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The applicability of instrumented falling weight impact techniques in characterizing
mechanically thermoplastic foams at relatively high strain rates is presented in this paper.
In order to try simulating impact loading of foams against sharp elements, an instrumented
dart having a hemispherical headstock was employed in the tests. Failure strength and
toughness values were obtained from high-energy impact experiments, and the elastic
modulus could be measured from both flexed plate and indentation low-energy impact
tests. The results indicate a dependence of the failure strength, toughness, and the elastic
modulus on the foam density, the foaming process, and the chemical composition. This
influence was found to be similar to that of pure nonfoamed materials and also to that
observed from low-rate compression tests. The results also indicate that the indentation
low-energy impact tests were more accurate in obtaining right values of the elastic
modulus than the flexed plate low-energy impact tests usually used to characterize rigid
plastics. The foam indentation observed with this test configuration contributes to
obtaining erroneous values of the elastic modulus if only a simple flexural analysis of
plates is applied. © 7999 Kluwer Academic Publishers

1. Introduction Nevertheless, in instrumented impact tests, the
Traditionally, impact tests have been employed to mearecorded force that the striker supports during the test
sure the ability of a sample or a finished part to absorkallows for the obtaining of information about the en-
a shock orimpact. Falling weight impact tests stand ouergy absorbed by the material until the failure. Carry-
among the different types of impact tests because thing out low-energy tests (rebound), makes it possible to
simply supported or fixed (clamped) sample receivesget information about its elastic properties. Therefore,
the collision of a mass falling from a determined height.using instrumented impact techniques, it is even pos-
These tests have the advantage of multiaxiality and theible to characterize the fracture behavior of plastics
possibility of working with finished articles, if they are and composites by applying the linear-elastic fracture
properly fixed. mechanics (LEFM) on SENB geometry [2, 3] to ob-
The noninstrumented (analogic) impact tests givetain fracture criteria such as the fracture enef@yd)
neither qualitative information about the energy re-and the fracture toughnesk ), which are indepen-
quired for the fracture initiation nor the information dentof the geometry of the cracked body. However, this
about the mechanical behavior of the material. Thes@application is restricted to brittle materials.
tests give only statistical plots as a relationship between The aim of this paper is to present a mechanical
the probability of failure or survival of the sample ac- characterization of polyolefinic foams at relatively high
cording to the strictness of the test [1]. strain rates by means of instrumented falling weight
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impact tests. These materials show the advantages @f2. The quasi-static model

its thermoplastic character as well as of its closed-celirhe collision of a rigid striker with a homogeneous,
structure, such as easy recycling and good behavior dimear-elastic material sample can be modelled consid-
athermal, acoustic, and moisture isolator, among othegring the sample as a spring of rigidiky,If the sample
properties. Usually, the mechanical features of this kindnass is negligible with regard to the striker one, the
of material have been determined by compression testspring mass can be neglected, and hence, the equivalent
at low strain rates; nevertheless, this foam can be useglass of the system is that of the striker [7]. According
for cushioning shock in packaging applications, whichthe Newton’s second law:

justifies its mechanical study at high strain rates. In this

sense, Millset al.[4] and Loveridgeet al. [5] have ap- F =—-kx=ma (5)

plied falling weight impact techniques to characterize

several thermoplastic foams, using a falling compres- ma+kx =0 (6)
sion plate joint to an accelerometer. This test configura- o
tion does not take into account that the impact is often! N€ solution is of the type
caused by a sharp element. The use of narrow hemi-
spherical headstocks in instrumented falling weight im-
pact tests permits the simulation of the collision be- i
tween the foam and a sharp element at high speed, arfynerew is the angular frequency of the system
therefore, measures the energy absorbed by the foam

resulting from the total penetration of the striker, that s, k ®)
an estimation of the foam toughness. Further, in carry- m

ing out low-energy impact experiments information has

been obtained about the elastic modulus of the foam¥/hent =0, X =xo andv = vg, and thenA; = Xo and
under study. Traditionally, the elastic modulus of rigid A2 = vo/w, the solution is:

plastics has been obtained by rebound tests applying the

elastic theory of flexed plates, but in the foamed ma- X(t) = Xo cost) + vo sin(wt) (9)
terials, parasite strains, such as indentation, occur with w

this geometry test. In this work, the values of the elasti
modulus of the foams obtained from pure indentatio
tests by rebound are compared.

