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Abstract

The process-induced distortions of asymmetric caitpdaminates have been the
focus of many studies to date, given their ‘unpreadile’ nature on reaching room
temperature, generating either a ‘saddle’ or cgindhape and reaching varied
degrees of curvature.

Models have been devised and developed using céddaminate theory extensions
to predict the room temperature shapes and cuestwith greater accuracy.
However, because these shape deviations and ctenatishown to be dependent on
many factors, (including laminate size, stackingamgement, thickness, thermal
history and constituent properties) a vast rangstudies prove incomparable to one
another, and exclude noted ageing and environmefiéats.

The aim of this study was to identify the factooicolling curvature generation in
asymmetric carbon fibre laminates in order to q@ntely describe their behaviour.
The curvature generation of several cross-ply asgimen epoxy/carbon fibre
composite laminates has been studied by way of ositg manufacture (using
manual lay-up and vacuum bagging technique) in rotdeidentify the dominant
factors controlling curvature, including shrinkagdering curing, CTE mismatch and
geometry.

Measured curvatures were compared to developedetiesd models under a series of
interfacial conditions; taking into account thepplage between plies during laminate
cure, unaccounted for in previous work.

The causes of any deviation between theoretical exyperimentally achieved
curvatures have been determined and attributedhtordoer of microstructural defects
such as delamination, voiding and, in addition,dbgree of cure achieved.

This work reveals a linear dependence of radiusuofature values on thickness and
establishes that curvature is dominated by CTE micimon cooling. This behaviour
highly dependent on the quality of the interfaddahd between plies, the extent of
which has been validated by image analysis. Therm#gnce of cure shrinkage on
curvature formation is negligible for the MTM28-faxy system.

The bistability of asymmetric composite panels hasn determined and related to
composite cure and bonding as well as panel asgigat Stress relief / creep has been
identified as causing a decrease in curvaturestdiility over time.

The radius of curvature has been modelled basethramate thickness and CTE

values assuming complete stress transfer acrosstplyaces.
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1. Introduction

1.1. Unbalanced laminates

As a general rule, unbalanced composite laminatessually avoided commercially as
they are considered to be ‘unpredictable’ [2,3}hvé need to consider residual stresses
(in addition to in-situ external loads) and panelrpage in addition to the general
considerations for most standard engineering naserHowever, more recent interest
in bistable and morphing structures [4,5] meanst tbhabalanced, asymmetric
composites are receiving greater interest.

It is possible that this so-called ‘unpredictalidehaviour is not due to the nature of the
composite, but more due to poor characterisation;aontrolled variables and lack of

consistency of findings in this area, detailedhie tollowing sections.

In symmetric laminates; the material and orientaid any ply at any distance above
the mid-plane is exactly matched at the same distdelow the mid-plane, (Figure
1.1). This means that the centre-line of the lataim®a mirror plane with respect to ply
material and orientation. Thickness of plies shoaldo remain constant and/or
symmetric about the mid-plane. A symmetric laminatéypically indicated by an ‘s’
subscript, e.g. [0/60/129]

‘Balanced’ laminates are those for which the nundret type of plies with their fibres
oriented in the & direction (angle to the main fibre direction) apalanced’ by the
same number and type in tiedirection.

As asymmetric laminate has no mirror plane aloagéntreline, whilst an un-balanced
laminate is one which contains an unequal numbealie$ in the + and6-directions,
e.g. [0/30/6Q] ‘Balance’ refers to plies oriented off the twormipal axes and so is not
strictly applicable to laminates composed da60d 90 plies only.

The effect of asymmetry is more important than itabee. Eg: A [+45/-45] laminate is

balanced but will exhibit similar behaviour to @90] laminate.
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Figure 1.1: Laminate stacking sequence exampleslafigitions [1]

In UD plies the thermal expansion coefficients afaktic properties vary with direction

[6-9]; in balanced, symmetric laminates the vaoiasi in these properties from one ply

are countered by the balancing ply so that distoris minimised.

When the laminates are unbalanced and asymmetscctiuntering effect does not

occur, but, instead, coupling of forces and redidtrasses occurs in the plane normal to

the tensile axis of the laminate. The consequeaca double curvature or ‘saddle-

shaped’ laminate deformation [6,7], Figure 1.2 a.

The laminate will have a tendency to ‘bend’ or ‘watowards the ply with the higher
coefficient of expansion, likely to be 90° plieglahen stabilise in the state of minimum

potential energy.

Figure 1.2. Possible curvature shapes of asymnatgs-ply laminates at room
temperature: (a) saddle shape; (b) and (c) rea@brydindrical shapes; and (d) twisted
laminate (adapted from [8,10-12,13-15].)



In order to make use of asymmetric laminates, itngsical that cured shapes of

asymmetric laminates can be well predicted.

Hyer (1982) [13-15] investigated the shapes of sdvasymmetric laminates and

observed that the room temperature shapes do mayslconform to the linear

predictions of classical laminate theory (CLT).

Instead of being a saddle shape, as predictedebsidissical theory (Figure 1.2 a), many
asymmetric laminates exhibit a cylindrical shapeoatn temperature [16,17]. A second
cylindrical shape can sometimes be obtained bynalsi ‘snap-through’ action (Figure

1.2 b and c), the point at which this occurs iemefd to as the laminates bifurcation
point.

Other shapes include unbalanced ‘twisted lamingtagure 1.2 d) formed through the

stacking of angle plies, £60,,45/-45) which changes the principal direction of
curvature [11]. The sensitivity of unbalanced rotemperature shapes to fibre angle
suggests that any deviation from the absolute 0 filge configuration in a standard

cross ply laminate would cause warpage in direstiother than longitudinal and

transverse.

It has been shown that room-temperature shapesli¢sadinder behaviour) are a
strong function of the size, stacking arrangemébte angle and thickness of the
laminates with an increase in the number of pleseasing curvature (Figure 1.3) [11],
resulting in an increase in radius of curvaturegi@e of curvature is not determined
solely by thickness, but is reported to be moreuraction of length-thickness ratio.
While a cylindrical shape is observed for largeedighgth-to-thickness ratios, a saddle

shape is observed for small side length-to-thickmatos [8].
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Figure 1.3; Decrease in curvature with an incréaseimbers of plies.



L/T is the length to thickness ratio of panel getmeX and Y are the principal

laminate axes [11].

Curvature is also influenced by the magnitude sfdwal stresses (direct function of
microstructural parameters suchvaand resulting degree of resin shrinkage during the
cure cycle and can vary extensively depending eir@mmental conditions. (covered in
Section 1.4). The time at which curvature occurthancuring cycle has been the focus
of many studies [18].

1.2. Measuring curvature experimentally

In experimental studies of asymmetric laminateedufr validation of models), the
curvature is normally calculated from measured eslof: height (h), out of plane
deformation/height (h), side length (L), thicknég48,19], Figure 1.4, Equation 1.1.

In most recent experiments [11], the calculatioss anclude the anglé for improved
accuracy.

Curvature of curved shape calculated using:

[ hy = h — t-cosf
(LY
Row = o, + 2
4 LF
@ = arcsin
(k)
L == 2R0u[9

Equation 1.1

Figure 1.4; Calculation of curvature from experinatmesults [19].



1.3. Modelling laminates

Many researchers have focussed on the predictiocnrghture in unbalanced composite
laminates. Whilst one research field focuses onirifieence of processing parameters
during the cure cycle on residual thermal stref2@<23]; another field, developed by

Hyer, deals with multi-stable shapes [11,13-15] aodvatures [5,10] of asymmetric

laminates generated by residual thermal stresses.

1.3.1. Classic Laminate Theory (CLT)
CLT describes the macro-mechanical behaviour ofifates made from orthotropic

plies, with the following major assumptions [24,25]

i) Displacementsy are continuous throughout the laminate

i) Line elements which were originally perpendicularthe middle surface of the plate
remain straight and normal to the deformed middigase and suffer no change in
length. This (and assumption i) effectively defintbg laminate interface to be
perfectly bonded and, with assumption v) to benitdiy thin (as the interface will
not be homogeneous with the bulk of the ply)).

iii) The strain-displacement relationships are linear.

Iv) Plane stress conditions apply for the laminatesgéie= 6,, = 6,x = 0).

v) The laminate is constructed of an anisotropic, hgegneous, linearly-elastic material

with properties independent of temperature.

The assumptions above for CLT are somewhat rasgjdbut are necessary for ready
solution of the tensor relationships for stiffnessl compliance in a three dimensional
structure.

Tsai and Hahn [3] highlighted the flaws in basimiaate theory, as the rule of mixtures
predicts linear behaviour, (lineare relations) in contrast to the non-linear relatldps
they determined. For example; stress is not cohstamultidirectional laminates as
modulus (E) varies from ply to ply. In additiongtbut-of-plane displacement of the
room temperature shapes of asymmetric laminates bearmany times the plate
thickness, therefore strain-displacement relatcamnot be taken to be linear.

Figure 1.5 illustrates the non-linear behaviouanfunbalanced laminate under tensile

loading.
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Figure 1.5. Schematic stress-strain curve for gmasgetric laminate [26]

During tensile loading, Figure 1.5, the point aticththe laminate becomes straight (X)
causes a change in longitudinal modulus to a vedmeparable with that in a symmetric
laminate and a change in the slope of the tensgesstrain curve [26].

The in-plane, through-thickness and flexural modilivarious unbalanced cross ply
laminates (with differing ply groupings) have beealculated using the approach of
Tsai and Hahn [3], in respect to ply positioningpuard the composite mid line,

thickness and number of plies. Findings reveal tioaposite modulus is proportional
to the modulus of each ply and its distance froenrthidline.

When simulating a tensile load on symmetric langeatthe stress distributions are
symmetric about the mid-plane. Therefore, only quarter of the laminate is modelled.
However, if the laminate is asymmetric, the entivekness of the laminate has to be
modelled, adding to the complexity of unbalanceB,odels [26].

The need to incorporate non-linear effects into Olbdelling is apparent as an
unstable equilibrium saddle shape is always predisthen geometric nonlinearities are

ignored, contrary to the two cylinders generatechany experiments.

1.3.2. Models for generation of curvature

1.3.2.1. CLT extensions: displacement functions

In order to extend CLT to include non-linear strdisplacement behaviour observed in
UB laminates, Hyeet al. [15] developed an earlier approximate theory fardgting
the room-temperature shapes 00, and Q/90, laminates, adding non-linear terms to
the strain-displacement relations, (based on tiynpmial expansion of displacements)
and principle of virtual work/minimum of total paigal energy (PMTPE), which
includes thermal effects such as coefficient ofrited expansion (CTE). Generalised
carbon fibre composite (CFC) properties were usedlévelopment of the model, with
modulus valuesH; at 181 GPa anH, at 103 GPa).



The approach of Hyer provides a baseline for thgomta of current advanced

unbalanced laminate models.

As cross ply 0/90 laminates can cure into a nunob@redefined shapes, Hyer [13-15]
used a third order approximation for the out-ofagladisplacemenWV, in x andy

directions leading to cylinder / saddle shapes:

W(xy) = ¥z (ak+ by’)
Equation 1.2 [13-15]

wherea and b are constants that dictate the shape of the ldaenwherea>0, b<0
corresponds to saddle (Figure 1.2a80, b=0 corresponds to a cylinder (Figure 1.2 b)

anda=0, b<0is the secondary cylinder (Figure 1.2 c).

