease if compared with
monolithic material. In the case of longer cracks, the fatigue behavior of the
laminate is distinctly better. Another important fact is that in some cases the failure
of metal layers did not cause the failure of entire specimen. This happens, when the
cyclic load i1s lower than the ultimate load of C/Epoxy layers in the laminate. It is
possible to say that behavior of the laminate was more damage tolerant than
behavior of monolithic sheets.

Some additional improvements increasing the adhesion between the laminate layers
would be beneficial for increasing the fatigue resistance. Another possibility how to
increase the fatigue resistance of the laminate could be the application of high
modulus carbon fiber prepregs or prestressing of fibers during the curing procedure.
Application of the three mentioned enhancements should result in obtaining of steel-
C/Epoxy laminate with distinctly improved fatigue performance.

This work was supported by project GA 101/97/0308 - Technology and Properties
of Composite Materials for Applications in Aerospace and Orthopedic Prosthetics
funded by Grant Agency of the Czech Republic.

7 SHRNUTI

7.1 Uvod

Vlakno-kovoveé laminaty byly vyvinuty na ptelomu sedmdesatych a osmdesatych let
v Holandsku na univerzit¢ v Delftu. Pfedstavuji skupinu materiali uréenych
piedevS§im pro pouziti v unavové velmi namahanych konstrukcich modernich
dopravnich letounti. Laminaty GLARE a ARALL jsou sloZeny z tenkych vrstev
hlinikové slitiny a prepregi s jednosmérné nebo dvousmérné orientovanymi
skelnymi ¢i aramidovymi vldkny (viz obr 1.1). Vznikne tak velmi pevny a tnavoveé
odolny materidl mezi jehoZz dal$i pfednosti patii nizkd mérna hmotnost, vyborna
odolnost proti prohoteni a prirazu. Prakticky jedinou vyraznéjs$i nevyhodou oproti
duralu jsou vyssi vyrobni néklady. V devadesatych letech byla v Delftu zkouSena 1
kombinace duralu a titanu s uhlikovymi vlakny s pomérné dobrymi vysledky [5]. Od
poloviny devadesatych let probih4 vyzkum tnavového chovani laminati GLARE v
ramci spoluprace s Delftskou univerzitou na Ustavu fyziky materiali AV CR v
Brné. Pro ovéfeni moZnosti pouziti dalSich materiall v této koncepci byly provedeny
vyroba a zkouSky vldkno-kovovych laminati na bdzi vysokopevnostni oceli a
uhlikovych vlédken v epoxidové matrici. Vysledky tohoto vyzkumu jsou shrnuty v
nasledujicich odstavcich.
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7.2 Cile prace

Cilem prace je studium chovani vlakno-kovovych laminati ocel-uhlik/epoxy.
Dostupna literatura neobsahuje zadné informace o vyzkumu takového typu laminatu.
Laminat ocel-uhlik/epoxy by mohl byt vyuzit pro soucasti, kter¢ musi vykazovat
vysokou pevnost a tuhost, dobrou unavovou odolnost a dalSi vlastnosti jako
protipozarni ¢i korozni odolnost atd. Nutnymi kroky pted ptistoupenim ke zkouSkam
jsou vhodny vybér materidlu a technologie vyroby. Nésledujici body shrnuji hlavni
oblasti prace:

stanoveni vhodné technologie vyroby laminati ocel-uhlik/epoxy
stanoveni zakladnich mechanickych vlastnosti

zkouska pevnosti laminatového oka na otlaceni

studium Gnavového chovani vzorka laminatu s tupym vrubem

Zkousky mechanickych vlastnosti zahrnuji statické zkousky interlaminarni smykové
pevnosti, pevnosti v tahu a ohybu dle norem EN. Pro posouzeni vhodnosti laminatu
pro zavésy budou provedeny zkousky oka na otladeni. Unavové zkousky vzorki s
tupym vrubem umoZni studium chovani laminatu pii cyklickém zatéZovani s
konstantni amplitudou. Bude mozno posoudit vliv vldken pfemostujicich trhlinu na
velikost soudinitele intenzity napéti.

Prace by méla piinést nové poznatky v oblasti vlakno-kovovych laminata a ptispét k
SirSimu  vyuZziti modernich kompozitnich materiald v letectvi piipadné dalSich
prumyslovych odvétvich.

