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ABSTRACT

Fiber reinforced metal laminates(FRMLs) were new type of hybrid materials. FRMLs consist of high strength
metals(Al 5052-H34) and laminated fiber with structural adhesive bond. The effect of resin mixture ratios on the
fatigue crack propagation behavior and mechanical properties of aramid fiber reinforced aluminum composites was
investigated. The epoxy, diglycidylether of bisphenol A(DGEBA), was cured with methylene dianiline(MDA) with
or without an accelerator(K-54). Eight kinds of resin mixture ratio were used for the experiment ; five kinds of
FRMLs(1)(mixture of epoxy and curing agent) and three kinds of FRMLs(2)(mixture of epoxy, curing agent and
accelerator). The characteristic of fatigue crack propagation behavior and mechanical properties FRMLs(2) shows
more effecting than that of FRMLs(1).

Key Words: Fiber Reinforced Metal Laminates(FRMLs), prepreg, matrix resin, curing agent, accelerator, resin
mixture ratio, Diglycidylether of Bisphenol A(DGEBA), stress intensity factor(K), fatigue crack
growth rate(da/dN), stress intensity factor range( 4K)

1. Introduction

Composite materials consist of a reinforcement
and a matrix resin. Properties of composite materials
are explained by the rule of mixture which shows
intermediated properties of reinforcement and matrix
resin?, However, the rule of mixture is not applied
for many cases practically because properties of
composite materials are influenced considerable by the
interfacial bonding strength of reinforcement and
matrix resin®?.

The interlaminar of composite materials transmits
an external fatigue, a stress and a strain to the fiber,
and improves the uniformity and continuity of the
reinforcement. Therefore, the mechanical properties of
composite materials can be highly enhanced by the
improvement of the interfacial bonding strength(sq).
In this study, the prepreg was manufactured by

mixing of the thermosetting epoxy resin(Diglycidylether

%

of bisphenol A type(DGEBA), YD-128, KUKDO
Chemical), the curing agent(Methylene dianiline,
MDA-150, KUKDO Chemical) and the accelerator
(Tris(dimethylamino methyl) phenol, K-54, KUKDO
Chemical). There the
aramid fiber was wetted by the resin with the

impregnated unidirectional

variation of the resin mixture ratios. The prepreg of
the various the resin mixture ratio was cured between
the surface treatment aluminum alloys(Al 5052-H34)
using the hot-press.

So, in this paper, the bending strength and the
fatigue crack propagation behavior investigated using
specimen produced by the process. Particularly, in this
experiments, it was investigated of the influences of
the resin mixture ratio on the bonding strength, the
bending strength and the fatigue crack propagation
behavior.

Also, when the ideal equivalence resin mixture
ratio of <l:1> is applied the optimal content of
accelerator to show the highest adhesive strength was
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investigated®”. The interfacial adhesive strength and

the fatigue crack propagation properties with various
the resin mixture ratios were examined by the
bending test and the fatigue crack propagation test.
And then the resin mixture ratio showing the highest
mechanical properties was investigated.

2. Experiment

2.1 Manufacture of FRMLs
2.1.1 Manufacture of Prepreg

FRMLs(Fiber Reinforced Metal Laminates) consist
of aluminum alloy plate and prepreg generally. Two
kinds of prepreg were manufactured with fibers
wetted by different resins. The one is made of the
unidirectional aramid fiber wetted by the mixture of
epoxy resin and curing agent. The other is made of
the mixture of epoxy resin, curing agent and
accelerator. In the former case, five kinds of the resin
mixture ratio were used. In the latter case, three kinds
of the resin mixture ratio were used. The reason of
using accelerator is for the comparison between the
specimen with accelerator and the specimen without
accelerator. And the best content of accelerator for the
bending strength and the fatigue crack propagation
properties are tried to find. The resin made by
mixture ratio <1:1> contents of the epoxy and curing
agent was modified by accelerator with content 10, 20
and 30 percent.

It is shown in Table 1 of five kinds of the resin
mixture ratio of epoxy and curing agent for the
manufacture of FRMLs.