Through coordinate transformation, the displacerfieltt was then approximated using
the Rayleigh-Ritz methodology, containing a fimiember of independent coefficients.
A general form of in-plane displacement was chobased on Timoshenko kinematics,
Figure 1.6 [27] (strains and curvatures are expigss terms of displacements using
extended Kirchoff hypothesis), working out assumti in the displacement field and
substituting in the strain-displacement relatiamgive the laminate strain field:

aby? abx?
4 - az € = b1 - 4

€ = 4 — - bz €y, = 0

Assumptions:
w (0y) =0;w (x,0)=0
e°xindependent of ; % independent of y°xy=0

Equation 1.3
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Figure 1.6; (a) First order Timoshenko kinetics4.$27] (b) Higher order plate/beam

kinematics allow for warping in the ply (c) Resngidisplacement ig, xplane

The strain field equations (determined using stdigplacement relations) were then
substituted into the developed version of the ltqgiatential energy’, where ‘total

potential energy’ is minimised, giving 4 unknownyRagh-Ritz coefficients.

The 4 unknown Rayleigh-Ritz coefficients can be edained analytically or

numerically to calculate the dimension-curvaturatrenship, giving a prediction of

room temperature shape and influence of side lemgthcurvature/saddle-cylinder

bifurcation point of a typical square cross plyguéie 1.7.
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Figure.1.7 Typical cross-ply dimension-curvaturatrenship [13-15, 28]

Jun and Hong [11] modified Hyers [13-15, 28] oraiapproximate displacement field
by considering all spatial variation of strains alsplacement functions (Equation 1.3);
adding more terms in the polynomials to accounttierpresence of thermal residual in-
plane shear strain (significant at corners) du&de-edge effects caused by deviation
from a perfect cylinder.

It must be noted that shear strains are previoastymed negligible for the cross-ply
case in CLT [13-15] and that free-edge effects oanoccur because constants

(curvature) are deemed independent ahdy.

2 F]

u(x,y) = x(zh - %x‘ + a;:.-‘] vi(x,y) = }r(bl - %y* + byx?
1
w(x,y) = 3 (ax* + by?)

Equation 1.4 [11]

Comparison of dimension-curvature relations for methods of Hyer, Jun and Hong
predicts similar results for large area 2 ply crgbg laminate panels, Figure 1.8

indicating shear strain should be negligible fouag laminates with a very large or



very small length-to-thickness ratio. However, atermediate length-to-thickness

ratios, shear strain is predicted to be importadtshould not be neglected.

Hyer basic theory

B & R S =] BB

Curvature (1/m)

Theory using equation (1.4)

150 200 250

Side Length (mm)

Figure 1.8; Theoretical cross-ply dimension-curvatelationship using equation 1.4.

Later work by Hahn and Hwang [29] succeeded inngaiiie prediction of curvature

for large cylindrical cross-ply laminate, Equatibis.

. = (AinAda + AL)MI — B, (A — Au)NT
° Dy (Andn — A%;) — BliAx,

Equation 1.5 [29]

where Ny is the thermal force resultant per unit width gldhe x-direction, M is the
thermal moment resultant per unit width along thdinection and 4, B; and ) are the

laminate stiffnesses.

Experimental observations of a cross ply cylindriganinate cross section revealed
edge effects, showing non-zero curvature presenedgies classified as ‘straight’
[10,11,17] suggesting poor description of the dutlane displacement field/(x) of
equations 1.1 - 1.5.

A higher approximation of a circle was thought taprove the accuracy of calculated
curvature [30], thus equations 1.6 - 1.7 were dged using complex displacement
expressions and trigonomic relations to give ouplahe displacement field:

1 I 1 !
wlxy) =@t +gaxt + byt + bt + 0(x%y9)

10



where 0 (Ry°) indicates terms of sixth or higher order in therxy which are not taken

into consideration:

In-plane displacement functions,

u(x,y) = x(ﬂ- - %

vi(x,y) = y(

assuming?°x

Equation 1.6
F a-l ai-
I A & 2
x m,r 56.1: + a;y )
E Fi E 4 E 1] F
b=y — Y T tbx
independent af ; ¢°y independent of.y
Equation 1.7

Despite the increased complexity of models basedqumtions 1.6 - 1.7, differences in

predicted curvatures are negligible when comparedthe dimension-curvatures

predicted by Hyer, Jun and Hong’s methods, equsatio® and 1.4, Figure 1.9.

8
7
& S -
g 5
v 4 Hyer basic theory
‘E ir == Theory using equation (1.3}
S 2 Theory using equations (1.6} and (1.7}
1 F
0 l 1

100 150 200 250

Side Length (mm})

Figure 1.9; Comparison of theoretical cross-plyelision-curvature relationship using

equation 1.3

, 1.6 and 1.7. Adapted from Peeteffs [10

Peeterset al. [10] manufactured several asymmetric glass- fibeenforced PEI

(Polyethermide, Ultem 1000) laminates for comparish experimental of curvatures

with theoretical models (using mechanical and tlermodel inputs measured and

determined during the study). Experimental cuneguare shown in Figure 1.10 and

show good agreement of the laminate bifurcatiomtp@redicted at 57 mm side length)

11



to model predictions, though experimental curvatesellts are generally over predicted
by 15%.

® A Experiment
. Yoo oo .
g S R g ELL T A
g :
‘E : Predicted bifurcation
E — Theory
S -u- K,
&K,
l ] ] | 1 | |

0 50 100 150 200 250 300 350 400 450 500
Side Length (mm)

Figure 1.10, Predicted and experimentally meascuedatures for a0, glass/PEI

laminate, ply thickness 0.18 mm, Peeters [10]

The ‘over prediction’ of curvature, Figure 1.100[Imay not be representative of the
poor prediction of model data, but more indicativk differences caused by the
manufacturing process, in which damage to the nadgermay have influenced
experimental curvatures achieved, detailed below.

Peeterset al. [10] chose to use a mould designed to disallowmel flow, with the
intention of ensuring that fibres remained in gositduring cure. They also trimmed
the laminate edges post cure to make 400 x 4b@minates, cutting smaller laminate
geometries from the initial larger laminates, sticat central point was the same. In
following this process, (trimming laminate edged agutting smaller laminates in
preference to manufacturing them), they may haadvartently caused damage to the
materials and excluded additional factors respéaditr generating curvature in the
smaller laminates upon curing, leading to this la€lcurvature generation. They also
acknowledged the presence of edge effects in 28@0xmm 0/90 laminate, resulting in
non-perfect cylinders, which would also be resplliesfor the deviation from model
predictions.

In addition, Peeterst al also raised uncertainties regarding the accurbtyerr thermal
and material input values used in model predictidng to inhomogeneities in materials
(ie: the non-uniform fibre distribution between éay) which would further influence

experimental curvatures and the fitting of expentakresults to model predictions.

12



Hyers simple displacement functions are shown teufcient for finding the majority
of saddle-cylinder solutions (within experimentatog), providing the foundation for
many model predictions. However, in general, ed¢ehCLT models are normally
confined to square or rectangular cross ply/andie glates, unlike more recent
additions to Hyer’'s theories by FEA modelling [8lowing custom solutions to the
same problem, inclusive of geometric imperfections.

FEA models are commonly validated by comparing jetexhs with the published out-
of-plane deformation of well documented asymmetuiezd panels [13-15].

Peeterset al. [10] drew comparisons between FEA, advanced lamitleory and
experimental data, developing a theory for squargleaply laminates based on the
work of Jun and Hong [11] by modelling a laminatgader, further modifying their
displacement functions. The value of the laminataecgpal curvature direction was
fixed at 45° relative to the laminate edges, basedadvanced linear theory which
predicts angle ply laminates exhibit equal curvedun x and y directions using a more
complete set of third-order polynomials to compheetotal potential energy.
Curvatures predicted using a finite element meth{obtained through similar
application of the principle of minimum potentialezgy used by Jun and Hong [11]),
gave similar results when compared with preliminasgues calculated using Hyer’s

simple displacement functions, Equation 1.3, Fidufe.

5
4 [] L
£
[
=
® 2
E — Theory using equation (1.3)
© 1 ® Finite element results
0 R | & 1 e i 4

0 50 100 150 200 250 300 350 400 450 500
Side Length (mm)

Figure 1.11; Theoretical cross-ply dimension-cuatelationship using equation 1.3
[13-15] when compared to FE results [10].
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Dano and Hyer (1998) [31] challenged the prioriuagstions made by Peeters [10]
about orientation of principal curvature coordinagstems and used polynomial
expressions for the strain. Experimental principatvatures and principal curvature
directions were then compared with predictionsawimg good agreement.

Schlecht [17] also studied the stability of roonmperature shapes of unbalanced
laminates through comparison of finite element wsia)] CLT and experimental
methods. He found correct laminate shapes werenaagebut models underestimated
the radius of curvature of laminates (2.7% lowemtlexperimental data) and failed to
account for edge effects, when compared to measumeof experimental curvatures.
This underestimation of panel curvature was dusde length effects [17,32].

A more recent study by Pirerra (2009) [32] used Riafred with advanced laminate
theory to predict the bistability and curvaturesinbalanced laminates cured on a semi-
circular mould.

Results show good correlation between experimeatal predicted trends for the
general curve shape, though their models were stdible to accommodate for edge

effects (out by 4 mm), resulting from imperfectingrical shapes, Figure 1.12.

3
x 10

0

Y [m] X [l

Figure 1.12; Difference between finite element gsialand experimental data
The colour bar refers to the errary) from model predictions to experimental findings.

The grey area indicates the initial mould shapmédgisions in m) [32]

More recently, Varga®t al (2009) [33] developed a new approach for detemgini
thermo-mechanical stresses in both un-symmetrissepty [G/90,] and bi-modulus
curved laminated strips subjected to thermal andchaical loading, accurately

predicting the in-plane and out-of-plane stres$égy found in-plane and out-of-plane

14



stresses to be dependent on geometric conditiothsckmess ratio, material relations as

modulus ratio and other variables related to loggharameters as span length.

The finite element approach to UB laminates proaegopular modern tool as the
approach can easily be applied to general probkmisissues can be studied in more
detail. However, FE approaches can lead to diffieslifinding multiple solutions and
dealing with metastable equilibrium conditions. Appg constraints to a model may
force a single solution, when experimentally thexay be multiple solutions as a result

of many factors, such as material or process vansitor inhomogeneities.

It must be noted that the materials used by thesleoes are varied widely in both
model development and experimental validation oflet® although the in cases the
same baseline datasets were used. This may be lahyeadiscrepancy is seen between
predicted and real values in some studies andmothers, 15% overprediction [10],
2.7% [17].

Peeters et al [10] used a glass fibre / PEI (vathihate properties of;E43.1 GPa and
E. 14.3 GPa) in comparison to the majority of studiesking use of carbon fibre/epoxy
systems, meaning comparison between thermoplaB#d) (and thermoset (epoxy)
behaviour. In general, thermoplastic matrices wadogdof lower strength and more
prone to stress relief / creep so that the timpseld from manufactured would need to
be well characterised. The possibility of slippagematrix / fibre interfaces is greater
for a thermoplastic matrix so that the assumptinhgrent in the models may not be

equally applicable to both types of experimentaada

1.3.2.2. Conclusion of modelling UB laminates usrtended CLT

In general, it is acknowledged that simple modgllimsed on extended CLT provides a
good approximation of the cured shapes of asymmaetross-ply and angle-ply
laminates when input parameters, such as mechamdahermal properties (difference
between Erand RT) are known [11] and exact (especialty [10].

However, the absence of extensive verification ofvature models and lack of
consideration of many factors affecting materialpunh properties during the
manufacturing process means that CLT predictionsiishonly be used as ‘guidelines’

for design and used for the ‘best case’ composaéenal. More experimental is data

15



needed to provide more appropriate fitting paramsd@m the idealised (CLT) case to

the ‘real’ situation.

