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Abstract

The present paper analyses the feasibility of désiga honeycomb-like crash-box, as a cellular
structure, based on data obtained from the charsation of the building block. In order to genésalthe
conclusions of the study, different thicknesses #esting velocities have been analysed. The main
conclusion is that, if the same thickness and rtgstielocity are used, the specific energy absamptio
(SEA and peak load values are similar for the builditmrk and the crash-box. Consequently, the design
of the complex structure can be validated by sifyiplg the test procedure. However, special attentio
must be put on the testing velocity, since the bnofibre percentage is higher in quasi-static ciborb.
Thus, SEA in quasi-static conditions is higher than in dymaroonditions, 64 kJ/kg and 45 kJ/kg
respectively.
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1. Introduction

In the last decades, lightweighting has becomergroitant concern in the automotive industry, aiming
for a reduction of C@emissions in internal combustion engines carsfandn increased range in
electric cars. However, this weight reduction matresult in a reduction of the safety of the pagers

in crash scenarios. Therefore, materials with lngbact energy absorption capabilities are demataled
fulfil safety and lightweighting requirements. Hencomposite materials are being widely studied for
automotive applications [1]. The high specific eyyeabsorption$EA capability of composite materials
has been demonstrated by the research studiesnyfamighors [2—7]. While metallic structures are
designed to absorb energy by plastic deformatiowutiih progressively buckling as the column walls
collapse; the absorption mechanism of compositeststres is based on the progressive materialpssla
in a brittle manner [8]. Many researchers have destrated thaBEAvalues of composites structures are
above 45 kJ/kg, depending on the geometry and #terial [2,9,10]. However, a stable and progressive
collapse of the composite structures has to beredssince th&EAvalues are dramatically reduced if
the collapse is catastrophic [11].

Therefore, a progressive collapse is the firstp@yt of a composite crash-box design. Many authors
have demonstrated the importance of the geometheienergy absorption performance of composite
crash-boxes [7,12,13]. The most common geometrgahapplications is the square-sectioned tubular
crash structure due to assembly and integraticsififisy. However, circular impact structures ahe t
preferred cross-section from the performance pafintew [14]. As the energy absorption capabilify o
the hexagonal structures is between the circuldrsgoare tubes [14,15], the strategy proposed by
Esnaoleet al.[16] is an alternative solution when looking fog@od compromise between integration and
performance. This strategy consists of assembéng-tiexagonal profiles following a honeycomb
concept. Indeed, the same semi-hexagonal profiildbeaused as a modular building block of a cellular
composite structurfi 7] to fulfil different crashworthiness requirements.

The second key point of a composite crash-box ddsigthe automotive industry is the cost-
effectiveness of the manufacturing process. Thadirproductivity of some composite manufacturing
processes and the related operative costs arestactibto expand the use of composites in highraelu
automotive applications. Nonetheless, the out efultraviolet (UV) cured pultrusion has recentlyhbe

proposed as a new cost-effective manufacturingge®{18—20]. The productivity rate of this procisss



increased compared to the traditional pultrusiothexit reducing the mechanical properties of the
pultruded profiles [18].

The third key point is the prediction of the eneadpgorption performance of the composite crash-thox.
is certainly true that the response of pultrudethpasite tubes under axial compression has beerywide
investigated by many researchers [15,21]. Indeealyaing the behaviour of the composite subjeated t
axial compressive loads is the most extended wayatuate the suitability of a composite matemal f
crashworthy applications [22]. These axial compogstests can be carried out at quasi-static and
dynamic compressive conditions, but they may shiff@rdnt trends of the effect of impact velocity on
energy absorption capability of composites [23]cdise of designing crash-boxes using honeycomb
concept, the uncertainty is even higher. The chg#ds to probe if the energy absorption capalilfty
this building block can be individually qualifiednd as a cellular material, the periodic naturtheir
assemblies simplifies the analysis and predictiatheir behaviour [17].