The mixture ratio of samples was the volume ratio
calculated from the based on the equivalence ratio.
According the volume ratio in Table 1, the prepreg
was manufactured by unidirectional aramid fiber
wetted by resins. And both face of prepreg was
sandwiched by laminated aluminum alloy plates(Al
5052-H34) of thickness 0.5 mm. Laminates specimen
thickness was 2 mm. This specimens with five kinds
of the resin mixture ratio were named as FRMLs(1).

Table 2 displays the resin mixture ratios of the
FRMLs(1) with accelerator. The content of accelerator
was 10, 20 and 30% of epoxy content. Resin made
on the ground of volume ratio was shown in Table 2.

Prepreg was manufactured by the unidirectional
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aramid fiber wetted by the resins. And both face
prepreg was sandwiched by aluminum alloy plate(Al
5052-H34) with thickness of 0.5 mm. The laminates
specimen thickness was 2 mm. Specimen of three
kinds of resin mixture
FRMLs(2).

ratios wers named as

Table 1 The resin mixture ratio system of FRMLs(1)

Factor Epoxy + Epoxy +
Curing agent Curine < Thickness
Component \ uring agent
(Equivalence | o (mm)
Name ratio) (Volume -atio )
Al 5052
- - 0.5
-H34
1:0.50 312 : 74.80 1
# 1:075 312 : 11222 1
FRMLs(1)
Prepreg 1:100 312 : 149.6 1
1:1.25 312 : 187.0 1
1:1.50 312 : 2244 1

" Volume ratio = (Molecular weight / Specific gravity)
x Equivalence ratio
* FRMLs(1) : Fiber Reinforced Metal Laminates(1)

Table 2 The resin mixture ratio system of FRMLs(2)

Factor
Epoxy +
Curing agent Epoxy + Curing |Thick-
Component | + Accelerator |agent + Accelerator| ness
(Equivalence (Volume ratio) (mm)
ratio)
Name
Al 5052
- - 0.5
-H34
- 1:1:01 |312:1496:379( 1
FRMLs(2) 1
Prepreg | 1:1:02 |312:1496:758| 1
Pi1:03 [312:1496 : 113.8] ]

" 10, 20 and 30% of epoxy content
™ FRMLs(2) : Fiber Reinforced Metal Laminates(2)

2.1.2 Lamination and Curing

It is shown in Fig. 1 of the laminates type of
FRMLs(1) and FRMLs(2) and the curing method.
Rolling direction of Al 5052-H34 plate and fiber
direction of the unidirectional prepreg in the same
direction for the sake of bonding force improvement.
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The hot-press for curing is shown in Fig. 1. Artificial
bonding there is a deformation on FRMLs because of
materials with a different thermal expanse coefficient
by curing. In case of laminates of Fig. 1 (a), during a
curing, FRMLs should have a residual compressive
stress in the prepreg layer and a residual tensile stress
in aluminum alloy plates. It is because a fiber will
shrink in the fiber direction during cooling from the
curing temperature by the reason why existing prepreg
is manufactured by B-stage.

roToTUvov
LAMINATION

HOT PRESS

(a) Lamination

'(b) Curing
Fig. 1 Schematic diagram of FRMLs manufacture
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Fig. 2 The curing cycle of FRMLs(1) and FRMLs(2)

Fig. 2 displays the curing cvcle applied in
FRMLs(1) and FRMLs(2) specimen. The curing
temperature was 120°C. The time was 90 minutes, and
the pressure was 1.2 MPa. The pre-heating time was
30 minutes and the quenching time was 30 minutes.
Therefore a specimen can be made stable chemically.

2.2 3-point bending test

It is shown in Fig. 3 of the 3-point bending test.
According to the resin mixture ratio, the maximum
bending strength was measured. Moreover, the

shearing strength was investigated on the interface of

fiber layers and aluminum layers.

This test was performed based on ASTM D
790M-95"” and an universal testing machine(DDS-
10T, Shimadzu Co.) was used.