1.3.2.3. Deviations from model curvature predicsion

Deviations from CLT-based model predictions (sabglender behaviours) [10,17] are
suggested to be due to lack of consideration ofrétative effects of the following
factors, usually neglected in modelling, including:
e Volume fraction (y)
o Matrix / fibre and ply interactions
« Thermal Expansion Coefficient (CTE) of constituents
o Layup angle
* Cure history
o Resin shrinkage
0 Residual Stress
» Defects
* Ply thickness
* Moisture, temperature, hygrothermal gradients
* Part/ tool interactions
[18,26, 34-37]

The mechanisms that contribute to causing stressebe further divided into:

1. Thermal stresses and strains arising from the nmdmia the thermal properties
of the plies within the laminate;

2. Stresses and strains arising from chemical shrimkédghe resin;

3. Stresses and strains caused by interaction wittotiipand

4. Stresses and strains arising from non-uniform degifecure, temperature or

fibre volume fraction through the thickness [19].

These factors and their effect on curvature wilbtbgailed in the following sections.

1.4. Residual stress

The majority of current models are not fully cagabf predicting laminate properties

effectively, as ‘by-products’ of the curing cycleuth as residual stresses / strains and

16



chemical shrinkage) that are not accounted foringi\a false interpretation of true
physical behaviour of the composite system [25,38].

In support of these theories, the symmetric nabfinmost commercial laminates result
in the majority of these strains produced duringnzu being offset by the opposing
plies about the mid-plane, and therefore can besidered negligible in balanced
laminate modelling. However, these residual strainsmbalanced, curved or cylindrical
laminates are not offset [38,39] and can pre-sttkeslaminate, affecting the stress-
strain behaviour, inducing warpage, reducing tredigted overall strength, leading to
poor surface finish [39] and even initiating matrbacks and delamination [9,18,40,41].
The magnitude of these residual stresses in alaydticomposite is dependent on the
curing process, history of environmental exposasewell as the constituent properties
and micro-structural parameters suchvasvith the ratio of 0° to 90° plies proven to be
the dominant source of residual stress [42].

The distribution of residual stresses has been shtmwbe a function of stacking
sequence and processing temperature [42], which ntrast to classical laminate
theory (CLT) predictions.

Figure 1.13 shows the predicted distribution ofcheal stresses in both balanced and
unbalanced laminates. The presence of tensilesegan the 90ply in Figure 1.13 (b)
suggests that this was restrained externally tcanerflat. The low modulus of this
orientation means that the strain can be resistddavow stress, whereas the smaller

strain in the 0 ply gives a much higher residual stress due tbigiser modulus.

o=0

— — R}

O CRECE T’ .0
o o o o < -y, . b
Compression]  Tension 2 Compression]  Tension 2

(a) Balanced (b) Unbalanced

Figure 1.13; Residual stress distributions caleddor (a) 99/0,/90, and (b) @/90,

laminates [21].
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Resulting residual stresses can generally be dividi® micro-mechanical and macro-

mechanical effects, Table 1.1

Table 1.1 Summary of micro- and macro-mechanicaidual stress effects in

composites.

The micro-mechanical scale The macro-mechanicdésca

The residual stress acting between matibhe anisotropic nature of carbon fibre
and fibres are as result of the ‘mismatclsomposites causes non-uniform
between matrix volume change (chemicahrinkages of different ply layers.
shrinkage due to polymerisation) and thEhis is due to a significant dissimilarity |n
stable volume of the fibre at curinghermal expansions of both constituents

temperature. on cooling from curing temperature [to
These stresses are tensile in the resimbient temperature. For non-
matrix and compressive in fibres. unidirectional composites the effects |of

this ‘mismatch’ are increased.

1.4.1. Evolution of residual stresses during cure.

The mechanical properties of the fibre phase asamasd to be independent of cure. In
contrast, the mechanical properties of the therttingeresin matrix are largely
dependent on the cure history; transitioning fromow& modulus, low viscosity
substance (in its partially cured state), into ghhy cross-linked viscoelastic / elastic
solid (in its fully cured state).

This transition causes a volume change due to thetithermal expansion and chemical
shrinkage, (4 - >7 % for typical epoxy resin sysseah full degree of cure) [18,39-41].
Identifying a need for separating chemical shrimkagfrom thermal
expansion/contraction effects [9,18].

This volume change on curing is the focus of muteldture and has been characterised
for a number of systems in terms of both chemical physical effects. However, the
majority of studies do not consider composites @s emtirety and focus on
unconstrained resin systems. Clearly the constiititores would reduce the resin’s
ability to crosslink causing less cure shrinkage anmeduced volume change between 1
and 2 % [6].
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Baseline texts by Hukt al [7] state that most resin shrinkage occurs witistresin is
still liquid so that stresses do not develop.

In contrast, Wisnonet al. [18] investigated the mechanisms generating &seasd
distortions in AS4/8552 asymmetric laminates byiintpting the curing cycle at varied
intervals (ICC) and found nearly all the chemicahgtion and cure-related chemical
shrinkage to occur at the later stage of cure [dddling to significant residual stresses
which cannot be relieved. Laminate curvature waswshto develop linearly with
decreasing temperature due to the developmentesitl stresses during cooldown
after vitrification (from 180 - 20 °C) [18].

Figure 1.14 shows the volumetric change of eposinseduring the cure cycle, and the
stages at which it occurred.

vu b

¥

To Toue T
Figure 1.14; Schematic of volume change of epoginseduring cure [18]

Stage a—bthe volume of the resin increases when it is imst@eously heated up from
reference temperaturey, o a curing temperature, Tc, due to thermal esjpanbefore
any chemical shrinkage occurs;

Stage b—c:the volume decreases due to chemical shrinkaga abnstant curing
temperature, as weaker bonds are broken and covmiads are formed causing atoms
to move closer together.

Stage c—eThe volume decreases due to thermal contractioenwhcools down to
room temperature.

Point d corresponds to the volume at the glass transteamperature §, at which the

thermal expansion coefficient of the resin chardyasnatically.

The glass transition temperaturg, i largely dependent on the degree of cure of the
resin, as well as the chemical composition of #srand hardener and is an important

factor for residual stress development. If curedeatperatures > g polymerisation
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shrinkage and residual stresses are small; at renopes < polymerisation shrinkage
and residual stresses are significant [41,43].

Both Wisnomet al [18] and Giggliottiet al [19] showed chemical shrinkage of the
curing resin to be a linear function of the degséeure, with curvature increasing with
increasing cure but attaining a constant valuer dfie vitrification point. They
speculated that the certain percentage of non-thelastic stress captured during the
cycle, Figure 1.15 was a result of resin chemibainkage, contributing about 5 % to
the curvature, despite several other possible ssun€ non thermoelastic strain being
identified, namely:

1. Stress relaxation at high temperature, actirgy tang times, which tends to reduce
the final curvature.

2. Tool interaction due to shear stresses arisintgeapart-tool interface as a result of

differences in thermal expansion.

| A

Stram/Curvature Stramn/Curvalure

Cooldown

Reheating

Tini:i:ll{'T!.', Til'iliil:{‘T!.'

The oftzet indicates the
cecwrence ol non-thermal
strains

T - { = T
Tinitial T Tiniiar=Tor T Tinia

Figure 1.15; (a) Cooldown and (b) reheating of mgosite system from a cure
temperature belowg]' where A: only thermoelastic strains are in thiecttire, B: non

thermo-elastic strains are in the structure.

The numerous contradictions in shrinkage values stades of occurrence (Hull and
Wisnom in complete contrast) are likely to be doevariations in experimental
procedure, materials, stacking sequence and thsskif@9], and methodology for

differentiating between CTE and shrinkage effects.
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1.4.2. Chemical shrinkage and modulus interactions

Interactions between chemical shrinkage and residutns development during curing
(as a result of polymerisation, Figure 1.16 b) stnewn to significantly influence the
process-induced stress distributions in thick tlemmtting laminates [42] and is proven
a critical factor in the ‘storage/setting’ of resad stresses within unbalanced laminate
structures, when the matrix has sufficient stiffnée ‘hold’ the residual stresses
generated [21,33,43].

This relationship between modulus and chemicalnkhage is indicated by ~75% of
residual stress level in laminates building up leetwthe glass transition temperature,
Ty and room temperature [21]. This relationship iallemged by the experimental work
of Peeters and co-workers [10], who concluded thatatures are not very sensitive in
changes in Young’'s modulus.

In terms of measurement of modulus during the peoiocuring of the resin, a number
of techniques have been studied,

Capehartet al. [44] simulated the time evolution of the modulusimdividual plies
using a one-dimensional finite element model (FEMyhe measured temperature
profiles of the composite layers during curing wseeni-quantitatively reproduced by
the model indicating the degree of cure for eachpusite layer.

Figure 1.16 shows the change in modulus and spamfume of a standard epoxy resin
during curing. Region Il, indicates that a sigrafit increase in modulus (through
chemical hardening) and a reduction in specificun@ (chemical shrinkage) occur

simultaneously.
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Figure 1.16; (a) Resin modulus development and atershrinkage during the curing

cycle (adapted from Bogetti and Gillespie [42])gi& | denotes a fully un-cured resin,
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Region Il during curing, Region Il end of curingogess. (b) Modulus variation in

resin samples with different amounts of hardenpo(E828/Epicure 3046) [39]

It is clear that increased availability, accuraog anclusion of the history of modulus
development with cure would significantly enhanke aiccuracy of future models for

residual stress and deformation [39].

1.4.3. Coefficient of thermal expansion, CTE

In addition to the cure-induced volume change framemical shrinkage, geometric
variations resulting from large dissimilarity inettmal expansions between consituents
(non ‘isotropic’) and between the fibre directiondathe fibre transverse direction in
plies @2) [45], Figure 1.17, on cooling from curing temgiteire to ambient temperature
is shown to induce curvature in 0/90 cross ply taates, (section 1.1). This curvature is

largely driven by the transverse coefficient ofrthal expansiong2 [19].

4 CTE in the fiber direction
—®— CTE in the fiber transverse direction /
==#% == CTE in the through thickness direction ¢ /

[ 4
LY
&
N
.
.
£vs
.
.

o 20 40 80 80 100 120 140
Temperature(°C)

Figure 1.17; (a) Principal directions of CTE in qmusite, (b) measured CTEs in the
material principal directions of 20x50 g]0 AS4/PEEK thermoplastic composite
laminates on heating from RT to 130 °C [9].

Figure 1.17 (b) shows CTE in the transverse dioac slightly lower than the CTE in
the through thickness direction. Theoreticallystshould not be the case. Yoon and
Kim [9] attributed the difference to variations wiicrostructural fibre alignment in the
through thickness direction and transverse diracti@inforcing the sensitivity of

factors to manufacturing techniques.
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Stacking and bonding plies to form a laminate,ititividual plies are constrained from
undergoing ‘free thermal contraction’, causing fbemation of internal stresses later
‘fixed’ into the matrix post cure [21,43] causingreature, Figure 1.18. Laminate strain
is influenced by the elastic moduli and CTEs ofiwidlal plies, with each lamina

influencing the expansion or contraction of theeoth

HEATING
e e
el : ol
COOLING
HEATING
(b) —
COOLING

Figure 1.18. Effect of interfacial constraint orparsivity

Variation in CTE with temperature is only a smodtinction if the material is

undergoing no phase transitions, such as re-ama@gs at the glass transition
temperature, Jthat lead to discontinuities of CTE as the therbdsansitions from a

glassy viscous fluid to a rubbery solid.

Zarelli et al [41] carried out a series of measurements usiognabination of standard
[9] and novel thermo-analytical techniques. Theynid CTE in the glassy state to be
low, whereas there is a marked increase in CTE elloe glass transition temperature,
Ty in rubbery state, increasing to 3 or 4 times thkie determined belowgTdue to
increased degrees of molecular segmental motidreTa2, Figures 1.19 and 1.20.
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Figure 1.19; (a) Glass transition temperature \&csumversion for experimental data
(EXP) and model fit, and (b) coefficient of therneapansion versus conversion in the

glassy state. [41]
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Figure 1.20; Calculated evolution of CTE (a) asrection of temperature and (b) as a

function of conversion degree [46].