Hence, this paper deals with the prediction ofehergy absorption performance of out of die UV dure
pultruded crash-boxes based on the assembly oflsexaigonal profiles (building blocks). The design
process of a cellular composite crash-box is aedlysomparing the energy absorption capabilityhef t
semi-hexagonal building block and the final compurat quasi-static and dynamic compression rates.
The effect of parameters such as the compositkriegs, impact velocity and component geometry have
been analysed. It is expected that the informatiowided in this research study contributes to
developing new guidelines on designing and chariaatg cellular composite crash-boxes.

2. Experimental procedure

2.1. Materials

The composite used in this study is a glass/UVauiryl ester composite. The reinforcement congists
300 g/nf and 75 mm width quasi-unidirectional E-glass tafiee reinforcement is described as quasi-
unidirectional because of 8% of fibres are orierste€l0° to maintain the cohesion of the unidirewtlo
fibres. Furthermore, these fibres are woven withltimgitudinal fibres. The resin is UV curable Jiny
ester supplied by Irurena S.A., whose commercialenes IRUVIOL GFR-17 LED. The photoinitiator
systems is a combination of Bis (2,4,6-trimethyttmn)-phenylphosphine oxide (BAPO) and 2-

Dimethylamino-2-(4-methyl-benzyl)-1-(4-morpholin-phenyl)-butan-1-onea(aminoketone).



2.2. Specimen geometry
The basic geometry (building block) of the specimased in this study was obtained from semi-
hexagonal profiles of 1.5 mm (6 glass layers) amah2 (8 glass layers) of thickness (Fig. 1a). Thedr
density of the building blocks is 0.21 kg/m and8k®/m respectively, and the fibre volume fractain
both thicknesses is the same, approximately 52%aubih the combination of building blocks, a crash-
box structure can be obtained (Fig. 1b), whichdemonstrated to be an efficient geometry for energy
absorbing structures [16]. The assembly of thehelex structure is based on stacking basic building
blocks by adhesive joining (Hysol Loctite EA 948@&dhesive). In order to ensure a stable and
progressive crushing of the structure a 45° chatyfer trigger is machined in the upper side of each
specimen [24].

Insert Fig. 1
2.3. Manufacturing process
All the specimens were manufactured by out of diedured pultrusion machine (Fig. 1¢), which has
been developed entirely by the research group aidkémon University. The impregnation was done in
an open resin bath system and the pull systenKiska KR 180 R2500 robot arm. The pultrusion pulling
speed was 0.3 m/min, which is within the rangepefesis of traditional pultrusion [25]. The UV source
used was a Phoseon FireFlex UV LED, with an engjtiiindow of 75 x 50 mf The selected intensity
was 8 W/crfiand the emission peak of this UV source is four@9& nm (the composite was irradiated
from both sides).
2.4. Mechanical characterisation
2.4.1. Quasi-static compression tests
Quasi-static compression tests were carried ol® amm/min of compression speed along 50 mm of
collapse distance. The equipment used is an uriMeEst machine (Instron 4206), equipped with 180 k
load cell. 3 specimens of each configuration westeid in order to ensure the repeatability of ¢isést
From the force-displacement curve, the followingstiworthiness characteristics are calculated: ¢a& p
load, Prax (KN), which was obtained from the maximum forcetwaf first peak; the mean lod®,ean (KN),

which was determined by equation 1.
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where,lax (M) is the total collapsed length.



The absorbed energy), (kJ), which is the area under the load-displacdroerve (equation 2).

Imax
A =[Pl 2
The Specific Energy AbsorptioBEA(kJ/kg), which is the absorbed energy per unitrabed specimen

massm, (kg) (equation 3).

[ Pl
SEA= 20 -

(3)
The crush efficiencyy . , which is the percentage ratio of the mean loggetak load (equation 4).
P
17, =_Tan10C (4)

2.4.3. Dynamic compression tests
As the strain rate is not considered in quasi<taimpression test, the satisfactory performancdbeof
crash-boxes cannot be ensured [14]. Thus, the apgsbpriate test to validate these componentseis th
dynamic compression test [14,26]. Two differentaymnc compression tests were performed depending
on the amount of energy to be dissipated by theisp type (building block or crash-box):

¢ The dynamic compression tests for building blockserperformed using a Fractovis plus drop-

weight test machine. In order to maintain the saoilpse length, an impact mass of 35 kg was

used for 1.5 mm thick specimens, while for 2 mnektépecimens the mass was 45 kg. The drop

height of 1 m was used (maximum permitted by tise reachine) for both thicknesses. A triaxial
accelerometer (PCB 356B21) was attached to thef tipe impactor to record the acceleration-
time response. Hence, from acceleration-time respother impact parameters, such as
displacement, velocity and load can be obtaineédas Newton’s second law and kinematics
[16,23].