X = A1 coS(t) + Ay sin(wt) (")

r(:In function of the phase anglg{:
X(t) = Asin(t + v) (10)

where
2. Theoretical background

2.1. The static analysis 0\ 2
If the dynamic effects observed in the impact test are A= A2+ A= x5+ <—> (11)
small, one can accept that the striker is always in con- @

tact with the sample during the test and, therefore, the nd

, . . a
phenomena can be considered as static and can be like-

wise analysed [6]. The equations of the static analysis A Xo @
for falling weight impact on flexed plates are the fol- V= arctanxz = arctanv—o (12)
lowing:

When the striker kicks the sample= 0, xo = 0, and

a(t) = F(t)m— P (1) ¥ = 0. Also consider:
_
o(t) = vo—/t %dt (2) Ao -
t 0 t a = —vgw sin(wt) (14)
Ft)— P
x(t) = /0 vo —/0 <T dt)dt ©) " The force applied is as follows:
t
ut) = vo/0 (F(t) — P) dt F(t) = —\/Foksin\/g = —FmaxSinjtT—t (15)
1/ 2 C
_%(/O (F(t) - P) dt)) (4)  where
Fmax = (2U0k)l/2 (16)

In these equations, X, v, a, andU represent the force,
displacement, speed, acceleration, and energy at each o m
instant, respectivelyP is the weight andn is the ef- ¢ =7 Kk
fective falling mass. This static analysis is applicable

when the velocity loss of the falling mass during the Frax is the maximum force supported by the sample,
impact event is negligible. and the contact timey) is the time that the striker is

(17)
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in contact with the sample. This model easily simulatedorce is maximum F = Fn5y):
the elastic behavior of the sample.
o= () (25)

. . 4Mn
2.3. The indentation model

An indentation model has been collected by Greszczulan alternate way of arriving at the relationship given
et al.[8], who describes the indentation phenomena ok Equation 25 is to start the analysis with the energy
a hemispherical element on a material sample. It can bgajance of the system. Assuming that the target is semi-

two elements. Denoting the mass and the velocity of

the striker asm; and vy, respectively, the target mass 1 o
and its velocity asn, andv,. The rates of change of 5Mivo = / Fda (26)
velocity during the impact as the two bodies come in 0
contact, are Substitution of Equation 20 into Equation 26 followed
by evaluation of the resulting integral gives

dv; dv,

— = —Fmy, — =—Fmy (18)

dt t 1 2 2 52

§m1v0 = gnoll (27)

In the following,« denotes the distance from which the

striker and the target approach one another because ghich is identical to the result given by Equation 25
local compression at the point of contact (penetration) hen solved foryy. It must be noted that in this case

The velocity of this approach is M = 1/m;.
d Substitution of Equation 25 into Equation 20 gives
d_o‘ = v + vy (19) the following final relationship
t
Results obtained by Rayleigh [9] showed that if the con- Frmax = N%/° (_0) (28)
tact time between the striker and the target is very long 4M

in comparison with their natural periods, the vibrations N ] ]
of the system could be neglected. It can, therefore, b addition, Equation 24 can be rewritten as
assumed from Hertz's law [10]: d

o

dt = (29)

F = nad? (20) (v2 — EMna®2) "2

This law was established for static conditions. The termintegrating and solving yields:
nis defined as:

2/5
5
4Ry te = 29472 =2 94(7) (30)
v 21 =2 ' 172
"= 3 1 k) (21) vo AMnvy/

WhereR; is the radius of the spherical striker or inden- Equation 28 and Equation 30 show the maximum force
ter, andk; andk; are the rigidity of the striker and the and the contact time) dependence omrespectively,
target, respectively. Differentiating Equation 19, com-thatis, ork; andk,. The rigidity is related to the material
bining it with Equation 18, and the substitution of Equa- €lastic modulusk) through

tion 20 into resultant equation yields the following: L
—V

k= 31
d?w 3/2 TE 1)
wherev represents the Poisson’s coefficient of the ma-
where terial.
1 1
M= my + m, (23) 3. Materials

The name, chemical composition, density, and thick-
Proceeding now as in Timoshenko [11], if both sidesness of the industrial foamed materials under study are
of Equation 22 are multiplied by, if and the resultant summarized in Table I. These foams are polyolefine-
equation is integrated, the following results based compounds and have been kindly provided by
ALVEO (Roermond, Holland).

Two groups of foams can be distinguished depending
on their foaming process. The firstgroup is ALVEOLIT
(‘T" samples), which are physically cross-linked foam
whereug is the approach velocity of the two bodies at sheets. In this foaming method, the sheet is slightly
t = 0. The maximum penetrationg, occurs when the cross-linked by a high-energy electron beam before the

(a? —v§) = —:—_: Mne*/? (24)
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TABLE | Reference, chemical composition, density, and thickness ofthe foams, and both the dynamic effects and the per-

the foams centage of energy lost by the striker were negligible.
Chemical Density  Thickness 1Nen, the static analysis could be applied from the data
Reference composition (kghpn  (mm) recorded to obtain foam strength and foam toughness
values. Secondly, two kinds of low-energy or rebound
NA 1106 LDPE 85 6.23 tests were carried out using a falling mass of 743 g. At
NA 2006 LDPE 48 6.23 least twelve tests, at different drop heights in the range
NA 3308 LDPE 29 7.92

13-200 mm, were carried out per foam. On one hand, in

TA 1504 LDPE 62 4.02 -
the same way as in high-energy tests, clamped flexed
NLB 1106 50%'-DPE-502/°'-LDPE 89 5.83 plate geometry was imposed, and on the other hand,
0, | . . . .
mtg ;ggﬁ :g;’::BEE gg;"ttggg g; 12'%(1) indentation tests were performed with the sample sim-
0 - 0 . . .
TL 2005 50%LDPE-50%LLDPE 49 5.09 ply supported on a 10 mm thick steel plaque to avoid
TL 3008 50% LDPE-50%LLDPE 31 8.43 any flexion effects. In both cases, the rigiditg),(and
NEE 1109 QOUEVA (L4%VA) 86 871 therefore, the elastic modulus of the foank ¢ould
0 0 - .
10%LDPE be measured from the recordBgla andt. values.
0
NSR 2512 50%EPR-50%EVA 36 12.06
NT 0905 609%LDPE-40%HDPE 105 473 4.3. chnning electron_ microscopy
NT 2510 60%LDPE-40%HDPE 37 10.81 Qualitative image analysis was used to assess type of

cellular structure. For this purpose, cross-sectioned of
extrudate were microtomed at a low temperature to pro-
. . . . . vide a smooth surface which, after vacuum coating with
cheml.cal .blowmg agentin the 'she(_at IS heat .aCt'Vat?dgold, was examined by scanning electron microscopy
Foaming is free, and foaming direction is vertical. This SEM) using a JEOL JSM 820

means that the foamable sheet passesfromtopto botto‘n '

through a hot oven, and the expanding sheet supports

itself by gra\{ity in the vertical direction. As a conse- 5 Results and discussion

quence of this treatment, the shape of the formed cell§ 1. Failure behavior

is slightly elongated in the vertical direction [12]. Th_e In the high-energy impact tests, all of the samples were
second group, ALVEOLEN (N’ samples), are fabri- ||y perforated by the dart, and the loss of velocity of

cated in a similar way, although the foaming process ishe dart during the event was never higher than 5%;
carried outin a horizontal plane. Because of this configherefore, the static analysis could be applied to obtain
uration, the shape of the cells is almost spherical. Afteg51,es of energy. An example of the recorded force ver-
expansion both types of foams are passed through coalys time curves is shown in Fig. 1, and the numerical

ing rolls and wound up. results are collected in Table II. To get an estimation of