L2 _|_ L2

Support Span

Note : Maximum Radius Support = 1.5 Times Specimen Depth

Maximum Radius Loading Nose = 4 Times Specimen Depth
Nominal Specimen Depth (mm) ; 2
Specimen Width (mm) ; 25
Specimen Length (mm) ; 50
Support Span (mm) ; 32

Fig. 3 Schematic diagram of loading nose and support
on 3-point loading

2.3 Fatigue crack propagation test

Fig. 4 displays the CCT(Center Cracked Tension)
specimen for the fatigue crack propagation test.

The CCT specimen has an artificial notch of 13.5
mm from the circular hole. Test was performed based
on ASTM E 647-95"". Applied stress was 45 percent
of yield stress, 180 MPa of Al 5052-H34 presented in
ASTM B 209-95"%, Therefore the maximum stress
was 81 MPa the stress ratio was 0.1. And the stress
wave form was sinusoidal with 10 Hz.

2a (=27) d=22 ">

FE—

O
g

|' 2W(
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- >

Fig. 4 Shape of CCT specimen (unit : mm)

The stress intensity factor range(A K) at crack tip
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of CCT was calculated by Eq. (1). Where f(a/w) was
the geometry factor of CCT specimen(m.

AdK = f(a/W) doVrma )

where,
patw) = | i sec 55

1 —0.025(-;%,)2+o.06(%,)4]

Fig. 5 Equipment and travelling microscope

It is shown in Fig. 5 of grip parts of the fatigue
test equipment(EHF-ED 10-20L, Shimadzu Co.) for
the fatigue crack propagation test. From the artificial
notch the crack length was measured at every 1 % 10°
cycle using the travelling microscope.

3. Result and discussion

3.1 3-point bending test

It is shown in Fig. 6 of the result of the
maximum bending strength with respect to resin
mixture ratio.

The maximum bending strength FRMLs(1) shows
approximately 2 times improved compare with that of
Al 5052-H34 with the same thickness. The maximum
bending strength FRMLs(2) shows approximately 2.2
times improved compare with that of Al 5052-H34
with the same thickness. As a result of the bending
test, FRMLs(2) with accelerator shows approximately
10% more improved the maximum bending strength
than FRMLs(1) without accelerator.
not

Therefore an

accelerator  improves only reduction of a

36

manufacture process and a catalytic action of curing
but also the mechanical properties of specimen. The
maximum bending strength of FRMLs(]) takes place
at the
variation of bending strength with respect to the

resin mixture ratio <1:1>. However the
change of accelerator content was not- observed.

The maximum bending strength of FRMLs(2) was
not proportional to increment of accelerator. When the
accelerator content was 20%(<1:1:0.2>), the maximum
strength was obtained. But the
accelerator content was 30%(<1:1:0.3>), the bending
strength decrease with the content. That is to say, the

bending when

optimal accelerator content is 20% of the epoxy
content.

60
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Fig. 6 Result of three-point bending test

3.2 Fatigue crack propagation test

It is shown in Fig. 7 of the fatigue crack
propagation properties versus cycles. In Fig. 7 (a) and
(b), the fatigue properties of FRMLs(2) is superior to
fatigue properties that of FRMLs(1). For example, in
Fig. 7, FRMLs(2) shows improvement of fatigue life
7 times to 14 times longer than Al 5052-H34 with the
same thickness. It is because of the crack closure of
interlaminar at stronger fiber layer than aluminum
layer. Therefore, it is shown that Al 5052-H34 shows
fast crack propagation during the regular cycle. Also,
fiber layer would not be failed by crack, and the
main crack reduce stress intensity factor and COD at
crack tip. Therefore crack propagation rate is reduced.
This phenomenon is explained by the crack-bridging
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which causes the crack propagation retardation®.

