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1 Introduction 

Fiber composites are a quite new group of materials which today are used in a growing 
number of applications. By combining fibers with high tensile stiffness and a matrix 
which can manage the pressure load, we have a material which can be tailor-made for 
each application. Properties like high stiffness and low weight give fiber composites 
many advantages as a construction material compared to traditional materials like 
steel. When a high stiffness/weight ratio is necessary, for example in military air-craft 
and sport equipment's, it is today common to use fiber composites at least in a part of 
the construction. 

The mixing of two components gives fiber composites different mechanical properties 
compared to traditional one-component materials. These mechanical properties are 
still not fully understood. One problem is impact damages which might seriously 
degrade the performance of a composite. The constitutive model of the composite and 
its dependence on deformation rate must be fully known before the initiation and 
evolution of such damages can be modelled. The purpose of this project is to 
investigate strain rate dependent behaviour of carbon fiber composites. The project is 
initiated at  FFA  (The Aeronautical Research Institute of Sweden). Both bulk 
properties and fracture mechanics of the composite under tensile load are considered 
both at dynamic and quasi-static load. The dynamic experiments have been made at 
strain rates ranging from 100 to 700 s-1. The loading is transverse to the fiber direction. 

Based on earlier experiments by Thesken et al.1-3, the deformation around a moving 
crack tip in a composite specimen under dynamic tensile load has been modelled with 
a Finite Element Model. To verify and calibrate this model, experiments must be 
made where the displacement field around the crack tip is obtained, experiments 
where an optical technique for full field measurements is well suited. This thesis 
presents two moire techniques for in-plane displacement measurement. The 
technique used for dynamic measurements, the so called high speed moiré 
photography manages to capture the displacement field around a crack tip propagating 
at a speed of more than 1000  m/s.  The displacement is measured with an accuracy 
better than 0.5 gm. For quasi-static measurements, moiré interferometry has been 
used. An accuracy better than 50  nm  has been reached. Combined with boundary 
conditions where force and displacement are obtained, this information is used to 
calibrate the finite element model. 

A more thorough description of the equipments and the analysis method used in 
Paper A and  B  can be found in reference 4. 

2 A review of moiré methods used 

2.1 Moire - introduction 

The simplest example of the Moire effect is demonstrated in Figure 2-1(a) where two 
identical line gratings are superposed. If one grating is slightly rotated relative to the 
other, a system of fringes perpendicular to the grating lines arise. An increased angle 
reduces the spacing between the moiré fringes. Another case is shown in Figure 2-1(b) 

1 



where the two gratings are parallel but have a slightly different pitch. The fringes are 
now parallel to the gratings. A small rotation of one grating would give a larger 
rotation of the fringe pattern, an example of how the moiré fringes can be said to 
amplify small distortions at one of the gratings. 

Figure 2-1(a). Moiré between two 	Figure 2-1(b). Moiré between two 
gratings with different orientation, 	gratings with different pitch. 

Moiré can be used to measure deformation5-7. Consider two superposed line gratings, 
one fixed on a specimen which is deformed and the other a static reference grating. 
The moiré fringes which arise show displacement contours of the specimen grating 
relative to the reference grating in the direction perpendicular to the gratings. The 
sensitivity to displacements is determined by the grating frequency, with a grating 
pitch  p  each moiré fringe represents a displacement of  p.  One way to increase the 
sensitivity for displacement is to increase the grating frequency. Moiré using 
amplitude gratings as in Figure 2-1(a-b)  is called geometrical moir. In geometrical 
moiré the gratings usually have a spatial frequency of 40 lines/mm or lower7. At 
higher frequencies, diffraction phenomena gets disturbing. Moiré methods with 
higher grating frequencies than 40 lines/mm usually utilize the diffraction 
characteristics of the grating. 

2.2 High speed moiré photography 

2.2.1 Moire set-up 
This moire" method originates from a method called "High Resolution Moiré 
Photography", developed by Burch and Form in 19758. It is an improvement of 
ordinary geometric moiré techniques where a grating is photographed before and after 
deformation. The photographing can either be made with a double exposure where 
the moiré fringes are direct visible on the image, or with two single exposures where 
the fringes appears by superposing the two negatives. 
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Burch and Forno used a slotted mask in the camera aperture thus improving 
resolution and making it possible to resolve a high grating pitch, leading to a high 
accuracy in deformation data. A development of this technique has been made by 
Huntley and Field9  where the specimen grating is imaged on a static reference grating. 
The moiré fringes then become visible in real time and the single grating lines do not 
have to be resolved by the camera. This enables high speed image converter cameras, 
which have a relatively low spatial resolution, to be used.  e  Flash  
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Figure 2-2. Optical set-up for high speed moiré photography. 

The set-up used by Huntley and Field could only be used for measurements with 
transparent specimens. A further developement was made by Huntley, Withworth 
and others10-11, allowing opaque materials to be tested. Essentially the same set-up (as 
in reference 10-11) has been used in paper A and  B,  see Figure 2-2. Light from the flash 
is directed on to the specimen by a small plane mirror in front of the objective lens. 
The light is made quasi monochromatic by an interference filter with a peak 
transmittance at 545.5  nm.  A reflection grating with 75 lines/mm is attached to the 
specimen. This grating is imaged on to the reference grating, a transmission phase 
grating with the same pitch, where moire fringes arise. If the imaging is made with a 
magnification of exactly 1:1, the image has the same pitch as the reference grating and 
no fringes appear. The moiré fringes which then appear as the specimen is deformed 
show iso-contours of the displacement component perpendicular to the grating lines. 
To improve the accuracy of the displacement measurement, a fringe pattern of so 
called carrier fringes parallel to the grating lines is introduced before deformation. 
They are introduced by adjusting the optics to achieve a magnification which is not 
exactly 1:1. An example of carrier fringes is shown in Figure 2-1(b). Instead of fringes 
showing exact iso-displacement contours, the displacement is evaluated from the 
modulation of the carrier fringes as the specimen is deformed, the change of the fringe 
pattern is extracted. The carrier fringes makes it possible to detect deformations 
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smaller than one fringe, resolve the ambiguity in the sign of the deformation and give 
an increased accuracy in the fringe analysis. 

As shown in Figure 2-2, a slotted filter is inserted in the objective lens. This filter only 
accepts the +1 and -1 diffraction orders and blocks the 0 order, giving a doubled 
effective grating frequency of 150 lines/mm. Together with filtering at the camera 
aperture,this frequency multiplication doubles the sensitivity for in-plane 
displacements9-11. 

2.2.2 High speed cameras 

The most common high speed cameras12  today in the range above 104  images/s are 
the so called image converter cameras. In such cameras the optical image is converted 
to an electron image. The electron beam which carries the information of the image 
can easily be deflected to different positions on the recording medium by applying an 
electric field which can be switched on and off very fast. The electron image is then 
reconverted to an optical image and stored. 

An Ultranac FS501 Image Converter Camera and an Hadland Imacon 790 have been 
used. With the Imacon camera, the images are recorded on polaroid film, while the 
Ultranac also manages to store the images electronically using a CCD-array. The main 
advantage working with electronic recording of the images is that the images are 
stored in the computer instantly after the experiment. The Ultranac, which was 
purchased during this project, is fully computer controlled. It is possible to 
individually choose the exposure time and the interframe time for each frame. Its 
maximum frame speed is 20 images/1s and it can capture up to 24 frames in a 
sequence. The camera is easy to trigger from an experiment. The Imacon can only be 
used at a few pre-set frequencies. One disadvantage with image converter cameras is 
that the spatial resolution is lower than for most other recording media. The Ultranac 
has a resolution of 16 lines/mm, corresponding to about 200 lines across each frame. 
As mentioned above this is enough to resolve the moire fringes. 

2.3 Moiré interferometry 

Moiré interferometry is a moiré method with high sensitivity for in-plane 
displacement5-7. The history of the developement of the method has been described 
by Walker13. A grating frequency of 1200 lines/mm is common but gratings with up 
to 2400 lines/mm has been used. Since the sensitivity for displacement is twice the 
grating frequency, a 1200 lines/mm grating gives a sensitivity of 2400 lines/mm with 
each moire fringe corresponding to a displacement of 0.417 gm. A set-up for high 
magnification moiré interferometry is described and demonstrated in Paper  C,  another 
high magnification system has been presented by Fian7,14-16. 

The principle of moire interferometry is shown in Figure 2-3, where the specimen 
grating is illuminated by two coherent and collimated laser beams. The angle a is 
chosen so the +1 diffraction order of beam A is normal to the specimen grating and 
similar for the -1 diffraction order from beam  B.  Unlike other moire methods, only 
one real grating - the specimen grating - is used in moire interferometry. Instead a 
virtual reference grating is formed by interference between A and  B  from alternating 
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Beam A 

Specimen 
grating 

Moire 
fringes 

Figure 2-3. Principles of moird. interferometry. (a) 
Undeformed specimen, giving a null field.  (b)  
Specimen subjected to homogeneous pressure  P.  
resulting in a regular moiré fringe pattern. 

constructive respective 
destructive interference in 
front of the specimen. This 
virtual grating behaves like a 
static reference grating in other 
moiré methods. It has the 
double frequency of the 
specimen grating, giving a 
doubled sensitivity for 
displacements as the specimen 
is deformed. The fringe 
pattern which arises is 
captured by the camera. The 
presented explanation can be 
regarded as an analogy to other 
moiré methods since the 
moiré fringes would be 
identical if the reference 
grating was a real grating 
instead of a virtual grating. 

Moiré interferometry can be 
explained in a more rigorous 
way: Consider the 
undeformed specimen grating 
in Figure 2-3(a). The plane 
wavefronts a and  b  remains 
plane in the diffracted beams 
which are normal to the 
specimen. Since the 
wavefronts a' and  b'  are exact 
parallel, they have a constant 
phase difference giving a 
constant interference pattern 
between the beams in the 
camera plane. This constant 
intensity is a so called null 
field with a fringe spacing 
going to infinity. 

As the specimen is deformed, 
the frequency of the grating 
will be changed. Assume that 
the deformation is 
homogenenuous and relative 

small. The change in grating frequency will change the diffraction direction by an 
angle 13 as shown in Figure 2-3(b). The wavefronts a' and  b'  are no longer parallel 
giving a varying phase difference. This phase difference remains as the two beams are 
collected by the camera lens, creating an interference pattern at the image. For a non- 
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homogeneous deformation of the specimen giving varying grating frequency, the 
wavefronts a' and b' will be warped but continuous. The moire fringes appear from 
the interference between the two wavefronts in the image plane, showing the 
deformation in each point on the specimen. 

2.4 Analysis of moire fringes 

A general 2-dimensional fringe pattern with a carrier frequency as the example in 
Figure 2-4(a) is described by 

i(x,y) = a(x,y) + b(x,y) cos[21tv
0
y + 0(x,y)] (2.1) 

where a(x,y) is the varying background which may include noise, b(x,y) is the varying 

Figure 2-4. Analysis of a moire fringe pattern on a deformed double edge 
specimen. The experiment is described in Paper A. (a) Moire fringes. (b) Real 
domain of the Fourier transformed fringe pattern. The filter around the first 
order peak is marked. (c) Wrapped phase map. (d) Unwrapped phase map. 
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Figure 2-5. Outline of fringe 
analysis algorithm based on 
Fourier transform method. 

modulation amplitude of the fringes, vo  is the carrier frequency and (3(x,y) is the phase 
which should be extracted. This is a signal analysis problem where a carrier frequency 
is modulated by a phase distribution. 

Two different methods for extracting ø(x,y) automatically have been used. The Fourier 
transform method17-18  which is summarized in Figure 2-5 has been used in Paper A 
and  B.  This method originates from a paper by Takeda et al19  in 1982 where a one-
dimensional Fourier transform was used. A refinement of the method was presented 
in 1986 by Bone et al20  who used a two-dimensional Fourier transform. 

If the fringe pattern does not cover the whole image 
field, the non fringe regions are masked out by 
introducing a window around the fringe pattern in 
order to eliminate distorting noise from these parts. 
The result from Fourier transforming Figure 2-4(a), is 
shown in Figure 2-4(b). Of the three visible peaks, one 
side-peak is isolated as indicated and the rest of the 
area is set to zero. This is followed by an inverse 
transform which gives the wrapped phase-map in 
Figure 2-4(c) showing the phase for each fringe as a 
ramp in the range from -it to it. These phase map 
contains a ±2rc discontinuity between each pair of 
ramps. By adding an integer multiple of 2/r at each 
ramp a phase map with continuous phase 
distribution is obtained as in Figure 2-4(d). Here a 
phase unwrapping algorithm developed by Huntley21  
has been employed. The phase is then scaled 
according to the sensitivity, in this case a phase 
difference of 2./t is equal to a displacement of 6.67 gm. 

