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Summa'~ry--Static indentation and low and high velocity impact tests are conducted on specimens 
with a c~Lrcular clamped test area. Monolithic A 1 2024-T3 and 7075-T6, various grades of Fibre Metal 
Laminates (FML), and composites are tested. The energy to create the first crack for FML with 
aramid and carbon fibres is comparable to fibre reinforced composite materials and is relatively low 
compared to A1 2034-T3 and FML with R-glass fibres (GLARE). GLARE laminates can show a fibre 
critical or aluminium critical failure mode. The dent depth after impact of FML is approximately 
equal to that of the monolithic aluminium alloy. The damage size of FML after impact is considerably 
smaller than of glass and carbon fibre composite materials. The maximum central deflection during 
low velocity impact loading is approximately equal to the static deflection at the same energy (i.e., area 
under load-deflection curve). This deflection can be modelled using the simplified Von Khrmfin 
equations neglecting the contribution of the in-plane displacements. For these calculations the shape 
of the specimen under load was measured. This shape was approximately independent of the central 
deflection and the type of material. 

NOTATION 

A area of 1:he circular clamped zone 
a radius c f clamped area of the specimen 
E Young'.,; modulus 
Ef Young's modulus of fibre/epoxy layer in fibre direction 
F contact force 
r radial coordinate 
t specimen thickness 
U internal strain energy 
Uf internal strain energy of fibre epoxy layers 
Up internal strain energy of elasto-plastic layers 
u in-plane, displacement 
V volume of the circular clamped zone 
w out-of-plane displacement 
w o central displacement 
z coordinate 
:t strain hardening coefficient 
?~o shear strain 
fi small quantity 

effective strain 
e e fibre strain 
e u failure strain 
e r radial slrain 
e 0 tangent~ial strain 
~/ normalized deflection ( = w/w o) 
Ps areal density (mass per unit of area) 
try yield stress 

normalized coordinate ( = r/a) 

INTRODUCTION 

Fibre Metal Laminates are a new family of materials built up from thin aluminium alloy 
sheets bonded into one laminate by intermediate fibre/epoxy layers. The laminates are 
developed at Delft University by the introduction of fibres in the bond lines of laminated 
metal sheet structures which are used in aircraft. The variant with aramid fibres is usually 
called ARALL, while GLARE incorporates glass fibres. Fibre Metal Laminates have a high 
fatigue resistance, achieved by the intact bridging fibres in the wake of the crack, which 
restrain crack opening, see Fig. 1. Controlled delamination in the material makes some crack 
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Fig. 1. Fatigue crack in fibre metal laminates. 

Table 1. Different grades of Fibre Metal Laminates 

Grade AI alloy Fibre Orientation Poststretch 

GLARE 1 7457-T76 glass unidirectional 0.5% 
GLARE 2 2024-T3 no 
GLARE 3 2024-T3 50/50 cross-ply no 
GLARE 4 2024-T3 67/33 cross-ply no 
ARALL 1 7075-T6 aramid unidirectional 0.4% 
ARALL 2 2024-T3 no 
ARALL 3 7475-T76 0.4% 

opening possible without failure of the fibres. The laminates can be formed and machined like 
aluminium alloys and have the high specific strength of composite materials: they combine 
the best of both worlds. The Fibre Metal Laminates can be stretched after curing in order to 
reverse the internal stress system in the material. Due to the difference in thermal expansion 
coefficients, the as-cured laminate has tensile stresses in the aluminium layers and com- 
pressive stresses in the fibre layers. During the stretching operation the aluminium layers 
deform plastically, while the fibre/epoxy layers remain elastic. Therefore residual stresses are 
present in the laminate after unloading. After the poststretching operation the laminates have 
a favourable compressive (crack closing) stress in the aluminium sheets and a tensile stress in 
the fibres. Different lay-ups are commercially available (see Table 1). ARALL 3 material is 
currently in production and flight test on the C- 17 cargo doors and GLARE is selected for the 
Boeing 777 impact resistant bulk cargo floor. 