7.3 Hlavni vysledky prace

7.3.1 PouZité materialy

Ze zkuSenosti s vyrobou laminath GLARE a ARALL plyne, Ze optimalni tloustka
plechlt pro pouziti v laminatu se pohybuje v rozmezi 0.2 - 0.5mm [20]. Plechy
mensich tloust’ek jsou pomérné drahé a obtizné se s nimi pracuje. Tlustsi plechy jsou
nevhodné, jelikoz tloustka laminatu o nejnizS§im poctu vrstev (dvé kovové a jedna
prepregova, dale jen 2/1) by byla pftili§ velkd. Ocelové plechy pouzité pro vyrobu
laminatu jsou z materidlu AISI 301 o tloustce 0.25mm. Mechanické vlastnosti z
materialového listu jsou uvedeny v tabulce 5.1. Pouzity prepreg bézné kvality Strafil
C-EP 1-150/42 firmy Hexcel Composites ma vyrobcem uvadénou tloustku po
vytvrzeni 0.14mm a obsahuje jednosmérné€ orientovana uhlikova vldkna v epoxidove
matrici. Pro standardni konfiguraci laminatu je pouZito vzdy dvou vrstev prepregu
na sob¢, takZe vysledna tlouStka prepregové vrstvy po vytvrzeni by méla Cinit
0.28mm. Ve skuteCnosti byla tloustka dvou rovnobé&zné orientovanych vrstev po
vytvrzeni 0.25mm.
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7.3.2 Vyroba polotovaru

Pro vyrobu desek laminatu o menSich rozmérech (max. 250x150mm) bylo pouzito
pfipravku s pryzovou membranou umisténého v hydraulickém lisu, jehoz horni i
dolni deska jsou odporové vyhtivany. Pro vyrobu vétSich polotovar je nezbytné
pouziti autoklavu. Pfed umisténim do lisu jsou mezi povrchové upravené plechy
umistény prepregové vrstvy. Pomoci valeCku je nutno odstranit eventualni
vzduchové bubliny a zajistit tak kontakt mezi prepregovou vrstvou a kovem na celé
ploSe. Prepreg v nevytvrzeném stavu mirné lepi, takze soudrznost nevytvrzeného
lamindtu je pomérné dobra. Vytvrzovani prepregu probihd po dobu 25 minut pii
teploté 120°C a tlaku 0.3MPa. Do pfipravku je mozno umistit vice desek na sebe
odd¢lenych separacni folii. Po vyymuti vytvrzené desky z piipravku a jejim
vychladnuti je mozno pftistoupit k vyrobé zkuSebnich vzorkii.

Timto postupem bylo vyrobeno 7 kusii desek 2/1, 3/2 a 6/5 s jednosmérné
orientovanymi vldkny o tloustkach 0.75, 1.25 a 2.75mm a 2 kusy 6/5# o tloustce
4.3mm s dvousmérn¢ orientovanymi vldkny (v tomto ptipadé bylo pouzito Ctyt
vrstev prepregu [0/90/0/90] které tvoii vrstvu C/epoxy).

7.3.3 Vyroba vzorkii

Bylo vyzkouSeno nékolik zptisobtl déleni laminatu od klasickych obrabécich metod
az po nejmodernéjsi technologie. Pii pouziti klasickych obrabécich metod (fezéani
hrubym frézovacim kotoucem ¢i pilou) je nutné sevieni laminatu v misté fezu mezi
ptiloZzky, aby se zabranilo delaminaci na okrajich laminéatu. Dale je nutné intenzivni
chlazeni laminatu, aby nedochéazelo k vypalovéani epoxidové pryskyfice. Pouzita
nerezova ocel AISI 301 ma Spatnou tepelnou vodivost. Pii fezani uhlikovych vldken
nastavd 1 pomerné rychlé otupeni obrabéciho néstroje. Bylo vyzkouSeno i fezéani
tenkym rozbrusovacim kotou€em, u kterého sice nedochéazi k rychlému opotiebeni,
zato k jestd vyrazné&j$imu ohfevu laminatu. Rezani laserem je proveditelné, plocha
fezu vSak neni pfili§ kvalitni, jelikoZ dolni polovina plochy fezu je pottfisnéna
tenkymi pfitavenymi kapkami (viz obr. 5.1). Jako nejvhodnéjsi se jevi a pro vyrobu
vzorkll byla pouzita metoda fezani vysokotlakym vodnim paprskem s abrazivem.
Kvalita fezu je obdobna jako u Cisté¢ kovového materialu. K delaminaci nedochazi
pokud je laminat fezan od voln¢ho okraje. V pfipadé nastteleni otvoru vodnim
paprskem dojde k lokalni delaminaci spodni kovové vrstvy. Proto je nutné pti fezani
uzavienych vnitinich tvartt bud’ pfedvrtani otvoru, nebo sevieni laminatu v misté
nastteleni ptilozkami.

