Characterization of indentation damage on car bon/epoxy laminates
by means of acoustic emission and IR thermography

Igor Maria De Ros3 Carlo Santullf, and Fabrizio Sarasihi

! Dept. of Chemical Engineering, Materials, Environment, Ursi@rdi Roma- La Sapienza
via Eudossiana 18, 00184 Roma, Italy
2 Dept. of Electrical Engineering, Universita di Roma- La Sapée via Eudossiana 18, 00184 Roma, Italy
E-Mail: carlo.santulli@uniromal.it

ABSTRACT

Acoustic emission and transient IR thermography hasenbused to study and compare the performance of
carbon/epoxy laminates, subjected to two different iredemt procedures in a three-point flexural rig, one with a
supporting steel plate and the other in a free bending mode.

The study of 2-D localisation plots and cumulative cowstdime curves allowed clarifying, with the essdrgigport

of the thermograms and of optical microscopy, thah best configurations are able to represent and possiplaae a

low impact testing procedure, with the main differenfdeaving a variable flexural component into loading.
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1. Introduction

Static indentation tests on carbon fibre reinforcedrates have been frequently used in literature
to predict the value of penetration energy for the latein@he mechanical set-up most commonly
employed involves the use of indentors of diameter corbfgmrevith that of the impactors
prescribed from standards for falling weight impact, sacASTM D3763. The specimen is simply
supported using a steel plate, so to leave a variable opfemitige indentor to strike the laminate
[1]. From indentation tests, empirical relations haverbebtained, correlating the penetration
energy with the total fibre areal weight (FAW) and inderdiameter [2]. During static indentation
tests, the concentration of loading in a small afehe laminate, similarly to what is done during
falling weight tests, reduces the flexure of the specjnespecially close to failure. It is to be
verified, however, if this gives accurate values of lihear stiffness, a significant parameter in
impact tests on composites [3]. Linear stiffness isngeffias the slope of the force vs. deflection
curve, usually well approximated through a linear regresgbwsically this corresponds to the
elastic fraction of the contact energy betweennigactor and the laminate [4].

With this aim, static indentation tests on carbon/edaryinates have been performed in a bending
rig, using two different test configurations: in the formne specimens were simply supported
using a steel plate, whilst in the latter the specimeggr® left free to bend between the flexural rig
supports. The comparison of the results obtained Wwe&hwo configurations would allow clarifying
the reliability of simulating falling weight impact testsults using static indentation tests. All the
tests were monitored by acoustic emission (AE) withdine of analysing the presence of volume
damage along the lines of what performed in [5]. This amalyas been carried out at the different
load levels and for the different configurations, makinggdause of 2-D localisation plots,
according to indications from a previous work done on puop&ct cyclic indentation tests in [6]. In
addition, damage of laminates impacted to penetration vss imaged using IR pulse
thermography, a non-destructive technique that proved usetftharacterising impact-damaged
areas in composite laminates [7-8].

2. Experimental

Materials. Square carbon/epoxy panels (250 mm side) manufactured byRGR@PT fibres and a
SP106 resin. The FAW of the fabric, a 2x2 twill, was §@%. The samples were manufactured by
hand lay-up in a closed mould using ten layers of fafitie thickness of the cured laminates was



3.5 £ 0.05 mm and the fibre volume fraction was 0.33 £ 0.02nRhe panels, square specimens
(70 mm side) were removed and subjected to static indemtasts.

Test configurations.
A: Samples simply supported using a steel plate withilardg 30 mm) opening
B: Samples left free to bend between the flexuralugpsrts

Load application: The samples were loaded at their centre by a hemisphsteel indentor (g 10
mm) in displacement control with crosshead speednofiImin.

Acoustic Emission: During indentation tests, AE activity was recorded usingallen AMSY-5
system equipped with four 150 kHz resonant sensors, to allwarplocalization of AE sources.
The sensors were placed as forming a square array (sidengBotated by 90° with respect to the
position of the samples, on bonded steel waveguides.