The laminates can be applied in various thicknesses, e.g. a 3/2 lay-up means a laminate 
with three aluminium layers and two intermediate fibre/epoxy layers: 
[A1/prepreg/A1/prepreg/A1]. 

The fibre/epoxy layers of a 3/2 lay-up can be multiple cross-plied 0/90 layers or can be 
unidirectional (UD), e.g.: [A1/O°/90°/A1/90°/O°/A1] is a cross-plied 3/2 lay-up. 

The material is designed for fatigue critical areas and is especially suited for aircraft 
structures. Also the corrosion resistance is excellent because the prepreg layers are able to act 
as moisture barriers between the various aluminium layers. To determine the resistance 
to the third damage mode in aircraft structures--impact dampage--an extensive test 
programme was carried out (see Vlot et al. [ 1-4]). The strength and absorbed energy ( = area 
under the stress-strain curve) of GLARE laminates, measured by tensile tests, was shown to 
increase at higher rates of loading (see Fig. 2). This is due to the strain rate dependent 
behaviour of the glass fibres of these laminates. The present paper describes a part of the 
impact test programme. Results of static and low velocity tests (up to 10 m/s) are discussed 
representing damage from service trucks, cargo containers and dropped tools during 
maintenance. The presented high velocity experiments (up to 100 m/s) are realistic for 
runway debris and hail strikes on an aircraft structure. An analysis will be given based on the 
simplified Von K~rmfin equations and also found in the work of Shivakumar et al. [5], 
Haskell [6] and Calder and Goldsmith [7]. 
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Fig. 2. Strain rate dependent behaviour of GLARE fibre metal laminate. 

EXPERIMENTAL 

Tested materials 

Static indentation tests, and low velocity (up to 10 m/s) and high velocity (up to 100 m/s) 
impact tests were performed on the following materials: 

1. Monol!ithic aluminium A1 2024-T3 bare, t = 0.83 and 1.27 mm and A1 7075-T6 bare, 
t = 0.86 mm. The sheets with a thickness of 0.8 mm were obtained by etching 1.0mm 
material. 

2. ARALL Fibre Metal Laminates, with unidirectional (UD) aramid fibre layers. The A 1 
2024-T3 and 7075-T6 aluminium layers have a thickness of t = 0.3 mm. The UD aramid 
layers have a nominal thickness of 0.2 mm. The fibre volume fraction is 47%. The epoxy used 
in all the Fibre Metal Laminates was the adhesive AF 163-2 of 3M. 

ARALL 1 (2/1 lay-up, t = 0.80 mm): [7075/aramid 0°/7075] 
ARALL 2 (2/1 lay-up, t = 0.80 mm): [2024/aramid 0°/7075] 
ARALL 2 (3/2 lay-up, t = 1.35 mm): [2024/aramid 0°/2024/aramid 0°/2024] 
3. GLARE Fibre Metal Laminates. The A1 2024-T3 aluminium layers have a thickness of 

0.3 mm. The R-glass UD fibre prepregs have a thickness of 0.1 mm. The fibre volume fraction 
is 55%. 

GLARE 21 (2/1 lay-up, t = 0.85 ram): [2024/glass 0°/glass 0°/2024] 
GLARE 3 (3/2 lay-up, t = 1.37 mm): 

[2024/glass 0°/glass 90°/2024/glass 90°/glass 0°/2024] 
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Table 2. The tested materials with the energies (J) to create the first crack and a through crack (puncture) in the 
material (* = fibre critical failure) 

Static Low velocity Hi qh velocity 
First Through First Throuyh 

t p~ failure crack failure crack First Through 
Material (mml (kg/m 2) (J) (J) (J) (J) failure crack 

2024-T3 0.83 2,2 15.1 15.1 
1.27 3.4 13.5 13.5 26.8 26.8 33.1 33.1 

7075-T6 0.86 2.3 6.1 6.1 7.8 7.8 - 
ARALL 1 0.80 2.0 5.8* 5.8* 4.1" 4.1" - 
ARALL 2 0.83 2.0 4.3* 4.3* 3.7* 3.7* - 

1.35 3.2 4.9* 7.6* 4.6* 7.0* - 
GLARE 2 0.85 2.1 10.4 10.4 - - 
GLARE 3 1.37 3.4 12.4" 12.4" 22.1" 29.6* 20.3* 32.5* 
GLARE 31 1.48 3.4 19.4" 19.4" 35.7* 37.1" 40.0* 50.0* 
CARE 0.84 2.0 2.5* 2.5* 3.2* 3.2* - 
R-glass/epoxy 1.20 2.1 6.0* 8.7* > 16 > 16 - 