The crack propagation behavior of FRMLs(1) at
the resin mixture ratios <1:0.5>, <1:0.75>, <I:1>,
<1:1.25> and <1:1.5> shows similar aspect until 2 X
10* cycle. However, it appears remarkably different
on the crack propagation rate over 3 x 10* cycle. On
<l:1> shows
extremely superior fatigue life. The resin mixture ratio
<1:0.5> shows the shortest fatigue life. Therefore the
resin mixture ratio <I:1> and <1:0.5> shows the

the whole, the resin mixture ratio

different fatigue life at approximately 6 X 10* cycles.
Moreover, Fig. 7 (b) at the resin mixture ratio
<I:1:0.1>, <1:1:0.2> and <1:1:0.3> is similar to Fig.
7 (a), but Fig. 7 (b) longer fatigue life than Fig. 7
(a). FRMLs(2), shows the fatigue life approximately
13 times to 18 times longer than Al 5052-H34. In
case of FRMLs(2) the crack propagation rate shows
divergence over 8 x 10* cycles.

The resin mixture ratio <1:1:0.2> shows the most
stable crack propagation. Between the resin mixture
ratio <1:1:0.2> and <1:1:0.3>, the difference of the
fatigue life according to 10% of accelerator content is
approximately 4 x 10* cycles. Also, because FRMLs(2)
is FRMLs(1) containing 10, 20 and 30% accelerator in
the resin mixture ratio <t:1>, FRMLs(1) at the resin
mixture ratio <I:1> need to be compared with
FRMLs(2). The resin mixture ratio -<1:1:0.1> shows
similar tendency to FRMLs(1) of the resin mixture
ratio <l:1>. When the epoxy resin is added by 10%
accelerator of content, the increment of fatigue crack
propagation properties was not show. But by the
addition of accelerator content 20%, the remarkable
improvement of fatigue crack propagation properties
was shown. When the accelerator is added to 30%,
extremely high fatigue crack propagation takes place.
the of
accelerator over 30% most of prepreg curing is done
temperature
FRMLs(2). Consequently, it is main reason to the

Over-hardness is occurred by mixing

at room in manufacture process of
decrement of interlaminar force of prepreg and the
delamination. The delamination weaken the interlaminar
bonding strength by cyclic interlaminar shearing stress
the effect
mechanism was decreased.

around crack, and of crack-bridging
Roebroeks'™ found that the delamination would

start at the different distance from a crack tip. Finally,

3

the resin mixture ratio <I1:1:0.3> shows noticeable
decrement of fatigue life in comparison with the resin
mixture ratio <1:1:0.2>.
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Fig. 7 Result of fatigue crack propagation test

It is shown in Fig. 8 of relation between cycle
and the stress intensity factor range. In case of the
resin mixture ratio <1:0.5>, <1:0.75> and <1:1.25> in
Fig. 8 (a), the stress intensity factor range(A K) does
not show any difference until 4 x 10* cycle. The
increment of cycle is proportional to that of the stress
intensity range(A K),
increases over 5 x 10° cycle.

factor and exponentially
The stress intensity factor range(A K) in stress
field of crack tip shows the lowest at <l:1> The
difference of stress intensity factor range(A K) was 40
MPa: m"? between the resin mixture ratio <I:1> and
the resin mixture ratio <1:0.5>.
In Fig. 8, the difference between resin mixture

ratios <I1:1:0.1> and <1:1:0.2> makes a little
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difference of A K than Fig. 8 (a). Therefore, it is
found that FRMLs(2) shows the superior properties of
fracture toughness than FRMLs(1).
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distinguished increment than that of the resin mixture
ratio <1:1:0.1> and <1:1:0.2>.