In Paper  C,  phase-stepping has been used to analyse 
the fringes. This method has been described by 
Creath22. In phase-stepping methods, three or more 
images of the fringe pattern are captured with a 
change in phase between each. By knowing the 
relative phase difference in the images, the unknown 
phase e3(x,y) can be extracted. Here, four images are 
captured with a relative phase-shift of It/2. This 
demands that the experimental process is sufficiently 

slow so the measured phase (3 is constant during the time it takes to capture the shifted 
images. This is not possible in dynamic experiments as in Paper A and  B.  The Fourier 
transform method is then suitable since it only uses one image of the fringe pattern. 
From the phase-stepping calculations, the phase is obtained in the range from -7c to it. 
In the same way as in the Fourier transform method, the phase-map must be 
unwrapped. 

The carrier fringes has been removed in the same way in both method: A reference 
image of the fringe pattern before deformation has been captured (in the phase-
stepping technique four images have been captured). These reference patterns have 
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been analysed in the same way as the deformed patterns, giving an unwrapped phase 
map of the carrier fringes. By subtracting the reference phase map from the deformed 
phase map (Figure 2-4(d)), the carrier fringes are removed and a phase which is 
proportional to displacement is obtained. 

Both moire methods are insensitive to rigid body translations, only the relative 
displacement at the fringe pattern is obtained. A reference point can therefore be set 
arbitrarily. 

2.5 How to make the specimen gratings 

Figure 2-6 shows a profile of a reflective specimen grating. The grating on the 
specimen is replicated from a master grating made with a interferometric technique. 
Techniques for making interferometric and other gratings have been described by 
Hutley23, replication techniques of gratings for moiré interferometry are explained in 
Ref. 7. The master grating is made by illuminating a photographic, high resolution 
plate with two intersecting coherent laser beams. An interference pattern is formed in 
front of the plate with lines of constructive and destructive interference. This line 
density is dependent on the angle between the beams and the wavelength of the laser. 
The exposed plate is developed and gets a wavy line structure. This sinusoidally 
structure with ridges and valleys corresponds to the exposed sinusoidal interference 
pattern. 

To replicate the master grating onto a specimen, a small amount of epoxy resin is 
applied between the specimen and the master grating and is allowed to cure under 
pressure. When the specimen is separated from the master grating after curing, the 
epoxy resin forms an exact replica of the wavy structure of the master grating. The 
specimen grating must be thin in order not to reinforce the specimen or cause shear 
lag effects. By applying a load of 30-40 kPa as the epoxy cures, grating thicknesses of 
about 10 grn has been achieved. The thin aluminium film which increases the 
reflectivity can be applied in two ways. In Paper A, an Al film is evapourated on the 
master grating. When separating the specimen from the master grating after 
moulding, the aluminium film is  transfered  to the specimen. In Paper  B  and  C,  Au 
has been sputtered directly on the epoxy replica on the specimen. 

Figure 2-6. Profile of the reflective grating transferred to a specimen. 
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The geometry of the dog-bone specimens in Paper  B  made it necessary to perform the 
grating replication in two steps. First an sub-master replica of the master grating was 
made in silicon-rubber on a thin bar. In the second step the epoxy grating on the 
specimen was replicated from the silicon-rubber grating. 

3 The tensile split-Hopkinson bar used 

The Hopkinson bar has been a valuable tool for studying high strain rates properties of 
materials24  for a long time. The concept of the split-Hopkinson bar for testing in 
compression was developed by  Kolsky  in the late 1940's. In the 1960's the 
development started for changing the set-up to allow for tensile testing. The theory of 
tensile split-Hopkinson bar is presented in reference 25-26. 
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Figure 3-/. Tensile split-Hopkinson bar, instrumented with strain gauges A-D.  
A specimen is inserted between the bars via threaded steel capings. 

Figure 3-1 shows the design of the Hopkinson bar used in Paper  B  where the specimen 
has been screwed into the steel bars via two threaded capings. The projectile is 
accelerated by compressed air and forms a tensile wave after hitting the end of the 
input bar. To transfer the tensile force to the composite specimen, two square steel 
bolt end tabs are bonded to the specimen. The threaded tabs are fixed to the threaded 
end of the bars by the capings. The strain gauges, A-D  which are mounted in pairs on 
opposite sides of the bars, measure the strain of the incident, the reflected and the 
transmitted waves  (E,

, 
 E R  and ET ). The signals are stored by a 4-channel transient 

recorder. Another split-Hopkinson bar was used in Paper A with the main difference 
that its bar diameter was 16 mm instead of 6 mm. It was found that its mechanical 
impedance was too large compared to the impedance of carbon fiber specimens, 
making the amplitude of the transmitted wave too small to be measured accurately. 
The mechanical impedance is defined as 
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AE 

C 
(3.1) 

where  C  is the speed of sound,  E  is Youngs modulus and A is the cross-section area of 
the bars. 

Based on one-dimensional wave propagation theory the force F, the displacement u 
and the displacement rate ü of the specimen between the end of the bars can be 
obtained from the strain gauge signals. The signals must first be translated in time 
according to the propagation time in the bars to the specimen. The response of the 
specimen from the load is then computed as 

u =  C  (El  — E R  —er )cli 

EA 
F =—(£1 + eR  +er )  

2 
= C(ei  —ER  

(3.2) 

where tensile load and strain are denoted as positive. A problem with this simple 
model is that it does not compensate for the changes in mechanical impedance 
around the specimen that exist due to the capings and the steel bolt tabs. A routine 
has been developed based on a model by Lundberg et al27  to compensate for this, the 
routine is presented in Reference 4. 

4 Contents of the thesis 

Paper A 
High resolution moiré photography is used to study impact induced delamination 
along a cross-ply interface in carbon fiber/epoxy laminates. Two Teflon film strips 
were inserted in the specimen working as starter cracks. The specimens were loaded 
in the tensile split-Hopkinson bar giving mode I dominated fracture, and a high speed 
camera captures images during loading and delamination. The resulting moiré 
fringes were analysed to produce full field displacement maps of the area around the 
loaded and propagating crack tips. The displacement map prior to failure shows good 
agreement with numerical solutions, calculated using a 3D self-adaptive  p-version of 
the finite element method. The calibrated finite element solutions are then used to 
give further information about the matrix cracking zone size around the crack tip and 
the energy release rate. It was concluded that the procedures presented have good 
potential for further determination of rate dependent material properties in 
carbon/fiber epoxy composites. 

Paper  B  
In this paper, mainly the same equipment as in Paper A has been used to investigate 
dynamic bulk properties of carbon/fiber epoxy composites. Tensile loading was 
applied transverse to the fibers in so called dog-bone specimen. A new technique has 
been tested to apply gratings on the specimen, the technique includes grating 
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replication in two steps. Strain rate effects could be seen, the most obvious was that 
the specimen tested at the highest strain rate was fractured at multiple crack planes. 

This paper is a preliminary version. Additional experiments and a more thorough 
analysis will be included. 

Paper  C  
A high magnification phase-stepping moiré interferometer has been constructed, 
which has a spatial resolution of the order of a 1..im and a sub-mm field of view. The 
system incorporates phase-stepping optics and allows displacement maps to be 
produced fully automatically. By switching between laser illumination and a white 
light unit, it is possible to view the underlying microstructure in exact registration 
with the measured displacement fields. Quasi-static loading was applied using an 
Instron machine. Several applications are illustrated including the visualisation of 
delamination cracks in the carbon fiber/epoxy composite specimens of the same kind 
as those used in Paper A, and a composite specimen with an embedded optical fibre. 
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Abstract 

Impact induced delamination along a cross-ply interface in carbon fiber/epoxy laminates 
is studied by high resolution moiré photography. The specimens were loaded in a tensile 
split-Hopkinson bar giving mode I dominated fracture, and a high speed camera captures 
images during loading and delamination. The resulting moiré fringes are analysed to 
produce full field displacement maps of the area around the loaded and propagating 
crack tips. The displacement map prior to failure shows good agreement with numerical 
solutions, calculated using a 3D self-adaptive  p-version of the finite element method. 
The calibrated finite element solutions are then used to give further information about 
the matrix cracking zone size around the crack tip and the energy release rate. In 
comparison to quasi-static loading, tensile impact loading was found to increase the 
failure load and the resulting energy release rates; some physical explanations for this 
behaviour are discussed. It was concluded that the procedures presented have good 
potential for further determination of rate dependent material properties in carbon/fiber 
epoxy composites. 

Nomenclature 

A = area of the bars  
C  = sound speed in the bars  
E  = Young's modulus 
F = force  
G  = energy release rate 
1 = length of specimen 
I, = length between the ends of the bars  
n  = diffraction order  
p  = grating pitch 
u = displacement between the ends of the bars 

= displacement rate between the ends of the bars  
e,  = strain at incident wave in split-Hopkinson bar 
ER  = strain at reflected wave in split-Hopkinson bar 
ET  = strain at transmitted wave in split-Hopkinson bar 
0„ = angle for diffraction order  n  
A. = light wavelength  
n  = Poisson's ratio 
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Introduction 

It is well known that impact and dynamic damage evolution may severely impair the 
structural performance of carbon fiber/epoxy laminates. Faced with the inability to 
accurately predict the initiation and evolution of such damage, designers of aircraft 
composite structures must be satisfied with conservative dimensions which do not fully 
utilise the material's specific stiffness. The problem is challenged by a host of analytical 
and numerical approaches which attempt to predict damage [1-4], but progress is 
hampered because fundamental rate dependent fracture behaviour is not well 
understood and material data remains in shortage. 

Indeed only a few experimental studies are available which treat the rate dependency of 
the matrix dominated constitutive properties for unidirectional laminates . Perhaps the 
most prominent example is by Daniel et al. [5] who examined transverse tensile and in-
plane shear behaviour of unidirectional carbon fiber/epoxy at strain rates up to 500s-1  
clearly showing increases in modulus and failure strength. Friedrich et al.[6] summarise 
rate dependent interlaminar fracture toughness data for unidirectional laminates and 
present a model describing the coupling of fiber reinforcement effects. Further review of 
the literature in this area is given by Thesken [7] who examines the influence of crack 
velocity on dynamic delamination toughness. 

The present work introduces experimental procedures and analysis aimed to improve 
the understanding of local rate dependent fracture and provide data for material models. 
The results will be used in a larger Swedish national effort to develop and verify 
improved computational methods for impact damage prediction. It is planned that the 
research shall treat several of the rate dependent deformation and failure modes 
common to polymer composites; e.g. transverse tension, shearing, matrix cracking and 
delamination. The example treated here is for delamination along a cross-ply interface 
due to tensile impact. In particular, a novel double edge notch specimen is introduced 
having a single 00  ply sandwiched between bulk layers of 90° plies. The approach is an 
extension of sandwich specimen constructions used by Thesken et al. [8]. The cross-ply 
interface is interesting for both its frequent appearance in laminate constructions and its 
simplicity for analysis. Cross-ply laminates are currently the focus of several impact 
damage modelling studies [9-12]. 