Table 1.2. Variations in measured CTE for a filigubxy, above and below,.T

Coefficient of thermal expansion{0°K™)
Below Ty Above Ty

30 - 60 60 - 240

The measured variations in CTE with temperaturekkegf conversion detailed above,
means that using generic CTE input values for mimgebf curvature does not enable
true prediction, failing to account for experimdrtaviations.

Peeterst al [10] showed the significance of variation in modglut expansion values

in transverse orientatiorn®) to have a significant effect on the predictedvature
using CLT extensions, Figure 1.21.
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Figure 1.21, The effect of a 10% changedon the predicted curvatures of 490, of
a glass/PEI laminate [10].

24



1.4.4. Stress-free temperature

The temperature at which a laminate bears no rakgltess is referred to as its ‘stress-
free temperature’. This temperature can be usechlulate residual stresses and is
linked to the matrix crystallisation temperature.

The shape produced at this temperature is showigure 1.22.

7

C 3 T=RT

m
: 1 T=T,

f_—ﬁ -
T=Tgr

M TsT

Figure 1.22: The resulting warpage of#0, unbalanced laminate at roomg(J,
curing temperature cUrg), stress-free (dp) and below stress-free (§g temperatures
[47].

In a thermoset graphite/epoxy composite, Crasto tama (1993) [47] showed the
stress-free temperature to be 15 °C higher thaouheg temperature,clre , with Tse
increasing with increasing degree of cure [19].

The stress-free temperature of samples cured beyidrification is systematically
higher than their cure temperature. This is in @sitto earlier work by Hahn (1976)
who identified the stress-free temperature to heeftothan the curing temperature.
However, this was found to depend on the curinggss. Post-cure of laminates that
have not been fully cured tends to increase thsidual’” curvature, but the effect of

the post-cure is relatively small for specimensduseyond the vitrification point [19].

Stress free temperature is commonly used in modelthe residual stresses and
curvature of asymmetric laminates.

The effect of changingsE input in modelling using extended CLT is showrFigure
1.23.
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Figure 1.23; The effect of a 100 °C changedpdn the predicted curvatures for a
0,/90; glass/PEI laminate [10].

1.5. Evaluation of Residual Stresses in Composites

1.5.1.Model prediction

Traditional analysis of residual stresses in thesgtiing composite laminates is based
on thermal expansion mismatch between adjacens plired a uniform temperature
difference between the cure and ambient temperatssriming no stress is developed
prior to completion of the curing process.

These analyses are moderately successful in preglicesidual stresses in thin
laminates, where the assumed even heat distributiocough-thickness is justified.
However, in general, the magnitude of the residiisses calculated theoretically is

usually greater than that found using experimemntthods, listed in Section 1.5.3.

1.5.2. Predicting residual stresses through lanmerfatarpage’
A knowledge of the moduli, |Eand E, the thickness, s, of the unsymmetrical laminate
and the radius of curvaturgg, only is required to determine the residual stedgsany

temperature.

Tr

_ E\Eh btd  Eb+ED (1 1
T pdEh+ Ek) | 2 6(h + d) (E‘b Ezd)

Equation 1.8, [48]
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The thicknesses of the longitudinal and transvet®s in the unsymmetrical laminate
are denoted by b and d respectively, whilndk are the corresponding ply thicknesses

in the symmetrical lay-up.

1.5.3. Experimental

(a) Destructive methods
Destructive methods require the removal of matdrah laminate structures, meaning
specimens cannot be re-used. They have been wedéljised as the introduction of
moisture from cutting/drilling processes can indwgxeelling and also stress fields,
interfering with already sensitive residual stressasurements.
Destructive methods are:

* Hole-drilling method

» Cutting method

* Ply sectioning

* Process simulated laminate (PSL)

» First ply failure

(b) Non-destructive methods
Non-destructive methods allow the measurement minate residual strain ‘in-situ’
with little or no damage.
Non-destructive methods are:
* Warpage
« Embedded strain gauges
« XRD

1.5.4. Estimation of chemical shrinkage
Provided that thermal expansion coefficients of rign at different points during the

curing cycle and theglare know, total chemical shrinkage during curggiven by;

(ﬁt—f) = (?—E) + 3x{oy— as j-{Tg — TD]I )
" har " Jaas Equation.1.9

where, AV/V)aeis the volume difference between the uncured rasu fully cured
resin (measured at a reference temperature ~2D,G), is the linear thermal expansion
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coefficient (CTE) of the resin abovg, Tfrom a-b and c-d). is the linear CTE below
Tyfrom d-e, Figure 1.14 [18]

However, this method is only an approximation ofirdfage as it does not take into
account the degree of cure and its subsequent eifieihie CTE of the CFC [41], which
is dependent on many factors such @aéibre arrangement, fraction of covalent bonding
[49] and EEq, [7].

Wisnomet al [18] found this method to underestimate the cleahshrinkage by 0.8 %
in comparison to in-situ cure monitoring. The ciwa change of a curved section of
laminate (due to chemical shrinkage) can be bettedicted byrecording the chemical
shrinkage strains in the in-plane and through-tiéds directions, which occur during a
cure process [9].

ac 0e
'&ec‘.f:f.'n.fm.f = el:'{g:lt - E;J ) .
Equation. 1.10

wheree, > ande,”C are the chemical shrinkage strains in the in-plamein the through

thickness direction, respectively, which are odogrduring a cure process [9].

1.5.5. Cure monitoring

Given the relationship between degree of cure oncham@cal properties of
thermosetting resin matrix properties, cure momtprand control are of paramount
importance for quality control in laminate prodocti and is to ensure complete
polymerization of the matrix [50].

There are many current methods available for cumenitoring and shrinkage
development over the entire curing cycle; most comgnused to verify model results.
1) Differential Scanning Calorimetry, DSC.

2) Dynamic Mechanical Analysis.

3) Infrared spectroscopy.

4) Optical techniques.

5) Dielectometry.

6) Ultrasonic velocity.

7) Nuclear magnetic resonance.

8) Raman spectroscopy.
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9) Optical fibre based sensor systems.
10) Dilatometry
11) Novel methods; gravimetric

Not all of these methods can be used in-situ. WIDISC and DMA can analyse the
cure of a set specimen, cross-linking of the sammpdégy occur on transporting the
sample to and from testing locations for analyadtding a high risk of misinterpreting
data

1.6 Laminate Defects

The manufacturing processes of carbon fibre regefdr polymers (CFRPS) can
introduce a number of characteristic flaws which caodify composite and laminate

mechanical and physical properties [51,52].

The most common defects observed in CFRPs are:
(i) Delamination.
(i) Voids.
(i) Inclusions.
(iv) Disbonding
(v) Resin-rich regions; within an individual ply oraply interface.

(vi) Matrix cracking.

These defects, their rates of occurrence and tteneaf their effects on composite and
laminate behaviour are covered in the followingises.

Wang et al. [52] examined the risk of defect formation in laaies of varying
geometric characteristics. Delamination was fouadbé the dominant defect type
accounting for more than half of the defects obsern that study, independent of
laminate shape. Voids/pores were the second masthom form of defect, Figure 1.24.
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Figure 1.24; Comparison of manufacturing defect@utoclaved laminates, where

‘defect ratio’ refers to the proportion of affectiedninates in a batch [52]. * ‘Loose’

defect is not defined in literature.

A correlation was found between the radius of cumeaof components, and number of
manufacturing defects at corners (delaminationd&)odue to the interaction of shear
flow and non-uniform pressure in corner sectiory.[5

The size of delaminations for small curvature rad& much larger than those for a
larger curvature radius, Figure 1.25

Figure 1.25; Delamination in a corner section farvature radius of 2 mm. [52]
It can be seen from Figure 1.26 that as the curgafdius of components increases, the

defect ratio gradually decreases. This is likelg ¢ a variance in resin shrinkage due

to thickness and tensile stresses in the uppes.plie
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Defect ratio (%)

Curvature radius (mm)

Figure 1.26; Variation in occurrence of manufactgridefects with radius of curvature
[52], where ‘defect ratio’ represents the ratiodsn the number of defects and the

number of total components in view of curvatureuad

CLT is largely applied to ‘elastic’ properties, bptediction of plastic failure and

fracture can be important. These aspects can be sEmsitive to defect type and
location. For example, if a laminate is subjected bending moment; delaminations or
voids located in the plies subjected to tension ldvdwave a much larger effect on
mechanical properties compared to any locatedamtiddle plies (neutral plane) which
would have minimal impact. Also, tensile strengthang fibre composites would be

very sensitive to fibore damage, in comparison tmp@ssive properties, which are
largely influenced by matrix fracture, most partaty de-laminations [53].

The fracture/damage mode depends upon a large muohlEarameters, such as the
properties of the constituents, loading condititime fibre stacking sequence and
environmental conditions.

Figure 1.27 shows the crack propagation in a fdmmposite in tensile loading, with

subsequent debonding and fibre breakage as a.result
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Figure 1.27; Schematic representation of crackgyapon in a fibre reinforced

composite [53]
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The many defect types; their geometry, orientatimtation and behaviour under
different possible loading conditions of compositeaterials make it difficult to
summarise the subsequent detrimental effects ompridperties [51]. However, the
determination of the effects of particular defegpes in standard test-pieces under
controlled conditions does allow criteria to beabtished, which, when used in finite
element analysis (FEA), allows the potential eSedit defects on laminate performance

to be assessed.

1.6.1. Delamination

Interply delamination, Figure 1.28, is one of thesinfrequently observed type of defect
and discussed mode of failure in composite matefi#,53].

Delaminations most commonly occur where inter-laanistresses develop due to high
resin content between plies, impeding stress teanbkttween layers; hence their
severity in bending (Figure 1.25). Residual stresggenerated by shrinkage during
curing or differential thermal expansion and cocticm) have also been identified [26]
as one of the causes of delamination.

Delaminations located in outer/top plies are gdhemaore severe as they can result in
the opening out of the initial delamination causimgmnarked decrease in laminate

properties and inevitable failure.

;":_‘ = - ' SODtm.
Figure 1.28; Micrograph of delaminations in a laaten [52]

Determination of the effect of defects, such asmé@hation, requires that the defect is
quantified in some manner, after which the extdrthe defects’ effects on properties
can be determined and the two related. A commonsumeaof the extent of

delamination is the length of delaminated interfasea function of total interface. This
measure has been used [54] to model the stiffiegacantilever containing a defect of

varying severity (based on earlier work by Shen @mddy [55] from which natural
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vibration frequencies in bend could be predicted a&erified against experimental
frequency measurements for a damped-free cantjl&igure 1.29. As shown in Figure
1.29, the agreement is good with little effect cegtiency being observed or predicted
for a normalised delamination length up to 20 %: gieater degrees of delamination
the effect on stiffness and decrease in frequengyeaater (33 % decrease in frequency
for 80 % normalised delamination length) with thhediction accurately accounting for

the experimental trend line.
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Figure 1.29The predicted effect of a central delaminationtmnfundamental natural
frequency of a beam, where the solid line is thegljsted variation and the open circles

are experimental data [54].

The analysis of Saravanag al. [54], whilst giving good agreement for a single
delamination in a laminate, does not deal with ipldtdelaminations, particularly those
between different plies in the same laminate. Hetieefull extent of through-thickness
delamination has not been quantified and requirgbdr characterisation and study.

As noted above, CLT assumes that the interfaciatidmetween plies is infinitely thin
and gives good load transfer. As shown by the peesef delamination and varied ply
thicknesses, this is not always the case.

Pagano [25] proposed that the inter-laminar norstaéss is responsible for the

dependence of laminate strength on stacking arraege Figure 1.30.
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Figure 1.30; Distribution of inter-laminar normatess in boundary layer region, where

Z is the laminate through-thickness [25].

