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Abstract

The propagation of laser-induced shock waves in a transparent epoxy sample is investigated by

optical shadowgraphy. The shock waves are generated by a focused laser (3 ns pulse

duration—1.2 to 3.4 TW cm−2) producing pressure from 44 to 98.9 GPa. It is observed that the

shock wave and the release wave created by the shock reverberation at the rear face are both

followed by a dark zone in the pictures. This corresponds to the creation of a tensile zone

resulting from the crossing on the loading axis of the release waves coming from the edge of

the impact area (2D effects). After the laser shock experiment, the residual stresses in the

targets are identified and quantified through a photoelasticimetry analysis of the recovered

samples. This work results in a new set of original data which can be directly used to validate

numerical models implemented to reproduce the behaviour of epoxy under extreme strain rate

loading. The residual stresses observed prove that the high-pressure shocks can modify the

pure epoxy properties, which could have an influence on the use made of these materials.

1. Introduction

One of the major applications of thermosetting polymers such

as epoxy resin is their use as matrix material in the construction

of a wide variety of modern fibre reinforced composite

materials [1–3]. In fact, there is an important requirement

for such light-weight materials with high strength from the

automotive (crashworthiness testing) and aerospace industries

(foreign object damage, bird strike and blade containment),

and also for military applications (armour materials). In most

of these areas, the final structure is routinely subjected to severe

impacts during in-service life, and the transient behaviour of

various kinds of composite materials under dynamic loading

conditions has therefore been extensively studied (see [4] for

a review of papers published before 1990, and [5–17] for

more recent contributions). However, composites are complex

materials consisting of a number of different phases arranged in

complex geometries (1D, 2D or 3D arrangements). Moreover,

the matrix volume content can reach up to 50% in some modern

3D composites, and large (meso-scale) matrix pockets can be

present in the final material. To gain a full understanding

of their behaviour under extreme conditions, it is therefore

necessary to study the response of the matrix material in detail,

in addition to the composite itself, in order to address the

vulnerability and the durability of such systems.

Over the past years, a number of different researchers

have investigated the dynamic response of epoxy resins,

focusing mainly on the measurement of the Hugoniot curve

[18–23], the evolution of strength with impact stress using

both longitudinal and lateral pressure gauges [12, 21–24], and

the mechanical response at high strain rate in compression,

tension and shear [25–28]. While different responses were

apparent at low strain rates, similar Hugoniot relationships

were found for all materials at higher pressure (representing

similar high strain rate responses). The results of the lateral

stress measurements indicated an increase in shear strength

both with impact stress and behind the shock, which was

attributed to the viscoplastic nature of epoxy-based resins. The

various mechanical characterizations performed with different

experimental apparatus in order to investigate the response of
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Table 1. Epoxy sample properties as presented by Bertin et al [30].

ρ E Poisson σr εr Thickness Tg

(g cm−3) (GPa) ratio ν (MPa) (%) (mm) (◦C)

1.14 3.09 0.35 29.7 0.02 5 120

epoxy resins at high strain rates show a substantial strain rate

dependence of yield stress, initial modulus and strain to failure.

The work discussed in this paper is intended to get a better

understanding of the dynamic behaviour of epoxy resins, by

providing useful data for the validation of numerical models

used in the dimensioning of epoxy-based composites and

assemblies. For this purpose, we used a high-power laser

system in order to induce high pressure and high strain rates

shock loadings inside epoxy samples (about 50–90 GPa during

3 ns). In fact, high-power laser systems offer the ability to

generate very high pressures and strain rates loadings with

high repetition rates, while facilitating sample recovery due to

the limited dimensions of the samples and the shortness of the

loading.

Using the transparency property of epoxy, we used a

shadowgraphy set-up allowing us to picture the shock wave

propagation and the tensile state distribution within the sample

at various times from shock generation by laser irradiation

to shock reverberation at the opposite face and consecutive

spallation process. These are original new data never measured

in epoxy, providing time-resolved snapshots of the geometry

of the laser-induced shock wave propagation within these

materials. Working afterwards on the recovered samples,

photoelasticimetry measurements provide the residual stress

left by the shock within the depth of the sample, evidencing

the influence of the shock intensity on these data. This work

results in a new set of original data available for epoxy in order

to be compared with numerical modelling of the behaviour of

this material under extreme strain rate loading.