The impact tensile loading in these experiments is made using an instrument split-
Hopkinson Bar; analysis of strain signals acquired from the input and output bars 
provide load, displacement and displacement rate. Since uniform tensile loading applied 
normal to the plane of the laminate is difficult to achieve, special care was taken to 
manufacture carefully aligned specimens. As in fracture studies made by Huntley et 
a/113,14], high resolution moiré imaging and high speed photography are an essential 
feature of the experiments. The resulting fringe patterns are converted to full-field 
displacement maps to verify specimen performance and to examine details of the 
complex deformation fields. These measurements have a clear advantage over strain 
gauges which integrate strain over a length and have a stiffness which might interfere 
with the deformation of the specimen. These advantages are well exemplified in the 
applications of moiré interferometry to quasi-static delamination in double cantilever 
beam specimens by Arakawa, Ishiguma and Takahashi [15]. 
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In the absence of rate dependent constitutive data for this material, linear elastic 
properties are assumed and a three dimensional analysis of the specimen's behaviour 
has been made. The purpose of the analysis is to gain some insight in to the behaviour 
of the specimen and to provide a means to compare quasi-static and rapid deformation 
rate results.  Andersson  [16] has investigated similar problems concerning the evaluation 
of fracture parameters from measured surface displacements and emphasises that 3D 
methods are preferred. Alternative 2D methods may introduce errors because they miss 
boundary layer effects. With this in mind, a quasi-static linear elastic three dimensional 
analysis of the specimen was made using a self-adaptive  p-version of the finite element 
method [17,18]. The code is equipped with advanced extraction methods to compute edge 
and vertex stress intensity factors for 3D cracked bodies. These methods are fully 
generalised to evaluate the energy release rate for  bimaterial  interface cracks. 
Comparisons of the experimental and the computed displacement fields provide an 
estimate of the specimen alignment, stiffness and linearity up to the point of failure. 
Once calibrated the finite element model gives insight to the through thickness energy 
release rate distribution and the amounts of mode I,  LI  and III present along the crack 
front. Simple estimates of the matrix cracking zone size around the crack tip are also 
made to determine the validity of linear elastic fracture theory. 

Experimental methods 

Optical set-up 
Moiré is the fringes of low pitch which show up when two gratings of high and slightly 
different pitch are imaged on each other, either by being in direct contact or by an 
imaging system. These fringes are a measure of the difference between two gratings and 
can be used to get quantitatively whole field deformation data [19,20]. "High Resolution 
Moiré Photography" was first presented by Burch and Fomo [21] and is an improvement 
of ordinary geometric moiré techniques. A grating attached to the specimen under test 
was photographed before and after deformation. By use of a slotted mask in the camera 
aperture the resolution was improved making it possible to resolve a high grating pitch, 
leading to a high accuracy in deformation data. A further development of the this 
technique has been made by Huntley and Field [22] where the specimen grating is imaged 
on a static reference grating. The moiré fringes then become visible in real time and the 
single grating lines do not have to be resolved by the camera. This enables high speed 
image converter cameras, which have a relatively low spatial resolution, to be used. 

The optical set-up used in our experiment shown in Fig. 1(a), is the same as that of 
Whitworth et al [23, 13, 14] with one modification: Light from the flash is directed on to 
the specimen by a small plane mirror in front of the objective lens rather than by a 
semireflecting mirror. This increases the amount of available light by a factor of four, an 
important improvement in high speed photography where a low light level often is a 
problem. Light from the flash is made quasi monochromatic by an interference filter 
with peak transmittance at 545.5  nm.  A reflection grating with 75 lines/mm is attached 
on the specimen. This grating is imaged on to the reference grating, a transmission 
phase grating with the same pitch, where moiré fringes arise. If the imaging is made 
with a magnification of exactly 1:1, the image has the same pitch as the reference grating 
and no fringes appear. The moire fringes which then appear as the specimen is 
deformed show iso-contours of the displacement component perpendicular to the 
grating lines. To improve the accuracy of the displacement measurement, a fringe 
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pattern of so called carrier fringes parallel to the grating lines is introduced before 
deformation. Instead of fringes showing exact iso-displacement contours, the 
displacement is evaluated from the modulation of the carrier fringes as the specimen is 
deformed, the change of the fringe pattern is extracted. The carrier fringes makes it 
possible to detect deformation smaller than one fringe, resolves the ambiguity in the sign 
of the deformation and leads to increased accuracy in the fringe analysis. They are 
introduced by aligning the optics so the magnification at the imaging of the specimen 
grating on the reference grating is not exactly 1:1. 

Figure 1.1. Optics for the moiré photography. (a) Principal parts of the optical set-up.  (b)  
Profile of the reflective diffraction grating attached on a specimen. 

Fig. 1(b) shows a profile of the reflective specimen grating. The grating on the specimen 
is replicated from a master grating made with interferometric techniques [24] on which 
an Al film is evaporated. An amount of epoxy resin is applied between the specimen 
and the master grating and is allowed to cure under pressure. When the specimen is 
separated from the master grating after curing, the Al film is transferred. The specimen 
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grating must be thin in order not to reinforce the specimen or cause shear lag effects. By 
applying a load of 30-40 kPa as the epoxy cures during the moulding, grating thicknesses 
of about 10 gm has been achieved. 

The light is diffracted by both gratings according to the grating equation for normal 
incident light 

psin8„ = n2., 	 (1) 

where  p  is the grating pitch, the wavelength of the light and On  the diffraction angle for 
diffraction orders n=0, ±1, ±2,.... As shown in Fig. 1(a) a slotted filter is inserted in the 
objective lens. This filter only accepts the +1 and -1 diffraction orders and blocks the 0 
order, giving a doubled effective grating frequency of 150 lines/mm. Together with 
filtering at the camera aperture, this frequency multiplication doubles the sensitivity for 
in-plane displacements. The function of the field lens is to make the system telecentric, 
which means that the magnification is insensitive to small out-of-plane displacements of 
the specimen. An out-of-plane movement of the specimen grating results in a decrease 
in the fringe contrast but the fringe spacing remains constant. 

Tensile Split-Hopkinson Bar 
The Hopkinson bar has during a long time been a valuable tool for studying high strain 
rates properties of materials [25-26]. The concept of split-Hopkinson bar for testing in 
compression was developed by  Kolsky  in the late 1940's. In the 1960's the development 
started for changing the set-up to allow for tensile testing. The theory of tensile split-
Hopkinson bar is presented in [27-28]. Fig. 2 shows the design of the Hopkinson bar used 
in these experiments where the specimen has been screwed into the steel bars and 
tightened using locking nuts. The projectile is accelerated by compressed air and forms a 
tensile wave when hitting the end of the input bar. The strain gauges, which are 
mounted in pairs on opposite sides of the bars, measure the strain of the incident, the 
reflected and the transmitted waves  (e,  eR  and ET) and the signals are stored in a 
transient recorder. 

Tensile wave 
Steel bar, (3=16 Specimen 

Projectile 

Strain gauge 	'111  

1.3 m 1  b 0.3 m 

Figure 2. Tensile split-Hopkinson bar with double edge notch specimen installed. 

Based on one-dimensional wave propagation theory the force F, the displacement u and 
the displacement rate ü of the specimen between the end of the bars can be obtained 
from the strain gage signals. The signals must first be translated in time according to the 
propagation time in the bars to the specimen. The response of the specimen from the 
load is then computed as 
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u = CS  (E,  — ER — ET )dt 
0 

F = —
EA

(e, + eR + eT) 	 (2) 
2 

= gel —ER  —ET ) 

where tensile load and strain are denoted as positive. If it is assumed that the force is 
equal on both sides of the specimen, the relation 

(3) 

is valid, making it possible to simplify (2) to 

u = 2Cf (e, — ET )dt 
0 

F = EAE, 

ü = 2C(E, —ET ) 
(4) 

where the reflected wave is eliminated. The incident and the reflected waves are 
measured at the same position. Due to non-matching impedance where the striker bar 
impacts the end of the input bar, the decaying trailing edge of the incident wave form 
appears noisy. Since this noisy part of the wave form might eventually be superposed on 
the measurement of  E,  at the strain gauge, it is of some advantage that E R  can be omitted 
in the data analysis. 

Specimen design and manufacturing 
Tensile material properties normal to the ply plane are difficult to obtain because typical 
laminates are less than 10 mm in thickness. This leaves little distance to effectively grasp 
the material and for Poisson's effect to homogenise the stress fields so that autonomous 
deformation and failure processes to occur. The double edge notch fracture specimen 
tested here is part of a family of tensile test and fracture test specimens being developed 
to address this problem. These specimens are loaded through steel square bolt end tabs 
bonded to the composite using the high strength adhesive FM 300K (Cyanamid). The 
threaded tabs are designed to fit both quasi-static load frames and the Tensile Split 
Hopkinson bar. A first result of this work was the single edge specimens tested by 
Huntley et al.[13]. These were homogeneous 00  delamination specimens fashioned from 
10 mm cubes of composite. In these experiments the out-of plane dimension has been 
shortened to 5.5 mm while the cross-sectional area is still 10x10. This saves material and 
provides a more stable geometry to compress during bonding. 

The laminate used here was prepared from Ciba-Geigy HTA/6376C prepreg containing 
65% volume fraction of carbon fibers embedded in a toughened epoxy matrix. The lay-up 
sequence for the laminate was (90°20/0990°20). The double edge notches are created by 
inserting two strips of 25 p.m Teflon film parallel with the 90° and spaced 4.0 mm apart. 
After curing the laminate according to manufacturer's recommendations the laminate 
was  C-scanned to verify quality. The  C-scan results together with radiography and 
metallographic procedures were all used to locate the Teflon film starter cracks and 
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position cutting lines to produce symmetric double edge specimens. After sectioning the 
specimens were cleaned with solvent and prepared for bonding to the steel bolts. To 
alleviate sliding during bonding the bolt heads were machined with a 0.2 mm pin in the 
centre which holds the centre alignment of the specimen. A microscope and an  x-y  table 
fitted with a vice were used to align the specimen centreline with the centring pins and 
press the complete specimen together. The specimen was then placed in an alignment 
jig in an oven while the adhesive was cured. The bonded specimens were 
metallographicly polished and the final dimensions measured. Macro- and microscopic 
images were recorded in an image analysis system using OptiLab 2.1 software. 

(b)  

Figure 3. Double edge notch specimen. (a)  Lay-out.  
(b)  Micrograph of one Teflon film edge at the 
polished surface before experiment. The 0° ply is 
about 0.127 mm thick. 
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Fig. 3(a) shows a schematic of the 
double edge notch specimen 
geometry; Fig. 3(b) shows a 
micrograph of the edge of one 
Teflon insert and the prospective 
crack plane along the 90°/0° 
interface. The available 
engineering in-plane elastic ply 
properties for this material are 
En = 145.6 GPa, E22 = 10.5 GPa, 
G12= 5.25 GPa, nl2 = 0.30. For the 
purpose of finite element 
modelling, the 23 plane of the 
material was assumed to be 
transversely isotropic with n23  = 
0.51. Thus, the complete three 
dimensional properties were 
determined from the relations: 
E33 = E22, G12 = G23, 1123 = 0.51, and 
G23 = E22A2 (1 +n23 )1 From DCB 
tests of (0°12/90°/0°12) sandwich 
specimens, Thesken et al.[8] 
found that the global mode I 
initiation fracture toughness of 
9090° interfaces were about the 
same ( 200 to 300 J/m2  ) or lower 
than initiation values for 
conventional unidirectional 
DCB specimens with 0°/0° 
interfaces. However after the 
initiation of growth in the 
(0°12/9070°12) sandwich 
specimens, an extremely large 
bridging zone developed leading 
to toughness values exceeding 
1000 J/m2. This was not 
expected in these experiments 
because the reverse order of the 
stacking sequence cannot evolve 
into intralaminar growth of the 



central cross-ply. The quasi-static failure load for this type of specimen has been 
measured to about 859  N  corresponding to a Gc of about 73 j/m2. 

Procedure 
Recording of images were made by an Hadland Imacon 790, giving a sequence of 8 frames 
on a Polaroid film. A framing rate of 200 000 frames/s has been used. Such image 
converter cameras have a resolution of 10 lines/mm [29] with a frame size of about 10*10 
mm2. This is sufficient to resolve the moiré fringes. To get reference points for the 
analysis of the resultant frames, scratches were made in the grating at the interfaces 
between the specimen and the steel bolts. 

The flash and the camera are triggered from the strain gauge pair in the input bar which 
is connected to a Schmitt-trigger with adjustable threshold level. When the incident 
tensile wave arrives the trigger sends a TTL-signal to a time delay unit which are pre-set 
to start the flash and the camera according to a travelling time of about 250 is for the 
wave along the bar. It takes another 20-25 is from the arrival of the tensile wave at the 
specimen until it is fractured. A reference image of the static specimen is taken before 
the experiment. 