It was shown in Fig. 9 (b), (¢), (d), (e) and (f) of
relation between the fatigue crack growth rate(da/dN)
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Fig. 8 Result of relation between 4K and number of
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FRMLs(1) at <1:1> and FRMLs(2) show that the
resin mixture ratio <i:1> and <1:1:0.1> have similar
tendencies of Fig. 7 (b). Over 5 x 10* cycle, the
slope of <1:1> becomes steeper than that of <1:1:0.1>
as cycle increases. As a result, it is known that the
accelerator acts as a decreasing factor of the stress
intensity factor range at a crack tip. The increment of
interlaminar bonding strength as result of accelerator
of optimal contents induced stable crack growth and
then increased fatigue life. But, in case of accelerator
over additive 30%(<1:1:0.3>}, it's a bad influence on
fatigue crack propagation properties. Also, A K of
mixture ratio <1:1:0.3>  shows

resin more

and the stress intensity factor range(A K) at
FRMLs(1).
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Fig. 9 Relation between fatigue crack growth rate

(da/dN) and stress intensity factor range( 4K) in

FRMLs(1)

It is shown in Fig. 9 (a) of a result of fatigue
crack growth rate(da/dN) and stress intensity factor
range(A K) in Al 5052-H34. Data of FRMLs(1) are

¥

very scattered. This result is caused by irregular crack
5052-H34
propagation rate after a accelerating of certain cycles.

propagation rate. Al shows that crack
On the contrary, in case of FRMLs(1) the irregular
crack propagation rate have nothing to do with
increase of cycles.

As mentioned above, the irregular
propagation rate is due to the result from the crack
closure and the crack-bridging effect by the fiber

crack

layer. The scatter range depends on the resin mixture
ratio. Which means that the scatter is correlated with
the irregular bonding strength of the fiber layer and
the aluminum layer. Namely, energies of specimen
transmitted by external force were not reserved as
through the
aluminum layer. Accordingly, in case of unstable

elastic energies interlaminar  from
interlaminar bonding, energies of specimen transmitted
by external force that don't reach the fiber layer are
consumed for the crack propagation of the aluminum
layer with unstable interlaminar bonding. As crack
and fiber
perpendicular, the crack-bridging effect increases
according to interlaminar bonding force. Consequently,

propagation  direction direction was

the resin mixture ratio <1:1> with the lowest slope is
the ideal resin mixture ratio because the accelerator
content was a variable of the interlaminar bonding
force. In the meantime, aramid fiber and wicked
impregnation of epoxy resin was the cause of fiber
buckling under the compressive loading(m). Therefore,
rapid curing due to too much accelerator causes
buckling.

In Fig. 9, low gradient of the crack growth rate
means that the crack growth rate doesn't change
during the crack growth. When data in Fig. 9 is can
be fitted by Paris equation, i. e., da/dN = C(A K)",
coefficient m is 1 x 107~ 3 x 107 m/cycle.

It is shown in Fig. 10 of the relation between the
fatigue crack growth rate(da/dN) and the stress
intensity factor range(A K). It shows that the crack of
FRMLs(2) grows more slowly than FRMLs(1). The
resin mixture ratio <l1:1:0.2> shows the optimal
fatigue failure properties because the slope is the
lowest. However, the crack growth rate of resin
mixture ratio <1:1:0.3> increases rapidly for over
30% accelerator content, and that is, the fatigue
properties appears excessive accelerator content.
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Fig. 10 Relation between fatigue crack growth rate
(da/dN) and stress intensity factor range( 4K) in
FRMLs(2)
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From the point of view of fatigue crack
propagation rate(da/dN), the fatigue crack of
FRMLs(1) propagates faster than that of FRMLs(2). It
means that the addition of accelerator contributes to
the improvement of the interlaminar bonding force.

In addition, FRMLs(1) of resin mixture ratios
<1:0.5>, <1:0.75>, <1:1.5> and FRMLs(2) of resin
mixture ratio <1:1:0.3> have similar data scatter.
Considered that da/dN variation more accelerate than
A K variation in except optimal resin mixture ratio
with the resin mixture ratio <1:1> of FRMLs(1) and
<1:1:0.2> of FRMLs(2). The relation between da/dN
and A K shows that the slope is stiffer according to
resin mixture ratio except optimal resin mixture ratio
<1:1>, <1:1:0.2>. Coefficient m is shown approximately
1.5 x 107 ~ 25 x 107 m/cycle at FRMLs(1) and
FRMLs(2).

