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Abstract

The objective of this study is to evaluate the téjiq of the Impulse Excitation Technique (IET) @#sessing the
residual elastic properties of damaged compositéniates. To this aim, the Young’s modulus in thegitudinal
direction of undamaged and damaged thick laminatesaluated both with the IET and with a tensigttaccording to
the ASTM standard. The differences between theeate ASTM values and the IET values are thenpné¢ed
through a simple mechanical model of the damagméhkste. Potentialities and weaknesses in the agifgit of the

IET for the assessment of the residual elasticgntags are finally discussed and highlighted inghper.
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1. Introduction

In the last decades, the diffusion of compositeemigts has significantly increased in a wide raofjmdustrial
applications. The high specific strength and stiéf as well as the wide flexibility in shaping aesigning, make
composite materials the most appropriate alteradativtraditional metallic materials for many ma@tyncomponents.
However, failure in composite materials may be tudifferent and interacting failure modes, whiemndardly be
predicted and monitored. Damage complexity thusasgnts one of the main limitations to the diffusod composite
materials in many industrial applications. A relabut simplified damage assessment procedure valladd a larger
diffusion of composites.

At present, non-destructive tests (NDTSs) are widelgpted for the assessment of damage extensamiposite
components and structures [1-11]. NDT is genegaiformed for the quality assessment, during tloelyction
process, or for the structural integrity assessymemtng the in-service life. After any damagingey; NDT could be
effectively used for the selection of the optimaintenance strategy. A decision as to carry opieaific reparation or
a complete replacement depends on the residuatwtalicapability of the damaged component to perfils mission.
The NDT could provide the required pieces of infation for taking the final decision. In particul®&DT, resulting in
a quantitative assessment of the residual locgeties of the damaged component may provide tbessary input
for the correct mission simulation and the simolatiesults address the proper maintenance stradtiegyever, as
reported in [1], the current applications of NDTseyide useful information on internal defects (eitigenerated during
the manufacturing process or after a damaging gbemtdo not permit a direct assessment of thelvasiproperties.
In this study, preliminary steps are made towarsgisnplified NDT for the quantitative evaluation tbe residual elastic
properties of damaged laminates and results ar@amd to traditional tensile tests.

The Impulse Excitation Technique (IET) is adoptedthe application of the simplified NDT. In théeliature, the IET
is generally employed for measuring the elastigpprties of isotropic metallic [12-15] and ceraniié{18] materials
according to the ASTM standards [19-20]; whereais, riarely applied for measuring the elastic prtps of
orthotropic composite materials [21-23]. To the Wars’ best knowledge, the IET has never been appli€lamaged
composite laminates. The aim of the present staidly évaluate potentialities and weaknesses iagp#cation of the
IET for measuring the residual elastic propertiedaomaged composite laminates.

2. Materials and Methods

To evaluate the capability of the IET in the measuent of the residual elastic properties of damagaaposites, a

series of experimental tests are carried out druatsral composite laminate for automotive apylmas.



2.1. Material

The experimental tests are performed on compaaitinktes made of epoxy resin (E720) reinforced wiigint twill
2x2 fabrics made of carbon fibre (T700). The noriaminate thickness is 6.7 mm.

Angle-Ply specimens (referred to as AP specimenthd following) with stacking sequence [+48hd Cross-Ply
specimens (referred to as CP specimens, in theafimity) with stacking sequence [0/9@Fe investigated in this study.
Two different constant rectangular cross sectioasiaed for the AP and CP specimens, accordirtgto t
recommendations of the ASTM standard for tensiéinig of composite laminates [24]: AP specimensl&.& mm x
150 mm; whereas CP specimens are 20 mm x 250 mitlheX&abs nor surface treatments are applied @n th
specimens.

The same specimen geometries are adopted for penipiboth IET and standard tensile tests on undachagd
damaged composite laminates.