Results 

A sequence of moire fringe patterns from an experiment is shown in Fig. 4(a). The 
specimen is fixed between the bars and the tensile wave arrives from the left side. The 
rise time of the wave is relatively long, about 30  ps,  compared to the propagation time 
across the specimen, about 2  ps,  so the difference in strain due to the propagating wave is 
expected to be small. The changes on the fringe pattern in the first frame compared to 
the reference frame is very small. This means that the tensile wave have just reached 
the specimen and the deformation is still too small to be seen visually. In the second 
frame 5 gs later the fringes starts to bend around the two vertical cracks which means 
that delamination along the Teflon films has started. This process has continued in 
frame 3 where fringes terminate along the cracks visualising crack opening displacement. 
Fringes can only start and end at the edges of the specimen or at a discontinuity as a crack. 
The short black fringe in the middle must therefore start and end at two separate crack 
tips. Along that fringe no fringes terminate so the specimen is not fractured there. In 
frame 4 the cracks has started to propagate which is seen as the central part with 
continuous fringes is much shorter. In frame 5 the whole specimen is fractured. A few 
defects can be seen disturbing the pattern, in these areas the grating has been damaged 
during the grating replication process. 

A CCD-camera has been used to digitise the frames from the photographs for the 
quantitative analysis. The reference frames are analysed in the same way as the dynamic 
frames and the displacement fields are obtained by subtracting the results from 
corresponding frames which eliminates the carrier fringes. This procedure also 
minimises the influence of camera distortion. The fringe analysis [30,31] has been made 
with the Fourier transform fringe method where the carrier fringes are utilised. The 
carrier fringes can be described as a cos-function whose phase gets modulated as the 
specimen is deformed, the phase must then be extracted. For each frame the complex 2-D 
Fast Fourier Transform is calculated resulting in a complex 2-D array with a central peak 
and two side-peaks. One side-peak is isolated and inverse transformed which gives a 
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wrapped phase-map showing the phase for each fringe as a ramp in the range from -it to 
it. These phase map contains a ±2n discontinuity between each pair of ramps. By adding 
an integer multiple of 2rc at each ramp a phase map with continuous phase distribution 
is obtained. Here a phase unwrapping algorithm developed by Huntley [32] has been 
employed. The phase is then scaled according to the sensitivity, in this case a phase 
difference of 2n is equal to a displacement of 6.67 gm. 

Figure 4. Moird. results. (a) The first five moiré fringe patterns from the dynamic 
experiment and a reference pattern captured before loading.  (b)  Displacement fields 
from frames 1-4. The displacement component normal to the crack plane is plotted as 
iso-displacement contours with 1 gm interval. Length scales are in mm. 

The resultant horizontal in-plane displacement component of frame 1 to 4 are presented 
in Fig. 4(b) as iso-displacement contours with an interval of 1 gm. The relative 
displacement is obtained, the 0 displacement contour can be placed arbitrary. Here it is 
placed in the middle between the cracks. Only the composite specimen area is included 
in the contour maps, moiré fringes was also obtained at the steel bolts but the modulus of 
steel is about 20 times higher than the transverse modulus of the fiber composite, why 
changes of the fringes at the steel bolts are too small to be detected. The map from frame 
3 shows the displacement field before the crack tips start to propagate. In the fourth map 
the upper crack has propagated 0.7 mm and the lower 1.7 mm; the corresponding average 
crack tip velocities between these two frames are respectively 140  m/s  and 340  m/s.  The 
actual velocities might be higher since it is not known exactly when the propagation 
starts. According to the measured force (Fig. 5a) the crack propagation started at about 20  
ps  after the arrival of the wave where the load stops to increase, that is 1-2 gs after frame 
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3. It is difficult to locate exact crack tip positions due to the limited resolution of the high 
speed camera. 

Figure 5. Time histories measured with strain gauges (lines) and the corresponding 
moiré measurements (crosses). (a) Force (dotted line) and displacement (solid line) 
histories. The moire values of specimen elongation are taken from Fig. 4(b).  (b)  Force 
vs displacement. The force signal has been smoothed compared to (a).  (c)  Displacement 
rate vs displacement. 

The time history of force and the elongation of the specimen has been calculated from 
the strain gage signals using equation. (4), and is shown in Fig. 5(a). The quantity u is the 
change in the distance 1, between the bar ends; this includes elongation of the steel bolts. 
Here it is assumed that the elongation of the steel bolt is small relative to the elongation 
of the composite due to the modulus of steel being about 20 times greater than the 
composite. Therefore no compensation for this has been made and u in Fig. 5(a) is 
considered to be the elongation of the composite with length 1. Notice in Fig. 5(a) that 
the force signal is somewhat noisier than the displacement signal. The force signal is 
taken from the output bar at later point in time just after the flash illuminates the 
specimen. The high electrical fields associated with this transient causes induction 
disturbances in these strain gauges which persist through the entire force history record. 
Also plotted in Fig. 5(a) are the optical measurements of u taken from the displacement 
maps in Fig. 4(b). These values appear to be in good agreement with the measurements 
determined using the strain gauge data. In Fig. 5(b) force is plotted against both 
displacement measurements. Displacement rate is used here as a measure of rate effects. 
It is determined from Fig. 5(a) for both displacement measurements and plotted against 
displacement in Fig. 5(c). The force displacement curves in fig. 5b are non-linear with a 
high initial tangent stiffness that decreases with increasing load. The initial part of the 
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loading up to maximum force agrees well with a power law stiffness curve. Conversely 
displacement rates begin low and increase through the time history. 
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Figure 6. Finite element calculations compared to experiment. (a) Finite element 
mesh on a half plane.  (b)  Finite element iso-contour displacements (dashed lines) and 
corresponding contours from frame 3 (solid lines) with 1 gm interval. 

Since the time to maximum load is about 15 times greater than the time it takes for an 
elastic disturbance to travel across the specimen, the results can be considered quasi-static. 
Although the matrix dominated constitutive properties for carbon fiber/epoxy are 
certainly rate dependent [5], sufficient data to characterise rate effects for the material used 
in these experiments does not yet exist. It is reasonable in such case to assume linear 
elastic properties for an analysis of the specimen's behaviour. Since the material behaves 
more elastic at higher strain rates, an elastic analysis with displacement boundary 
conditions would probably characterise the displacement fields quite well. Trends in the 
stresses and energy release rate should at least be qualitatively correct so that a 
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comparison of quasi-static and Hopkinson bar results can also be made. Therefore a 
three dimensional elasto-static analysis has been made using a self-adaptive version of 
the finite element method formulated in the code STRIPE [17,18]. The method tolerates 
the use of coarse element gradings and large aspect ratios which would not be permissible 
in conventional finite element methods. Convergence of the solution is then controlled 
by iteratively increasing the polynomial order  p  and monitoring the global energy and 
stresses in specific points as a function of  p.  

Using the two symmetry planes parallel to the loading axis of the specimen only one 
quarter of the specimen need be modelled. Figure 6a shows an example of the finite 
element mesh. The finite height and mechanical effect of the Teflon inclusion is ignored 
in this analysis in favour of a sharp crack tip. Figure 6b shows a full displacement map 
from the finite element results in comparison to experimental results for image 3. The 
numerical solution has been scaled by setting the same displacement as between the left 
to the right side of the specimen on frame 3 in the centre plane. The experimentally 
determined stiffness for this point in time 18 1.I.s agrees well with the stiffness of the finite 
element model 94.5 kN/mm. Figure 7 compares crack opening displacement profiles for 
the second and third frames to the scaled finite element solutions. The profile of frame 2 
are not opened as wide as the finite element solution and no opening at all can be seen in 
frame 1, but the results for frame 3 compare well to the finite element model. Presently 
it is unknown whether this is a viscoelastic effect or an effect of tractions across the 
Teflon film. Indeed, during recent quasi-static experiments followed at high 
magnification, it was observed that Teflon films do not open until a certain load level is 
reached. Thus the non-linearity in the experimental load displacement data may be due 
to the behaviour of the Teflon film as an elastic inclusion. 
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Figure 7. Profiles of the crack face opening displacement (COD) vs distance from the 
crack tip (r) for (a) frame 2 and  (b)  frame 3. 

Relying upon the good agreement between the experimental results and the finite 
element results for frame 3, the analysis is carried further to estimate the matrix cracking 
zone size around the delamination tip at the failure load 1410  N.  This can be done by 
plotting iso-stress curves for the stress normal to the fiber direction and parallel to the 
direction of loading and using the static transverse tensile strength as the critical stress 
level for matrix cracking. For this material, the contour corresponding to 60 MPa gives a 
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reasonable first estimate of the matrix cracking zone shape and size. However, since the 
transverse strength is known to increase with loading rate [5], the size estimates based on 
the 60 MPa contour are expected to be an upper limit. If the strength increases by a factor 
a, then by linear elastic fracture theory the size of the process zone will decrease by about 
a-2. Figure 8 shows stress contours for both the outer surface and the mid-plane of the 
specimen. When comparing these two results the boundary layer effect is found to be 
extremely obvious. In fig. 8a the free edge stress intensity causes a 30 MPa contour to 
outline the boundary of the 00  ply. It is also interesting that the contour corresponding to 
60 MPa outlines islands of possible matrix cracking on both sides of the 00  ply. The 
boundary of this zone intersects the crack plane about 0.15 to 0.2 mm ahead of the crack 
tip. The transverse dimension of these two contours is about 0.2 mm for the larger 
island and less than 0.05 mm for the smaller one. The total transverse distance is large 
enough to include two plies. Looking at the iso-stress contours at the centre plane of the 
specimen a much more symmetric pattern is seen despite the presence of the 00  ply. 
Apparently a plane strain deformation state exists and since the transverse modulus is 
the same for both ply orientations the transverse stress contours show little influence of 
the  bimaterial  interface. The distance ahead of the crack tip to the 60 MPa contour is 
about 0.2 mm in this case and the transverse dimension of the matrix cracking zone is 
less than 0.4 mm. Note that these damage zone size estimates are about 1/10 of the 
smallest specimen dimension so the validity of linear elastic fracture mechanics might be 
questioned. However, if a 2 fold increase in transverse failure strength could occur due 
to loading rate, such as found by Daniel et al.[5], these size estimates would decrease by 
about 75%. 

Figure 8. Iso-stress contours on the stress component normal to the crack plane, 
plotted with 15 MPa interval for the area around the lower crack tip at failure load. 
Calculated using the finite element model. (a) Surface of the specimen.  (b)  Centre 
plane of the specimen. 

The case for a smaller process zone sizes is certainly supported by the fact that very little 
fiber bridging was observed in micrographs of the fracture surface. In fact by visual 
inspection alone about 10 discrete ribbons of the 00  ply could be observed to have bridged 
the fracture plane. Under higher magnifications a typical ribbon was found to be a 
bundle of perhaps 10 to 15 fibers and is about 150 gm in width. The most preferred crack 
path in this experiment was through the resin rich region between the 90°/0° ply. 
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The final part of the finite element 
analysis was to evaluate the energy 
release rate and consider the 
influence of the shearing modes. 
Figure 9 gives the through 
thickness distribution for the 
normalised total energy release rate, 
G/Go, where Go is the total energy 
release rate at the centre of the 
specimen (x3/w = 0). Defining G1  as 
the portion of the total energy 
release rate due to the work of 
normal tractions at the crack tip, it 
is possible to show the small 
influence of shearing tractions in 
this interface by comparing the 
ratios Gi/Go and G/Go in fig. 9. 
Clearly for this sandwich specimen• 
construction, the work of fracture is 
dominated by normal tractions 
everywhere except near the vertex 
(x3/w = 1) where boundary layer 
and  bimaterial  effects bring other 
deformation modes in to play. At 
the failure load of 1410  N,  Go is 
equal to 196 J/m2; this value is 
about 2.7 times greater than the 
quasi-static value of 73 j/m2. 

Discussion and Conclusions 

Experimental procedures have been developed to investigate rate dependent effects on 
fracture mechanisms in carbon fiber/epoxy laminates. The methods are to be used to 
acquire rate dependent material data available for carbon fiber/epoxy and provide a basis 
for computational material models suited for the prediction of impact damage. The 
experiments are made using an optical method to capture the displacement fields around 
cracks under dynamic load from a tensile split-Hopkinson bar. The present work 
introduces and evaluates the procedure for the particular example of impact 
delamination along a cross-ply interface. 

The optical measured displacement has been compared with data from conventional 
strain gauge measurement on the Hopkinson bar with acceptable agreement. A quasi-
static linear elastic 3D finite element analysis was made to evaluate the specimen and the 
experimental results. Computed displacement fields and specimen stiffness compared 
well to experimental measurements for a point in time just prior to failure. This is not 
the case for measurements made earlier in the loading history. A comparison of the 
optically and numerically determined crack opening displacements gives some 
indication that the Teflon film flaws may play a role in this observation. Early in the 
loading history the crack does not open to the extent linear elasticity predicts. Tractions 
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across these films are expected to account for this behaviour and raises questions about 
the further use of films in impact fracture testing of polymer composites. 