2. Materials and experimental laser shock method

2.1. Epoxy material

In this investigation, a classic polymer material was used (see

its main characteristics in table 1) [29]. Each square sample

was about 10 mm long and 5 mm thick. On two opposite

edges, the samples were hand polished to obtain an excellent

transparency which enabled the shock wave observation. Since

epoxy is more or less transparent to the 1.064 µm wave length

laser source used, the samples were covered with an aluminum

coating on their front faces to force the laser interaction with

the matter and shock generation at the surface of the sample

(see in figure 1(a)).

2.2. Shock experiment set-up

The laser shocks were performed in the LULI (Laboratoire

pour l’Utilisation des Laser Intenses, Ecole Polytechnique,

Palaiseau, France), where several high-power laser sources

are available. The LULI 2000 laser source used in this

study delivers laser square pulses whose duration full width

at medium height lasts about 3 ns and whose beam energy is

tunable in the range [200–1000 J]. The spot diameter is 3 mm.

A schematic view of the experimental set-up is presented

in figure 1(a). The laser is focused on the epoxy target surface

covered by an aluminum layer. It is located in a vacuum

chamber. Aluminum coating is ablated in high-pressure

plasma which expands rapidly in the vacuum chamber. In

reaction, a shock wave is created by reaction inside the

epoxy (see figure 1(a)). The propagation of shock waves

inside material through a schematic space/time diagram is

presented in figure 1(b) [31, 32]. Shock (1) propagates through

the target according to properties depending on the material

characteristics and geometry. When reaching the sample back

face, this incident shock wave is reflected into a release wave

(2) propagating backwards. This release wave is crossing the

incident unloading wave coming from the front face (3) and

initiated by the end of the loading (back to the initial state).

This crossing of two release waves (4) can lead to a local

high tensile stress area which could damage the material and

lead, depending on the laser parameters, to the well-known

spallation phenomenon [33]. The generated tensile stress level

is directly linked to the laser shock energy, whereas its location

mainly depends on the material properties and the pulse

characteristics. Moreover, these waves produce local physical

property changes. These modifications lead to a variation of

the optical properties of the matter [34, 35]. In particular, when

the density increases, the light is deflected. Therefore, by

recording the phenomenon thanks to an adapted optical system

placed perpendicularly to the loading axis, the compression

due to the shock is revealed by a contrast difference between

the loaded and the unloaded zones. Consequently, the shock

wave propagation observation is possible [36].

Hence, the samples present two polished edges

perpendicular to the observation axis (see positioning sketch in

figure 2). Thus, one polished edge is placed in front of a high-

power flash lamp (Balcar Starflash 3) which provides white

light (400 to 700 nm) during the laser experiment. The other

one is let free to be observed with a camera acquisition system.

The camera can take a picture of the sample while the laser

shock is propagating within the sample. With the set-up used,

the camera can picture phenomena happening inside the epoxy

sample. In this case, the focus was made in the middle of each

sample, and the exposure time was 3 ns. In order to get several

images of one laser shock, three DICAM pro cameras are used

on the same optical axis. Beam splitters are placed on this axis

to reflect one image in each camera (see in figure 2). The whole

observation system (flash and cameras) is fully synchronized

with the laser shock timing which is perfectly known. The

three cameras can be delayed independently of each other to

picture three different instants of the shock wave propagation

inside the tested epoxy sample.

2.3. Post-shock experimental set-up

As the laser shock loading is really short, the sample can

be recovered from the experimental cell to be analysed at

the post-mortem state. In this investigation, the bi-refringent

characteristic of the epoxy was used to observe the residual

stresses inside the material.
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Figure 1. (a) Sketch of the laser/matter interaction used to study the laser-induced shock wave propagation into an epoxy target,
(b) Time–position diagram representing the one-dimensional propagation of a shock wave and release wave into a target in the case of laser
shock loading.

Figure 2. Experimental set-up used for transverse observations.
Three DICAM PRO cameras are synchronized to picture three
different time states of the target under a laser shock.

The used experimental set-up is presented in figure 3.

Two circular polarizers are placed on each side of the sample.

They have been chosen to visualize only the isochromatic

fringes. They were oriented to perform the observations

in dark field. The sample is lightened on one side, and

observed on the opposite side through a monochromatic filter

(0.542 ± 0.003 µm wavelength) with an optical microscope.

Under these particular conditions, the difference between main

stresses σ1 and σ2 can be described by equation (1), where k is

referring to the fringe order. Except for this parameter which

depends on the observations, the other parameters are well

known, and a calculation can be performed [37–40]. In the

following numerical calculation, the photoelastic constant has

been chosen equal to 55 × 10−12 Pa−1.