1.96 3.5 8.7* 19.8" > 16 > 16 - 
Carbon/epoxy 2.00 3.6 1.7" 5.6* - 5.0* - 5.0* 

G L A R E  31 (special lay-up, t = 1.48 mm): 
[2024/glass 0°/glass 90°/glass 0°/glass 90°/glass 0°/glass 90°/glass 0°/2024] 

4. C A R E  Fibre Metal Laminates.  This type of laminate with carbon fibres is not  
commercial ly available. The A1 2024-T3 layers have a thickness of 0 .3mm. A 0 .2mm 
fibre/epoxy prepreg was applied with T800H carbon  fibres of  Torayca  and a fibre volume 
fraction of 55%. The lay-up is of  this laminate with t = 0.84 m m  is: [2024/carbon 0°/2024] 

5. Composi tes  with two types of  fibres: 
- -R-g las s / epoxy  cross-ply with a fibre volume fraction of 55%, the same material as is used 

in G L A R E  laminates; 9 layers, t -- 1.20 mm; 15 layers, t -- 1.96 m m  
- - ca rbon / epoxy ,  t = 2.0 mm, lay-up: [ 0 / 6 0 / -  6 0 / 9 0 / -  60/60]s. The fibre is the T800H with 

a fibre volume fraction of 56%. It is the same material as used in C A R E  laminates. 
The materials are listed in Table 2, together with their areal density (mass per square 

meter) Ps. For  the impact  tests 16 specimens are tested for each material. The static tests are 
performed on two specimens per material. 

Test set-up 

The square specimens with a size of  100 x 100 m m  2 are clamped between two plates with 
a circular opening with a diameter of 80 mm. The clamping of the specimens is sufficient to 
ensure clamped boundary  condit ions of  the circular test area. 

The static, low velocity and high velocity experiments are performed with a hemispherical 
steel indentor  with a tip radius of  7.5 mm. The static tests (see Fig. 3) are carried out  with 
a loading rate of  1 mm/min.  The force vs central deflection (F-wo) curve is measured during 
static loading. Fo r  some specimens the deflection field w(r) of  the loaded specimens is 
measured with a displacement t ransducer  (see Fig. 3). 

The low velocity experiments are performed with a d rop  weight impact  tester, with an 
impactor  mass of  575 g. The impact  tests are instrumented: the contact  force is measured with 
a load cell in the nose of the impactor  and the strain in the specimen is measured with a strain 
gauge. The max imum drop  height of  this tester is 12 m, and an impact  velocity of  10 m/s can 
be reached. After impact  the impactor  is caught  to prevent a second impact. 

A gas gun is used for the high velocity tests. After burning th rough  a membrane  of  the gas 
gun, the expanding air accelerates a projectile with a mass of  23.3 g up to velocities in the 
order  of  100 m/s. The maximum air pressure in the reservoir is 20 bar. 

The composi te  specimens are C-scanned after impact  to determine the delaminated zone. 
The damage width is defined as the smallest circle a round  the delaminated area. The 
aluminium outer  layers of  the Fibre Metal  Laminates  are removed to measure the damage  
width. These specimens can not  be C-scanned because the plastically deformed dent  reflects 
the ultrasonic waves. 
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Fig. 3. Geometry of static indentation tests. 

TEST RESULTS 

Static indentation tests 

The measured deflection fields of the loaded specimens are normalized. Figure 4 shows 
a typical plot of w/w o vs r/a, with w o as the central deflection and a as the radius of the 
clamped area. This shape of the loaded plate appeared to be almost constant during loading 
at large deflections, as is shown in the figure of GLARE 3, and was approximately equal for 
the range of tested materials. Figure 5 shows the shape for two different plate diameters. Both 
shapes are identical. 