The reasonable agreement between computed and experimental results at the point prior 
to fracture initiation suggests that the linear elastic analysis should provide a reasonable 
evaluation of the tractions ahead of the crack tip and also of the energy release rate. 
Estimates of the matrix cracking zone were made at the failure load and was found to be 
one to three ply thicknesses, about 1/10 of the crack length. However, as fractographic 
examination showed, these sizes are over estimates as fracture occurred mostly in the 
resin zone with only a few bundles of broken fibers. Energy release rate is dominated by 
normal fractions except at the free edge but these effects are believed to be small on the 
bulk value. The specimen geometry was found to have a nearly uniform through 
thickness  G  distribution over about 90% of its width making it a reasonable geometry for 
rate dependent fracture testing. Tensile impact at displacement rates of 1.9  m/s  
corresponding to a global strain rate of 350 s-1, was found to raise the interfacial fracture 
toughness nearly 3 fold. 

These results are contrary to trends reported by Freidrich et al. [6] who developed a 
qualitative rate dependent fiber bridging model. Their results were based upon 
delamination toughness data for unidirectional laminates with delaminations between 
00 plies. Due to the intermingling of fibers between 00  plies, fiber bridging is known to be 
prominent in delamination resistance. However, rate dependent matrix cracking is 
expected to control the population of these bridging fibers. In their case delamination 
toughness is reported to decrease with increasing loading rate and generally assumed to 
do so due to reduced fiber bridging. For the cross-ply interface investigated here, the first 
thing to emphasise is that the quasi-static fracture toughness is about a third or fourth of 
the values reported for 00  interfaces. Also the microscopic evidence indicates that the 
work of fracture is due primarily to resin deformation process. Therefore it is speculated 
that the apparent increase in fracture toughness for the cross-ply, to a level still below 
reported 00  interface fracture toughnesses, is due to the matrix behaviour at high loading 
rate. Indeed, increasing fracture toughness with loading rate is a common phenomenon 
for homogenous polymeric materials. Knauss and Ravi-Chandar [33] explain such 
behaviour by a finite time for a process zone to develop ahead of a virgin crack so that 
transient loadings achieve a higher stress intensification before fracture initiates. 

In conclusion, the experimental procedures and analysis presented here were found to 
have good potential for extensive use in the determination of rate dependent material 
properties of carbon fiber/epoxy composites. The combination of measurement 
techniques and analysis provided several checks on the results which raises confidence 
in the approach. However, it is recognised that the Hopkinson bar system should be 
tuned to provide constant strain rate pulses and work is underway to make this 
improvement. A means to alleviate possible adhesion across the Teflon films must also 
be developed; A. Edlund [SAAB Military Aircraft AB, private communication ] has 
suggested thermal strains due to cooling may sufficient to ensure decohesion. The 
particular example of a cross-ply interface delamination clearly shows that 00  fracture 
data cannot be applied indiscriminately to other interfaces. However, further 
experiments are required to build a data base where the trends can be further 
substantiated and quantified. Work will continue in this area and include experiments 
to determine the bulk rate dependent constitutive and strength properties. This will 
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enable the development of more realistic constitutive/damage models for predictions of 
impact damage in composite aircraft structures. 
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Abstract 

A new type of carbon fiber/epoxy composite specimen has been developed and 
tested in tensile load at various strain rates up to failure. The goal is to 
investigate rate dependent bulk properties, the specimen is therefore designed to 
make the load state homogeneous. High strain rates were achieved by using a 
tensile split-Hopkinson bar apparatus. Full field displacement measurements are 
made with high resolution moire photography combined with high speed 
photography. To transfer diffraction gratings to the specimens, a technique 
where a master grating is replicated in two steps was used. 

The moire measurements indicate that the displacement field on the specimen is 
nearly homogeneous. These results together with strain gauge measurements on 
the Hopkinson bar, show that the specimen have a nearly linear elastic 
behaviour up to failure. Strain rate effects are indicated, more measurements are 
needed to confirm these effects. 

Introduction 

Carbon fiber/epoxy composites are commonly used as construction materials in 
applications where high stiffness in combination with low density is desired as 
for example in aircrafts. The performance of composite structures can get 
seriously degraded by impact damage. To be able to fully utilise the performance 
of composites, the effect of impact damage must be possible to predict and model. 
A larger Swedish project, conducted by Aeronautical Research Institute of 
Sweden  (FFA),  is currently working on the development of computational 
methods for impact damage prediction. A numerical model of an impact event 
demands accurate rate dependent material models. These must be calibrated 
against experimental data. Only a few experimental studies of rate dependent 
material properties have been reported, they are reviewed by Thesken and 
others1-2. Measurement of experimental data and evaluation of material models 
are therefore a part of the larger project. 
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A vital part of this work has been the development of experimental procedures 
for the measurement of rate dependent properties of composites. A new type of 
test specimens has been constructed at  FFA  allowing tensile loading at different 
strain rates. Various specimen configurations are used to study different matrix 
dominated properties. An initial study of delamination of a cross-ply interface 
with inserted starter cracks has been described by Melin et al.2. To get data on 
bulk stress/strain behaviour another specimen configuration has been developed 
with the aim to provide homogeneous tensile load transverse to the fibers. The 
fibers are unidirectionally ordered and the specimens have gauge areas between 
2-4x10 mm2. No starter crack is inserted why it is impossible to predict where the 
specimen will be fractured. Instead of using a conventional strain measurement 
technique as strain gauges, a moiré technique called high resolution moiré 
photography3-5  has been used. It has the advantage that a full field image of the 
displacement over the gauge area is obtained, making it possible to find out if the 
strain field is homogeneous or not. When the specimen fractures at the gauge 
area, the fracturing process can be followed giving information about the damage 
localisation and propagation processes. The moire method is combined with 
high speed photography using a image converter camera at framing rates of the 
order of 1 MHz. 

A tensile split-Hopldnson6-7  bar apparatus has been used to apply tensile loading 
of the specimen at high strain rate, similar to tensile impact loading. From strain 
gauges mounted on the bars, load and displacement are obtained at the specimen 
edges. The specimens have been tested at strain rates between 140 and 670 s-1. 

Experimental methods 

Specimen manufacturing 

The dog-bone specimens used here are part of a family of tensile test and fracture 
test specimens which have been developed and fabricated at  FFA.  The specimens 
are loaded through square steel bolt end tabs bonded to the composite using the 
high strength epoxy FM 300K (American Cyanamid Company). The threaded 
tabs are designed to fit both quasi-static loading frames and the tensile split-
Hopkinson bar. The specimens (Figure 1) have been cut-out from 10 mm cubes 
using a milling machine fitted with a diamond plated cutting tool. The gauge 
sections have cross-sectional areas between 2-3x10 mm2  and lengths  b  between 2 
to 4 mm which is of the same size as the thickness of a typical composite 
laminate. An intention is to achieve a homogeneous stress field in the gauge 
section. By varying the dimensions a and  b,  the material can be tested at different 
strain rates. The strain rate is also varied by adjusting the loading pulse in the 
split-Hopkinson bar. 

The laminates used here was prepared from Ciba-Geigy HTA/6376C prepreg 
containing 65% volume fraction of carbon fibers embedded in a toughened epoxy 
matrix. About 80 layers of the prepreg were stacked, with the fibers in the same 
orientation. The laminates were cured according to manufacturer's 
recommendations, and investigated using ultrasonic  C-scan to verify quality. 
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After sectioning, the specimens were cleaned with solvent and prepared for 
bonding to the steel bolts. To alleviate sliding during bonding the specimen was 
fixed sideways between the bolt heads using special made clamps. The clamps 
stayed on during the oven curing of the adhesive. The gauge surface on the 
bonded specimens were polished and the final dimensions measured. 

Figure 1. Carbon fiber/epoxy dog-bone specimen. Two steel bolts (shaded) 
with threaded ends are bonded to the specimen. 

Available engineering in-plane elastic ply properties for this material are 
En=145.6 GPa, E22=10.5 GPa, G12=5.25 GPa, n12=0.30. 

Tensile Split-Hopkinson Bar 

In a Hopkinson bar, mechanical waves are transmitted through thin bars with 
the purpose to load specimens at high strain rates. The concept of split-
Hopkinson bar for testing in compression was developed by  Kolsky  in the late 
1940's8. In the 1960's the development started for changing the set-up to allow for 
tensile testing. The theory of tensile split-Hopkinson bar has been presented by Li 
et al.6  and Nicolas7. Figure 2 shows the design of the Hopkinson bar used in 
these experiments where the specimen has been connected to the steel bars using 
steel capings. The striker bar is accelerated by compressed air and forms a tensile 
wave when hitting the stop at the end of the input bar. At section A-D,  strain 
gauges are mounted in pairs on opposite sides of the bars. They measure the 
strain of the incident, the reflected and the transmitted waves and the signals are 
stored in a transient recorder. 

The bar diameter of 6 mm is chosen to make the force of the impact waves match 
the specimen failure load of about 2 kN. The rise time of the incident wave is 
15-25 us which is typical for this type of Hopkinson bar6. 

Based on one-dimensional wave propagation theory, the force F, the 
displacement u and the displacement rate 'a at the specimen can be obtained 
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from the strain gage signals. In principle, the time histories of F, u and ü can be 
obtained by translating the measured incident, reflected and transmitted waves in 
time according to the transition time in the bars. However, two complications 
appear. First: The waves get affected by changes in the mechanical impedance 
which occur at the capings and at the steel bolts. Second: the incident wave and 
the reflected wave superimpose at the strain gauge pairs in the input bar since the 
main incident wave is followed by slowly decaying noisy waves. Such waves are 
caused during impact because of the different impedances of the striker bar, the 
stop and the input bar. 

Figure 2. Tensile split-Hopkinson bar with an inserted specimen. 

A method to separate the different waves has been developed by Lundberg and 
Henchoz9. This method has been further extended by Lundberg et al.1° to be able 
to compensate for impedance discontinuities in the set-up. The method 
demands that the strain is measured at two separate points on the input bar, and 
similarly for the output bar, if crossing waves have to be separated there. The set-
up is divided into sections with constant impedance. Knowing the force and the 
particle velocity at the end of one section, these parameters are calculated for the 
next section and so on. When the force and particle velocity at each side of the 
specimen have been calculated, the elongation of the whole specimen and the 
force in the specimen are obtained. 

A further complication arises due to the flash discharge in the optical set-up. It 
causes high electrical fields giving disturbances in the strain gauge signals. To 
compensate for the disturbances, signals only containing flash disturbances have 
been subtracted from the real signals. 

Optics for moiré photography 

Moire is the fringes of low pitch which show up when two gratings of high and 
slightly different pitch are imaged onto each other, either by being in direct 
contact or by an imaging system. These fringes are a measure of the difference 
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between two gratings and can be used to get quantitatively whole field 
deformation data11-12. In this moire technique, called High Resolution Moire 
Photography, two diffraction gratings are used. A specimen grating is deformed 
as the specimen is loaded. This grating is optically imaged onto a static reference 
grating where moiré fringes appear in real time. 

This method was developed by Huntley and Field3  to be used for measurements 
on transparent specimens combined with high speed photography. A further 
development was made by Huntley, Withworth and others4-5, allowing opaque 
materials to be tested. Essentially the same set-up has been employed in these 
experiments, see Figure 3. Light from the flash is directed onto the specimen by a 
small plane mirror in front of the objective lens. The light is made quasi 
monochromatic by an interference filter with peak transmittance at 545.5  nm.  A 
reflection phase grating with 75 lines/mm is attached to the specimen. This 
grating is imaged onto the reference grating, a transmission phase grating with 
the same pitch, giving rise to moire fringes. Carrier fringes parallel to the grating 
lines are introduces by setting the magnification to slightly larger than 1:1. As 
shown in Figure 3, a slotted filter is inserted in the objective lens. This filter only 
accepts the +1 and -1 diffraction orders and blocks the 0 order, giving a doubled 
effective grating frequency of 150 lines/mm. Together with filtering at the 
camera aperture, this frequency multiplication doubles the sensitivity for in-
plane displacements5. The grating is a line grating meaning that only the 
displacement component perpendicular to the grating lines is measured. The 
measured component is parallel to the Hopkinson bar. 