σ1 − σ2 =
kλ

Ce
with












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







k: fringe order

λ: filter wavelength

C: Photoelastic constant

e: thickness.

(1)

Figure 3. Photoelasticimetry experimental set-up to observe
post-mortem state of epoxy samples [37–40].

3. Results and discussions

3.1. Time-resolved measurements

Three different epoxy samples, named Sep1.1, Sep1.2 and

Sep1.3, were used to study the shock wave propagation in

epoxy targets. Thanks to the synchronized camera system,

three pictures per shock were taken. Images were delayed from

each other according to the settings chosen for the cameras.

In order to have more than three images to study the wave

propagation, two laser shock were requested to be identical

within the laser uncertainties (Sep1.2 and Sep1.3). Sample

Sep1.1 was shocked on purpose with half-lower intensity,

in order to study the pressure variation influence on the

wave propagation. The laser shock parameters used are

given in table 2: energy, pulse duration, focalized diameter

(Dfoc) and intensity. The uncertainties have been evaluated

by considering the experimental set-up and the diagnostic

accuracy. The pressure has been calculated using the ESTHER

software [41, 42]. The shock wave velocity measurement was

made on two samples shocked with different intensities. The

small difference in the laser intensity between the two shots is
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Table 2. Laser shock parameters and measured velocities.

Target reference Energy (J) Laser pulse (ns) Dfoc (mm) Intensity (TW cm−2) Calc. pressure (GPa) Exp. shock velocity (m s−1)

Sep1-1 279 ± 5 3.12 ± 0.02 3 ± 0.1 1.26 ± 0.13 44 ± 4.4 2928 ± 50
Sep1-2 690 ± 5 3.10 ± 0.02 3 ± 0.1 3.15 ± 0.27 93.5 ± 7.5 3140 ± 60
Sep1-3 750 ± 5 3.12 ± 0.02 3 ± 0.1 3.40 ± 0.29 98.9 ± 7.9 not measured

Figure 4. Pictures treatment to calculate the experimental shock wave velocity from the laser shock performed on sample Sep1.2
(3.15 TW cm−2).

not significant to deeply influence the pressure level induced

inside the material [43, 44]. The shock velocity measurement

and reproducibility are first discussed in figures 4 and 5, and

then the phenomenon is fully described in figure 6.

The snapshots gathered during the laser shock experiment

can provide quantitative information. In fact, by measuring the

shock wave displacement between two images, the shock wave

velocity can be calculated (see the measurement principle on

sample Sep1.2 in figure 4). In the case of Sep1.2 sample, the

measurement has been made using the pictures taken at 0.5

and 1.0 µs. Then, equation (2) is used to evaluate the shock

wave velocity. The method was the same for sample Sep1.1.

Vshock =
traveled distance

time between two pictures

=
1.57 mm

500 ns
= 3140 m s−1. (2)

Thanks to the image quality, the accuracy on the travelled

distance measurement is about ±0.01 mm (1 pixel). Moreover,

the snapshot instant is known at ±3 ns due to the camera

exposure time, which leads to an uncertainty of ±6 ns on the

time between two pictures. The shock velocity is measured in

a frame of ±60 m s−1 in the case of sample Sep1.2. The shock

wave velocities calculated are reported in table 2. Moreover,

the shock velocity is dependent on the shock wave pressure

level as shown in equation (3), where ρ is the density, C0

is the sound celerity and u is the material velocity. Thus,

a first approximation of the shock wave velocity Vshock can

be given by equation (4) using an experimental parameter s,

even if recent works were performed to enhance the behaviour

law [45].

P = ρ · c0 · u (3)

Vshock = c0 + s · u. (4)

Despite the laser intensity used in the case of sample Sep1.2

(3.15 TW cm−2) was up to two times higher than in the case

of sample Sep1.1 (1.26 TW cm−2), the difference in the shock

Figure 5. Snapshots of the laser shockwave propagation for two
different samples (Sep1.1—1.26 TW cm−2 and
Sep1.2—3.15 TW cm−2) at time t = 1 µs after shock and t = 1.5 µs
after shock: (a) snapshot at t = 1.0 µs from sample Sep1.1
(1.26 TW cm−2), (b) snapshot at t = 1.5 µs from sample Sep1.1
(1.26 TW cm−2), (c) snapshot at t = 1.0 µs from sample Sep1.2
(3.15 TW cm−2), (d) snapshot at t = 1.5 µs from sample Sep1.2
(3.15 TW cm−2).