7.3.4 ZkousSky mechanickych vlastnosti

Byly provedeny zkouSky pevnosti laminatu v tahu, méfeni modulu pruznosti,
zdanlivé interlaminarni smykové pevnosti a pevnosti oka na otlaeni. Dale byly
provedeny Unavové zkousky vzorkd s tupym vrubem, pii nichZ byla sledovana
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iniciace a Sifeni trhlin. Pro statické zkouSky byl pouzit univerzalni zkuSebni stroj
Instron se zabudovanym tenzometrickym snimacem sily do 20 nebo 50kN a méfici
ustfedna HBM Spider 8 ptipojena k PC.

Z naméienych hodnot byla vypoctena vybérova stiedni hodnota, rozptyl
a smérodatna odchylka. Hodnoty pevnosti uvadéné v tabulkdch jsou vypocteny
odectenim trojnasobku smérodatné odchylky od stiedni hodnoty. Takto vypoctena
hodnota pevnosti bude zarucena s pravdépodobnosti 99.8%.

Zkouska pevnosti ve smyku rozhrani ocel-prepreg

Pted vyrobou série polotovari bylo nutné vybrat optimdlni povrchovou Upravu
plecht tak, aby byla zajiSténa co nejlepsi smykova pevnost mezi jednotlivymi
vrstvami laminatu. Bylo aplikovdno osm riznych povrchovych tuprav plechi
a vyrobeny vzorky jednoduchych lepenych spojit dle EN 1465 u nichz bylo pouzito
prepregu jako lepidla. Pro kaZzdou povrchovou Upravu bylo vyrobeno sedm vzorkl
a vysledky byly statisticky vyhodnoceny. Z tabulky 5.5 je zfejmé, Ze nejlepSich
pevnostnich vlastnosti spoje bylo dosazeno pii pouziti postupu €. 6. Vzhledem
k vyraznym deformacim plechli po otryskadni vSak tento postup pro vyrobu
laminatovych desek nebyl zvolen. Namisto toho byl pouZit postup €. 8, ktery sice
nevykazuje tak vysokou pevnost, ale k nezddoucim deformacim plechli pfi ném
nedochazi.

Zkouska interlaminarni smykové pevnosti laminatu

Pro tuto zkousku dle EN 2563 byly nafezany vzorky o rozmérech 10x20mm. Jedna
se o zkousku tfibodovym ohybem na kratkém nosniku s velmi malou rozte¢i podpor
(viz obr. 5.4). Vzorek je namihidn smykovym napétim a k poruSeni dochazi
interlamindrnim smykem (delaminaci). Normou pifedepsand rychlost zatéZovani
¢inila Imm/min. Byly vyzkouSeny vzorky z laminatu 3/2 a 6/5. Vzhledem k tomu,
ze nebylo mozno dodrzet predepsanou tloustku vzorku (dle normy vysku #), bylo
nutno vypocitat vzdalenost podpor dle vztahu L,=5h. Velikost interlaminarni
smykové pevnosti se pak urci ze vztahu (1), kde P je maximalni sila, b je Sitka
a h je tloustka vzorku. U vSech zkouSenych vzorki doSlo k poruSeni nasobnym
smykem na rozhrani prepreg-ocel (viz obr. 5.5). Ani v jednom piipadé¢ nedoSlo
k poruseni ohybem nebo lokalni plastickou deformaci. Vysledky v tabulce 5.6
potvrzuji, Ze nebyla pfekrocena zaru€end interlaminarni smykova pevnost prepregu,
ktera je dle materidlového listu 80MPa. Jak bylo mozno ptedpokladat, kritickym
mistem z hlediska delaminace je rozhrani ocel-prepreg.

