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The ul trasonic photoelastic method has given way to a more direct approach
to invest iga te Si0~/epoxy resin interfaces , where epoxy coated X-cut
slabs of quartz are stimulated piezoelectri cal ly and the resonant mechanic al
vi bration examined . Attempts to incorporate the quartz slabs into the
transducer in v isualization experiments have so far failed to produce
fringes ..

Investigation of the swelling inhomogeneity that accompanies the pattern
of water uptake is described ; a model specimen consisting of a microscope
cover slip bonded to a rigid block of g lass is brouqht into contact with an
optical flat. The displacement of the cover slip, on swellin g of the resi n
by water absorption , can be observed by the interference patterns. Moire
fringes , produced by superimposing photographs taken before and after the

~ changes, faithfully reveal the resin swelling geometry,

The computer model to simula te the stress fields is described. A finite
element approach is taken treating the fibre as purely elastic in an
elastoplastic resin matrix. The aim is to treat the interfacial region as a
third phase of finite dimensions.
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1. INTRODUCTIO N

The experimental work done during this reporting period has beeii
• close to the origins of “composites variability” and the data presented

in this report reflect the consequences of such. Changes in resin/fibre
load transfer during hot water uptake have been detected by direct

0 observation of changes in optical retardation measured through
adjacent diameters of individual short fibres. The fibres used fall into
two catagories. Firstly, fibres which have permitted comparisons
between the performances of fibres drawn in chemically unreactive
atmospheres and the performances of commercial fibres of the same
E and S glass compositions. These comparisons reveal some
differences in behaviour between clinicall y drawn and commercially
drawn fibres , although it has not yet been established whether or not
surface layer impuri t ies and/or the surface treatments applied to the
commercial f ibres accelerate the mechanism(s) responsible for loss
of load transfer attr ibutable to diffused water in the absence of
externally applied stress. Nor has it been established whether
commercial fibre surface treatments mitigate interfac ial attack by
water. The epoxy resins used for the above experiments were
CIBA-GEIGY MY 750 and MY 720.

The second category of materials used in the present experiment al
investigations were samples of short S2 glass fibres in SP 250 epoxy
resin. The se samples were take n from the flash of a composite pane l
manufactured at A M M R C  and , unlike apparently identical samples
prepared for optical microscopy studies , they are transparent. Optical
retardation measurement s have revealed no significant difference in
behaviour during water immersion between these samples and the
S2/MY 750 samples described above.

Ultrasonic photoelasticity investigations have proceeded through the
year in an attempt to get more precise data from property changes
attributable to water uptake. By the very nature of its modes of
propagation , ultrasound samples a very much larger region of material
than that which can be sensibly identified as “the interface” and , for
this reason , the techn i que is more sensitive to macroscopic changes
such as matrix plasticisation than it is to localised change s such as
the destruction of bonds at f ibre/matr ix  interfaces.

The analytical approach of stress fields arising from differential
contraction between fibre and resin materials and of modifications
to those stress fields that result from resin swelling during water

- uptake has been superseded by the finite element method. The

-4
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2.

finite element method (f .e .m. ) due to Adams ( 1970) treats the purely
elastic fibre and elastoplastic matr ix in generalized plane strain and
provide s for a pseudo-three-dimensional stress analysis. The method
adopted here is that developed by Alexander and Turner (1975 ) for
axisymmetric flow and has been modified in order to accommodate
plane strain. The interface is represented by a third phase. The analysis
so far attempted diverge s very little from that already reported by Adams.

Realistic numbers for parameters to be fed into the f. e. m. computer
model are being generated by experiment al measurement. Thus .gradation of resin swelling in model uniax ial composite s that have been
exposed to aqueous environments is determined by measuring optical
birefringence in successive transverse sections.