Four AP specimens and four CP specimens are igegstl in undamaged and damaged conditions. Theg#aima
introduced by manually applying ten impulsive loaals each specimen clamped in a cantilever cordigam, through

a 4.235 kg rubber hammer with diameter 34 mm, aniikible crack can be found on the surface.

2.2. Experimental tests

A series of experimental tests are carried ouvaduate the base elastic properties of the undaghsgecimens and the
residual elastic properties of the damaged spean&il and tensile tests are performed accordinddASTM
standards [20, 24, 25]. Tensile tests are run wm\gersal hydraulic testing machine, Instron 88&jyipped with a 100
kN load cell. Specimens are tensile-tested in tastie region, without introducing any permanentdge. Specimen
dimensions guarantee test loads in the elastiomajiat can be accurately measured by the loadMelisurements are

replicated at least three times for each specimen.

2.2.1. Tensile tests
Tensile tests are carried out on AP and CP specimerording to the ASTM standards D3039 [24] an813325],
respectively. As shown in Figure 1, strains inlthegitudinal direction are measured with an extemsir (Instron,
Model 2620-604 with gauge length 25 mm).

Figure 1: Tensile test with extensometer on an investigapeztimen.

Tensile tests are run with a constant speed aeffttng machine cross head of 2 mm/min in ordenéasure the
Young’s modulus in the longitudinal direction irethuasi-static loading condition.
In case of damaged specimens, the total specimethlés subdivided in regions with length equathte extensometer

gauge length (i.e., 25 mm). The specimen lengtifiand CP damaged specimens is therefore subdiindgx and



ten regions, respectively. As shown in Figure 2,dlamping free area, which is accessible duriegélt, consists of
the four central regions in case of AP specimeisadithe six central regions in case of CP spece#m&hese central
regions are called the unclamped regions in tHewiahg.

Figure 2: CP and AP specimens with subdivision in clampedi @enclamped regions.
In every specimen, impacts are randomly appligtiénunclamped regions.
Tensile tests on each damaged specimen are regeatdiines at the same load level when testingsp&cimens and
six times when testing CP specimens. In each tepgtthe extensometer is moved from one unclanpgibn to the
next. Therefore, four strain values, correspondiingach of the four unclamped regions, are meadareslery AP
damaged specimen, whereas six strain values, pomdsg to each of the six unclamped regions, aasured for
every CP damaged specimen. The ratio between fiidstress (applied load over measured crosgsattrea) and
the local strain measured in each unclamped rggiovides the values of the local residual Youngtdoius along the

whole unclamped length of the specimen:

g, = L) L)

&
whereE; denotes the residual Young's modulus of itle region,e; is the strain measured in théh region,F is the
applied load and andw are the specimen thickness (i.e., about 6.7 miehyadth (i.e., about 12.7 mm for AP

specimens and about 20 mm for CP specimens), riaglgc

2.2.2. |ET tests
In IET tests, the specimen is excited with an impuh order to measure its fundamental resonaguémcy. A
microphone senses the mechanical vibrations indbgdHe impulse and passes the measured signalataa
acquisition system (National Instruments NI USB-Bpand finally to an analyser (Buzz-o-sdbithat provides the
fundamental resonant frequency (Figure 3).
Figure 3: Experimental system used for IET tests.
Specimen supports, impulse and microphone locatomslefined in order to drive a specific vibratinnde of the
specimen. The ‘longitudinal vibration’ configuratioecommended by the ASTM standard E1876 [20] éptat! in the
present study (Figure 4). Polyurethane foam saipautilized to support the specimen.
Figure 4: IET system in longitudinal mode configuration.
The measured resonant frequency, the specimen diomsnand the specimen mass are used to compudgribenic

Young's modulus, according to the ASTM standard:[20

4m-L-f?