During loading the Fibre Metal Laminates have a virtually axisymmetrical deflection 
shape. After unloading the permanent dent clearly shows the anisotropy of the material with 
a larger deflection in the fibre direction. 
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Fig. 4. Measured shape of a specimen under load for GLARE 3, 3/2 lay-up. 
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Fig. 5. Measured shape of the specimen under load for A1 2024-T3, t = 1.0 mm. 
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Fig. 6. Measured static load-deflection curves for A1 2024-T3 and fibre metal laminates with 
t = 0.8 mm. 

The energy at first failure and the energy to create a through crack of all materials are 
indicated in Table 2. The first failure occurs at the non-loaded (convex) side of the specimens 
due to the bending deformation. 

Figure 6 shows the force-deflection curves for the materials with a thickness of 0.8 mm. For 
this thickness monolithic aluminium has the best behaviour (first failure at 15.1 J) followed by 
Fibre Metal Laminates with R-glass (10.4 J), aramid (4.3 J) and carbon fibres (2.5 J) respectively. 
These materials all have an areal density of approximately 2 kg/m 2. The R-glass/epoxy 
cross-ply composite with this areal density has a first failure energy of 6.0 J (see Table 2). 

Impact tests 

Figure 7 shows a typical force- t ime and  s t r a in - t ime  curve for the same impact  event. The 

strain is measured in the centre of the specimen at the non- loaded  side in the fibre direction of 
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Fig. 7. Typical measured force-time and strain-time curves during low velocity impact. 
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the laminate. During the first 0.25 ms of the contact period a typical phenomenon is observed. 
The contact between projectile and specimens in most cases is (almost) lost and the force 
drops to zero. This behaviour is also reflected in the strain-time curve. The duration of this 
event corresponds with the period of the higher order vibration of the plate which can be 
observed in the measured curves during the loading phase of the contact. After the maximum 
force, the higher order vibration is absent. The force drops to zero and the strain becomes 
equal to the permanent strain in the plastically deformed dent. 

The monolithic aluminium alloys crack just outside the contact zone as is typical for 
hemispherical tipped projectiles [14]. 

The Fibre Metal Laminates have a fibre critical or an aluminium critical behaviour. For 
the fibre critical failure a crack occurs perpendicular to the outer fibre direction. No fibre 
failure was observed without a simultaneous crack in the outer aluminium layer. After an 
aluminium critical failure the crack runs in the rolling direction of the aluminium layers and in 
general this is in the fibre direction of the laminates. Due to their low strain to failure (2%) the 
aramid (ARALL) and carbon (CARE) laminates always show a fibre critical behaviour. The 
R-glass fibre has a strain to failure of 5.5%. Therefore for GLARE both types of failure can 
occur depending on the lay-up of the material. Figures 8 and 9 illustrate a fibre critical failure 
in ARALL and an aluminium critical failure in GLARE respectively (2/1 lay-ups). 

The neces,sary impact energies to create a first failure and through crack are given in 
Table 2. The values were determined by an increase of the impact energy in steps by an 
increase of the drop height or air pressure. The first failure energy values given in the table are 
therefore the threshold values between a non-cracked and a cracked situation. The accuracy 
of these values is approximately 1 J. 

Figure 10 shows a comparison of the energy needed to create a through crack for static, 
low velocity and high velocity impact loading for A1 2024-T3, GLARE 3, GLARE 3I, 
ARALL and carbon/epoxy for an approximately equal areal density (3.4 kg/m2). ARALL, 
CARE and carbon/epoxy have low failure energies. The failure energies of GLARE and 
monolithic aluminium are comparable. The failure energies tend to increase for the higher 
velocity impact. This can be related to the strain rate dependent behaviour of the materials 
and more dissipation of energy at higher velocities due to vibrations. 

Figure 11 shows a comparison for R-glass/epoxy cross-plies between the maximum 
central deflection during impact and the deflection during static loading as function of the 
(impact or in~Lernal) energy. In general an impact loading with a certain kinetic impact energy 
creates the same central deflection as a static load at the same internal energy (measured as 
the area under the static force-deflection curve). 