______  _ _ _ _ _ _ _ _ _  ____________________________ ~~_______ ___________ —-— — ——-—- --—— — •---.-•-——-— —•~~~~~~~~~~ -•- -•.-- .-• -
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2. DEBOND IN G OF FIBRE S IN AN EPOXY RESIN MATRI X

When an epoxy resin system cure s, it shrinks and generates stresses
in and around inclusions such as totally embedded short fibres. The
stress fields are cylindrically symmetric with compressive stresses
acting normally across the fibre/resin interface and compressive
stresses acting both longitudinally and radially within the fibre. These
component s of stress can be explored by examination in the optical
microscope using polarised light . Figure 1 shows the pattern of
birefringence in and around an ‘E’ glass fibre , totally embedded in a
slab of CIBA-GEIGY MY 750 epoxy resin. The fibre axis is aligned
par allel to one of the crossed polars. The stress within the fibre
includes a component which arises from shear stress transferred
at the interface and which builds up with distance from each fibre end.
For long fibres a condition of plane strain is reached in the central
regions as shown by the constancy of stress birefringence in the
central region for the fibre shown in figure 1.

The resin adjacent to a fibre experiences a hoop tensile stress as well
as the radial compressive stress referred to above. The magnitudes
of bot h components fall off with distance from the fibre as demonstrated
by figure 2 which shows the pattern of stress birefringence in a 1 mm
thick transverse section through a unidirectional composite. The
fibres are arranged in a rectangular array to facilitate direct comparison
of the stress fields with those computed by the finite element model.
The specimens used for this study require careful preparation. In
particular , the spacing between fibres must be large enough to permit
resolution of several stress isochrom atics.

The effects on interfacial load transfer of exposure of composites to
aqueous environments can be detected by monitoring differences
between optical retardations measured through neighbouring diameters

0 in individual fibres. Ashbee and Wyatt ( 1969) have defined as a practical
load transfer index , the difference between the retardation measured
through a diameter at the centre of a fibre and that measured through
a diameter near the fibre end. Any deterioration in the ability to
transfer shear stress across the interface reduces the build up of
ax ial fibre stress and this is reflected by a decrease in magnitude of
the index. Measurements0 of load transfer index versus time of
immersion in water at 80 C are shown in f igure  3, for an MY 750
epoxy resin matrix. The mean of two retardations measured0 in the• epoxy resin ad~~cent to the ends of a fibre in a composite immersed
in water at 100 C is shown as a function of time in figure 4. Both sets
of dat a reflect the variability of composite materials.

• ~~~ • -• • - - •~~--• —--.-- --~~~~~~---~~~~~~~~ •— ~~ - -~~-• ~~~~~~~~~~~~~~~~
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Data for a selection of experiment s performed to seek evidence of
differences in loss of load transfer by various composite specimens
dur ing exposure to water are summarised in table 1.

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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Table 1. Loss of load transfer by various composite specimens
during exposure to water.
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3. ULTRASONIC PHOTOELASTICITY

The photoelast ic  method for imaging ul trasound (reported in the Final
Technical Report by T. Wc. Turner and K. H. G. Ashbee , grant No.
DA-ERO-76-G-068) has been used to look for m aterial property changes
at and near glass/epoxy interfaces. Experimental diff icult ies
encountered include (a) rapid attenuation of the ultrasound signal and
(b) poor resolution arising from the frequency which , at 2 MHz ,
is somewhat low for “collecting” data. It was subsequently decided
that the interface might be more easily studied in specimens of single
crystal quartz and epoxy resin. Change s in mechanical damping
characteristics dur ing water uptake should be revealed by usi ng such
resin coated quartz piezoelectric cryst al s to drive the transducer in
visualizat ion experiments.  To date , n f r i nge s have been recorded.

3.1 COMPUTER MODE L

The computer model , described in Final Technical Report of
DA-ERO-76-G-068 , has been developed to include the interface and now
has improved graphics. The principal thrust  has been directed towards
NDT and will be reported elsewhere , Kitson , Low and Turner ( 1979) .