The foam samples were received as sheets of 25(,e foam toughness, the values of energy were normal-
mm x 400 mm having variable thickness, dependingjz¢ by dividing them by the specimen volume.

on the type of foam. From these sheets, circular plates The'foam strength was taken as the maximum stress

of diameter 80 mm were cut offto use as test specimeng,, e max) Obtained from the equation for clamped
flexed plates [13]:

4. Experimental procedure

4.1. Density measurement

Foam samples were conditioned at’Ztand 50% rel-
ative humidity for 24 hours and subjected to density
measurements in accordance with ASTM D1622.

F
Omax = %”(1 +v) (0.485 IogE + o.52> (32)

TABLE Il Values of the foam toughness and strength

Toughness Strength

4.2. Instrumented falling weight impact Reference (10" J/mr?) (Nfmn)

tests . . NLB 1106 1.765 9.241
Falling weight impact tests were carried out using ayg 1408 1,924 4.344
CEASTDARTVIS(Torino, Italy) instrumented impact NLB 2910 0.622 1.669
equipment. The dart employed had a hemisphericall 2005 0.806 5.582
headstock of diameter 12.7 mm, instrumented by exIL 3008 0.520 1.986
tensometric gauges. In the test, the sample is supported 1106 1.132 6.673
on arigid ring with inner and outer diameters of 60 andNA 2006 0.636 3.968
80 mm, respectively. ?‘AA 135384? 833; é-;gg

Three types of tests were performed at room temper- ' '

ature. Firstly, high-energy or failure tests, employing aNEE 1109 2.018 5.197
falling mass of 3743 g and a drop height of 990 MM, NSR 2512 0.677 1.107
employing the sample plate clamped between two rigid 0905 1166 12868
rings of inner and outer diameter 60 and 80 mm, respe(%'T 2510 0.412 1.383

tively. At these conditions the dart totally penetrated
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Figure 1 A typical curve obtained from failure tests (NEE 1109 foam). i
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Figure 3 Micrographs by SEM of two typical samples. (a) TL 2005
foam and (b) NLB 1408 foam.
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(a) However, the values of strength obtained for vertical
3 foams seem to be slightly higher than those corre-
sponding to horizontal foams. This difference can be
explained on the basis of the cell morphology that the
foaming process provokes. In vertical foams, the cells
are slightly elongated in parallel direction to the sam-
ple surface (Fig. 3a), that is, parallel to the maximum
stress imposed on the sample during the test; whereas
the horizontal foams have approximately spherical cells

(Fig. 3b). ThereforeT samples have higher molecular

/ orientation in the direction of the maximum stress ap-
plied, which results in higher strength values tHdn
foams.

To analyze the influence of the foam composition,
two groups of horizontal foams with different com-
positions can be distinguished in this paper. These

(b) distinctions can be made according to their similar den-
Figure 2 (a) Strength, and (b) toughness BfLDPE, o 50%LDPE- sity range (30-40 kg/Fnand 90-100 kg/ﬁ)' Th_ew .
50%LLDPE horizontal (N) foams. The hollow symbols correspond to toughness and strength values are represented in Fig. 4.
vertical (T) foams with the same composition. In the lower density group, small differences in the
mechanical characteristics have been observed, espe-
cially noticeable is the constancy of the strength val-
wherev is the Poisson’s ratio, taken as 0.B3he inner  ues. In this sense, the lower density, the smaller the
ring radius, andh the thickness of the sample. contribution of the polymeric matrix to the sample

As expected, in all the studied foams, both toughnesstrength and toughness. Therefore, smaller differences
and strength increased with regard to the foam densitgre due to the polymeric composition. Thus, to ob-
[14, 15], as shown in Fig. 2. The foaming direction serve the effect of the composition, the group of foams
(horizontal or vertical) seems not to affect to the foamwith higher densities were focused upon. It must be
toughness because this value depends mainly on theoted that EVA-based foam showed the highest tough-
fraction of the sample able to release strain energy. ness and the lowest strength, because of its rubbery