The behaviour shown in Figure 1.30 indicates thgels of specific orientations should
be arranged through the thickness to provide optinpuotection against delamination
through appropriate width-to-thickness ratio enapljood stress transfer between plies.
The risk of delamination can also be reduced byravipg interfacial adhesion [56,57]
through manipulation of pressure and temperatuoél@s throughout the curing cycle

to suit specific material requirements [58].

1.6.2. Voids, pores and inclusions

Voids and pores are common in many composite pardsare usually situated within
plies.

The extent of voiding is dependent upon a numbgrasdmeters including the water
content, applied pressure during the cure cyoid the dwell time during the cure
[51,53,58].

Water content can usually be reduced by ensuriegta-preg is fully defrosted before
use and that maximum pressure is maintained thauighe cycle.

These controllable factors are constantly re-aealyt® reduce the number of defects
introduced as part of the manufacturing stagescandequently optimise properties of
the finished laminate [58].

Josephet al [58] used an autoclave with an ‘on-line’ modetdback to maintain an
optimum laminate thickness (specified through inpupre-preg. raw data, such as %
weight of resin in pre-preg.) via manipulation akegsure and temperature profiles

throughout the curing cycle.
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This method was found to significantly reduce veige, as the correct application of
pressure causes excess resin to squeezed out darthieate, allowing optimum
laminate properties to be obtained.

It is for this reason that autoclaving is showndduce the void content in comparison

to vacuum bagging due to increased pressure dtiveaxguring cycle [58].

Inclusions are very similar to voids in structuBath are thought to act as micro-crack
initiation sites [38] as stress concentrations seeere around inclusions and pores,
especially when in close proximity to each other.

The difference is the cause, as inclusions areechbyg solid, foreign material trapped
inside/in-between pre-preg. layers during productis laminate manufacture and so
can be avoided if precautions are taken to enfigreise of lint/paper-free surfaces and
dust-free preparation rooms.

The effect of void/inclusion size has not yet bderctly related to laminate properties
in current literature, although some charactewsatof the effects on composite
mechanical properties have been reported.

Cantwell et a.l [53] showed that 10% voiding in a composite larteneeduced the
compressive strength by 15% and shear moduluddnmerar shear stress (ILSS) by 30
%. Presumably voiding had a more significant eftattshear stress due to the tensile
forces acting on the laminate plies.

Inclusions are equally as detrimental, resulting 1120% loss of ILSS. However, their
experiments do not report the size or frequencyoads or inclusions in the specimen
entirety so it is hard to relate the detrimenté et to the degree of voiding present.

1.6.3. Debonding/disbond

Debonding represents a localised mode of failuat th often very difficult to detect

using conventional defect detection techniqued) ssaultrasound.

The amount of debonding present within a compodigpends upon the level of
interfacial adhesion between carbon fibre reinforeet and polymer matrix on a
microscopic scale, Figure 1.31.

This area is referred to as "interphase" regioner@hfibre and matrix phases are

chemically or mechanically combined.
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The strength of the bonding between constituentpmmants in a composite laminates
plays an important role in binding and transferritigg forces to the fibre, thus

determining the mechanical and chemical propedig¢le resulting composites.

fiber skin zone

bulk matrix

interphase

fiber interphase

|
interface !

matrix interphase
interface

Figure 1.31; Interface and interphase of fibrefaeted composite [59].

Generally, fibres with low levels of surface treatthtend to debond more easily [53].
Therefore the surface morphology of the carborefibsed and the chemical ‘wetting’
by the resin of the fibres is crucial to achiesrang interfacial bond [56].

Internal stresses arising from hygrothermal gradiezan result in the expansion of
fibres inside the matrix and cause debonding betweestituents [26].

Needleset al. [57] examined the effect of high temperature ayran the interfacial
bonding between unsized or epoxy-sized graphite fisw and epoxy-amine resin fibre
composite system by scanning electron microscompofpression and freeze fractured
specimens.

Shrinkage of the resin away from the graphite Bbdering high temperature cure was
observed due to the lack of fibre adhesion. The haeical properties such as
interlaminar shear values for graphite fibre-ressmposites are low attributed to poor

fiber-matrix adhesion.

1.6.4. Fibre volume fraction (resin-rich regions)

The fibre volume fraction\f) refers to the fraction of fibre by volume withthe
composite microstructure.

Traditionally, composite pre-pregs are manufactuwwéth around 55%v. However,v;

has been seen to vary substantially from manufadwspecifications, which can have a
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significant effect on laminate mechanical perforoegnup to 48% variation in
composite modulus [60].

Carbon fibre composite are usually associated Vuithar stress-strain behaviour on
loading. Any ‘increase’ in polymer matrix due tolaw v; could result in non-linear
behaviour giving greater strain- and strain ratpeshelent mechanical properties. The
last points would result in visco-elastic hystesesnergy losses during deformation.
The occurrence of inhomogeneities (such as noreumifdistribution of fibres [10])
along with non-linear elastic behaviour invaliddte assumptions of CLT, reducing the

accuracy of mechanical property predictions basethis theory, Figure 1.32.
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Figure 1.32; Adapted from Peeters [10].

A low v can also lead to the formation of resin-rich regiavhich can act as damage

initiation sites for matrix cracking [52,53], lowadulus regions leading to non-uniform

recoverable deformation [60], Figure 1.33.

Matrix cracking
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s,

Resin-rich zone

Figure 1.33; Resin-rich region as a result of |dwe v and matrix cracking as a

consequence [53]
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Resin-rich regions and fibre clumping can oftendbserved in composite materials
even though the part has been processed accoadihg manufacturer’s specifications
[52,53].

These resin-rich regions usually arise from inmafariations in the pre-preg., are very
dependent on the geometry and stacking methodeoktitucture being formed [60];
commonly, due to high resin flow, these occur atbtime ends of plies in laminate
sheets.

A low vt in the pre-preg. can also create a resin-ricloregiithin plies, as non-uniform
flow of low viscosity resin fills the area of low gluring curing.

A higher fibre volume fraction generally resultsarstiffer composite and is therefore
more desired for sporting applications and foriaségid structures.

High v; is normally associated with processing by autod@vn preference to vacuum
bag techniques [58]. This is due to the increagaréssure which compacts the plies to
the point in which the fibres are close-packedultesy in a highv and the lowest
possible ply thickness [18,58] without the fibresithing (as this would provide a
damage path through the composite).

In addition, a largew; pre-preg. would require higher pressures durimgcilve due to
the greater constraint provided by the fibres. €m@e the volume fraction can be
related to laminate thickness. Any variatiorvimvould cause thickness to differ through

a standard curing cycle.

1.6.5. Matrix cracking

Localised matrix cracking most commonly resultshie matrix region, Figure 1.34, as a
result of residual stresses during the cure (dwshtimkage) [7], thermal stresses (due to
differences between thermal expansion coefficieafs the matrix/fibre) and/or

environmental effects (hygrothernal gradients)8716,53] during the processing cycle.
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Matrix crack

Figure 1.34; A matrix crack in a carbon fibre ep@xynposite resulting from excessive

thermal stresses [53].

Matrix cracking can be found on the straightenifiga@me unbalanced laminates [26]
suggesting matrix cracking may cause prematureréaat a lower external stresses than

predicted; by acting as delamination initiatioresit

1.6.6. Summary of defect behaviour

The coverage of defects above, has indicated tingit presence can modify the
mechanical and physical properties of compositesth® formation of many defects
can be linked to the manufacturing process andheostructure of plies and their lay-
up, then scatter in properties due to defects daneadistically be predicted using CLT.
The likely variation in composite mechanical ang$bal properties can be estimated if
defects are characterised post-production or paesmonitored parts in-situ during

processing and service.

1.7. Time and environment
In addition to the cure-dominated behaviour dethdbove, time and environment are

also key factors in the long-term behaviour of ducemposite parts.

1.7.1. Temperature

Whilst fibres (traditionally used as the reinforah phase in polymer matrix
composites) do not show a large property dependem¢emperature, the epoxy matrix
IS very sensitive to temperature variations causntjle and elastic behaviour at low
temperatures or ductile and viscoelastic behawabigh temperatures [61-63], specific
to the resin used and the composite fibre dengltynsequently, the mechanical

properties of composite components will vary sigaifitly within their operating
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environment; with asymmetric cross ply laminateBni@ to retain their curvature in a

hot/wet environment, but returning on re-exposweah ambient environment on

cooling [26].

This is due to the ‘make up’ of all polymer baseatenials which is characterised by a
constant molecular motion/re-arrangement in therphaus state.

Generally, the re-arrangement rate increases \eithpérature increase. As a result,
most polymer matrix composites experience a maxkeg in their modulus as the

temperature rises, Figure 1.35 and an increasealing.

Normal to the fibres, it has been shown that polyeneatrices create compressive
stresses in the reinforcement material upon coolmgryogenic temperatures [61]
adding stresses to those already existing fromimpdrom the cure temperature to
room temperature. This is primarily manifested &gas stress at the resin-fibre
interface, causing a decline in strength propedessitive to debonding of the matrix-

reinforcement interface, Section 1.6.3 [31].

The changes in material properties, E and respedtigtes upon heating of polymer
matrix materials are commonly illustrated using mlad versus temperature curves,

Figure 1.35; the shape of which are strongly inieel by the extent of cross-linking*.

1) Glassy stage:Fairly stable values of E. Molecular motion istriesed and displays
vibrational motion.

2) Glass transition region @ transition): modulus of the material drops significantly
(generally divided by 1. Interpreted as the onset of long-range, cootdiha
molecular motion.

3) Rubbery Stage*: Often shows stable values of E. End of the ‘rupbglateau’ is
characterised by the presence of a mixed regioth wipronounced modulus drop.
Short times are characterised by the inability ofaglements to relax (rubbery
behaviour) while long times allow coordinate movaiseof molecular chains (liquid

flow behaviour).

*For cross-linked materials the plateau (post ‘rfybstage’) remains flat due to

crystallites acting like physical cross-links tyiolgains together.
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Figure 1.35, Modulus versus temperature curvegaoa typical polymer and (b) for

select cross-linked epoxy systems, detailed in& ais.

Table 1.3. Summary of source data for resin prgpetemperature tests.

Author & Year Epoxy Geometry Test type
Cease (2006) [61]] Tra-con F113, Dogbone machined specimens Tensile
Epo-tek 301-2,
Hysol 9361
Ledbetter (1980} G-10CR, G11CR 5 mm cylindrical specimen Frequency
(62]
Deng (2007) [63] | Hexflow RTM6 Mechanical tests witifferent loading fixtures DMA
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1.7.2. Time: stress relaxation / creep

In addition to the temperature dependence of thexyepmatrix in CFCs, many
composite materials also exhibit highly non lindare-dependent behaviour [64-66],

even at room temperature.

Though reinforcements, such as carbon fibres, éxhdgligible viscoelastic behaviour
and only very small amounts of creep or stresxatiian occur in the reinforcement
direction, plies may still exhibit considerable amts of creep in transverse and shear
directions [65].

Consequently, when these plies are combined to totaminate and an instantaneous
load is applied, the structure will experience ansaneous deformation, followed by a
time-dependent deformation or ‘creep’ and may strepture, yield, craze, or simply
deform excessively over their service life. Theegr@roperties are highly dependent on
the resin system and its properties, fibre typesess, time, strain rate and
environmental conditions such as temperature amaidity. At elevated temperatures
this time dependence is even more significant [66].