H 3 .2 QUARTZ OSCILLATOR

The state of localised stress near the interfacial  region that is
introduced dur ing cu r ing  precludes the direct observation of ul trasonic
fringes in the resin. Successful application of the techni que is restricted
to observation of fringe s, in an adjacent stress free visual izing block , i.e.
remote from the specimen. In order to investigate Si09/epoxy resin

• interfaces more directly, a series of experiments have ’been carried
0 out where the PiT 5A piezoelectric discs are rep laced by crystalline

quartz.  X-cut slabs , 2 mm thick , were sawn from a synt}~~tic quartz
single crystal having a cross-sectional area of about 2 cm • The slabs
were then polished , cleaned and coated with 1 mm of CIBA-GEIGY MY
750 epoxy resin. An electric field up to 800 v. was applied across the
epoxy/quartz/epoxy with a luminium foil electrode s, and then shorted
using a thyrister.  The resonant mechanical vibration , observed on an
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oscilloscope , begins with an amplitude of -
~~~ 15 v. and decays in

about 15 cycles. The measured frequency is typ ically 39 MH z which is
more than an order of magnitude higher than the expected frequency
of 1. 44 MHz. This unexpected result has not been explained , since the
thyrister voltage cut off rate was designed to give the major Fourier
component at about 1. 5 MHz. The interfac ial debonding on boiling the
specimens in distilled water modifies the frequency trace by changing
the relative pulse heights. Thi s take s the form of modulation of the
39 MHz frequency by a second frequency close to 39 MHz. The energy
emanating from the quartz slab s so far investigated is not sufficient
to drive a transducer for ultrasound visualization.
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4. STRESS FIELDS

4.1 INTERFE RENCE EXPERIMENT

At the 1978 ARO/AMMRC review of composites research , Professor
D. Adam s presented a finite element model for the stress field in a uni-
directional composite that has experienced uniform differential thermal
contraction between fibre and matr ix materials and uniform swelling
of matr ix  material following water uptake. The flux of diffused water
received by the fillet of resin located between a bundle
of closely packed fibres , fi gure 5. is not isotrop ic. Of special
interest , because of its proximity to the resin/ fibre interface , is the

- shaped film of resin between two adjacent fibres. In the absence
of wicking,  the curved surfaces of this film are shielded from water by
the presence of the fibres , i. e. water uptake is restricted to diffusion
parallel to these curved surfaces. To investigate the swelling
inhomogeneity that accompanies this pattern of water uptake and hence
calculate the inhomogeneous elastic field created if (as is nearly true
in a real composite) the resin is constrained not to swe ll , a model
specimen consisting of a microscop ic cover slip bonded with ep oxy
resin to a massive and therefore rigid block of glass , has been prepared.
When the free surface of the cove r slip is brought into contact with
an optical flat , a pattern of Newton ’s rings is formed in the gap trapped
between them. Should the shape of the gap change , as happens when
the resin absorbs water , swells and displaces the cover slip, the
pattern of Newton ’s rings change s and superposition of photographs
taken before and after the changes produce s a set of Moire~ f ringe s which
faithf ull y reveal s the geometry of the resin swelling.

Figure 6 shows a sequence of photographs for a square specimen
• manufactured using MY 750 epoxy resin. The cover slip was

approximately 150 ~ m thick and the resin layer approximately 50 ~ m
thick , All glass surfaces were thorou ghly cleaned before specimen
assembly. Water upta~ e was achieved by immersing the specimen
in distilled water at 60 C. From the distribution of fringes it is
evident that the swelling is strongly inhomogencous and that it
fai thfully reflects the geometry of the specimen for a considerable
lengt h of t ime.  It should be noted that a Moire fringe having moved
and been replaced by its neighbour represents an increase in thickness
due to swelling of A/2 , i.e. a percentage increase of approximately
0. 5%. (The broad fringe s running across the centre of the specimen
and seen towards the later stages of the test are a result of the
specimen t i l t ing relative to the optical flat . With  improved temperature

L 

control it is antici pated that such fr inge s wi ll be substantially eliminated) .
In f igure 17 the position of the f i rs t  Moire fringe is plotted as a function
of (t ime )2 . Since this fringe corresponds to a relatively large water
concentration its migrat ion is relatively slow and only the early stage s
of its progression are recorded. For points near to the r im and

— —~~~~~ 
—— ———S-- — — -~ — — a—
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midway along a specimen side , a l inear rel at ionship is expected if resin
• swelling is governed by Fickia n behaviour . Within the l imits of

experimental  error , the relationshi p is linear .

4 .2  FINITE ELEMENT S

The classical f. e .m. paper of Turner , d ough , Martin and Topp ( 1956)
has been developed and extended princi pally by Zienkiewitz (1977) and ,
for app lication the microscopic beha viour of fibre composites , by