4. Conclusion

In this study, the effect of the resin mixture ratio
on mechanical properties and the fatigue crack
propagation behavior of FRMLs(1) and FRMLs(2)
was investigated. The obtained results are as follows.

(1) The bending strength of FRMLs(1) shows
approximately 2 times more improved than that of Al
5052-H34 and the bending strength of FRMLs(2)
shows approximately 2.2 times more improved than
that of Al 5052-H34.

(2) In case of FRMLs(1), the resin mixture ratio
<1:1> shows the maximum fatigue life, and in case of
FRMLs(2), the resin mixture ratio <1:1:0.2> shows
the maximum fatigue life. Accordingly, the optimal
content of an accelerator is 20% of an epoxy resin
content. On the whole, the fatigue life of FRMLs(2)
increased to 16% longer than that of FRMLs(l).

(3) The fatigue crack propagation rate of
FRMLs(1) and FRMLs(2) are longer than that of Al
5052-H34. Therefore the fatigue life of FRMLs(1) and
FRMLs(2) was longer.

(4) The fatigue crack propagation rate(da/dN) of
FRMLs(1) is higher than that of FRMLs(2).

Reference

1. A. B. Strong, "Fundamentals of Composites



Sam-Hong Song and Cheol-Woong Kim: International Journal of the KSPE, Vol. I, No. 1

Manufacturing Materials, Method and

Applications,” SME, Vol. 11, pp. 71~77, 1989.
2. C. E. Knox, "Handbook of Composite(G. Lubin

Ed.)," Van Nostrand Reinhold, New York, 1882.

3. A. Proctor and P. M. A. Sherwood, "Carbon," Vol.
21, p. 53, 1983.

4. ]. B. Donnet and P. Enburger, "Carbon," Vol. 15,
p. 143, 1973.

5. C. K. Moon, J. H. Kim and J. Mater, Sci., Vol.
7(5), pp. 425~434, 1997.

6. C. K. Moon and J. Ocean, “"Engineering and
Technology," Vol. 10(1), pp. 5~7, 1996.

7. B. Miller, P. Muri, and L. Rebenfeld, Comp. Sci.,
Tech., Vol. 28, pp. 17~20, 1987.

8. Glyn Lawcock, Lin Ye and Yiu-Wing Mai, "Novel
Fiber Reinforced Metal Laminates for Aerospace
Applications - A Review, Part [ - Background &
General Mechanical Properties,” SAMPE Journal,
Vol. 31, No. 1, pp. 23~31, 1995.

9. S. H. Lim, C. S. Ha and W. J. Cho, "Short Aramid
Fiber Reinforced Epoxy Composites - 2. Effect of
Curing  Acceleration of Epoxy Matrix and
Mechanical Properties of Aramid Fiber Reinforced
Epoxy Composite,” Polymer(Korea), Vol. 16, No.2,
pp. 216~224, 1992.

10. Annual Books of ASTM Standards, "Standard
Method for Flexural Properties of Reinforced
Plastics and  Electrical Material
[Metric],” D 790 M, 1995.

11. Annual Books of ASTM Standards, "Standard
Test Method for Measurement Fatigue Crack
Growth Rates," Vol. 15.03, E 647, 1995.

12. Annual Books of ASTM Standards, "Standard
Specification for Aluminum and Aluminum-Alloy
Sheet and Plate," B 209, 1995.

13. T. L. Anderson, "Fracture
Fundamentals & Applications,"
CRC Press, p. 63, 1994.

14. E. Elber, "The Significance of Fatigue Crack
Closure in Fatigue," ASTM STP 486, pp. 230 ~
242, 1970.

15. G. H. J. J. Roebroeks, "Observations on Cyclic
Delamination in ARALL under Fatigue Loading,"
Report LR-496, Dept. of Aerospace Eng. Delft
University of Technology, 1986.

16. K. B. Su, "In Advances in Thermoplastic Matrix

Insulating

Mechanics -
Second Edition,

41

Composite Materials,” Ed. N. Newaz, ASTM STP
1044, p. 279, 1989.