wave velocity measured remained relatively small: 6% (see

in table 2). Moreover, the phenomenon itself hardly changed

from a shock produced at 3.15 TW cm−2 to a shock produced at

1.26 TW cm−2 as shown in figure 5. Four different snapshots

from Sep1.1 and Sep1.2 samples are presented in this figure,

with the same scale. At the same moment, the patterns are

almost exactly the same for the two different laser intensities,

meaning the different pressure loadings. This comparison

proves the reliability of the developed methodology and the

reproducibility from one sample to another. Therefore, it can

be considered that for Sep1.2 and Sep1.3, the slight difference

on the laser intensity (about 8%) will lead to the same shock

wave propagation in the two samples.
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Figure 6. Laser shock wave propagation history obtained by
shadowgraph: (a) snapshot at t = 0.5 µs: setting up of the shock
wave (from sample Sep1.2), (b) snapshot at t = 1.0 µs: shock wave
propagation with edge effect (from sample Sep1.2), (c) snapshot at
t = 1.5 µs: the shock wave is reaching the target back face (from
sample Sep1.2), (d) snapshot at t = 1.8 µs: reverberation of the
shock at the free surface (from sample Sep1.3), (e) snapshot at
t = 2.2 µs: crossing of release waves resulting in inside tensile
stresses (from sample Sep1.3), (f ) snapshot at t = 3.0 µs:
beginning of the spallation mechanism (from sample Sep1.3).

Thus, samples Sep1.2 and Sep1.3 were used to map

the shock wave propagation history in an epoxy target and

to describe the phenomenon. These two shocks realized in

the same condition enable gathering six pictures of the same

phenomenon thanks to the delays in each camera. The pictures

are presented using the same scale in figure 6. The shock

wave setting up (at t = 0.5 µs) and propagation (t = 1 µs

and 1.5 µs) are shown by the first three images. Two main

shapes can be observed on these snapshots. The thin curved

black line, which is clearly visible at time 1 µs, is the shock

wave. The material is compressed due to the pressure state

which is leading to this darkness. Since the shock is really

short, the pressure is released right after the loading. As far

as shock wave propagation is concerned, this is traduced by

release wave propagation right after the shock wave which

brings back the material to its initial state. On the images, the

shock wave is followed by a grey area, which is the colour

also found in the unloaded areas. A sizeable black blur can

also be observed behind the first two waves. This shape is

traducing a tensile loading due to the geometry of the laser

impact. This phenomenon is called edge effect, or 2D effects,

evidenced by Boustie [46, 47]. It relies on the fact that release

waves are spherically propagating inside the target and from

the edge of the impact area. These waves start to cross each

Figure 7. (a) White light source polarized image of Sep1-1
sample—order 0 observed (b), 0.542 µm light source polarized
image of Sep1-1 sample—fringe orders observed.

other on the loading axis first, and then in a larger zone, creating

tensile stresses. These tensile stresses appear each time two

release waves cross each other. The second line of images in

figure 6 is relative to the shock wave reflection on the back

face. In fact, when a shock wave reaches a free surface, it

is reflected into a release wave due to the absence of matter.

This release wave can be observed on the snapshot taken at

time 1.8 µs. It is the curved grey line, propagating backwards

from right to left, and crossing the incident tensile stressed

area (black blur). Behind this release wave, a dark area can

be observed. This observation reveals one more time a tensile

loading induced by the crossing of the incident release wave

with the one propagating backwards. So the back face is

progressively loaded with tensile stresses, as can be seen at time

2.2 µs. The last image shows the concerned wave propagation

and the spallation phenomenon (3.3 µs). In fact, the backward

release wave approaches the front face. Behind, the material is

under tension, especially in the darkest shape close to the back

face. It is traducing intense tensile stresses which will lead to

spallation a few µs later. The little deformation of the back

face can show that the spallation has already started. Finally,

these observations agree with the shock wave propagation

and spallation phenomena described in figures 1–2 and give

an interesting vision of the shock wave propagation inside

the target, which cannot be measured on back face velocity

measurement [48].

These results can constitute a useful database for

comparison with results from numerical modelling. So

far, the comparisons are mostly performed on back-free

surface velocity records or post-mortem inspection, providing

information on the behaviour of the material only after the

shock wave has fully crossed the sample. Much effort is made

in getting more experimental data during the first steps of shock

wave propagation via difficult x-ray radiography diagnostics

for non-transparent materials [49]. Here we evidence for

the first time the ability to get snapshots of laser shock

wave propagation within transparent materials at chosen times

before the shock breakout, after and even pictures of damage

occurring upon reverberation.