the Universi ty of Wyoming group: The princi ples of the displacement
formulat ion of the f. e. m. for plane strain have been applied to the
program using triangular element s and linear shape functions. Figure 8
shows the mesh used for develop ing the program . The region bounded
by nodes 1, 5, 7 , 9, 1 represent the fibre with the remaining mesh
representing the epoxy resin matrix.  Figure 9 shows a more realistic
mesh with fibre bounded by 1, 19 , 35, 1, where the region 19, 36 , 52 .
35, 19 may be treated as interfacial , again with the remainder
representing the m atrix. The mesh of Figure 9 with 236 elements
and 137 nodes is generated logically in the computer. This enables
the mesh to be modified for larger fibres , for interface manipulation ,
and for shape changes. This last point is regarded as particularly

O 
- 

important since in the form shown, i.e. - a square , the symm~~ry may
be too high for real composj tes : changing the right angle of the mesh
to an arbitrary value or 60 say , is easily achieved. Both mesh
dimensions are 7 microns square , corresponding to a fibre diameter

• of 9. 3 microns and a fibre volume ratio of 39%.

The strain in an element as a function of the nodal displacements is
give n by the strain shape matrix I B ]  , the suffix e relating to a single
element. The use of a linear displac~ ment shape function lead s to a
[B] independent of x and y, and a constant elemental strain. Linearity
of t}~e displacement function and the coupling of neighbouring element s
at nodal points ensures continuity of displacement across element
boundaries , and compatibil i ty conditions are autom atically fulfilled.

• There is a matrix L D ] e whi ch , when multi plied by the strain vector ,
gives the stress vector derived in terms of the elastic constants. The
stress system is equivalent to a set of forces acting at the nodes of the
element. The force vector [F i e may be expressed as

L F)  = L B J T L D ] L B J ~~ aJ
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where L a i c is the displacement vector.

or ~F) = [K]e~
a)

where LK]
~ 

is a 6 x 6 matr ix  called the elemental stiffness ma~~ix.

Corresponding to this equation is a global stiffness equation

tF) [K] ta3

where the two vectors represent the forces and displacements at every
nod e in the mesh. The displacement vector is found by inversion of the
stiffness matr ix when the loading condition is formulated in terms of
known forces , and unknown forces can be calculated from known
displacements. Strains and stresses may then be calculated.

The fibre is treated as purely elastic whereas the resin matrix is
considered to be stressed beyond yield and into the plastic region , i. e.
resin plastic strain must be added to resin elastic strain. Thus , in
the progr am , loads are applied in increments which follow the plastic
stress-strain curve by evaluating a new stiffness matrix for each new
increment. Displacements and strains are calculated for each
inc rement as in the elastic situation. The method is known as the
tangent modulus method because the stress-strain matrix is found
by using, instead of Young ’s Modulus , the tangent to the a’ - € curve
at a given strain. The von Mises yield criterion is assumed together
with the Prandtl-Reuss flow rule. Initially the whole load is applied
to solve for the elastic formulation and if any elements are stressed
beyond the yield criterion , all quantities are reduced in proportion to bring
them within the elastic re gime. The program then proceeds by
loading incrementally where , at the end of each increment , the
incremental strains are added to the current component s of strain
and new equivalent stresses and strains are calculated.

The stage has been reached where the program is functioning well for
elastoplastic matr ix  resin and elastic fibre , and the first results for
biaxial tensile strain and pure shear are shown in the Figures 10-15.
Figure 10 shows the final mesh shape superimposed on the initial
undeformed mesh for a 1% biaxial tensile strain. The resin matrix has
the properties of an epoxy resin containing a water concentration of 2%
and is referred to in the legend as ‘low plasticity’. The crossed lines

0 
inside eac h element indicate the orientation and relative magnitudes of
the principal stresses, the program having been written so that the
vector lengths fit inside thesrn allest element. Figure 11 distinguishes

• a third phase , in that the row of element s adjacent to the fibres have
properties of an epoxy resin containing a water concentration of 6%, the

- ---

_____ —~~~~ — — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~ ~~ --- .—-- -~~—~~
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~~~~
- -~~~~~‘---—



11.

remaining  m a t r i x  still containing 2% water , and is referred to as a
‘high plast ici ty in terface -’. Figure 12 is s imilar  to Figure 10 except that
the fibre has been enlarged by including an extra row of element s in the
fibre , and demons trate s the mesh flexibility. Figure 13 is similar to
Fi gure 1 1 but with the enlarged fibre and with the row of elements adjacent
to the f ibre containing 4~~ c moisture.  Figures 14 and 15 show the
consequences of a 1’~ extension in the x-di rec t ion  combined with a 1%
com pression in the y-direct ion , i. e. the consequences of macroscopic
pure shear. Compressive princi pal stress vectors are barred at their
ends,