Egr = ——— @)

t-w-K



wherem is the specimen madsjs the specimen length (i.e., about 150 mm forspBcimens and about 250 mm for

2-n2-v2-(w2+t2)

e is a correction

CP specimens); denotes the resonant frequency measured by tihgsanandk = 1 —

factor which accounts for the finite diameter-tagdéh ratio and Poisson’s ratio[20]. The correction factor depends on
the specimen type and attains a minimum value équ&B97 with AP specimens, since they exhibitltingest
Poisson'’s ratio (0.65) and the largest diametdetgth ratio (0.006). If, in Equation (2, is supposed equal to 1, the
maximum error in the computation of the Young’s miog is a negligible value below 0.3%. Therefoos,the sake of
simplicity, K is supposed equal to 1 in the following.
Figure 5 shows typical frequency spectra obtainigld £ T tests on undamaged and damaged AP and &fnsgns.
Figure5: IET frequency spectra for different specimen sym® Undamaged AP specimen; b) Damaged AP spegimen
¢) Undamaged CP specimen; d) Damaged CP specimen.
As shown in Figure 5, the resonant frequency iarbld@dentifiable in each spectrum and no misregdirthus possible
in analysing data.
For each tested specimen, the resonant frequemegasured with a 1 Hz resolution, dimensions arasoned with a
centesimal digital caliper and mass is measurexnlgjir a digital scale with 0.1 g resolution. Forleaeasured
quantity, five replications are performed on egobcémen. Tables 1 and 2 report the data for theutztion of the
uncertainty [26] orE;z for one undamaged AP specimen and one undamagsgecinen, respectively. Very similar
results are obtained for all the other AP and Gitispens.
Table 1: Uncertainty on Young’s moduli for AP specimens.
Table 2: Uncertainty on Young’s moduli for CP specimens.
According to Tables 1 and 2, the combined uncegtain £,z is 0.1 GPa for every AP specimen and 0.8 GPavierye
CP specimen.
3. Results and Discussion
The Young’s modulus is measured on undamaged andgkd specimens. Values measured on undamagechspsci

are used as reference for quantifying the decreofahe elastic properties induced by damage.
3.1. Undamaged specimens

The base Young's modulus of the undamaged compissitealuated from tensile and IET tests for AP @id
specimens, according to Equations (1) and (2)ahtiqular, when evaluating the base Young’'s modtrius the
tensile test, a single strain value is measurel thi2 extensometer applied in the central zonaeftinclamped length.
Tables 3 and 4 report the average values anddhdatd deviations (in case of IET tests the uncaytés reported) for

the four tested AP and CP specimens, respectively.



Table 3: Young’s moduli of undamaged AP specimens.
According to the values reported in Tables 3 artthe JET proves effective in measuring the Youngdulus of AP
and CP undamaged specimens. For both specimen tigJegalues are very close to the values measiosd the
tensile tests. IET provides slightly larger valfmsboth AP and CP specimens, except for the CRtisgen.

Table 4: Young’s moduli of undamaged CP specimens.
Some slight differences between the results fragrwo evaluation techniques can be ascribed, imdtieors’ opinion,
to the strain rate effect (i.e., the IET value tyaamic Young’s modulus) and to the intrinsic infageneity of
composite materials. The IET provides an overattgpen Young's modulus. On the other hand, the ymumodulus
obtained from tensile tests depends on the locaihstneasured through the extensometer and thereéor be
considered as a local Young’s modulus. In a homogsmaterial, the local Young’s modulus is equintte the
overall specimen Young’'s modulus; whereas in animbgeneous composite material, the local Young'duhs may
vary along the specimen length. Therefore, thealv¥oung’s modulus measured through the IET casligdtly

different from the local Young’s modulus measutt@etigh a tensile test.
3.2. Damaged specimens

The residual Young's modulus of the damaged conpdsievaluated from tensile and IET tests for AR &P

specimens, according to Equations (1) and (2).