ZkouSka pevnosti v tahu

Zkouska pevnosti v tahu probéhla dle EN 2561. Norma je urfena pro zkouSeni
jednosmérnych uhlikovych kompozitl. Vzorky maji predepsanou délku 250mm
aSitku 10mm. Vzhledem ke struktufe laminatu (kombinace ortotropnich a
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izotropnich vrstev materidlu) je volba jakékoliv normy pro zkouSeni tahové pevnosti
diskutabilni. Vysledky zkouSek a piedevSim tvar lomu, ke kterému nedochézelo
v misté uchyceni (viz obr. 5.6), vypovidaji o tom, ze tvar vzorkli dle EN 2561 je
v plné mife dostacujici. Opét jako v piedchozich ptipadech bylo zkouSeno 7 vzorki
pro kazdou tlouStku lamindtu. Pouzita rychlost zatézovani dle normy byla
2mm/min. Hodnoty pevnosti v tahu a modulll pruZznosti jsou uvedeny v tabulce 5.7.

Zkouska pevnosti v ohybu

Jedna se o zkouSku tifibodovym ohybem dle EN 2562 s rozte¢i podpor 80mm.
Vzorky maji délku 100mm a Sitku 10mm. Byla zkouSena sada sedmi vzorku
z laminatu 6/5. Ohybovou pevnost 1ze vypocitat ze vztahu (2), kde P je maximalni
sila, Ly je rozte¢ podpor, b je Sitka a & je tlouStka vzorku. Pevnost v ohybu Cini
1630MPa, coz je hodnota velmi blizka tahové pevnosti kovovych vrstev laminatu.
K poruseni vzorkii doSlo ve vétsiné piipadi na tahové strané. Pouze ve dvou
pfipadech doslo jak k poruSeni kovové vrstvy na tahoveé strané tak 1 ke ztraté
stability na tlacené stran¢ vzorku (viz obr. 5.7). Hodnoty pevnosti se v téchto dvou
ptipadech vyrazné neliSily od ostatnich.

Zkouska pevnosti oka na otlaceni

Pro zkouSku pevnosti oka byly vyrobeny vzorky zlamindtu 6/5 s jednosmérné
orientovanymi vldkny a z laminatu 6/5# s vlakny piekiizenymi. Rozméry oka byly
zvoleny ve dvou variantach, aby bylo mozno alesponi zhruba posoudit vliv velikosti
vzorku na vysledky. Mensi oko ma primér otvoru Smm a vétSi 9mm. V obou
pfipadech byla zvolena vzdalenost od stfedu otvoru k okraji oka jako
jedenaptilnasobek priméru otvoru (e/D=1.5) a Sitka vzorku o velikosti trojndsobku
praméru otvoru (b/D=3). Takto zvolend geometrie oka pfedstavuje typickou
konfiguraci pro zkousky pevnosti na otlaceni [9]. Byly vyzkouSeny ¢tyfi sady po
péti kusech vzorkid. Vysledné hodnoty tinosnosti a pevnosti oka na otlaceni jsou
uvedeny v tabulce 5.8. K poruseni vzorkid ve vSech ptipadech doslo roztrZzenim oka
(viz obr. 5.8). Maximalni inosnost oka o stejnych rozmérech a tloust’ce odpovidajici
Sesti kovovym vrstvdm by Cinila zhruba 20kN pro D=5mm a 36kN pro D=9mm.
Z vysledkl je zfeymé, Ze podil prepregovych vrstev na Unosnosti laminatu je
v pfipadé¢ mensiho otvoru prakticky zanedbatelny, v pfipadé OTA je hodnota
pevnosti na otlateni dokonce nepatrné nizsi. To je zfejme nésledek lokdlni ztraty
stability tenkych kovovych vrstev, ke kterému u homogenniho materidlu nedochazi.
V piipad¢ sady vzorkti OTD se vrstvy prepregu podileji na tnosnosti zhruba 20%.
Lze ptedpokladat, ze pii vétSich rozmérech oka dojde 1 ke zvySeni podilu
prepregovych vrstev na Unosnosti laminatu. Vysledky zkousSek oka o vétSich
rozmé&rech vyrobeného z laminatu GLARE ukazuji, ze podil prepregovych vrstev na
unosnosti lamindtu se mize pohybovat mezi 20 az 30% [7].
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7.3.5 Unavové zkousky vzorkii s tupym vrubem