Figure 3. Principal parts of the optical set-up. 
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One advantage with this moiré method is that only the moiré fringes of low 
spatial frequency have to be resolved, not the grating lines. This makes it 
possible to use image converter cameras which have relatively low spatial 
resolution. In these experiments an Ultranac FS501 Image Converter Camera 
with a CCD Readout Unit has been used. The images are stored digitally. The 
camera manages to capture a maximum of 24 frames of an event. The strain 
gauge pair A on the input bar (Figure 2) is connected to a Schmitt-trigger with an 
adjustable threshold level. When the incident tensile wave arrives the trigger 
sends a TTL-signal to trigger the camera. The flash and the camera start after a 
pre-set time delay. 

Grating preparation 

The specimen grating is a reflective phase grating, replicated from a master 
grating. The other grating in this set-up, the reference grating, is a transmission 
phase grating. Both gratings have been manufactured with an interferometric 
(holographic) techniqueo on holographic plates (AFGA 10E75). Their spatial 
frequency are approximately 75 lines/mm, the exact frequencies have been 
measured. 

The geometry of the dog-bone specimens (Figure 4) makes it necessary to replicate 
the specimen grating from a narrow grating. One possibility would be to cut the 
holographic grating plates to thin bars parallel to the grating lines. Because of the 
difficulty to cut glass plates without damaging the gratings, a two step replication 
process has been used instead. First a sub-master in silicon rubber was replicated 
on a thin bar from a master grating plate. In the second step, the epoxy grating on 
the specimen is moulded from the silicon rubber sub-master. 

Steel bar 	F 
Plexiglas plate 

Silicon rubber 	 Epoxy 
grating 	 resin 

*•••• 	 ••••• 
•••••••••••••••••••••••• 
•••••••••••••••••••••••• 
•••••••••••••••••••••••• 
••••• 	 •*•••  

Figure 4. Replicating the silicon-rubber grating on the steel bar to an 
epoxy grating on the dog-bone specimen. (a). Cross-section.  (b).  Upside 
view. 

The silicon rubber which has been used, Dow Corning Silastic S is suitable for 
making exact replicas of fine structures, partly due to its low viscosity. A careful 
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mixing of its two components is followed by degassing in vacuum to remove 
bubbles. The curing time at room temperature is about 10  h.  The cured silicon 
rubber has good dimensional stability, it is opaque and has a low Young's 
modulus. The silicon rubber grating is replicated on a plane side of a steel bar, 
with a width equal to the length of the gauge section  b.  The steel bar was aligned 
along the grating lines using a fixture. As silicon rubber has very low adhesion to 
most materials, strong binding was ensured by applying a thin layer of primer 
(Dow Corning 1200 RTV) to the steel bar before moulding. 

The second replication step is prepared by mixing the epoxy resin PC10 followed 
by degassing in vacuum. To hold the thin bar in position perpendicular to the 
length axis of the specimen during moulding, the specimen has been fixed in the 
fixture. A Plexiglas plate with grooves for the steel bar (Figure 3-12) is locked 
relative the fixture which holds the specimen in position. 

To reduce the grating thickness a load is applied on the specimen during curing. 
Here a pressure of 30-40 kPa has been used. Higher pressure caused areas without 
any epoxy resin and consequently without grating. A suitable thickness of the 
silicon rubber gratings is about 100 um. By making the grating thin the grating 
surface can only be deformed by a small amount relative the steel bar. A thicker 
grating might be deformed during the second replication due to the low Young's 
modulus of the rubber, thus giving distorted moiré fringes. 

To increase the reflectivity of the specimen grating, a thin metal layer must be 
applied using a vacuum deposition technique. Evaporating Al was first tested 
but failed, the metal did not stick to the epoxy surface. Instead a layer of Au has 
been applied by sputtering. 

Results 

A number of three specimens have been tested, all with thickness a=3 mm and 
length b=4. The experiments are summarised in Table 1. One specimen, named 
34B, did not fracture at the first experiment, because the amplitude of the incident 
wave in the Hopkinson bar was not high enough. A second experiment denoted 
34bb was made with the specimen. For experiment 34c, the transient recorder 
failed in recording the signals from the strain gauges  C  and  D,  why no accurate 
calculation of the time histories could be performed. 

Specimen Experi- 
ment  

Amp!. incident  
wave  (N)  

Av.  strain 
rate (s-I) 

Failure stress 
(MPa) 

Failure  
strain x103  

dog-bone 34A 34a 8560 670 85.0 12.5 
dog-bone 34B 34b 2040 140 60.1* - 
dog-bone 34B 34bb 3090 250 79.3 10.7 
dog-bone 34C 34c 4770 300 ? ? 

Table /. Summary of the four experiments performed. The average strain 
rate is evaluated from the moiré images, other parameters are obtained 
from strain gauge signals. 
(*)Maximum stress. 
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Moiré results 

In all experiments, 24 frames of the moiré fringes were captured with the high 
speed camera. Reference sequences of 24 frames were taken of the unloaded 
specimens before each experiment. Figure 5 shows the moiré fringes from 
experiment 34bb. The growing deformation is deduced from the increase in the 
spatial frequency of the fringe pattern. No major irregularities can be observed in 
the patterns and, as the specimen in fact broke outside the grating area no 
indications of fractures are expected. The fringe contrast is reduced in the last 
frames, one reason is that the light from the flash is decaying. The contrast is also 
affected by the increasing rigid body motion of the specimen which causes the 
fringes to move during the exposures of the frames. 

Figure 5. Moiré fringes from the experiment 34bb. A new frame was 
captured every 2 j.ts for the first 4 frames and every 1.5 J.'s for the 
remaining frames. The exposure time was 0.8 µs for all frames. 

Each of these fringe patters has been cut out and analysed using the Fourier 
transform method, see for example a review by Kreism. The resultant phase 
maps has been unwrapped using an algorithm developed and implemented by 
Huntley15. Before the experiment, an initial fringe pattern of carrier fringes were 
introduced. The frames from the experiments and the corresponding reference 
frames have been analysed in the same way. The phase change due to the 
deformation is obtained by subtracting the phase distribution calculated from the 
reference fringe pattern, from the phase distribution obtained from the 
experimental fringe pattern. 
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(c)  

These narrow fringe patterns with only 5-8 fringes are not ideal for analyse using 
the Fourier transform method, wider patterns are preferred. In the Fourier-plane 
the peaks corresponding to the fringe frequency are superimposed on frequencies 
caused by edge effects. After isolating one peak and taking the inverse Fourier 
transform, the phase map will be disturbed near the edges of the fringe patterns. 
Since the specimens are relative narrow, a large part of the resultant 
displacement field are disturbed. One way to reduce this problem is to extrapolate 
the fringes in the area outside the grating area as proposed by Burton16. The 
extrapolation has been done using an Gerchberg iteration algorithm17  where the 
fringe frequency are allowed to leak into the area surrounding the fringes. 
Artificial fringes which have a smooth transition to the real fringe pattern are 
created. By using extrapolated fringes a small decrease of the edge disturbances is 
achieved. The part of the gauge area where the resultant displacement field is 
accurate is increased by about 5 percentage. In these areas, the displacement is 
determined with an accuracy of the order of 0.5 pm. 
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Figure 6. Displacement contours with 1 um interval of the displacement 
component along the x-axis. (a) Frame 13.  (b)  Frame 18.  (c)  Frame 23. 

Three displacement fields from specimen 34bb are presented in Figure 6 where 
the measured displacement component is shown as displacement contours with 
1 µm interval. By visual inspection it is difficult to discover any inhomogenities 
in the strain field. There are certainly some irregularities in the contours, but by 
comparing the successive displacement fields it can be stated that the 
irregularities are caused by random noise. To quantify these displacement fields, 
the average strain has been measured over an area around the center of the 
displacement field. In Figure 7, the displacement, averaged along the y-axis over 

9 



the displacement field, is plotted versus  x  for the frames in Figure 6. Areas near 
the edges on the short sides were neglected when taking the average. The 
displacement over the 4 mm wide gauge area has been calculated from the slope 
of the average displacement curves by using curve fitting. Also here the edge 
areas were taken away as indicated in Figure 7. 
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Figure 7. Average displacement along x-axis for the frames in Figure 6. 
The slope of the curves are calculated between the vertical lines. 

Strain gauge results 

The result of the analysis of the strain gauge signals at 34bb is presented in Figure 
8 and compared with the averaged displacement from the moire" frames. In 
Figure 8(a), the two displacement measurements show acceptable agreement. 
The strain gauge measurement is the displacement for the whole composite 
specimen while the moiré measurement is the elongation of the gauge section 
only. As a rough estimate, these displacement measurements over the different 
lengths are assumed to be related by a factor of 2. Planned  FEM-calculations will 
give a better estimate. The force signal in Figure 8(b) has some irregularities and 
it is not known if they are caused by disturbances in the strain measurement or by 
waves reflected between the impedance discontinuities in the set-up. The final 
fracture event seems to be preceded by some small damage causing stress 
relaxation. The strain-rate curve is relative flat between 20 to 40 iis when most of 
the load is applied to the specimen. During the failure process the strain rate 
decreases which is caused by a decreasing tensile load. The force-displacement 
curve in Figure 8(c) is mostly straight, indicating that the specimen has a linear 
elastic behaviour until the fracture occurs. As mentioned, the dip in the curve 
before failure might be caused by a smaller damage event. The force from the 
optical displacement has been obtained by interpolating the force signal in Figure 
8(b) at the time when the frames were exposed. 
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Figure 8. The evaluated strain gauge signals compared with the moiré 
results scaled by a factor of 2. (a) Elongation of the specimen.  (b)  
Displacement rate and force histories, the displacement rate is for the 
whole composite specimen.  (c)  Force vs. displacement from both 
measurements. 
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Strain rate effects 

A comparison between the measured force-displacement curves is done in Figure 
9. The stiffness in experiment 34b is higher than in experiment 34bb, made with 
the same specimen. It is expected that microscopic damages evolved during 
experiment 34b, damages which decrease the average stiffness from 36x106  N/m 
to 28x106  N/m. The maximum stress during experiment 34b was about 60 MPa, 
see Table 1, which is known as the static transverse tensile strength of the 
composite and is assumed to be the critical stress level for matrix cracking. The 
specimen was also subjected to further pulses after the first incident pulse, waves 
are propagating to and fro in the bars many times until finally decaying. The 
stiffness in experiment 34a is 28x106  N/m which can be compared to 34b, 
indicating that a higher strain rate gives a lower stiffness. More tests have to be 
done to reduce the effect from statistical variations of the specimens. No 
compensation for the small geometrical differences between the specimen has 
been made. 

	 34a 

	 34b 

— — — — 34bb 

0 	20 	40 	60 
	

80 
	

100 
	

120 
u (um) 

Figure 9. Force vs. displacement for three of the experiments. 

The experiments 34a and 34bb indicate that a higher failure strength follows from 
a higher strain rate, that effect has also been reported in reference 2. Local 
damages from the experiment 34b has probably affected experiment 34bb. A study 
of the fractured specimens show interesting results: Specimen 34A has been 
fractured at three different positions: on both sides of the gauge area and also near 
the steel bolt at the input bar. The other two specimen have only been fractured 
at one position across the specimen. The fracture surfaces are nearly plane, except 
for the crack in 34A near the steel bolt. From the time histories it is seen that as 
soon as one crack was initiated, the specimens were fractured in a short time, 
probably a few us. Crack propagation speeds of about 1000  m/s  can be expectedl, it 
then takes 3 is for a crack to propagate across the specimen. In 34a, the load was 
applied fast enough for three cracks to be initiated more or less simultaneously. 
In all specimens a few smaller cracks are seen near the main cracks. These minor 
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crack has often but not always propagated parallel to the fracture plane, and they 
do not go across the whole specimens. 

Discussion and Conclusion 

As a part of a larger project with the goal to investigate rate dependent effects in 
carbon fiber composites, a new type of specimen has been tested. The specimens 
have been designed to give a homogeneous stress state under tensile impact 
loading in order to evaluate bulk properties. The fracturing process will also be 
studied. The specimens have no notch why is not known in advance where they 
will fracture. The loading is made with an tensile split-Hopkinson bar apparatus, 
capable of giving controlled strain rates, in this configuration in the interval of 
140-670 5-1. The displacement field on a gauge area of a specimen is measured 
with high resolution moire photography combined with high speed 
photography. The grating replication on the gauge area has been made with a 
new procedure where a master grating is replicated in two steps. 