Tables 5 and 6 report the overall Young’'s modulessured with IET tests and the local values ofvibeng’s

modulus measured from tensile tests on each uneldmggion for AP and CP specimens, respectively.

Table 5: Residual Young’s moduli in damaged AP speciménsal values in each unclamped region from tersits
and overall values from IET tests.

According to Tables 5 and 6, in the case of damagedimens, the IET provides an overall value effbung’s

modulus that is not representative of any speaificlamped region of the specimen.

Table 6: Residual Young's moduli in damaged CP specimeasal values in each unclamped region from terisiés
and overall values from IET tests.

For each damaged specimen, this overall residuahyy's modulus depends on the extension and se@ritgmage in

the whole specimen. In particular, a very localidathage is not expected to significantly changeottezall base

Young’s modulus of the specimen.

In order to find an analytical expression that etates the overall value from IET and the localealfrom tensile

tests, the damaged specimen can be modelled theosghes of elastic bodies subjected to a longiaudoad (Figure

6).

Figure 6: Mechanical model of a damaged specimen subj¢otadongitudinal load.



According to the series model represented in Figutbe overall stiffnesk;or is given by:

1 _ 1 _ A
n 17 on Li T ogn LY
Zz:lki Zi:lEl-A Zi:lE_i

®3)

kror =

where, for each specimen regigi is the cross-sectional area (which is approxingatehstant along the specimen
length),L; is the length and; denotes the residual Young’'s modulus, accordirfgceation (1).
On the other hand, the overall stiffness can bepeed from the overall Young’ modulus, as follows:

Etor'A _ ETOT'A
TOT
Lror XL

whereLror = Y.1=; L; is the total specimen length aBg,; denotes the overall Young’s modulus that can basued
with an IET test.
The relationship between the overall Young's moduheasured from IET and the local residual Youngpsiuli

measured from tensile tests can be easily obtdipedking into account Equations (3) and (4):

n .
i=1Li _ nL n

T (®)

E = =
TOT n 1 n
L Zi=1E_i Zi=1E_l-

L.
n L
Zi=1E_i

wherelL is the constant length value of each specimemne@ie.,L = 25 mm).
Table 7 compares the values obtained from Equéfipwith the experimental IET values reported iblEa 5 and 6.
Since no extensometer measurement is possible icldmped regions, nor any damage is likely to ootthese
regions, the local Young’s modulus for the clampegions is assumed equal to the largest Young'sulnsdneasured
in the unclamped regions for the computatiogf; through Equation (5).
According to Table 7, values from IET and tensélst$ are in good agreement, with larger errorghimtonger CP
specimens. As for the undamaged specimens, IETige®yvon average, slightly larger values for bokhakd CP
specimens.
Table 7: Residual Young's moduli in damaged specimens fremsile and IET tests.

A percent decrement of the local residual Young&lolus in each unclamped region can be conseriatgtimated
by assuming, as reference, the largest Young's inedneasured along the specimen. An average pateergment
for each damaged specimen can then be estimatadelbgging the percent decrement values assoc@esth region.
Table 8 reports the average percent decrementifdr gamaged specimen. For sake of comparisongticent
decrement measured with the IET is reported aloegsi

Table 8: Percent decrement of Young’s modulus in damagedisiens from tensile and IET tests.
According to Table 8, the overall percent decrememtasured from IET values are in good agreemehtthe average

percent decrements calculated from the local vadfigsnsile tests, with larger errors for the lonG® specimens. IET



provides, on average, larger percent decremendir specimen types. Therefore, IET can be consilamore
sensitive methodology for assessing the overalladeent of elastic properties in damaged compoaitériates.

4. Conclusions

The Young’'s modulus of a thick composite laminatedutomotive applications was investigated be&ore after the
application of a local random damage. The invetigavas performed by carrying out standard terisi#s on a
hydraulic testing machine and non-destructive teased on the Impulse Excitation Technique (IET).

