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ABSTRACT
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1. INTRODUCTION trade name of fiber reinforced aluminum laminate
material is  ARALL"(aramid-fiber  reinforced
Aluminum alloys are usually used in the majority aluminum-alloy laminates). In the case of using
of aircraft industry. However, in the design of ARALL in aircraft structure, up to 60% higher
aircraft using aluminum alloys, fatigue behavior strength and 15~20% lower density has been
proves to be a limiting factor. Recognizing the predicted.”’~®
severe limitations imposed on the use of aluminum The fatigue crack growth resistance of the FRMLs
by fatigue, Vogelesang and Marissen at the Delft is primarily associated with extensive crack bridging
University of Technology developed a composite from unbroken fibers in the wake of the crack. The
material based on aluminum skins covering piles of fibers of high strength in the adhesive bond layers
aramid  fiber reinforced epoxy and named act as crack-bridging and restrain crack opening.

"FRMLs(Fiber Reinforced Metal Laminates)'. The The studies on the crack-bridging have been
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concentrated on that of fiber reinforced composite
materials.”

The primary objective of the present work is to
make FRMLs using Heracron and epoxy resin, that
KOLON and Han Kuk Fiber
quantitatively

were made by in
KOREA, the
magnitude of crack-tip shielding by crack bridging

and to measure

as well as crack closure in FRMLs.

2. EXPERIMENTAL PROCEDURE

2.1 Making of HERALL

The prepreg used in HERALL(HEracron-fiber
Reinforced ALuminum alloy Laminate) is made by
impregnating Heracron fiber. This prepreg consists
of an epoxy based adhesive system impregnated
in a 50/50 fiber
adhesive weight ratio. Making process is shown as
1~4 and the fiber direction is aligned in
the of 2024-T3
aluminum sheet. Curing is achieved at 1217TC.

with uniaxial heracron fibers,

Fig.

parallel to rolling  direction

Making of Prepreg
(Heracron-fiber and Epoxy resin)

A
Lamination of Prepreg and Al 2024-T3 (Fig. 2)

nd

Lay-Up of Laminates (Fig. 3)
4

Curing at Autoclave (Fig. 4)

Fig. 1 Process of making HERALL

Fig. 2 Lamination of Prepreg and Al 2024-T3
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Part (Laminate)
EBER® Seperator Film
GHEER Nylon Vacuum Bag
ST Release Agent
£X%Y Breather

Pressure Plate
B Breather Pad

Fig. 3 Lay-Up of Laminates

P
h:;stsure Autociave
Wall
Mould
Base
Plate

Vacuum

Fig. 4 Curing at Autoclave

2.2 Fatigue Test

The mechanical properties of materials used in
this study is shown as Table 1. Fatigue test were
performed using Shimadzu Fatigue Testing Machine,
in accordance with ASTM Standard E647-91
CCT specimen was used.

and

Table 1. Mechanical Properties of FRMLs and
Aluminum Alloy
Mechanical Properties HERALL | ARALL Al 2024-T3
Ultimate Tensile Strength, MPa| 507.8 569.7 412.7
Tensile Yield Strength, MPa 347.3 347.3 347.3
Tensile Modulus, GPa 67 64 72
Poisson’s Ratio 0.32 0.32 0.24
Tensile Strain to Failure, % 2.0 2.5 13.2

The condition for fatigue test is as follows.

: 231.6MPa

: 0.1

: Sine Wave 10Hz
Constant Amplitude
Initial Crack Length : 13.5mm

Final Crack Length : 37.5mm

Maximum Stress
Stress Ratio
Fatigue Wave
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The length of fatigue crack was measured using
traveller microscope and crack length vs cycles was

analyzed by Secant method.