Figure 12 shows the permanent central deflection after impact for GLARE for high and 
low velocity :impact. The higher velocity tends to give a slightly larger dent depth. 

Figure 13 gives the permanent central deflection after impact for monolithic aluminium, 
GLARE and carbon/epoxy. The Fibre Metal Laminates have approximately the same dent 
depth after impact as the monolithic alloy. The composites show a more elastic behaviour. 
These material have a lot of internal damage while there is almost no dent visible at the 
outside of the material. This makes inspection more problematic. 

The damage width as function of the impact energy is illustrated for composite materials 
and GLARE; in Fig. 14. The Fibre Metal Laminates show less internal damage of the 
fibre/epoxy layers than the composite materials. For a high velocity 40 J impact the outside 
damage of the specimens is shown in Fig. 15 for specimens with an equal areal density. At this 
velocity there is considerable damage in ARALL and in the composites. There is a through 
crack in A1 2024-T3 and GLARE 3, while GLARE 3I is still intact. 

ANALYSIS 

The central deflection-energy curve is approximately equal for static and low velocity 
impact loading. A model will be derived here that can describe that curve. 

For small deflections a linear relation can be assumed between the strains and the 
derivatives of the displacements. The deformation is dominated by bending. For large 
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Fig. 8. Fibre critical failure in ARALL 2, 2/1 lay-up: cross-section and non-load (convex) side ofthe 
specimen (low velocity impact at 5 J). 
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side of the specimen (low velocity impact at 12 J). 
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Fig. 10. Puncture energies (through crack) for different materials. 

impact 
• t=  1.2 mm 

• t=1.96 mm 

static 
experiment 

. . . . . .  model (E=47.3 GPa) 

central 10 
deflection wO 

(mm) 8 

6 

4 

2 

0 

t= 1.2 m m  • 

. ( "  " static fracture 

I 

0 5 10 15 20 
energy (J) 

Fig. 11. Central deflection-energy curves for static and low velocity impact loading and a compari- 
son with calculated results (EPIM). 

permanent 
deflection 

(mm) 
GLARE 3 ~ ~ i  

,,,, '1 ~ GLARE 31 
Ill Z5 - -  

• • high velocity 
S .... [] ~ low velocity 

i I i i I i i I 

5 10 15 20 25 30 35 40 

impact energy (J) 
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(t = 1.27 mm), GLARE 3, GLARE 3I and carbon/epoxy. 
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Fig. 14. The damage width as function of the impact energy for composites and GLARE. 

deflections also the higher order non-linear terms which are related with stretching have to be 
taken into account. 

Shivakurnar et al. [5] present a model based on the Von KArm/m equations for small 
strains and moderately large displacements: 

du l [ - [du '~  2 (dw~2]_zd2W 
e'=d--rr + 2 k t ~ r  ) + \ dr ] J dr2 (1) 

u z dw 
e o . . . . .  (2) 

r r dr 

~o = O. (3) 

The coordinates and displacements are defined in Fig. 16. The terms of the strains which 
are not dependent on z are the membrane terms, the other terms are related with the bending 
deformatiort. Shivakumar et al. use the displacement fields which are valid for small 
deflections of centrally loaded clamped plates to calculate the strains (see Eqn (16) below). 

Haskell [6] uses the Von KArmhn equations for square plates and neglects the in-plane 
displacements relative to the out-of-plane displacements. He only takes into account the 
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Fig. 15. Specimens impacted at 40J at high velocity. 
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Fig. 16. Geometry of the impact problem. 
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stretching and bending terms related to w. Like Shivakumar et al., Haskell also uses a fixed 
displacement field w(x, y). His analysis is aimed at a blast load distributed over the surface of 
a panel. The contribution of the in-plane displacement u to the strains is also ignored in the 
literature for non-linear vibrations of beams and plates [8-11]. 