*  For the case of crash-boxes, the dynamic compresséh was performed (Fig. 2) at Pimot

facilities (Poland). In this case, a 350 kg imptacliey has been used for testing the crash-boxes.

The specimens were attached to this impact tra@lte/impacted against a rigid wall at 37 km/h.
The energy that the crash-box has to absorb isrdigted by the kinetic energy of the trolley

(Newtonian kinetic energy equation):

£, =2 v 5)



where, E, is the kinetic energy that the trolley presentthimimpact (kJ), which is the energy

that the crash-box has to absof;is the mass of the trolley (kg); and is the velocity of the
trolley in the impact (m/s). The force-displacemeutves have been obtained integrating the
information recorded by the accelerometers of tbkkety and from the data recorded by a high-
speed video camera at 10,000 frames per second.
Insert Fig. 2
2.5. Broken fibre percentage (BFP) in crushing stag
All post-crushed specimens were treated followhngy procedure described in ASTM D3171-09 in order
to burn the matrix and analyse the post-crusheskgiares. All broken fibres are removed leavingyon
those fibres which are not broken in each fibretaffhese glass fibre layers are weighed in an O8AU
GALAXY 110 electronic balance and the percentagbroken fibres within the collapsed length is

calculated following the equation 6.

BFP = 100[E 1- w] (6)
A

where,BFP is broken fibre percentage (%9;is the weight of the fibres that are not brokeeragrushing
stage (g)p. is the linear density of the glass fibre layem{gy); | is the overall length of the
specimen (mm); ank is the collapsed length (mm).
3. Resultsand discussion
3.1. Compression tests — Building block
3.1.1. Quasi-static compression test — Buildingcklo
The building blocks were tested at low compressjoeeds in order to characterise the energy absorpti
capability and the effect of the thickness of thegemial. Fig. 3a shows a representative load-digpteent
curve obtained for both analysed thicknesses, wihesn be noticed that after the initial peak fgrthe
load converges to a lower mean value. Analysingjtreesi-static compression tests, it can be noticatd
all the specimens had a stable and progressivaiogisollapse. In addition, two images (upper and
bottom view) of each specimen type are presenté&dgin3b and 3c, where the different deformatiod an
fracture mechanisms can be observed:

« Axial splitting between fronts, which is geometmgpetndent.

* Axial crack propagation, where energy is absorlprdading the axial crack progressively.

¢ Fibre breakage.



It must be pointed out that these mechanisms anmedfin all tested specimens.

Insert Fig. 3
Analysing theSEAand the efficiency values of both thicknesses (@&, it can be stated that the energy
absorption capability of the specimens is simil&him the experimental scatter. Regarding the prak
mean loads, 2 mm thick specimens present highés goeé mean load values, which is related to the
higher resistant area. However, the dispersioh®falues obtained from the 1.5 mm thick specinens
significantly higher compared to values obtainexhfr2 mm thick specimens. This fact could be due to
the local buckling phenomena noticed in some 1.5thiok building blocks. Mamalist al.[6,27]
observed that the presence of local buckling adesisg the collapse is more common in thinner
composites. The local buckling reduces the loadytay capability of the specimen, and consequently
the absorbed energy. Thus, it can be concludednaidg thinner than 1.5 mm are not recommended for
the studied building blocks.
3.1.2. Dynamic compression test — Building block
Fig. 4a shows the representative load-displacemants obtained from the accelerometer data of each
composite thickness. Furthermore, as well as irsigstatic compression tests, two images (upper and
bottom view) of each specimen type are presentied 4B and 4c).