2.3 Measurement of Effective Stress Intensity
Factor

The crack bridging of FRMLs decreases the
maximus stress and the crack closure of FRMLs
increases the minimum stress. The effective stresses
which actually influence on fatigue crack growth of
FRMLs are the effective maximum stress due to
crack bridging and the effective minimum stress due
to crack closure. The effective maximum stress in
cycles which actually influences on fatigue crack
growth due to crack bridging is measured by using
the difference of COD(Crack Opening Displacement)
between FRMLs and metal sheet which belongs to
the same kind of metal used in FRMLs.” Under
the equivalent fatigue stress, the COD of metal is
larger than that of FRMLs crack-bridged by fibers.
The effective maximum stress is measured from
COD-Stress diagram. In maximum COD of FRMLs,
the stress of metal is the effective maximum stress

caused by crack bridging(Fig. 5~6).
e

—

COD

Fig. 5 COD Difference in FRMLs and Metal under
Equal Stress

l

i
Effective Maxinnun Stress

STRESS

FRMLs

| FRMLs COD
i & Maximmm

Metal

— —- —

COD

Fig. 6 Effective Maximum Stress
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which
influcnces on fatigue crack growth s 1
Crack
measured by using Paris’ compensation metho

The effective minimum stress in cycles

actually

stress s
g 1o

crack opening stress. opening
The experimental block diagram for measuring an
effective maximum stress and an effective minimum

stress used in this study is shown as Fig. 7.

Load Celt |
o4
(5 : FRMLs
L.s|PC -
B |cop gage | AD Convertor| B/
FRMLs R i Amplifier (e !
CCT Specimen cop
oV | FRMLs
: 2 /
e g // .
Load Cell, ! @ | £ Meal
[ H :
1) ; Ml COD
A oo hbe |
COD ofvertor g
Metal R B £ Amplifier g -~
cCT Q@ CcoD
0¥

Fig. 7 The Experimental Block Diagram

2.4 Measurement of Crack-bridging Zone

In order to determine the location and size of the
bridging zone of unbroken fibers behind the crack
tip, experiments were performed where the wake of
the crack was progressively removed while
simultaneously monitoring the change in COD of
FRMLs.

arrested crack that had been cycled for 107 cycles

The experiment was conducted on an
at an apparent threshold. Using a fine saw, a lmm
wide slot was machined from the V-notch along the
dormant crack to within 0.2mn of the crack tip.
Approximately every Imm, the COD was measured
the of

specimen, while monitoring the length of the slot

using COD gage mounted on center
length and remaining portion of the crack with a
travelling microscope. The threshold of 4K in
HERALL and ARALL was all 7.7MPa-m'
Slotting fibers bridging the crack of metal layers
increase COD of FRMLs. In machining FRMLs
using a fine saw, the crack bridging zone is where

the COD increase sharply.

3. EXPERIMENTAL RESULTS AND
DISCUSSION
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3.1 Fatigue Crack Growth Behavior
The results of the constant-amplitude fatigue crack

propagation tests on monolithic aluminum and

FRMLs are shown in Fig. 8~10. Fatigue crack

propagation in the monolithic aluminum is faster
than that in FRMLs. This indicates that the fatigue
crack growth resistance of FRMLs is extremely
higher than that of monolithic aluminum.
30T——— g e b
o Maxinum Stress
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Fig. 8 Fatigue Crack Length vs Cycles of Al

2024-T3(R = 0.1)
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Fig. 9 Fatigue Crack Length vs Cycles of HERALL
and ARALL (R = 0.1)
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£ - e m HERALL
g 1 ARALL
H 5 Al 2024-T3

Delta-K (MPs m ™ 1/2)

10 Relation between Fatigue Crack Growth
Rale and Stress Intensity Factor Range

Comparing FRMLs with Al 2024-T3

Fig.

3.2 Measurement of Effective Stress Intensity
Factor
The extrinsic mechanism affects the applied crack
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driving force AK defined as eq. [1], which
decreases the effective Kmaw and increase the
effective Kmin. Accordingly, the effective

stress-intensity experienced at the crack tip may be
defined as eq. [2].