A further simplification of the Von Khrm/m equations is proposed by Calder and 
Goldsmith [7] for metallic, circular, isotropic plates. Their approach is also adopted by Levy 
and Goldsmith [12]. The bending terms are neglected (valid for thin sheets and large 
deflections) and the radial strain is written as: 

 Fdwl 
~r = ~ [_ dr ] " (4) 

The transve:rse strain e0 is neglected. With these assumptions the model for the impact on 
a metallic plate with elasto-plastic deformation becomes very simple. Calder and Goldsmith 
do not give direct evidence for Eqn (4), but the results of their analysis corresponds well with 
the test data. A similar approach with a given shape function for w is given by Teeling-Smith 
and Nurick [15]. Finite element calculations and strain measurements showed that the 
bending deformation has to be taken into account for the tests described in the present paper 
and also revealed that the simplified Von Khrmhn equations are reasonably accurate (Vlot 
[1]). Therefore we will use here the modified Von Khrm~m equations after Haskell [6] and 
Corran et al. [13] who used these equations for metallic, isotropic plates, but a different 
displacement field will be adopted. 

During the static indentation tests the deflection field, i.e. the deflection w as function of 
the radius r, was determined. Figure 4 shows a typical example of a normalized plot: the 
normalized deflection ~ = w/w o, as function of the relative position r/= r/a, with a as the 
radius of the circular clamped area. As is shown in the figure, this shape appears to be 
approximately independent of the central deflection of the plate w 0. This shape was nearly 
the same for monolithic aluminium and for Fibre Metal Laminates. There was only a 
small dependence of the shape on the fibre orientation for specimens under load. After 
unloading this is no longer the case. The permanent deflection field of ARALL and GLARE 
is clearly not axisymmetric. 

The shape function was approximated by the following formula which satisfies the 
boundary conditions, see Fig. 17: 

= (1 - r/2) 2 (1 - 1.2r/+ 1.2r/2). (5) 

Basically, this is the same type of function as is proposed by Timoshenko and Woinowsky- 
Krieger [ 16:1. 
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Fig. 17. Function used to describe the shape of the loaded specimen. 
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Fig. 18. Bi-linear stress-strain curve. 

The Von Kitrmfin equations were rewritten with the normalized coordinates: 

w~ ( d ~  2 zwod2~ 
(6) ~ = 2-~a2 \ d r / ]  a 2 dr/2 

ZWo 
e0 - (7) a2r/ 

?r0 = O. (8) 

Using the effective strain and stress-strain curve of the aluminium alloy, the elasto-plastic 
energy can be calculated by an integration over the metallic volume of the circular plate. The 
elastic strain energy of the fibre/epoxy layers was calculated by an integration of the strain 
energy in the fibres. The strain in the fibres in a fibre/epoxy layer is given by: 

ef = •r COS2 0 + e 0 sin 2 0. (9) 

For the aluminium layers the elasto-plastic energy was calculated as follows. The effective 
strain was used: 

~2 ---- 3['/~r4 2 ..[_ /32 At- /~r/30"]. (10) 

The elasto-plastic energy of a volume element is determined from the area under a bilinear 
stress-strain curve (see Fig. 18): 

dUp = ½Eg 2 for E< try (11) 
E 

1 2 - 2 E  e 2 E d U p = ~ e ~  + 1 1 -  forg>-~-. 

The total strain energy in the elasto-plastic layers is obtained by: 

Up = fv dUp2nrdrdz. (13) 

The integral is calculated by a numerical summation of the strain energy of small elements 
over the plate. For each element a mean radial and tangential strain is calculated with the 
simplified Von Khrmhn equations with the known shape of the dent, at a certain value of the 
deflection w o. From these strain components the effective strain is calculated. The contribu- 
tion of the element to the total strain energy is obtained by substitution of this effective strain 
in Eqns (i 1-13). 
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The prepreg layers are assumed to deform elastically. Only the fibres are assumed to store 
the strain energy in the fibre/matrix layers. The strain energy is calculated from the fibre 
strain with: 

;V;; fV;f ½ fall 3 2 3 2 Uf = dUfrdOdz  = Ef[ef(O)]2rdOdz = ~7rEf[~e r + ere o -F-ceo-lrdrdz. (14) 

With Ef as the stiffness of the fibre/matrix layer in fibre direction. Also this integral is 
calculated by a summation of the strain contributions of small elements of the plate. 