The following conclusions can be drawn from theazkpental results:

« |ET is a rapid and effective method for measurimglbngitudinal Young’s modulus in undamaged coritpos
specimens.

» Compared to the standard mechanical charactenizatibich is based on local strain measurements, IET
provides more repetitive results, since measuresrametless affected by the typical local inhomogg roé
thick composite laminates.

« |ET provides, on average, slightly larger valuestfe Young’s modulus for both AP and CP specimens,
probably as a result of the strain rate effect.

* Being a global measurement technique, IET is uriabfrovide an estimate of the local residual Ydsng
modulus that could be measured with an extensoraetess the locally damaged area.

* However, compared to the standard mechanical ctesization, IET proved more sensitive to monitoerall

Young’s modulus reductions in damaged composites.
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Figure captions

Figure 1: Tensile test with extensometer on angtigated specimen.

Figure 2: CP and AP specimens with subdivisionamped and unclamped regions.

Figure 3: Experimental system used for IET tests.

Figure 4: IET system in longitudinal mode configioa.

Figure 5: IET frequency spectra for different spesn types: a) Undamaged AP specimen; b) Damagespa€imen;

¢) Undamaged CP specimen; d) Damaged CP specimen.

Figure 6: Mechanical model of a damaged specimbjested to a longitudinal load.



Table 1

Table 1: Uncertainty on measured Young’s moduli&Brspecimens.

Standard o
. Symbol : uncertainty Sens_|t|_V|ty Standa_lrd
Quantity . Units Value Source component coefficient uncertainty
L u(x;) ¢; = 0Egr/0x; Ui (Ergr) = leilulx;)
L
Replications 81E-6 5.62E+7
Mass m kg 19.3E-3 Resolution 29E-6 §2E1 2.00E+7
Replications 528E-6 4.68E+7
Length L m 150.7E-3 Resolution 29E-6 8.86E+10 > 56E+6
Replications 2.8 7.51E+6
Frequency  f Hz 9958 Resolution 0.3 2.68E+6 7.74E+5
. Replications 25E-6 4.94E+7
Thickness t m 6.7E-3 Resolution 20E-6 -1.99E+12 5 75E48
Replications 29E-6 2.95E+7
Width w m 12.9E-3 Resolution 29E-6 ~1.03E+12 2.99E+7
Young’s meLf?
modulgus Eigr Pa Ejgr = 47’;_:,]‘ = 13.3E+9 - - w;(Erpr) = V2 uf (Ejpr) = 0.1E+9

13



Table 2

Table 2: Uncertainty on measured Young’'s moduliGé specimens.

Standard o
. Symbol : uncertainty Sens_|t|_V|ty Standa_lrd
Quantity . Units Value Source component coefficient uncertainty
' u(x,) ¢; = 0Epr/0x; w;(Erpr) = leilulx;)
L
Replications 528E-6 5.83E+8
Mass m kg 48.4E-3 Resolution 29E-6 {QLeH2 3.19E+7
Replications 487E-6 1.04E+8
Length L m 250.2E-3 Resoluion  144E-6 ZfAETLL 3.09E+7
Replications 0.7 5.97E+6
Frequency f Hz 12149 Resolution 0.3 8.81E+6 2.54E+6
. Replications 50E-6 4.01E+8
Thickness t m 6.7E-3 Resolution 29E-6 -7.98E+12 > 30E+8
Replications 89E-6 2.37E+8
WWidth v m 20.0E-3 Resolution 29E-6 2.68E+12 7.74E+7
Young's L2
modulgus Epr Pa Egr = 4”;_:/]‘ = 53.5E+9 - - w;(Ejgr) = X u?(Ejgr) = 0.8E+9