IR thermography: After impact, the damaged area was observed using an Aviodd@jlobeye
TVS 200 thermal video system. The heating was obtained ast@®W lamp at 200 mm from the
sample during 5 seconds, so that a maximum temperature ©fvi®8 obtained on the sample
surface. The thermograms were acquired between 0-30 sedontig cooling down of the
material. The emissivity was set at 1 (black bodwalae which offered the image with the best
contrast with the background: to obtain an image swit&nl analysis a minimum difference of
temperature between the non-impacted and impacted regighs suarface of approximately 2°C.

3. Results

A first observation is that during indentation testspghesence of the plate to support the laminate
(case A) leads to a higher linear stiffness than && & much higher in both cases than flexural
stiffness (F) as shown in Figure 1.
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Figure 1 Typical flexural curve (F), A-type (A) and B-typeléntation on carbon-epoxy laminates



Sounder considerations about the different damage @msigreobtained with the two indentation
procedures are offered by AE amplitude distributions (Figdréhese show that in correspondence
with the first load drop, AE events are more numerous generally of higher amplitude for
configuration B than for configuration A. This provides eviderior the differences in failure
processes involved, since in configurations A and B theldiesl drop occurs at 75% and 88% of
their maximum load, respectively. At failure, this bebaviis reversed, suggesting that damage
concentrates in the area unsupported by the plate ingooaifion A, whilst it spreads along a
preferential direction in configuration B.
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Figure 2 AE amplitude distribution curves at a stressesponding to the first load drop (pseudo-yielding pdgiat)
and at failure (right): blue curves refer to A-typdentation and red curves refer to B-type indentation

In particular, AE localisation plots (Figure 3) highlighiat AE events recorded during the A-type
indentation tests showed no obvious preferential locati@mng evenly diffused on the whole
surface of the plate. In contrast, for B-type indeatgtin a region of the laminate surface, on a line
passing through the centre of the indenter, a lower anad W activity can be shown, as an effect
of the longitudinal cracking of the material, which tedhe uplifting of the rear part of it.

It can be suggested that B-type indentation leads to niggmditterns more similar to flexural testing
than for A-type indentation. In this respect, it is mbtleat during three-point bending, AE events
heavily concentrate around the central 10% of the rig §pgare 4).

Figure 3 Typical AE 2-D localisation plots during indeittatioading (A-type: left and B-type: right)
The red squares represent the edges of the plates;, thhited circles represent the position of AE sensors
The dotted lines represent the size of the indenter,
whilst the continuous line represents (in case A) iteeaf the circular hole in the steel plate.
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Figure 4 Typical AE X-localisation plots during flexuraalting on beam samples.

As suggested above, rear side uplifting of a B-type indesdaatple is clearly observable from the
thermogram, whilst A-type indented laminate shows a dlepemetration-like pattern with no
obvious preferential direction of damage can be obsert#glré 5). More specifically, the
damage pattern can be summarised as more easily exgeévediond the indented region in the case
(B-type) in which no plate support is provided (Figure 6).
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Figure 5 IR thermograms of the rear side of indenteldocdepoxy laminates
(A-type indentation, left; B-type indentation, right)
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Figure 6 Damage patterns on laminates indented with the figoedit procedures
at displacements corresponding to 50 and 75% of the maximuundlalisplacement

The results appear to indicate that both types of iadient tests can be representative of low-
velocity impact procedures, unlike what previous studies suggéstgde indentation (with plate)
appears to be closer to the typical impact loading qutoe, as standardised e.g., in BS EN 2782
part 3. In contrast, B-type indentation would rathezoaat for the occurrence of flexural impact,
with samples tested in a bending rig, and could be compatiedtatic flexural testing results.
Acoustic emission and IR thermography helped substantiaistablishing the differences in the
two indentation loading patterns.

4. Conclusions

The possible combined application of the two indentatioeguures, together with flexural testing,
can offer indications on a possible range of valuesn&fali stiffness, first load drop, and total
absorbed energy. This can be particularly significantmaerials, such as plant fibore composites
and glass/plant hybrid laminates, where the mode of éaituusually brittle and sometimes led by
tear forces (see e.g., in [9-10]). Indentation testing itathis case possibly offer repetitive
indications about the partition of elastic, plastid atamping energy. This could be comparable
with those yielded by low velocity impact, a test whistoften difficult to perform on not very
resistant materials for the low height/high mass @dace required.
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