A perfectly elastic material stores all of the gyecreated by deformation forces so that
on removal of the forces (whenever this occursgit return to its original dimensions
without loss of energy. In contrast, the viscoétastature of the epoxy matrix
(displaying properties of both elastic solids andcous fluids depending on the
temperature or timescale of the experiment) catlesovalent bonds to extend and the
chains to straighten and slip relative to one agrotim loading

At a given temperature, a maximum level of strems loe applied without any risk of
long-term irreversible damage. Past this point, riregterial will enter into a second
creep mode where rapid damage on the polymer caur dicthe combination of stress
and temperature is excessive [64-66].

During unloading, whilst the chains slip both thevalent bond extension will be
relaxed and the chains will start to curl up. Tiaio curling is not complete by the
time that the load is reduced to zero. Chain cgripersists for some time after the
applied load has returned to zero and is largekpassible for the viscoelastic
behaviour of polymers.

Allowance for creep must be made during designdilicmally, data available to

designers have neglected vicoelasticity which msceeptable given the highly nonlinear
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viscoelastic time-dependent behaviour of polymeseblamaterials (with respect to the
applied loading), identified as a reason for atshitheir ductile-brittle transition. More

accurate models for description of viscoelasticamaks will include high order stress
terms and will therefore be more complex than lirtkaory. The unloading behaviour

is underpredicted by traditional linear models [64]

The time and temperature-dependent creep modujuas function of constant stress,
and time and temperature-dependent strain, (tan,be used in design calculations for
constant stress or strain—stress relaxation apioliita Since the process of individual
testing for long periods of time is not feasibledathe stress and environmental
conditions are difficult to predict over the longrmh, methods for interpolating and
extrapolating short term information are necessargprder to predict the long-term

behaviour of composite parts through linear or maar viscoelastic theory, Figure

1.36.
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Figure 1.36 Comparison between the experimentalegahnd the proposed model
predictions of the nonlinear factors (a)amd g (b) and gand g as a function of stress

for the 90° fibre angle specimens [64]

O’brien et al [66] recognised the significance of degree of aurdhe relaxation rate of
the polmer matrix and devised a model capable tdrdening the cure dependence on
shear relaxation modulus, G(t), demonstrated usangllel plate rheometry and 3-point
bend creep, Figure. 1.37. They found excellent etation between model and

experimental data.
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Figure. 1.37, Shear relaxation modulus of EPON\868Yer the entire range of cure

after shifting the reference Log (time) axis time

1.8. Applications

1.8.1. Critical aspect ratio for snap-through /uni€ation point

The curing of unbalanced laminates is most likelyrdsult in a cylindrical shape at
room temperature, in preference to saddle-shapiedndation predicted by CLT.

Most cylindrical shapes are capable of changingnfrane stable shape to another,
exhibiting a ‘bi-stability’. This phenomenon is alseferred to as ‘snap-through’, Figure

1.38, bifurcation point.
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Figure 1.38; Schematic diagram of snap-througtbfa@table unbalanced laminates
(Tawfik, 2006) [8].

The ‘stablility’ of unbalanced laminates has beewestigated widely in recent years
[8,10,11,13-15].

Hyer et al. [13-15] experimented with differing laminate geometries abadied the
resulting cylindrical/saddle-shaped deformationd predicted the critical aspect ratio
(AR) for snap-through. Results were not always eatey although conclusions were
drawn that a cylindrical shape is always observadldrge side length-to-thickness
ratios while a saddle shape is observed for sna#llength-to-thickness ratios.

Pirrera [32] also investigated the bi-stabilityusfsymmetrical laminates and found that
for a change in temperature close to zero, the ealytion is a saddle. At a critical
temperature, the saddle becomes unstable and twey etable cylindrical solutions
appear.

The majority of snap-through studies are limitedttte warping analysis of cross-ply
laminates only. Juet al.[11] used multiple angle-ply stacking sequence$38i0/5208
graphite/epoxy to investigate the principal direatiof curvature according to the
length-to-thickness ratios, number of layers aneulp angles. They found snap-through
was always possible in a 45/-45 laminate at a fetmythickness ratio of 96, regardless
of the number of layers. However, this snap-throrajlo is very sensitive to the angle
of plies.

Tawfik et al.[8] modelled the stability and snap-through abibf ply (3/90,)r cross-
ply laminates (manufactured from Hexcel IM7/855&aphite/epoxy pre-preg) using
an extension of CLT in FE ABAQUY software [67], in parallel to experimental
studies. Specimen aspect ratios (AR) were varieth ft to 8, with the length constant
at 152.4 mm.

They found that a cylindrical shape is observeddage side length-to-thickness ratios

while a saddle shape is observed for small sidgtleto-thickness ratios. In agreement
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with Hyer [13-15]. This is a further step to esislhing what determines snap through.
ARs of 1.0, 1.2, 1.5, 2.0, 3.0 and 6.0 were allvgindo snap-through. Figure 1.39, 8.0
did not snap through as predicted analytically.

3.00 A

2.50 o
L]
=3
o8 2.00 1 ¥ * Experiment
o 0 ABAQUS™ FE
@ 1.50 7 o
[=]
- -
S a]
= 1.00 ~ o
© O
0.50 .
0.00 T T T T T T 1
0 1 2 3 4 5 6 7

Aspect ratio, AR
Figure 1.39; Snap-through load as a function oéetsgtio for an asymmetric cross ply
laminate (@/90,) [8].

Tawfik et al [8] found FE modelling an efficient methodology ander to predict the
anticlastic behaviour in composites using a comrakfmite element code as they
generally showed good agreement with experimeratial. d

Minor discrepancies in snap-through values are ghouo be due to differences in
loading / boundary conditions effects in experinaénersus ABAQUS" [67]. In the
experiment, almost the whole side is sliding adgathe table in comparison to FE
predictions in which corner nodes of the laminate r@stricted from moving in the z-
direction. This would result in changing frictiongfifects, changing force and moment
resultant distributions within the laminate fronosle predicted.

Dano and Hyer (1998), [31] developed a static axprate theory for the prediction of
snap-through based on assumed forms for the ireplstnain and out-of-plane
displacement fields, using the Rayleigh-Ritz teqlei and virtual work. They showed
the snapping force for the graphite-epoxy lamiriabeilies of interest (9404, -6Qy/30;,
0-904/ 04, 9004/ 0 4, - 04/8,), to depend on the angle between two fibre dioasti

Jun and Hong [11] added that in-plane shear strag1a significant influence on the

position of the bifurcation point.

These studies indicate the sensitivity of snapttbhoand bi-stability in unbalanced
laminates and demonstrate varied theories to dydhis behaviour.
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Clearly many factors have a crucial role affectitige bi-stability of laminated
composite structures; from the proposed lengthkttgss ratios previously suggested to
the constraint of aspect ratio [8].

A square laminate (i.e., aspect ratio 1:1) will @y snap-through to its reciprocal stable
cylindrical shape. In contrast, a thin strip (i.2.high aspect ratio) will curve into a
cylindrical shape in the longer side under thermalng load but cannot snap-through
to its reciprocal cylindrical shape in the shodigie.

The highly anisotropic nature of unbalanced (UBinilzates; the differing resin
systems; stacking sequences; thickness; and geemetean that the idealised snap-
through aspect ratio found for one laminate comijan may not be suitable to predict
the behaviour of another, making the comparisonpadiction of unbalanced laminate

properties complex.
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2. Summary

This review of the open literature has shown thatrbom temperature shapes, stability
and curvatures of laminates are dependent on mactpr§, including cure history,
constituent properties, ply groupings and posidoound the laminate midline (stacking
sequence), but are dominated by the length to rikes$(I-t) ratio, mismatch between
thermal expansivity (CTE) values of individual gli@nd quality of interfacial bond
between plies.

When largd-t ratio laminates are manufactured a cylinder is gged. In comparison,
a smalll-t ratio laminate (L/t <96 [11]) results in a saddlepe, which is in line with
classical laminate theory (CLT) predictions. Théulmation/snap through ability of
laminates is dependent on the aspect ratid-amdtio.

Model extensions of CLT provide a good approximatid ‘as cured’ curved shapes,
providing input parameters (in particular CTE pegtieular to fibre axis,a2) are
accurate.

However, as CTE input values are highly dependerdamstituent properties, degree of
cure, temperature range and fibre alignment, tme bistory and effects of variation in
CTE input values may need to be considered in éurdevelopment of models.

In addition, deviations from CLT predicted room fmrature shapes and curvatures
have been attributed to material inhomogeneities @oor interfacial bonding between
plies causing delamination, and/or slippage betwad®s during curing. This reduces
the load transfer between plies during coolingjmdtely affecting the extent of
curvature.

Despite the absence of any extensive verificatibncarvature models between
comparable materials and lack of incorporation ofngn factors affecting input
properties (including ageing, time and environmemgans that CLT-based model
predictions represent largely ‘best case’ manufaggy when geometric non-linearities
are excluded.

More experimental data are needed to provide apiatepfitting parameters from
idealised CLT case to realistic manufacturing siturain order to ascertain the impact

of these non-linearities on curvature when compéwdithear models.
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2.1 Aim

The aim of this project was to identify the factamntrolling curvature generation in
asymmetric carbon fibre laminates in order to qantely describe their behaviour.

2.2 Objectives

Manufacture a range of asymmetric composite laragat order to quantify the effect
of the following variables on curvature and bislipbiand relate these to a CLT-based

model for curvature:

As cured:

e Geometry for UD plies in 0 / 9Gstacking;
0 Thickness
o Aspect Ratio

* CTE mismatch and shrinkage
o Extent of cure
0 Laminate constraints

* Microstructure / Defects
o Variations in volume fraction
0 Interfacial Adhesion
o Delamination & Voiding
o End constraints

* Model interfacial conditions
o Taking into account slippage between plies, unactalifor in previous

work.

o Strain/Curvature relationship

Post cure:
* Time, load and environment
o Temperature
0 Stress Relaxation/Creep under varied loading cooatst
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3. Experimental

3.1 Laminate Manufacture

3.1.1 Materials

Composite panels were manufactured from unidireatiqUD) pre-preg. with T800
Toray fibres, (17-19 um diameter) in a VTM264 or MZ8-1 epoxy matrix [68], Table

3.1.

Table. 3.1, UD Pre-preg information

Roll Pre-preg Features [68] Tensile Modulus* Date of
number | Material (ASTM D3039 Test prepreg.
Description method) [68] manufacture
0° 90° (D.O0.M)
1 VTM 264 /| Variable temperature, vacuuni3l GPa | 9.1 GPg 2005 /2006
T800 processable epoxy system.
Typical cure between
65°C/149°F ang
120°C/248°F.
2 MTM 28-1| Medium temperature, 127 GPa | 8.4 GPg 31/03/2007
/ TBOOH toughened epoxy system. (12 month
Typical cure between shelf life;
85°C/185°F ang 3/2008)
3 MTM 28-1| 160°C/320°F. Recommended 11/03/ 2009
/ TBOOH cure 120°C/248°F for 1 hour

*Modulus data normalised to 55% and 60% vf for VEBMd MTM respectively — T700

fibres.

Laminates were fabricated using the vacuum baggiagess, Figure. 3.1.

Loctite, Frekote semi-permanent wipe-on-leave-oiO(M@) [69] was used as a release

agent for the majority, with release film usedifatial panels Al-4, B1-4, C1-4 only.

breather cloth.
insulation
peel ply.

vacuum gauge
<

AN
H:ﬁ/‘ | valve

pump

vacuum
layup
gelcoat

| ) tape

Figure 3.1: Vacuum bagging set-up (adapted fron) [@0d image of actual set-up.
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Panels of differing aspect ratios and ply stacldeguences were hand laid-up from pre-
preg sheets as shown in Appendix | (where 0° islfgrto the panel long axis) and,

after evacuation using a rotary pump to a presstr@000 - 91000 Pa were cured
using the following thermal cycle, Figure 3.2:

1. Heat at 0.83C/min. to 125°C;
2. Hold at 125C for 60 min.; and

3. Cool to room temperature at a rate 6C3min..

Dwell
60 mins

Ramp Up
0.5°Cimin

Temperature (°C)

Cool down
2°Cimin

Time (min)

Figure 3.2. Standard curing cycle for MTM28-1, T80@%lvanced composites group).