3.2. Post-shock analysis

The sample presented in figure 7 was spalled by the laser shock

wave propagation as is proved by the crater visible on the
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Figure 8. Measurement of the residual stresses observed by photoelasticimetry on sample Sep1-1.

back face. In figure 7(a), the residual stresses are revealed

by the polarizers. Under the sample front face, the material

remains loaded on 2 mm. In contrast, the back face exhibits

no residual stress, especially in the spallation area. This could

be understood since the matter ejection probably relaxed the

whole loading. To quantify the residual state, a first image is

taken without the monochromatic filter in order to determine

the first order fringe (see in figure 7(a)). Then, the filter is

added and the fringe order can be identified for each fringe

until the ablation point (see in figure 7(b)).

Both Sep1-1 and Sep1-2 samples were observed using

this technique (see the corresponding laser shock parameters

in table 2). Some hypotheses were made on the main

stress directions. In fact, the x-direction is assumed to be

the main direction 1, since it is collinear with the laser

loading axis. Moreover, the y-direction can be considered

as the second main direction because the pressure loading is

axisymmetrical. Regarding these assumptions, the quantity

(σx − σy) corresponds to (σ1 − σ2) which can be calculated

on each fringe by the use of equation (1). The uncertainties

on the depth measurement were evaluated by considering the

image resolution as well as the fringe sharpness. Moreover, the

errors on the residual stresses are due to the sample thickness

variation and the spectral filter used. This residual stress

state was plotted along the sample depth on the loading axis.

Experimental points have been fitted to obtain a global trend of

the residual stress evolution (see numerical values and graphic

in figure 8). In fact, the matter was fully relaxed deep inside the

sample, but the residual stresses increase exponentially in the

direction of the front face. It is measured 240 µm deeper from

the initial state because of the compression of the material.

On the other sample, the loading intensity was twice more

than for Sep1.1 and therefore, it has created more damage in

the material. In fact, the spallation observed was wider and

larger. The compressed front face ablation was also twice

deeper, about 500 µm (see the residual stress state of Sep1-2

in figure 9). Nevertheless, the residual state evolution along

the depth on the loading axis seems to be more or less the same.

The residual stresses are just shifted deeper into the material,

and this translation corresponds to the difference in the front

face position. This could mean that the laser intensity level

has no influence on the residual stress levels since the fringe

distributions are really close from one sample to another, but

has an effect on its position.

Figure 9. Comparison of the residual stresses for two different
samples: Sep1-2 (3.15 TW cm−2) and Sep1-1 (1.26 TW cm−2).

4. Conclusions

High-power laser shocks were performed on epoxy samples.

The LULI laser sources were used to generate the laser

irradiation, and camera acquisition system was set to

picture the shock wave propagation into the polymer. The

experimental data gathered have been used to characterize

the wave propagation history, and enable the shock velocity

measurement. The residual stress states were also studied since

epoxy can be analysed by photoelasticimetry. Its evolution

along the loading axis has been quantified and the influence

of the laser intensity level was explained. Results give

original data which provide useful information to compare

with numerical simulation and could help to fit constitutive

laws and damage modelling for pure epoxy or epoxy-based

composite materials under extreme strain rate loading. On

the one hand, qualitative results were obtained on the shock

wave propagation morphology inside pure epoxy. On the other

hand, the measured shock wave velocities and the observed

post-mortem residual stresses are quantitative results. In

particular, the residual stresses prove that the high-pressure

shocks can modify the pure epoxy properties, which could

have an influence on the use made of these materials. These

non-intrusive measurements also evidence the possibility to

use this diagnosis to capture shock wave repartition within any

transparent material such as radiography for non-transparent
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materials in a very efficient and easier way to implement.

Moreover, this method can be used to track the incipient states

of shock-induced damage with the associated chronology;

this would be a very discriminating method for assessing the

development of damage modelling of such materials under

extreme strain rate. In future work, a time-resolved diagnostic

can be added such as a velocity heterodyne probe [50, 51] to

measure differently the shock wave velocity. Also, it would be

interesting to perform photoelasticimetry observation during a

laser shock to increase our knowledge on dynamics of ultra-

short and intense shock wave propagation phenomena.
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