Insert Fig. 4
Referred to deformation mechanisms, the same mestharand progressive collapse than in the quasi-
static compression tests are identified in dynatesting (axial splitting between fronts, axial dcac
propagation and fibre breakage). However, morengldd delaminated areas and less fibre breakage have
been identified as it is reported in Fig. 5. Thdding blocks tested at quasi-static compressida ra
present a significantly high&FP (approximately 75%) compared to the building bbtésted at
dynamic rates (approximately 40%). The reductiobroken fibres affects directly to the energy
absorption capability as it was demonstrated byaBlet al [28,29]. This reduction, which has been
observed for both analysed thicknesses, can baieepl due to the different predominant collapse esod
of each tests. In quasi-static tests Mode | isptteelominant collapse mode, which is associated avith
large amount of energy absorption capability. Thide is described as a progressive crushing with
microfragmentation of the composite and charactdrtsy a wedge-shaped laminate with multiple
longitudinal and interlaminar cracks [6,27,30]dynamic tests, instead, the predominant failure eried

a mixture of Mode | and Mode II. Where Mode Il issgribed as an unstable local buckling of the



composite wall and delamination between pliess Hssociated with low energy absorption capability
[6,27,30]. The effect of the different predominé&iture mode can be noticed when the results of the
dynamic and quasi-static compression tests argsadiTable 1). Although the peak load is simitar f
both crushing speeds, a clear reduction on the hoaaihcan be observed for both thicknesses,
approximately 40% for 1.5 mm and 35% for 2 mm. Gouently, theSEAvalue of 1.5 mm is reduced
from 61.9 kJ/kg to 34.1 kJ/kg; and in the case offf, the reduction goes from 65.7 kJ/kg to 43.&d&kJ/
Thus, it can be concluded that the increase ohiéngsspeeds reduces the energy absorption cajpesilit
of the building blocks with the studied geometry.

Insert Fig. 5

Insert Tablel
3.2. Compression tests — Crash-box
3.2.1. Crash-box design
The design factors to determine the absorbed ermrdlye cellular crash-box are the building block
(material, geometry and thickness), the numberthaedength of building blocks and the number of
crash-boxes in the vehicle. Hence, based on thétsesbtained from the quasi-static and dynamic
compression tests of the building blocks and tinetic energy of the trolley, an estimation of tadth
of a crash-box can be determined by the next eguati

E
les = . = (7
Nes [, (SEA [p, 10

where, |, is the crash-box length (mmiy., is the number of crash-boxes, is the number of building
blocks; SEA is theSEAvalue obtained from the quasi-static or dynamimession tests of the
building blocks (kJ/kg); ang . is the linear density of the building block (kg/im)

Following the equation 7 the estimation of the minim crash-box length (made of 10 building blocks) i
presented in Fig. 6. As it can be observed, forltBemm thick crash-box, the minimum length caryvar
from 150 mm to 250 mm depending on the compressp@ed of the characterisation test. The same trend
is observed for 2 mm of thickness, where the mimmiength can vary from 100 mm to 150 mm. In

order to ensure that the length of the crash-baikk®e enough for the dynamic tests, the maximum
estimated length should be considered. Therefbeeleingth of the crash-box of 1.5 mm would be

250 mm; and 150 mm for the case of 2 mm. Additinathe length of all crash-boxes was increased

50 mm in order to have enough free length to atthetfcomponents to the impact trolley.



Insert Fig. 6
3.2.2. Quasi-static compression test — Crash-box
Regarding the quasi-static compression tests paddrto crash-boxes, Fig. 7a presents a represantati
load-displacement curve obtained for both analyk&dknesses. In this case, as the building blokkhe
crash-boxes had a stable and progressive crushbllzgpse. No differences are found in the load-
displacement curve appearance (except higher vdlues$o the combination of building blocks). Two
images (upper and bottom view) of each specimea &p shown in order to analyse the deformation and
fracture mechanisms (Fig.7b and 7c¢). Comparedeadtiilding block, the crash-box presents higheefib
breakage at quasi-static compression rate. Thestettinnot be quantitatively analysed due to the i
the component and the available furnace. Howewenparing the status of the specimens after testing,
the higher level oBFP of the crash-box is evident (all the specimenseveempletely broken-down).
This fact may be due to that Mode | collapse typaffected by the geometry of the crash-box, sihee
propagation of the axial crack and the splittingNsen fronts are hindered by the interaction whih t
adjacent building blocks. In this way, a slight i&se irSEAvalue (around 5%) is found for the crash-
box (Table 2). Referred to the efficiency, a slightrease is also noticed in the crash-box. Tlettek
due to the increase of the peak load, which i$iichigher than the sum of the individual peakdad
each building block due to the higher stabilitytled crash-box. Additionally, the local bucklinguss
found in 1.5 mm thick building blocks are not idéetl in the crash-boxes.