3.2 Characterisation of laminates

3.2.1 Specimen geometry

Thickness measurements were determined using aicatan of both digital callipers
(Mitutoyo Series 500; accuracy £0.02 mm) and miatenat 8-12 locations around the
laminate (3 top, 3 right, 3 left, 3 bottom, Fig®&). An average of these measurements

was then calculated for use in future equations.

51



Laminate
Edge

1Dm.m:[

Laminate

Centre
10 mm

IDmmI

Figure 3.3. Locations of points of thickness measwants for all panels

f—

10 mm 10 mm 10 mm

Length and width dimensions were also assessed) wdigital callipers (3 length
measurements, 3 width measurements) for panel$<ntd or rulers for panels longer
than 145 mm. An average was then determined.

Tables of panel geometries and configurations sengn Appendix |.

3.2.2 Specimen mass and density
Panel masses were measured using digital scalest@lic Densometer ED-120T) and
for density study. For the majority of samples, signwas calculated using specimen

mass and dimensional data.

3.2.3 Panel curvature

a) Manually

Panel curvature of unbalanced laminates was cagcllasing Eucludian geometry of a
continuous circular arc based on [19], Equation ®hereh andL2, Figure 3.4, were
measured using digital callipers (Mitutoyo Seri€¥;5accuracy £0.02 mm) or rulers
(for panels longer than 145 mm).
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Equation 3.1

Figure 3.4. Schematic diagram of curvature deteation (Assuming the specimen is

symmetrical, has a large radiusandh <<r).

b) Laser-based measurement
A non-contact laser scanner (Konica Minolta, abD88.mm accuracy) was used to scan

the curve profile over its whole length and radafisll laminates (Figure 3.5) directly

comparable to height, length and radius values dyual methods.

0.25 0375 L 0.625 (75

D@66 6 0 r

Lo

Figure 3.5. (a) Schematic diagram of curve heigbasarement locations, where ‘4’ is
the central point of the laminate (b) laser gematatnage of curvature.

For 145 x 145 mm square panels, curve profiles waken in both primary and

secondary shapes to compare extent of curvaturetinstates (Figure.3.6).
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Primary Secondary
Figure.3.6; Curve profile measurement locationgpfimary and secondary shapes

3.2.4 Image Analysis
Specimens of fully cured carbon fibre/epoxy comigosiere sectioned in the transverse
plane (Figure 3.7) using a diamond cutting wheeproduce specimens of 15 x 20 mm

approx and mounted in Epofix cold mounting resiny&s).

Figure 3.7. Sectioning of laminates in the transggalane (1).

Specimens were ground briefly using 200, 400, 12fif@de SiC papers and
subsequently polished to 6 um, 3 um and 1 um didrpaste finishes.

Specimens were examined using a Leica Axioskopizapmicroscope with KS400

image capture and analysis software. The structwese quantified in terms of ply

thicknesses (at <1 mm intervals) and fibre volunaetion/geometry of the innermost 0
° ply were measured at various intervals along thenin specimen length, at 10x and

100x magnification respectively using methods i arfEigure 3.8).

Method i) Fibre yvariation through laminate thickness, including ipterfaces.
Method ii) Fibre y variation within a ply
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(1)

(i)

Figure 3.8, Direction of; measurement for methods i and ii in a laminatesss®ction.

Fibre selection was achieved by enhancing imageg esntrast/threshold regime and
automatic measurement (Figure 3.9). The errorsiwedoas a result of fibre selection
miscalculations in the threshold stage due to featsuch as surface dust particles are
as little as +1.5%. The number, length and locatibany voids were also determined

where possible.

(a)

o

10 um

Figure 3.9, Raw image of laminate B6 (a) and js.utnseqfibre selection (b) at ~60% v

3.2.5. Coefficient of thermal expansion, CTE.

3.2.5.1. UD Laminates, Single plies (Including 1@Gl&s)
Biaxial strain gauges (Kyowa) were bonded to thereeof all single UD ply laminates

using strain gauge cement (Kyowa CC-33A), enabfimgasurement of strain parallel
and perpendicular to the fibre axis (Figure 3.10gither a 0 or 90 degree ply.
Samples were then heated to ~130 °C at the maxiowam heating rate (~12 °C/min.

for 60 min. pre-cure sample).
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0’ Ply

Biaxial Strain Gauge

Transverse ‘H

Longitudinal

Figure. 3.10; Strain gauge location in relatiofiiboe axis on 0° unidirectional ply (not

to scale).

The CTE of the composite was then calculated using:

Equation 3.2

cre = 2
AT

over the linear portion of the strain experiencadeating and at 10 ° C intervals.
The measured strain was offset to 0 before tegtndiscount any additional strain

added by bonding the strain gauge to the sample.

The CTE of aluminium and steel sheets were alsasured for calibration purposes.

3.2.5.2. Unbalanced laminates
For unbalanced laminates, the experimental proesdudentical. The only deviation is
the location of the biaxial strain gauge, whichbended on the 90 degree surface,

meaning geometric variations as a result of heatregalso measured.

3.2.5.3. Stress free temperatureg T

In this study, the stress free temperatukg,of unbalanced laminates is defined by the
region where the laminate loses curvature andefiatiout on heating to 130 °C from
room temperature. In some cases the i$ also confirmed visually by filming the

heating and cooling of the laminate, matching thers values.
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3.2.6. Differential scanning calorimetry (DSC).

3.2.6.1. Pre-preg. samples

A section of pre-preg. was taken from both an agéddll 2) and non-aged, (Roll 3)
rolls of MTM28-1, punched into 5 mm diameter disegl stacked into masses suitable
for power compensation DSC (between 21-25mg), Talde

* where ‘aged’ refers to pre-preg. in use for asiderable period of time (up to 12
months of use).

A DSC run (Perkin-Elmer) was then carried out aata of 10 © C/min. up to 200 ° C,

and a re-test was conducted on the aged resimforoca full degree of cure.

Table 3.2: DSC Pre-preg sample masses

Pre-Preg Mass (mg)
Aged MTM28-1/T800H 21.84

(Roll 2)
Non-aged MTM28-1/T800H 22.57

(Roll 3)

3.2.6.2. Curing kinetics, degree of cure
The relative degree of cure,at timet can be calculated according to the cure curve

from fractions of the entire exothermic energy (vehtal energy are&;.; is assumed
as 100% cure), as follows:

Percentage Curey = E;/ Eq
where,E; is the energy at time E is the total energy for full cure, assumed at60=

minutes.

-174

-178

-180

Heat Flow {Mw]

-182

|:| =Eror
-184 = E; (t=10 mins)

_186 ‘ ‘
in )
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Figure 3.11; Schematic diagram indicating how D®€rgy values were used to

determine the degree of cure using 10 minutesesotal hold as an example.

3.2.7. Fourier Transform Infrared Spectroscopy, RTI
FTIR spectra were determined for pre-cured, ICC fafig cured plies using FT/IR-

6300typeA, in order to identify if pre-curing hadnya effect on material
composition/structure.

Tests were conducted using settings detailed iheTaB.

Table 3.3. FTIR acquisition details.

Setting
Light Source Standard
Detector Standard
Scanning Speed | 2 mm/sec
Resolution 8 cmi
Data interval 1.92847 crit
Gain 16
Accumulation 128
Filter 10000 Hz
Aperture 7.1 mm
Apodization Cosine

The captured raw data were smoothed and correotezhdable comparison between
samples and reduce ‘noise’.

3.2.8 Modulus

a) Three point bend testing,simply supported

The static stiffness values for all panels wereamigd by a simply supported 3 point
bend test, in both concave and convex testing geraents (Figure 3.12).

Three point bend testing was chosen in prefereadeur point bend because of the

geometrical constraints of the manufactured lamsinahge.

Convex Concave
S l S M— I(

Load Load

Figure 3.12. Static 3 point bend test in convex @mtave orientations
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All panels were loaded centrally by up to a maximefd50 g for > 4 ply laminates and

up to 40 g for 2 ply panels in 5 g increments.

The displacement of the loading point was measuset a Solatron C55 displacement
transducer.

Stiffness values were then calculated from theeday the load - deflection traces.
Modulus values were calculated subsequently usipgat®ns appropriate for the
experimental set-up [2] Figure 3.13, Equation 3.3.

lF

|
Figure 3.13. Elastic bending of beam

E=_FI?

48061 Equation 3.3: [2]

where F = force, | = length of speciméns deflection and | = second moment of area.

b) Three point bend testing, clamped-clamped
Laminate static stiffness values for ICC laminatese obtained by a clamped-clamped

3 point bend test, in the concave testing arrange®® degree surface), Figure 3.14.

INSTRON

Steel Rollers
{ j> <E % , Laminate

Steel box section

Figure 3.14 Loading condition for unbalanced lartesa

A laminate from each ICC was loaded centrally umtmaximum of 50 N using an
Instron 3345 universal tester with a 5 kN load.cell

Stiffness values were then calculated from theeday the load - deflection traces.
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Modulus values were calculated subsequently usipgateons appropriate for the

experimental set-up [2], Equation 3.4.

3
gp— Fl
19261 Equation 3.4

where F = force, | = length of speciméns deflection and | = second moment of area.

c) Tensile

The stiffness values for 0° single ply ICC sampglessobtained by tensile testing 20 x 50
mm UD sections. These sections were taken from XL80 mm ICC single plies,
(Figure 3.14 a), with varied cure conditions (dethiin section 3.3.1). Al ‘tabs’ (15 x
25 mm approx.) are attached to form tensile spawsmeith 20 mm gauge length,

Figure 3.15 b. A similar aluminium sample was atsnufactured for data validation.

(a) (b) p 20mm

50 mm

Section

Figure. 3.15, ICC sample section location (a) amsite (b).

Stiffness values were then calculated from the edopf the load - deflection traces,
obtained using the Instron 3345 universal testdrlangitudinal strain values, Poissons
ratio values were also calculated using transversgitudinal strain relationship.

Longitudinal modulus, Evalues were calculated using £6; / ;.
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3.3. Pre-curing

Individual plies of 145 x 50 mm 4 ply unbalancethiaates were part-cured for varied

times before manually stacking to form a laminat&ng the experimental procedures

detailed in Table 3.4, Figure 3.16.

For each pre-cure condition (V,W,X,Y,Z & 2,4,6,8,19,60) an additional single ply

was cut and cured alongside laminate componerd furedetailed characterisation.

Table. 3.4, Experimental matrix for all pre-curgpesments, detailing steps 1-4.

TRIAL | TRIAL I TRIAL Il Pre-cure
ply samples
PROCESS é)w’ XY EQ)W' XY 21574 6, 8,
STEP N,O,R,ST&U 1-4 min pred 2-10 min pre- 1Q, 12 & 60
cure cure min - pre-
cure
1. Preparation:
Pre-preg defrosted
for 1 hour, i i
individual plies cut Prﬁ_posed'\/}_?pt and base plies measured using d N/A N/A
from pre-preg callipers (Mitutoyo).
using a rotary
cutting tool.
Individual plies
arranged on awRT . Al sheet Pre-heated Al sheet. Gloss backing paper relg
e Plastic  releasg s
aluminium - material*.
material*.
sheet
2. Pre-cure

raSe

Ply temperature Temperature
held at ~125 °C based on ove
temperature
reading

for varied times
(pre-cure)

1PIy temperature monitored by thermocouple

Plies removed and allowed to cool to RT

Proposed top and base plies measured using digiladers

N/A

3. Geometry & : N/A
Laminate (Mitutoyo).
assembly Individual plies assembled on glass plate to forianainate
Laminates heated under standard curing cycle** umde pressure (Betweg
4. Einal Cure | 8600 — 101550 Pa).