14



15

Table 3
Table 3: Young’s moduli of undamaged AP specimens.
Young’s moduli
Specimen [GPa]
denomination
Tensiletests |ET tests
AP1 13.1(9) 13.3(0.1)
AP2 13.0 (0.1) 13.4 (0.1)
AP3 13.3(0.2) 13.7 (0.1)
AP4 13.3(0.1) 13.9(0.1)
Note: Standard deviations, reported in parenth@esesymitted if less the 0.1 GPa.
Table 4
Table 4: Young’s moduli of undamaged CP specimens.
Young’s moduli
Specimen [GPa]
denomination
Tensile tests |ET test
CP1 56.6 (0.2) 53.5(0.8)
CP2 52.7 (0.5) 53.0 (0.8)
CP3 50.1 (0.1) 52.5(0.8)
CP4 50.3 (0.1) 52.9 (0.8)
Note: Standard deviations are reported in pareathes
Table 5

Table 5: Residual Young’'s moduli in damaged AP Bpeans: Local values in each unclamped region fremsite tests

and overall values from IET tests.

Residual Young's moduli

[GPa]
_ Tensile tests
Specimen (Local value in each unclamped region) IET tests
denorfination Region1l Region2 Region3 Region 4(Overall values)
AP1 12.8 7.4 11.1 13.8 11.8
AP2 13.5 7.7 10.8 13.2 11.8
AP3 12.9 9.7 11.5 13.7 12.1
AP4 11.0 9.3 14.1 14.0 12.3
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Table 6
Table 6: Residual Young’s moduli in damaged CP ispexs: Local values in each unclamped region fremsite tests
and overall values from IET tests.

Residual Young's moduli

[GPa]
_ Tensiletests
Specimen (Local value in each unclamped region) IET tests
denomination Region1l Region2 Region3 Region4 Region5 Re@ion(overa” values)
CP1 49.9 14.3 57.3 54.7 58.5 53.5 46.7
CP2 61.9 14.7 51.6 59.1 55.9 57.8 46.3
CP3 21.3 15.8 43.9 54.6 52.4 53.1 41.9
CP4 51.3 18.2 52.0 50.9 57.3 55.9 44.8
Table 7
Table 7: Residual Young’s moduli in damaged spensrfeom tensile and IET tests.
Residual Young's moduli
Specimen _ [GPa] Percent Error Average
denomination Tensile tests IET tests Percent Error
(Etor) (Eier)
AP1 11.5 11.8 +2.5%
AP2 11.5 11.8 +2.6%
0,
AP3 12.3 12.1 1.9% +0.6%
AP4 12.4 12.3 -0.8%
CP1 43.5 46.7 +7.4%
CP2 45.4 46.3 +2.0% o
CP3 38.1 41.9 +10.0% +4.3%
CP4 45.8 44.8 -2.2%
Table 8

Table 8: Percent decrement of Young’'s modulus matged specimens from tensile and IET tests.

Percent decrement

Specimen i, Average
denomination ; Difference difference
Tensile tests |ET tests
(Average values) (Overall values)
AP1 -12.2% -11.3% +1.0%
AP2 -10.8% -11.9% -1.2%
-1.4%
AP3 -8.5% -11.7% -3.2%
AP4 -9.4% -11.5% -2.1%
CP1 -10.7% -12.7% -2.0%
CP2 -11.3% -12.6% -1.3%
-3.2%
CP3 -15.8% -20.2% -4.4%
CP4 -10.2% -15.3% -5.1%




Figure 1

Figure 2

Figure 1: Tensile test with extensometer on angtigated specimen.

3 e o, 10,0
'

Figure 2: CP and AP specimens with subdivisionamped and unclamped regions.
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Figure 3
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Figure 3: Experimental system used for IET tests.
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Figure 4: IET system in longitudinal mode configioa.
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Figure 5
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Figure 5: IET frequency spectra for different spsan types: a) Undamaged AP specimen; b) DamagespA&imen;

¢) Undamaged CP specimen; d) Damaged CP specimen.
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Figure 6: Mechanical model of a damaged specimbjested to a longitudinal load.