In the elastic-plastic impact model the internal strain energy is calculated as a summation 
over 25 x 25 x 25 elements as a function of the central deflection w o. The corresponding 
contact force is determined by: 

dU U(w o + t~) - U(wo) (15) 
F = - ~ W o ~  6 

With 6 as a small quantity, in this case taken as 0.0001 w o. 
The model was implemented in computer program called EPIM (Elasto-Plastic Impact 

Model). First the model was compared with the calculations of Shivakumar et al. I-5], who 
use a different displacement field and do not neglect the radial displacements. This displace- 
ment field is valid for centrally load circular clamped plates at small deflections: 

= 1 -- ~/2 + 21,/2 ln[r/]. (16) 

The same displacement field of Shivakumar et al. was implemented in EPIM for this 
comparison, while still neglecting the radial displacements. Shivakumar et al. use the total 
stiffness matrix and not only the stiffness in fibre direction as in EPIM to calculate the elastic 
energy of the plate. The carbon/epoxy plate of Shivakumar et al. has a thickness of 1.04 mm, 
the longitudinal stiffness of a ply is 131 GPa. The force-deflection curve was calculated for 
three different dimensions of the plate: a = 25.4, 38.1 and 50.8 mm. Figure 19 shows that the 
results obtai~aed with EPIM agreed well with the literature results. The failure boundary was 
calculated by Shivakumar et al. with a stress criterion (Tsai-Wu). They used a longitudinal 
tensile strength of 1500 MPa for this failure criterion. For  the calculation of the failure 
boundary in EPIM a maximum strain criterion was used. The maximum strain was taken to 
be equal to the ratio of the longitudinal tensile strength and the stiffness in the same direction: 
e, = 1500/131,000 = 1.15%. The failure boundaries of Shivakumar et al. and EPIM agree 
well. 
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Fig. 19. Comparison of EPIM with literature results. 
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Results of model and static tests 
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Fig. 20. Comparison of EPIM calculations and static test results. 

Secondly a comparison was made with our test results. Figure 11 shows a comparison of 
EPIM calculations with the results of static indentation and low velocity impact tests for the 
R-glass/epoxy cross-ply composites. Because these laminates do not contain metallic layers 
only the Young's modulus of a layer in fibre direction was needed as a material input 
parameter. A value of Ef = 47.3 GPa based on tensile tests on the material was used. Figure 
20 shows a comparison between static test results and the calculated central deflection- 
energy curve. For the aluminium 2024-T3 layers a Young's modulus of 72 GPa, a yield stress 
of 340 MPa and a = 0 (no strain hardening) are applied. Also in this case the modulus of the 
fibre/epoxy layer was Ef = 47.3 GPa. 

In general the EPIM results were in good agreement with the test results. 

CONCLUSIONS 

1. Composite materials are very brittle and require little energy to create the first fibre 
failure in the material. The aramid and carbon reinforced Fibre Metal Laminates (ARALL) 
and CARE) show the same kind of behaviour. R-glass reinforced Fibre Metal Laminates 
(GLARE) have first cracking energies which are close to or even better than the monolithic 
alloys. Whereas ARALL and CARE always show a fibre critical behaviour, GLARE also can 
exhibit an aluminium critical behaviour, especially for unidirectional variants. 

2. The tensile strength of GLARE increases with an increasing strain rate and this is 
probably due to a strain rate dependent behaviour of the glass fibre as was also found by 
Harding and Welsh [17]. 

3. The damaged zone after impact is for Fibre Metal Laminates and is smaller than for 
fibre reinforced composite materials. The permanent dent depth is approximately equal to 
the monolithic alloy. 

4. The shape of the plate during static loading can be well described by constant function 
which was equal for the tested range of materials. With this shape the load-deflection curve 
can be accurately modelled. This model has to be extended with a failure criterion to calculate 
the first failure energy and an unloading function to calculate the permanent dent depth after 
impact. 
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