Unavové zkousky byly provedeny na servohydraulickém stroji MTS 880 (110kN)
fizenym pocitaéem Digital PDP 11/34 na UFM AV CR. Pro sledovéni inavovych
trhlin bylo pouzito CCD kamery s objektivem v reZimu macro. Pro tnavové zkousky
byly vyrobeny vzorky s centralnim otvorem z laminatd 2/1, 3/2, 6/5. Sitka vzorkd
byla 30mm, délka 250mm a primér otvoru 9mm. Soucinitel koncentrace napéti ve
vrubu je pro tuto geometrii vzorkii v piipad¢ izotropniho materidlu roven 2.45.
Vzorky byly zkouSeny pii riznych amplitudiach zatizeni. Materidl byl zatéZzovan
sinusovym cyklem v rezimu fizené sily s parametrem asymetrie cyklu R=0.04.
Jedna se o pulzujici zatizeni tahem velmi blizké mijivému cyklu. Cisté mijivy cyklus
pro tento typ zkouSek neni vhodny z divodu mozného vybocovani tenkych vzorkl
pi1 hodnotach zatéZujici sily bliZicich se nule. Vysledkem zkouSek jsou kiivky Sifeni
trhliny pfi konstantni amplitud€ napéti (viz obr. 5.9).

Je ztejmé, Ze k iniciaci tnavovych trhlin dochdzi u laminat diive nez u vzorki z
plechu. To je zpisobeno pfedevSim vlivem niz§i tuhosti prepregovych vrstev v
porovnani s vrstvami z oceli. Kovové vrstvy v laminatu jsou proto zatiZzeny vice nez
prepregové. Dalsim faktorem je zbytkové pnuti v lamindtu po vytvrzeni. Z diivodu
rozdilnych souciniteld teplotni roztaZnosti je po vytvrzeni v kovovych vrstvach
tahové a v prepregovych tlakové zbytkové napéti. Jeho velikost v kovovych vrstvach
se pohybuje od 75 do 115MPa, v zavislosti na poctu vrstev laminatu. Navzdory
témto dvéma nepiiznivé pisobicim vliviim je tUnavové chovani zkoumanych
laminat ve vétSiné piipadl lepsi nez vzorkil z oceli. Z obr. 5.10 je patrny rozdil v
rychlosti Sifeni trhlin u jednotlivych typl vzorkad.

Rychlost Sifeni unavovych trhlin v kovech je funkci faktoru intenzity napéti. Ve
vldkno kovovych laminatech je faktor intenzity napéti v kovovych vrstvach snizen
vlivem pfemosténi trhliny vldkny. Velikost poklesu zavisi pfedev$im na tuhosti
vldken a adhezi mezi jednotlivymi vrstvami laminatu. Pfesné analytické vyjadieni
poklesu faktoru intenzity napéti v laminatech je velmi komplikované a bylo
odvozeno pouze pro dlouhé trhliny [18,39]. Nasledujici feSeni je pomérné
jednoduché a pro vypocet plné€ dostacujici [40]. Oznacime-li faktor intenzity napéti
v monolitickém vzorku s trhlinou K, lze faktor intenzity napéti v kovovych
vrstvach laminatu vyjadfit pomoci rovnice (3). Z tohoto vztahu lze pii znalosti K., a
K et 1am ur€it hodnotu poklesu faktoru intenzity napéti Kj,.

Hodnotu K, 1ze vypocitat dle vztahu (4), kde C je geometricky faktor zohlediujici
vliv konecné¢ Sitky télesa, o aplikované napéti a / je soucet délky trhliny a poloméru
otvoru. Tento vztah plati pro trhliny delSi nez je 0.1 nasobek poloméru vrubu, kdy
vliv souclinitele koncentrace napéti v okoli otvoru jiZz nema podstatny vliv na
rozlozeni napéti na Cele trhliny [41]. Hodnotu K, ., 1ze odhadnout na zakladé
znalosti v-K kfivky pro kov pouzity v laminatu (5), kde v = da/dN je rychlost Sifeni
unavove trhliny v laminatu, o a f jsou materidlové konstanty kovu. Hodnotu poklesu
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faktoru intenzity v kovovych vrstvach laminatu pak lze vyjadfit ze vztahu (6).
Pomérny pokles faktoru intenzity napéti Ize vyjadiit jako (7).

Zavislost B na délce trhliny a maximalnim napéti cyklu je patrna z obr. 5.11. Je
zieymé, Ze pokles faktoru intenzity napéti K, je vyraznéjsi pro delsi trhliny. Pomér B
se pro délku trhliny 6mm pohybuje v rozmezi 0.18 az 0.41 (viz tabulka 5.9) coz
znamena, ze faktor intenzity napéti v kovové vrstvé byl vlivem vlaken snizen o 18
az 41%.