Insert Fig. 7
3.2.3. Dynamic compression test — Crash-box
Once the length of the crash-box is estimated basdate compression tests of building blocks, the
dynamic compression tests can be conducted. Figan8 9a show three representative load-deformation
curves obtained from the accelerometer data of eagtposite thickness. In addition to the imagethef
after-crashing status of the specimens (Fig. 8bFagdob), four images of each component during the
crash-test are presented (Fig. 8c and Fig. 9c)thalispecimens had a stable and progressive cellaps
Regarding the deformation mechanisms, the sameanexhs and progressive collapse than in the quasi-
static compression tests are identified in dynaedting. However, as it occurs in the case of thidimg
block at dynamic rates, broken fibre percentage gighificantly reduced compared to quasi-static
compression rates. Therefore, the energy absorpéipability of the component is negatively affected

This fact is supported by analysing the valuesiabthfrom the dynamic test shown in Tabl&SEA



values are decreased from approximately 60 kJ/Iptd5 kJ/kg within the experimental scatter (fott
thicknesses). However, it has to be mentionedttieBEAvalue measured for both thicknesses at
dynamic rates is similar to the values obtainednf@mm thick building blocks at dynamic rates.
Regarding the peak and mean loads, a decreasetal88&6 has been measured for almost all the
specimens, which is largely related to the higlsenee of delamination instead of fibre breakageinAs
guasi-static compression test, the peak load sedo the sum of the individual peak load of each
building block.

Insert Fig. 8

Insert Fig. 9

Insert Table2

Finally, Fig. 10 shows a graphical comparisors&fAvalues obtained from quasi-static and dynamicstest
for all the specimens. It can be stated, that tiegy absorption capability is decreased at dynamic
compression rates. On the other hand, analysingithel0, it can be assumed that the estimaticdhef
crash-box length cannot be done by quasi-statigoecession test, even with the same configuratiothef
cash-box. The failure mode is different at high@mpression rates and consequently, high differeimces
SEAvalues are obtained. However, it can be noticatiSEAvalues between both configurations in the
dynamic test are similar. This relation can be &smtified analysing the maximum collapsed lengths
the crash-boxes (approximately 225 mm for the Inbtimick crash-box and 125 mm for the 2 mm thick
crash-box), which are very close with the preditibtained from dynamic compression tests of bugdi
blocks. Therefore, in order to design a crash-lma eellular component, the characterisation of the
building block at dynamic compression rates capdxformed. This fact implies the reduction of the
costs during the design and validation stagesetthsh-box. The dynamic test of the building bloak
be performed by a standard drop-weight test madtgpped with an accelerometer. The test of the
crash-box instead, has to be performed in a faaliie to crash the trolley (equipped with
accelerometers) against a barrier at the requiestity. Hence, the equipment for testing the cilask

is more complex and expensive than the test obthilding block. In addition, comparing the costtloé
prototypes, the reduction in cost is even higher thuthe crash-box is composed of building blocks

(higher consumption in raw materials and assemibyig)t

Insert Fig. 10
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4. Conclusions

In the present paper, a feasibility analysis ofgtéag automotive composite crash structures adlalar
component based on the characterisation of theibgiblock has been performed. The effect of tgstin
velocity and thickness on the energy absorptiorabdity has been analysed. These are the main

conclusions:

« TheSEAvalues of the building block and the crash-boxessamilar. Furthermore, the effect of
testing velocity is also the same, sirBieAvalues obtained from the dynamic compression tests
are lower than the values from the quasi-staticpr@ssion tests. This reduction can be
attributed to the decrease of the mean load obdenvéine dynamic tests, since the change of
predominant failure mechanisms from fibre breakagguasi-static to delamination under
dynamic conditions.