~~~~~
.-- -- . - -  - -

~~~~~ 
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5. CONCLUSIONS

1. By comparing optical re tardat ion measurements  made through
parallel d iameters  in individual  f ibres in order to detect
in te r fac ia l  load t ransfer , it has been de monstrated that the
behaviour of epoxy resin composites dur ing  hot water uptake is
di f fere nt for d i f fe ren t  fibre chemistr ies .  Not only are there
diffe rences between ‘E’ glass and ‘5’ glass fibre composites ,
but also between com merci al and “ contarn ine nt free ” fib res
of eac h glass composition.

2. S2/SP250 composites , prepared with  the resin components mixed
in accordance wi th  the manufac tu re r ’s recommendations for a
stoichiomet ric  mix , are not suff ic ient ly  transparent for Optical
retard ation exper iments  of the kind reported in conclusion 1.

3. An S2/SP250 composite panel fabricated at AMMRC is bounded by
a flash which contains a low volume fraction of short fibres and
which , since it is transparent , is eminently suitable for optical
retardation experiments to measure tames for loss of load
transfe r dur ing  water uptake. At 80 C, fibres ly ing parallel
to and -“'100 ~ m from the external surface lose their load
t ransfe r abili ty after -“80 hours.

4. Using photoelastic visualization of ultrasound , it is possible
to provide a visual display of the effects of water uptake on
ultrasound velocities in composite materials.

• 5. The swelling associated with water uptake by resin sample s having
geometries representative of regions of resin in real composites ,
is strongly inhomogeneous. The magn itudes of the corresponding
swelling stresses ( 10’s of bars) are of the same order as those due
to differential contraction between resin and glass during cooling
from the cure temperature.  -

• 6. It is possible to take int o account flow (due to plasticisation by water ,
for example ) when computer m odelling the self-stress fields in
composites.

7. Using measured differences in the magnitudes of radial and
tangential principal .tresses, it appears that computer modelling
of the true (inhomogeneous) self-stress fields of wet composites
is feasible. 
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Figure  1. Stress b i ref r ingence  pa t te rn  for an
glass fibre ( 10  M dia. ) embedded in
MY 750 resin. 
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Fi gure 5. Shape changes in the fillet of resin between
three closely packed fibres.
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Vectors with bars denote compressiv e stresses. 
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Fi g. 15 1% Pure shear s t r ain ,  small f ibre,

high plasticity interface.

Stresses in element 1 are 45. 6 M Pa and -36. 0 M Pa.
Vectors with bars denote compressive stresses.
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