7.4 Zavér
Vytycené cile prace byly splnény. Na zaklad¢ dil¢ich zavért a diskuse v rdmci
jednotlivych feSenych problémi je mozné ucinit nasledujici celkové zavéry.

Materialy vybrané jako slozky laminatu jsou kompatibilni z hlediska pevnosti,
mezni deformace 1 tuhosti. Vyroba a zkouSky laminatu ukézaly, Ze zvlaStni
pozornost je nutno vénovat povrchové Upravé ocelovych plechli. Ac¢koli piskovani
vedlo k nejvyssi smykové pevnosti rozhrani ocel-prepreg nebylo pouZito z divodu
vyraznych deformaci plechi po otryskdni. Proto byla béhem vyroby laminatu
aplikovana jind povrchova uprava (natér primerem PFL 120), kterd se jevila jako
dostatecna z hlediska statickych mechanickych vlastnosti. OvSem s ohledem na
vysledky unavovych zkouSek lamindtu by bylo vhodné vyzkouSet pouziti novych
metod, jakou je napf. metoda zvana Silicoater® [37], kterd by mohla pro tuto
aplikaci dobte nahradit piskovani.

Dal8im ukolem bylo stanoveni vhodné technologie vyroby laminatu. V ramci této
studie byly vyrobeny pouze desky menSich rozmérli v pfipravku umisténém v
hydraulickém lisu. Bylo vyzkouSeno nékolik zptsobli déleni laminatu od klasickych
obrabécich metod az po nejmodernégjsi technologie. Jako nejvhodnéjsi se jevi a pro
vyrobu vzorkd byla pouzita metoda fezani vysokotlakym vodnim paprskem s
abrazivem.

Z vysledkli provedenych zkouSek lze konstatovat, Ze laminat vykazuje dobré
mechanické vlastnosti, pfedevS§im vysokou pevnost v tahu (1560MPa a vice) a
ohybu (1630MPa). Zkouska interlamindrni smykové pevnosti prokazala také
dostate¢né vysledky. Pevnost oka na otlaceni je imérna objemovému podilu kovu v
laminatu. Lze ocekavat vyssi podil prepregovych vrstev na tnosnosti pii vétSich
rozmérech oka.

Stanoveni  zékladnich  mechanickych  vlastnosti vypoftem na  zakladé
zjednodusenych vztahli je mozné s dostateCnou piesnosti. Vypoctené¢ a namétrené
hodnoty modulu pruznosti jsou prakticky totozné, rozdil je mensi nez 1%. V piipadé
pevnosti v tahu ¢ini rozdil 7 az 9% (123 az 155MPa), coz zhruba odpovida
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zbytkovému napéti v laminatu. To vznikne po vytvrzeni lamindtu a neni moZzno
zménit jeho orientaci plastickou deformaci jako u GLARE. Vypocty zbytkového
nap¢ti analyticky a pomoci metody konecnych prvkl vykazuji velmi dobrou shodu.

Na zaklad¢ studia inavového chovani vzorki s tupym vrubem lze fici, ze doslo jen k
mirnému zvyseni tnavové zivotnosti u vzorkd z laminatu v porovnani se vzorky z
intenzity napéti jsou niz§i v porovnani s monolitnim materidlem. V piipad¢ trhlin
vétSich délek je tnavové chovani laminatu vyrazné lepsi néZ je tomu u monolitniho
materidlu. Dal$i dileZitou skutecnosti je, ze v nékterych ptipadech neznamenala
porucha kovovych vrstev celkovou poruchu laminatu. K tomu dojde pokud je
cyklické zatizeni niz$i nez pevnost vrstev uhlik-epoxy v laminatu. Z téchto davodi
lze fici, Ze laminat je vice odolny proti unavovému posSkozeni v porovnani s
ocelovymi plechy.

Dalsi zlepSeni tinavovych vlastnosti laminatu je mozné predevSim zlepSenim adheze
mezi jednotlivymi vrstvami, pouZzitim prepregu s vlakny o vyssi tuhosti, piipadné 1
pfedepnutim vlaken béhem vytvrzovani. Provedeni takovych uprav by mélo mit za
nasledek laminat ocel-C/epoxy s vyrazné lep§im inavovym chovanim.

Prace vznikla za podpory grantu Grantové agentury CR, GA 101/97/0308 -
Technologie a vlastnosti kompozitnich materialii pro aplikace v letectvi a
ortopedické protetice.
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