Using conventional Hopkinson bar techniques with strain gauges mounted in 
pairs on the bars, the displacement, displacement rate and load time histories of 
the specimens are acquired. Simultaneously, the displacement field on the gauge 
area is obtained from the moire measurement. By averaging the displacement 
slope over the gauge area, another measure of the displacement is given, 
enabling a valuable cross-check. The two measurement techniques shows 
reasonable agreement, exact agreement is not expected since the measurements 
have been done over different sections of the specimens. No dominant 
inhomogenities have been found with the whole field measurement technique. 
It is hoped that is should be possible to capture the fracturing process of the 
specimen by the moire photography, this has not been achieved yet partly because 
the specimens have fractured outside the grating area in two of three cases. 

As described earlier, the narrow fringe patterns gives disturbing edge effects on 
the displacement fields. A possible way to improve the fringe analysis might be 
to use rotated carrier fringes instead of the vertical fringes in Figure 5. The 
fringes are rotated by rotating the reference grating by a small amount. During 
the Fourier analysis, the peak in the Fourier domain for the spatial fringe 
frequency will be separated from the peaks caused by the window surrounding 
the fringe area. This has not yet been tested in an experiment. 

The force-displacement curves show linear elastic behaviour for the specimens 
until fracture occurs. It is indicated that a higher strain rate gives a lower stiffness 
and a higher failure load. More tests are needed to confirm this conclusion. The 
fracturing process occurs during a few microseconds. The specimen which was 
loaded at the highest strain rate was fractured at three separate positions. The 
high strain and stress rates made it possible for the cracks to develop 
simultaneously. In the other specimens where the load were applied at a slower 
rate, only one major crack appeared. Some minor cracks have developed near 
the fracture planes, it seems like the propagating cracks sometimes split. 
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The project is planned to continue by testing more specimen to add to the 
statistical material. The dimensions of the specimen gauge section will be varied 
making it possible to change the stress and strain rates in larger intervals. The 
width of the gratings can be slightly increased, raising the chances to document 
the fracture event with the moiré technique. The specimen will also be tested 
quasi-statically in a load frame to further increase the investigated strain rate 
interval. Finally, it is planned to perform numerical calculations using finite 
element models for comparison with the experiments in order to evaluate 
material models. 
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ABSTRACT 

A high magnification phase-stepping interferometer has been constructed, which has a spatial resolution of the order of one  
jun  and a sub-mm field of view. Laser illumination is delivered to the microscope head by polarisation-preserving single-mode 
optical fibres. The head itself is a compact unit consisting of collimating optics, objective lens, CCD camera, and a separate 
white light source. Phase gratings are cast on the polished specimen surface by replication from a master grating, in either 
silicone rubber or epoxy resin. Subsequent evaporation of a thin layer of gold onto the grating increases the reflectivity and 
reduces the speckle noise in the images. By switching between the laser illumination and the white light unit, it is possible to 
view the underlying microstructure in exact registration with the measured displacement fields. The instrument is illustrated 
with several applications including the visualisation of delaminat ion cracks in graphite-epoxy composites and measurement of 
the strain-to-failure of polymer-bonded-explosives. 

Keywords: moire interferometry, speckle interferometry, strain measurement 

1. INTRODUCTION 

Moire interferometry is a sensitive optical technique for measuring in-plane displacement fields in solids undergoing 
deformation.' A reflective phase grating is applied to the surface of the specimen, and is illuminated by two laser beams, one 
from either side of the observation direction. An interference pariern is formed which is mathematically equivalent to a moire 
pattern, but the use of gratings with very high spatial frequencies (typically over 1000 lines mm-1) provides a sensitivity 
nearly two orders of magnitude greater than that achievable with conventional geometric moire methods. Analysis of the 
mterferograms has been made substantially easier by the recent introduction of phase-stepping, in which the fringes are moved 
across the sample by changing the relative phase between the two interfering beams.2-5  A historical review of the development 
of the technique to the present date is given in Ref. 6. 

In this paper we describe a high magnification moiré interferometer which has a sub-mm field of view. The spatial resolution 
of a few pm allows the local displacement and strain fields associated with the specimen microstructure to be measured, and 
the paper is illustrated with applications involving the deformation of graphite fibre/epoxy composites and polymer bonded 
explosives. One other high magnification system has been described in the recent literature',7-9  however the output is still a 
fringe pauem which requires subsequent manual analysis. The system described here incorporates phase-stepping optics and 
allows displacement maps to be produced fully automatically. In addition, a white light illumination unit is included in the 
microscope head allowing the underlying specimen microstructure to be visualised in exact registration with the displacement 
fields. 

2. MICROSCOPE DESIGN AND CONSTRUCTION 

Most loading machines (including the one used for these studies) are physically unwieldy and it is therefore necrcs2ry to be 
able to position the microscope relative to the specimen, rather than the other way round. One option is to have two sets of 
positioning devices: one to direct the laser beams onto the specimen at the correct place and angle, and a second set to bring 
the microscope and camera into position. However, in practice it is much more convenient to have a single microscope head 
which combines the functions both of illumination and of observation of the resulting fringe patterns. This was achieved in 
the present design by using optical fibres to deliver light to the head. Phase-stepping is carried out before the light enters the 



fibres; this allows several interferometer configurations to be set up relatively easily, unlike designs in which phase-stepping 
is carried out on the head itself.7-9  Interferometers for measuring both in-plane and out-of-plane displacement fields are 
described in sections 2.1 and 2.2, and the phase-stepping optics in section 2.3. In addition to measuring the displacement 
fields, it is highly desirable to be able to visualise the underlying microstructure at the same time; this is achieved with an 
additional white light source on the head (section 2.4). 

2.1 In-plane interferometer 

The optical layout of the microscope head for measuring in-plane displacement fields is drawn schematically in Fig. 1(a). Two 
beams of coherent light are delivered to the head by optical fibres OF]  and OF2, and collimated by microscope objectives OLI  
and 01.2. The ends of the fibres are held in ferrules (F3  and F2) which are in  tuni  positioned relative to the objective lenses by 
perpendicular adjustment screws, allowing the beams to be aligned parallel to the microscope axis. Mirrors MI  and M2 then 
direct the beams onto the sample symmetrically from either side of the viewing axis. Both mirrors are mounted on tilting 
stages; provided the angle of incidence is chosen correctly for the particular specimen grating frequency (in this case 1200 lines 
mm-1), the first order diffracted beams from the sample (S) pass through the main microscope objective OL3  to form an image 
on a CCD array (EEV Photon P46580). The observed fringe pattern can be regarded as being due to the interference between 
these two diffracted beams. The entire head was constructed from Spindler and Hoyer Microbench components, and measures 
160  x  120  x  40 mm3, excluding the CCD camera. Its position relative to the specimen is controlled by means of an  X-Y-Z 
translation stage mounted on the loading machine. 

Fig. 1. Optical arrangements of microscope head for measurement of (a) in-plane,  (b)  out-of-plane displacement fields. 

If the pitch of the specimen grating is  p,  then the sensitivity of the technique (i.e. the specimen displacement which produces a 
fringe phase change of 2rt) is pt2. The same optical layout can be used for speckle interferometry: the data-processing, 
displacement sensitivity, and subsequent interpretation of the phase maps are identical. The advantage is that no specimen 
grating is required, but the drawback is the increased noise level (see section 4). 

2.2 Out-of-plane interferometer 

Out-of-plane displacement fields can be measured by modifying slightly the in-plane configuration (see Fig. 1(b)). Mirrors MI  
and M2 are tilted at ±45* to the optic axis and the two beams combined at a beamsplitter cube. BS, in front 00  1.3. The top 
beam illuminates the sample, and interferes inside the microscope with the bottom reference beam. This arrangement is 
appropriate to samples with smooth surfaces; it can also be used for rough specimens if an additional lens is inserted into the 
reference beam to bring it to a focus at the centre of 01.3. 

2.3 Phase-stepping optics and data analysis 

The idea of phase-stepping applied to moiré interferometry was first proposed by Kujawinska2  and has since been implemented 
in a number of ways.3-5  One approach is to illuminate the sample with beams of opposite circular polarisation and then to 



phase-step by rotating a  polariser  in front of the camera lens:3  a second is to tilt a glass flat in one of the illuminating beams. 
Both require the movement of relatively large optical components. The system described by Han7-9  involves moving a glass 
prism in front of the microscope objective: this has a drawback of restricting the instrument to the measurement of in-plane 
displacement fields. The approach adopted here was to carry out the phase-stepping before launching the laser light into the 
optical fibres. A 10 mW He-Ne  laser (wavelength = 633  nm)  with linearly polarised output is used as the light source, with 
the optical arrangement shown in Fig. 2 attached to the laser tube. The beam is first passed through  polariser P,  which 

provides variable attenuation by rotation about the optic axis. The beam is subsequently split into two by polarising beam  

splitter  PBS and launched into the two single-mode, polarisation-preserving optical fibres OF1  and OF2, by integral lenses. 
The split ratio between the two beams is controlled by rotation of half-wave plate HWP. Phase-stepping is carried out by 
moving a 45-  glass wedge, W1 , across one of the beams with a piezo-electric translation stage (Queensgate DPT-C-S). A 
second identical wedge (W2) brings the beam parallel again to its original direction. This phase-stepping method has several 
advantages over the conventional one of reflecting the beam from a PZT-mounted mirror: no beam tilt is produced if the PZT 
tilts during translation, and there is no lateral beam translation provided the wedge is angled correctly in the beam. With a 
wedge refractive index of 1.519, face AB should lie at an angle of 63.7* relative to the incident beam. Beam translation and tilt 
are undesirable since they cause intensity modulation of the fringes, leading to errors in the calculated phase distribution. In 
addition, use of the wedge gears down the PZT translation: a It/2 phase step requires movement of 350  nm,  compared to 80  
nm  for the minor. The PZT positioning error (repeatability of a few  nm)  therefore results in lower phase errors for the wedge 
than for the mirror arrangement. 

Fig. 2. Optical arrangement for phase-stepping. Fig. 3. White light source. 

At each load level, four intensity maps of the fringe pattern, /1...14, are digitised, with phase steps of tc/2 between the 
successive images. The phase change occurring between two times ti  and 12, Atto(ti  ,12), is calculated as 

where 

Aotti ,t2 	tan-i  J42 (:2ä 	WI 3 (ti)-  JJ3 (t )11142  

t. A113 02 W13 ) A142 (12 )4142 ) 

lile(r)= li (r)— li(r)  

(I) 

(2) 

The phase values calculated in this way are wrapped onto the range —/t to +7C; phase unwrapping is therefore carried out to 
remove the 2rt phase jumps, using the modified nearest neighbour algorithm described in Ref. 10. The unwrapped map is then 
proportional to the displacement component under investigation. For the in-plane configuration with 1200 line mm-
gratings, the sensitivity is 66.3  nm  radian-I. All the calculations were carried out on a Sun SPARCstation 2 computer. 



2.4 White-light source 

For some applications it is important to be able to correlate the displacement or strain fields with the underlying 
microstructure. White-light illumination provides better quality images than does laser light, and through-the-lens illumination 
gives better contrast than oblique lighting. Figure 3 is a side view of the source used; it is a standard  Köhler  illumination 
system in which the filament of a 50 W projector bulb is imaged onto the aperture of OL3  via a low reflectivity beam-splitter, 

B  S2. Hemispherical mirror M approximately doubles the amount of available light. The axis of the white light source is 
perpendicular to the plane containing the two laser beams. For every set of 4 phase-stepped images, an additional white light 
image of the microstructure is also digitised. 

3. SPECIMEN PREPARATION 

Techniques for replicating diffraction gratings from master gratings have been developed over many years. Standard casting 
materials include epoxy resin' and silicone rubber (see e.g. Ref. 11). Rubber sub-masters can be created from an epoxy master 
(and vice-versa) since the rubber-epoxy interface is relatively weak in tension: the two gratings can be separated without the 
need for a release agent. Epoxies are the easiest materials to create a specimen grating with, but silicone rubber has the 
significant advantage that its elastic modulus is about three orders of magnitude less than that of most epoxies. It can therefore 
be used on relatively low modulus materials without significantly reinforcing the surface. 