AK = Kmax - Kmin [l]
where 4K = Stress Intensity Factor Range

Kmax= Maximum Stress Intensity Factor

Kmin= Minimum Stress Intensity Factor
AKer = Kor - Ko [2]

where 4Ky = Effective Stress Intensity Factor Range
K= Effective Maximum Stress Intensity Factor

K= Effective Minimum Stress Intensity Factor

The effective Kmax(Kir) due to crack bridging was
measured using a COD-Stress method. The COD
difference of FRMLs and metal sheet in Fig. 11~
12 represents the effective stress due to crack
bridging. The experimental COD-Stress curves of
HERALL and ARALL are steeper than that of
2024-T3 aluminum sheet. Thus, at a maximum
CODs of HERALL and ARALL,
2024-T3 aluminum sheet is the effective maximum
As in Fig.11~12, the measured
of HERALL and
166MPa, while the
231.6MPa. The
measured reductions of maximum stress due to
crack bridging are 29.3% and 28.3% in HERALL
and ARALL.

2507~

the stress of
stress. shown
maximum  stresses
163.7MPa and
was

effective
ARALL were

applied maximum stress

231.63MPa ]

HERALL -~

- 163.7 MPa

Iy
3

7 A12024T3

e

Stress (MPa)

2
3

g

0.006 Teor

" o.004 0.008

COD Gage Strain

0.002 0.012

Fig. 11 Effective Maximum Stress in HERALL
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, 231.63MPa |, , s .

oo : : As noted above, the crack bridging 7one is where
. ] ARALL tl“ ipe E the COD sharply increase in machining FRMLs
£ 150 1
N , i using a fine saw. The results of measuring COD
£ ol ; onals hini | e slot

; Al 2024-T3 : gage signals in machining a lmm wide slot are as

] E i shown in Fig. 15~16. The COD increased sharply
Dl 0.002 0.004 0.006 0.008 0.01 0.0'12 as the laSt 4mm Of wake were removed. ThiS
€OD GrenStemin indicates that the fibers in this region were

Fig. 12 Effective Maximum Stress in ARALL

In  FRMLs
source of crack closure arises from wedging of

and aluminum alloy, the principal
crack surfaces by fracture-surface asperities(roughness
-induced closure), aided by that induced by cyclic
plasticity in the wake of the crack tip. The effective
Kmin(Ke) due to crack closure was measured using a
COD gage mounted on the center of specimen and
Paris' compensation method. The increase the
effective Kmin of HERALL, ARALL and 2024-T3
aluminum alloy were about 11%.

As shown in Fig. 13~14, the effect of extrinsic
mechanisms studied in the paper may be judged by
crack

in

using both crack bridging and closure

corrections to compute K.y values from eq. [2].
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Fig. 13 Effective Stress Intensity Factor Range of
HERALL
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Fig. 14 Effective Stress Intensity Factor Range of

ARALL
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originally intact across the fatigue crack and were
bridging cracks of 2024-T3 aluminum sheet.

HERALL

6E02 R

Bridging Zone

5E-02
4mum

COD Gage Strain

Fig. 15 Crack-Bridging Zone lLength of HERALL
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S :
e

sEu:-{ff

ARALL

“E02

6E-02
[
t
SE0Z |
“

4E-02

3E-02

COD Gage Strain

-
{

deeet
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Crack Length

Fig. 16 Crack-Bridging Zone Length of ARALL
4. CONCLUSIONS

Based on an experimental study of fatigue crack
propagation and extrinsic mechanisms in FRMLs and
2024-T3 the
conclusions can be obtained.

a aluminum  alloy, following

1) The fatigue resistances of HERALL and ARALL

were vastly superior to that of 2024-T3

aluminum alloy.
2) The reductions of effective maximum stress of
HERALL and ARALL due to crack bridging
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4)

were about 29.3% and 28.3% of maximum
stress.
The lengths of crack bridging zone of HERALL

and ARALL was all about 4mn.

The increase of minimum stress intensity factor
in FRMLs were 11% of minimum stress
intensity factor.
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