N
L

-
1

Toughness (10™J/mm°)

0 20 40 60 80 100
Density (kg/m")
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TABLE |1l Values of the elastic modulus obtained from flexed plate
16 and indentation rebound tests
Flexed plates
105 Foam Indentation
~ 1 sample EF max (N/mn?) Etc (N/mn?) Eind (N/mn?)
e
£ 89 NLB 1106 8.615 7.026 2.356
Z NLB 1408 2.798 1.832 1.367
*'EU, 8 NLB 2910 1.118 0.542 0.706
5 85 TL 2005 10.596 3.449 0.791
5] 86 TL 3008 2.335 0.673 0.583
NA 1106 5.968 4.346 2.020
4 NA 2006 5.533 2.105 0.892
NA 3008 2.422 1.018 0.664
29 33 37 36 TA 1504 19.245 8.391 1.398
NEE 1109 2.042 1.208 1.217
0 J . . . NSR 2512 0.485 0.319 0.540
LDPE  50%LDPE- 60%LDPE- EVA based NT 0905 16.755 16.351 3.323
50%LLDPE  40%HDPE foams NT 2510 1.192 0.956 0.891
Composition
@ 100
3
80 A
0.99
= 60 - 0.94
R 86 % Vo (m/s) I 0.91
“ 89 2 0.79
E 2. £ 40
=
g 20
@ 85 105
Q
£ 0 . ; , .
2 1 0 10 20 30 40 50
o 36 ) 3
= 33 Time (107 s)
37
29 Figure 5 Typical force/time curves from flexed plate rebound tests
(NEE 1109 foam).
0 - T T T
LDPE 50%LDPE- 60%LDPE- EVA based . . L. .
S0%LLDPE  40%HDPE foams in Fig. 5. The rigidity of clamped flexed plates is related
to the modulus of elasticity by the following expression
Composition .
[13]:
(b)
3
Figure 4 (a) Strength, and (b) toughness of the two groups of foams — 4rEh (33)
with similar density. Values above the bars indicate the foam density. 3p2 B+v)@A—-v)

Then, for each foam, two values kf and therefore,
character, which allows it to be strained at low stressyo values ofE (Er max and Eyc) as the two respective
levels. The foam containing 60%HDPE showed highefmean values of all the rebound tests were obtained.
strength and slightly lower toughness than the purerhese values are collected in Table IIl.

LDPE foam because of the more crystalline and rigid | general, the effect of the foam density and the
structure of the HDPE pOlymer, which is less branCheq‘oaming process on thie values (F|g 6) is the same as
than LDPE and so more packaged. Moreover, the foamge strength and toughness values obtained from high-
containing 50%LLDPE showed both higher toughnessnergy experiments. Notice that the higher foam den-
and strength than the pure LDPE foams, which represity, the higher modulus of elasticity, and that vertical
sent the best balance of properties of all the Studied' foams are more r|g|d than the Corresponding hor-
foams. izontal N foams due to the elongated cells. As cited
before, two groups of foams can be considered because
of their similar density ranges for studying the effect
5.2. Elastic modulus from flexed plate of the chemical composition on the elastic modulus.
geometry Again, nonrepresentative differences in thealues of
From theFnax andt; values obtained by rebound tests the lower density foams (Fig. 7) were found which must
with flexed plate geometry, the value of the foam rigid-be due to experimental error. However, in the group
ity can be calculated in two ways (Equations 16 and 17)of higher densities, the foam containing HDPE clearly
Examples of the recorded force/time curves are showshows the highest value of the elasticity modulus due
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Figure 6 Average values OEF nax and Eic versus foam density. Sym-
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80

100

us consider that, although the main tendencies of the
E values seems to be logical with regard to the foam
density and chemical composition, one should not take
the obtained values as material properties at relatively
high strain rates.