The specimens are prepared by first polishing the surface (typically down to a 1 um diamond grit) to make the microstructure 
visible. A few drops of the casting material (epoxy resin PCIO-C or silicone rubber  Sylgard  184) are placed on the specimen 
and the master grating brought into contact with it. The liquid is allowed to cure for several hours under high pressure to 
minimise the grating thickness,  d.  This is important for two reasons. Firstly, the displacement field on the specimen surface is 
different from that on the grating surface: for example, a line displacement discontinuity on the specimen will broaden 
throughout the grating thickness and be observed as a feature of width - d on the grating surface. Second/y, if the microscope 
is focused on the microstructure, the grating surface will be out of focus: each pixel will collect light from a region of width -  

d  on the grating. The spatial resolution of the measured displacement fields is therefore of order  d.  The grating thickness is 
measured with a white light interference microscope and is typically - 3-6 pm for a curing pressure of -1 MPa (epoxy) and 
-400 kPa (silicone rubber). A partially transmitting metallic layer (aluminium in the case of epoxy) is then evaporated onto 
the grating surface to enhance the intensity of the moire fringes relative to the speckle pattern from the underlying specimen 
surface. 

Two slight complications arise when using silicone rubber. Firstly it does not bond well to most substrates, and it is 
necessary to pre-treat the specimen surface with a silicone primer (Dow-Corning 92-023); this is applied by spin coating to 
minimise the primer thickness. Secondly, aluminium quickly tarnishes when evaporated directly onto silicone rubber. Gold, 
however, proves to be an effective coating material and a thin layer (-5  nm)  is applied by a sputter-coating technique. 

4. APPLICATIONS 

The experiments described in this section were all carried out using an lnstron 4464 2 IcN desk-top loading machine, controlled 
by the SPARCstation 2 via GPIB interface. The machine includes an optical encoder with a resolution of 0.2,  tim  on the 
crosshead position. In general, machine vibration did not significantly affect the fringe quality wnen run at low speeds, 
although occasionally caused problems when the crosshead Was stationary. 

4.1 Delamination cracks in continuous graphite fibre/ epoxy composite 

Graphite fibre/epoxy laminates are attractive for their high specific stiffness, but their low delamination toughness is a known 
drawback. Experiments have been carried out on several samples to investigate the effect of differing ply geometries on the 
near-crack-tip displacement field and fracture toughness. Tensile material properties normal to the ply plane are difficult to 
obtain because typical laminates are less than 10 mm in thickness. The double edge notch fracture specimen tested here (see 
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Fig. 4) is part of a family of tensile and fracture test specimens being developed at  FFA,  Sweden, to address this problem. The 
specimens are loaded through steel square bolt end tabs bonded to the composite. The laminate was prepared from Ciba-Geigy 
HTA/6376C prepreg containing 65% volume fraction of carbon fibres embedded in a toughened epoxy matrix. The lay-up 
sequence was (90'2o/0790 20), and the 0* ply was 0.13 mm thick. The double edge notches were created by inserting two strips 
of 2.5 pin Teflon film parallel with the 90 plies and spaced 4.0 mm apart.  

Fig. 4(a) Double edge notch specimen geometry. 	Fig. 4(b) Schematic micrograph of the edge of one Teflon 
Dimensions are in mm. 	 insert and the prospective crack plane along the 9070' 

interface. 

Figure 5 shows four maps of the displacement component uy (where  x  and  y  axes are parallel and perpendicular to the crack 
line, respectively) measured during one experiment. The crosshead speed was 1.67 gm s-1  and the machine was stopped whilst 
the images were digitised. A 3x objective was used, giving a field of view of --2.0  x  1.5 mm2  (see Fig. 4(b)). It was necessary 
to shift the images in software by a few pixels to compensate for sample motion during loading. The initial measured 
displacement field included a rigid body rotation component, which was eliminated by subtracting a field of the form uy  = Lk 
The value of £2 was estimated by fitting a plane to a region at the left of the field of view where the mode I crack tip 
displacement field was expected to be close to zero. The displacement field over most of the sample was essentially elastic up 
to the failure load of 1.14 kN. One interesting feature of the maps is the increased contour spacing and hence decreased strain 
level in the region containing the 0' ply immediately below the crack line. 

4.2 Embedded optical fibre in continuous graphite fibre/ epoxy composite 

Optical fibres can be used to measure temperature and strain and have a promising future as embedded sensors in so-called 
"smart" materials. However, introducing such a fibre into a composite can be counter-productive since the fibre diameter is 
typically several hundred pm; a defect of this size can potentially lead to a significant reduction in the material's strength. Ref. 
12 describes one investigation into the strain concentration produced by a 125 pm fibre in a graphite/PEEK composite under 
compression. In this section we present the results of an experiment on a graphite/epoxy composite under tension. The 
specimen geometry was similar to that shown in Fig. 4(a), except that the 'ply orientation was 90" throughout, a single 100 
pin diameter fibre was embedded at the centre with its axis perpendicular to the front face, and no Starter cracks were included. 
A 10x objective was used, resulting in a field of view of —700  x  500 pm2. The deformation was apparently elastic up to the 
maximum load for the machine (2 IcN, corresponding to a stress of 20 MPa), with no sign of failure at this point. Figure 6 
shows the vertical displacement component without subtraction of the rigid body rotation at the maximum load. Figure 7 is a 
schematic illustration of the position of the fibre within the field of view. 

At the noise level of this experiment (-20 rim), the fibre does not appear to have any discernible effect on the displacement 
field. However, it would be interesting to repeat the experiment with a thicker gold layer, to decrease the speckle noise, and to 
higher loads, both to increase the magnitude of the displacements from the fibre and ultimately to record the onset of failure. 
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4.3 Strength properties of polymer bonded explosives 

Polymer bonded explosives (PBXs) are composite materials in which small explosive crystals (typically in the ism to mm size 
range) are bonded by a polymer (typically 2-10% by mass). It is important that a PBX has good mechanical properties (in 
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particular, high strain-to-failure and strength) in addition to performing well as an explosive. As a material class PBXs are 
characterised by a relatively low stiffness (composite Young's modulus typically a few GPa, but including binders with 
modulus of —1 MPa) and low strength (a few MPa). Conventional strain gauges are therefore difficult to apply because of the 
problems of specimen reinforcement by the gauge. 

Moiré interferometry experiments have been carried out on disc geometry specimens of several explosive compositions. The 
discs (diameter in the range 10.07-10.22 mm) were loaded vertically in compression along a diameter (Brazilian, or diametral 
compression test); this induces a tensile stress in the horizontal direction, and failure usually occurs by the formation of a 
vertical crack at the centre of the specimen. A silicone rubber 1200 line nun-1  grating coated with gold was applied to the 
surface and a sequence of maps of the horizontal displacement component (ux) at the centre of the disc was measured as the disc 
was loaded to failure. The crosshead speed was 0.83 tint s-1; images were recorded with the machine in motion. A plane was 
fitted to ux  over the entire field of view (560  x  420 pm2) and the average strain across the field of view calculated from the 
derivative of the best-fit plane. In effect, the interferometer and rubber grating were used as a very low stiffness strain gauge 
with a gauge length of just 560 pm. Figure 8 shows stress strain curves for two samples of composition EDC35 (95/5 
weight% TATB/ICEL-F800). The grating thicknesses were 5 pm (sample 7), and 20 pm (sample 8). 

0.50 	1.00 	1.50 	2.00 	2.50 	3.00 
Strain / millistrain 

EDC35 is a brittle composition and fails by the 
propagation of a rapid crack accompanied by an audible 
click and immediate load drop. Figure 9(b) shows the 
post-failure moiré fringe pattern in the vicinity of the 
crack for one of the samples tested, which can be 
compared with that before loading (Fig. 9(a)). Both 
figures include rotational mismatch fringes. It is clear 
that there are very high residual strains within 100 gm 
or so of the crack faces, and that the silicone rubber 
appears to have bonded well to the substrate. 
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Fig. 8. Suess strain curves for samples 7 and 8 of PBX composition 
EDC35. 
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Fig. 9. (a) Moire fringe patterns of EDC35 (sample 8) (a) before loading;  (b)  after failure, in the vicinity of the crack. Field of 
view = 710  x  560 p.m2. 



4,4 Microstructural studies of polymer bonded explosives using speckle interferometry 

The in-plane interferometer can be used to measure in-plane displacements, even when no grating is applied to the specimen 
surface, as noted in section 2.1. Light is then scattered into the microscope lens by surface asperities rather than by a 
diffraction grating, and the image recorded is the interference pattern between two speckle patterns rather than between two 
smooth wavefronts. Phase-stepping and data analysis are, however, identical to that for moire interferometry, and provided the 
illumination angles are the same, the sensitivity of the technique remains unchanged as well. 

Figure 10(a) shows the microstructure at the centre of a Brazilian test specimen of PBX composition EDC29 (95/5  weight% 
HMX/HTPB). It was recorded using the white light source on the microscope head with a 3x objective. Specimen preparation 
involved polishing down to a 3 tun grit, followed by selective staining of the polyurethane (HTPB) binder with ruthenium 
tetroxide vapour as described in Ref. 13. This turns the binder black and enhances the microstructural contrast. In addition, a 
gold film - 20  nm  thick, was sputter-coated onto the surface to improve the quality of the speckle pattern. The sample was 
then compressed in the vertical direction with a crosshead speed of 0.17 itin s-1. 60 phase maps were recorded during the 
loading ramp, with the crosshead remaining in motion during image acquisition. Incremental phase maps were calculated 
between successive pairs of frames; three of these are shown in Fig 10(b)-(d),  representing load increments from 35.60- 36.30  
N (b),  45.86- 46.98  N (c),  and 72.70 - 72.86  N (d).  Significant speckle decorrelation occurred on many of the frames due to 
bulk in-plane motion of the specimen; however, this could be successfully corrected for by calculating the expected specimen 
displacement based on the crosshead displacement, and then shifting the two speckle patterns relative to one another by the 
appropriate number of pixels. The speckle noise was also reduced by separately averaging the numerator and denominator of 
the right hand side of Eqn. (1) over a square of side 3 pixels, prior to calculation of the arc-tangent. 

In Fig. 10(b), the sample is under relatively low stress and the material is behaving essentially homogeneously. At higher 
loads (Fig. 10(c)), the strain in the HTPB binder increases much more rapidly than that in the explosive crystals due to the 
non-linear stress-strain curve for HTPB. This shows up as inhomogeneities in the wrapped phase map, which correlate with 
the crystals visible in Fig. 10(a). Eventually, failure of the sample occurs by the propagation of multiple tears (Fig. 10(d)), 
rather than by a single crack characteristic of  KEL-F  formulations (Fig. 9(b)). Phase unwrapping is not straightforward once 
failure has started because of the difficulty of identifying the crack lines, across which 2x phase discontinuities should be 
allowed to remain. 

5. CONCLUSIONS 

A versatile high magnification phase-stepping interferometer has been built for measurement of in-plane or out-of-plane 
displacement fields on specimens with smooth or rough surfaces. Optical fibres are used to deliver light from the laser and the 
phase-stepping optics to a compact microscope head, which incorporates the illuminating beams, microscope and CCD 
camera, and a separate white light source. This design allows the microscope to view different regions of the sample with no 
readjustment of the optics required. The white light source is useful for providing high quality images of the underlying 
microstructure in exact registration with the measured displacement fields. At present the main experimental difficulty  hes  in 
obtaining reproducibly thin gratings of just a few microns. Silicone rubber is a good low modulus specimen grating material 
provided gold rather than aluminium is used as the reflective coating. The coating thickness must be adjusted carefully since 
too high a reflectivity results in low contrast images of the specimen microstructure, whereas speckle noise becomes intrusive 
if it is too low. Removal of the grating altogether (i.e., speckle rather than moire interferometry) offers the advantage of ease 
of specimen preparation and alignment, but at the expense of reduced spatial resolution due to the smoothing required to reduce 
noise to an acceptable level. In addition, speckle decorrelation due to rigid body motion of the sample is a more serious 
problem at high magnification than with conventional low magnification speckle interferometry. However, decorrelation can 
be compensated for by shifting the images in software, or by providing compensatory motion of the microscope head. 



Fig. 10. Brazilian test of PBX composition EDC29. (a) Specimen microsuucrure; (b)-(d) incremental wrapped phase maps 
(pbase values -1t to +1t represented by grey shades from black to wbite). 2n pbase change corresponds to relative displacement 
of 66.3 nm radian·1. Field of view = 2.0 x 1.5 mm2.
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