« Wall thickness is a critical parameter, since ewsing the same thickness in building blocks and
crash-boxes, for thin wall designs remarkable diffices can be found. The origin of the
deviations is related to the fact that bucklingnisre probable testing the building block than
testing the crash-boxes of the same wall thickness.

* TheSEAvalues of the building block and the crash-boxsamglar when the characterisation is
carried out with the same thickness and testingoisl, since deformation and fracture
mechanisms are the same in each case. In the samehs peak load of the crash-box can be
estimated by multiplying the value of the buildipigck and the number of units in the crash-

boxes.

Therefore, it can be postulated that designingaalebox as a cellular component is only feasibztda
on the dynamic compression tests of the buildirgkd. This fact can imply an important reduction in
costs during the design and validation stagesetthsh-box, due to the simplicity and low costhef

dynamic compression test of the building block@mparison with the test of the crash-box.
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Table 1. Results of building block compression tests.

Table 2. Results of crash-box compression tests.



Fig. 1. (a) Cross-section of the building block; (b) cross-section of the crash-box; (c) detail of out of die
UV cured pultrusion machine.

Figure 2. Dynamic compression test of crash-box specimensat PIMOT facilities.

Fig. 3. (a) Load-displacement curve of quasi-static compression tests of building blocks; (b) 2 mm thick
building block after quasi-static compression test (upper and bottom views); (c) 1.5 mm thick building
block after quasi-static compression test (upper and bottom views).

Fig. 4. (a) Load-displacement curves from dynamic compression test of building blocks; (b)1.5 mm thick
building block after dynamic compression test (upper and bottom views); () 2 mm thick building block
after dynamic compression test (upper and bottom views).

Fig. 5. Comparison of different BFP of the specimens tested in quasi-static and dynamic conditions.

Fig. 6. Estimation of the minimum crash-box length: (a) 1.5 mm thick crash-box; (b) 2 mm thick crash-
box.

Fig. 7. (a) Load-displacement curves from dynamic compression test of crash-boxes; (b) 2 mm thick
crash-box after quasi-static compression test (upper and bottom views); (c) 1.5 mm thick crash-box after
quasi-static compression test (upper and bottom views).

Fig. 8. (a) Load-displacement curves from dynamic compression test of 1.5 mm thick crash-boxes;
(b) 1.5 mm thick crash-box after dynamic compression test (¢) dynamic compression test sequence of
1.5 mm thick crash-box.

Fig. 9. (a) Load-displacement curves from dynamic compression test of 2 mm thick crash-boxes;
(b) 2 mm thick crash-box after dynamic compression test; (c) dynamic compression test sequence of
2 mm thick crash-box.

Fig. 10. Results from quasi-static and dynamic compression tests of all the specimens.



. o Energy absor ption capability
Configuration Specimen Compression

. SEA Prnax Pinean R Failure
thickness (mm) rate (k/kg) (kN) (kN) (%) Mode
Building block 15 10 mm/min  61.9+44 148+2.0 11.8+08 76+6 I
Building block 2 10 mm/min  65.7+0.9 21.9+02 186+0.2 85+1 |
Building block 15 15 km/h 341+10 13403 7204 542 |1
Building block 2 15 km/h 43.6+19 242+15 122+16 5151l




Ener gy absorption capability

Configuration thi flfr?celsrsn(e:l m) Com:);t on SEA Pinax Pinean e Failure
(kJ/kg) (kN) (kN) (%) Mode
Crash-box 1.5 10 mm/min  56.6 +1.0 175.0+5.0 123.7+12.7 715 I
Crash-box 2 10 mm/min  62.7+2.2 2584+80 195730 75+ |
Crash-box 1.5 37 km/h 40.1+2.6 123.3+4.2 86.3+ 93 69£8 Il

Crash-box 2 37 km/h 472+x41 2295+9.7 1315+£53 5731l
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