5.3. Elastic modulus from indentation tests

The rigidity of the strikerk;) was equal to B8 x 10°°
mm?/N, considering v1=0.3 and E;=2.1x 10°
N/mnm?. Then to obtain the rigidity of each foarkoj,

and so the elastic modulugifg), the Fnax, andt; val-

ues were taken from the experimental force/time curves
in the indentation test. Fitting linearly thgnax andt
values versu:a0 ®and Vg ~1/5 respectively (Equation 28
and Equation 30), the values kf from both slopes
were obtained, as shown in Fig. 8.

bols as in Fig. 2. . .
osasintg The obtained values dEj,q are shown in Table IlI,
and, as it happened with flexed plate geometry, the elas-
tic modulus increases with the foam density (Fig. 9).
16 4 It is important to note here that tHg,q values were
found to be similar to those obtained by pure com-
. pression tests at low strain rates [16], but considerably
e lower than those obtained from the previous rebound
£ 124 . . .
S tests with flexed plate geometry, which resulted in over-
E estimated values due to the material compaction caused
5 by the dart indentation effects.
g s
£
(8]
5 120
3]
i
4 4
90
(o]
oA z
LDPE 50%LDPE- 60%LDPE- EVA based 5 607
50%LLDPE  40%HDPE  foams o=
Compoaosition 30 |
Figure 7 Influence of chemical composition on the elastic modulus ob-
tained from flexed plate rebound tests.
0 T T T T T
0 0.2 04 06 08 1 12
to its high chain packaging degree, whereas the EVA oo (m/s)?®
based foam shows the lowest one because of its elas-
tomeric character. @
It must be also noted that the differences found be- 35
tween the values of the elastic modulus obtained fron
Fmax and fromt; are considerably larger, 50% in some
cases (e.g., TA 1504). These differences could be ex
plained by focusing on the applied theory, which estab- ,330 ]
lishes that the materials must be fully linear-elastic in«
allthe range of load applied, and that the specimen mus g B
be flexed during the load application. However, during o
the rebound tests, the studied foams showed that son 25 1
of strain was caused by the dart indentation in addi-
tion to the flexion, which is due to their softness. This
contribution is not taking into account in the simple
model for flexed plates. Moreover, as is well known, 20 - - - - .
09 095 1 105 1.1 145 12

the polymeric materials also can suffer plastic strain at
low stress levels, and therefore the quasi-static mode
must only be applied as a first approximation to the
elastic modulus determination of foams by means of

-1/5 15
(m/sy

vg (m/s

(b)

this kind of rebound test. These circumstances makeigure 8 (a) Linear fitting of Fmax and (b)t. for NT 2510 sample.
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characterized mechanically at relatively high speed by
means of instrumented falling dart tests. The foam
toughness and strength measured from high-energy
tests increased as the foam density did. The foaming
process did not affect the foam toughness, but did affect
the foam strength. The foams containing HDPE showed
the highest strength and the lowest toughness, whereas
the EVA-based foam showed the opposite trend.

The elastic modulus of the foams was measured by
two kinds of low-energy tests. Because of their soft-
ness, the studied foams suffered important indentation
effects when they were subjected to rebound tests with
flexed plate geometry. These indentation effects pro-
voked the foam compaction in addition to the sample
flexion, resulting in higher values of the elastic modu-

Figure 9 Influence of the foam density on the elastic modulus obtained!US than those obtained by indentation tests and those

from indentation tests. Symbols as in Fig. 2.

3

105
89
85
2 .
86
14 37
29 33 36

04 T T T

LDPE 50%LDPE-  60%LDPE-  EVA based
50%LLDPE 40%HDPE foams

Elastic modulus (N/mmz)

Composition

Figure 10 Influence of chemical composition on the elastic modulus
obtained from indentation tests.

expected if there were just flexion. This contribution is
not taken into account in the quasi-static model. Thus
it seems more accurate to use indentation low-energy
impact tests to determine the elastic modulus of these
materials at relatively high speeds.

Finally, the foaming process seemed not to affect the
elastic modulus when measured from indentation tests,
and the influence of the foam chemical composition on
this property was found to be similar to that of the foam
strength.
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