Oven switched off and laminates allowed to codRio

*Backing paper is used to prevent the carbon fibre-ppeg from adhering to the
aluminium (Figure 3.16), in preference to the ptastaterial used in previous trials which
had a tendency to affect the ply surface finish.
**\Where ‘standard curing cycle’ refers to the notroaring process for MTM28-1,T800H

pre-preg, shown in Figure 3.2.
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. L. Single UD Ply
Thin Aluminium Plate

Pre-Heated
Aluminium Plate

Release Material

(b)

Ply geometry measured:
90 (base and top plv).

(€)
Figure 3.16; (a) Ply arrangement for trials 2 an(b3through-thickness diagram of the

experiment set-up and (c) location of base angligg for measurement (where

applicable).

3.3.1. Interrupted cure cycles (ICC)
10 sets of unbalanced 4 ply 145 x 50 mm lamina®80] were constructed from

MTM28-1,T800 pre-preg using standard cutting, stagkand vacuum bagging
techniques.

For each laminate set, the standard curing cycle mterrupted at pre-determined
points; A - J, Table 3.5, Figure 3.17 in ordemtonitor the development of curvature
with temperature and cure (Laminate temperaturem@stored via thermocouple).

An additional single ply was also cured for futdegailed characterisation.

Points at which to interrupt the cure cycle weresan following examination of DSC
traces, which suggested curvature would begin turoat temperatures100°C, Tg
value (Points D,E,F,G).

At each of these chosen points (A-J), the laminatee removed from the oven and
‘quenched’ to prevent additional curing that coattur during slow cooling. This was
achieved by removing the aluminium plate from thlveroand placing it on a thick
aluminium block at room temperature covered byia layer of water [19]. After the
specimen temperature reduced to ~RT, specimensrerraved from the vacuum bag

ready for subsequent testing.
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Table 3.5. Chosen stages to interrupt normal cyckec

Laminate | Temperature Time Stage Cooling method
Reference| (°C) (mins)
A 70 97 During ramp up to Quenched
B 80 110 125°C
c 90 137
D 100 157
E 110 177
F 117 192
125 207 End of ramp up,
G on reaching 12%
°C
H 125 267 After 60 minute
hold at 125 °C
125 327 After 120 minute
| hold at 125 °C
extended curing
cycle
Room >420 End of standardStandard cooling
J Temperature curing cycle - no quenching
required.
195 G ﬁ__ L Standard cure cycle
123 F -\ ----- Extended Cure Cycle
115 E_ \.\ B ICC
105 D
o o \
E s B
o ” N\
SRR | \
= 55 /
V4 N\
35 / Jj\
. L A\
0 100 200 300 500
Time (mins)

Figure 3.17. Interrupted cure cycles A to J foralahced laminates.

3.3.2. Co-curing

A 150 x 50 mm single ply piece was cut from MTM28F800 and exposed to the

standard curing cycle (Figure 3.18 a). The fullyecuply was then ‘laid up’ on lower

uncured pre-preg ply, and both plies cut to nonyridentical length (145 mm), Figure

3.18 b. The laminate was then subjected to standaidg cycle to create a 2 ply ‘co-
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cured’ laminate, where microscopy of interfaciahesion/end constraints was carried

out, following the image analysis process detaithesection 3.2.4, Figure 3.18 c.

(a) (b) (¢) Co-cured 2 ply Laminate
Cured Single Ply oo

Cured Single Ply
WO [ErFas
L R R R TR O O Rt | |:> 90 [

Un-cured Single Ply

Figure. 3.18, Co-cure laminate methodology, wheyes(the final co-cured laminate.

3.4. Stress relaxation / creep

The curve height of all asymmetric laminates wasasneed immediately following the
standard curing cycle. For selected laminates (NOB33, R1, S1, T1, B10, B11, B9,
W1, X1, Y1, Z1, Z4 and Y4), the curve height wasasweed again following a length
of time unloaded in ambient temperature environmemd then logged. For these
laminates, this process was repeated only a cadipiees.

For bespoke stress relaxation/creep experimergs;itange in central curve heigh) (
of 4 ply 145 x 50 mm laminates as a result of adid#l loading (laminates 2, 3 & 4: 10,
30 and 49 N, Figure. 3.19) and relaxation of reglidiresses (laminate 1: Unloaded)
was monitored for >6760 hours / 282 days.

The change in curve height was normalised for corspa between laminates.

Mass

\
ﬁ Aluminium Plate

Steel plate — Composite

Figure 3.19, loading of composites
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3.5 Snap-through / bistability

Specimens exhibiting a ‘bistable’ shape change fpyimary to secondary positions
(snap-through) Figure 3.20, were subjected to ptmatling at the panel centre to
identify the force required for initiation of seatary shape phase.

F

Primary
Secondary

Figure 3.20. Primary and Secondary shapes of léstaiminate. a) Panel sits naturally
in primary shape and b) secondary position adowtesh loaded centrally

3.5.1. Low temperature testing
A 210 x 170 x 150 mm watertight tank was constrdi¢tem 5 mm thick acrylic sheet.

Selected laminates (Table 3.6) were simply supdortghin the tank using a custom

made rig, then submerged into an ethanol/liquicbggn mix at various concentrations
to achieve the desired temperature. Figure. 3.21.

Laminates were loaded at a rate of 5 mm/min. uamdnstron 3345 universal tester in
3 point bend set up, Figure 3.21.

Force was applied across the entire width of th@rate centre using a specially made
‘T’ shaped steel loading rig until an adequate Ibddflection trace (and ‘snap through’

for unbalanced laminates loaded perpendicular terreet up, Figure 3.20, 3.23) was
achieved.
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Ethanol/Liquid Nitrogen mix

Insulation (PS)

Instron loading 'rig'

O

Acrylic Bath

Figure 3.21. Instron est rig and temperature bathup.

Table 3.6. Testing matrix for temperature experitaen

Laminate Geometry | Lay-up Plies | Test Test
(mm) Temperature
(LC)
145 x 50 90° UD 4 Stiffness/Modulus RT to -30
145 x 50 0° UD 4 Stiffness/Modulus RT to -30
145 x 145 AR 114 Stiffness/Modulus/ST/Curve | RT to -30
UB, height
[90/0]4
3.5.2. Modulus

Laminate modulus could then be calculated usingakgu 3.3. to give the dependence

of modulus [2] on temperature and its subsequefettsf on snap through force and

curve height for the MTM28-1,T800 carbon/epoxy syst
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3.5.3. Snap-through / Curve height
For unbalanced laminates, primary curve heighw@&3 measured at each temperature
via the Instron’s deflection (d), using the criterilllustrated below, Figure 3.22.

d=0
h=0

O Q

Tad Ad = Primary Curve height, h

Figure 3.22. Primary curvature height determination

Initial laminate ‘snap through’ tests were conddcteith the laminates primary
curvature parallel to the bend rigs rollers, (cadeigure 3.23), meaning laminates did
not experience ‘snap through’ but instead defleeatetie Instrons steady loading rate.
To achieve the ‘snap through’ phenomenon, laminatre turned through 90° degrees
so primary curvature was parallel to the rollerigetFigure 3.21 case b and then loaded

until ‘snap-through’ was achieved.

Case (a) Case (b)

\

Primary Curvature

Primary Curvature

Figure 3.23; Laminate orientation in relation todeig roller set-up.
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4. Results & Discussion
4.1 Geometry
Actual laminate dimensions are given in Appendiindicating that length / width
values differ slightly from the nominal targets lbgtween 0 and ~1.5 mm.
These length / width variations are due to the wekthf laminate production, in which
individual plies were hand cut from pre-preg shedievitably there are some
geometric variations as a result of blade thickneder positioning and initial marking.
However, given the overall size of the laminaths variation should not have a major
affect on measured parameters such as stiffnesgrituting a minor 2% length
variation for the smallest set of laminates mantuiigcl.
Laminate thickness measurements were found to framg 0.01 to 0.22 mm around
panels, showing a significant through-thicknessatian, Figure. 4.1.

2.0

I + ——Al

—_— A2

15
A3

—>—A4

B1

——B2

—+—B3

Thickness (mm)
P
o

—B4

C1

Cc2

0.5

—&—C3

C4

0.0

Measurement N °

Figure. 4.1, Variation in thickness values for Zntl 8 ply laminates.

This variation is manifested in average thickneskies for laminates with the same
number of plies. For thicker laminates, this vaoiats relatively minor, 12% at extreme
variation of 0.22 mm. In contrast, thinner lamirsateould be more severely affected by
this variation, with the thickness varying 25%.

These laminate variations represent the baselirstescfor nominally identical

materials, vacuum pressure and curing cycle.
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The scatter was partly ascribed to variations imeaed vacuum pressure (33850 Pa),
which should be small; the release fabric usedtioigaan undulating surface; and
variations in initial pre-preg thickness (142-202)1As a result, differential flow of the
resin during curing gave a varied volume fractidrfilores creating resin-rich regions
arranged in a repeated ‘pattern’ (identified in Ufey 4.2 a,b). The irregular fibre
distribution from pre-preg manufacture could hagetdbuted to this differential flow.
This effect is not seen for all laminates as indiinal plies were cut from different

sections of the pre-preqg rolls.

Figure 4.2. Sections of laminate U1 showing (apitedd undulating surface due to

release fabric (b) with (c) regularity of lownegions in the central plies, indicated by

arrows.

Despite the scale of measured variations in voldraetion, v (28 % in resin-rich
regions in comparison to fibre-rich areas at 658énerally, regions with a low \are

adjacent to areas of higl go that variation in fibre volume fraction shoblel averaged
out on the scale of the property measurements madeg this study, giving overall
behaviour for a ~50 % for all MTM28-1, T800 pre-preg. laminates.
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4.1.1 Initial Curvature

The effect of geometry on panel curvature has liested using panels of identical
stacking sequence but differing in nominal lengtd aidth. Grouped nominal laminate
geometries are presented in Table. 4.1. Furthezilddttables of laminate geometries

achieved can be found in Appendix I.

Table 4.1. Range of Asymmetric Laminate GeomeBieslied

Length x Width (mm) N° of plies
145 x50 mm 2,4,8
145 x 73

145 x 97

145 x 90

145 x 121

145 x 145

185 x 90

185 x 50
135.9x 135.9
126.88 x 126.88
108.75 x 108.75

90.63 x 90.63
85 x 85

73.72 x73.72 4

Radius of curvature values achieved (calculatedn frexperimental measurements,
Section 3.2.3) for all unbalanced laminates curadeu standard curing conditions

(detailed in Section 3.1.21) are discussed indhHeving sections.
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Radius of curvature variation with panel thickness

1100 C
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Figure 4.3: (a) Laser curvature results for A, Bl @laminates with identical nominal
length and width, 145 x 50 mm (x0.02 mm) manufaadury vacuum bagging under
standard curing conditions.

In Figure 4.3, laminates A to C have the same nahiamgth and width values and
ratio of 0° and 90° plies. Therefore, the incraasadius of curvature from the Ato C
series represents an approximately linear depeed&ngoper surface radius of
curvature on panel thickness as I/t ratio decrefieas 93 to 337 (for 8 ply to 2 ply
laminates respectively). This is in contrast toi Bsal Hahn [3], who state that the
strain-displacement relations cannot be taken tinlkear due to the magnitude of out-
of-plane displacements of RT shapes being manystiime laminate thickness.

The investigation of the strain / curvature relasibip is investigated further in the

following section.

4.2 Base Behaviour; Strain/Curvature Relationship

Epoxy resins experience a reduction in volume eesalt of curing during heating and
isothermal dwells (Section 1.4). However, when lazhtb adjacent plies and formed
under vacuum pressure, plies may be constrained theid shrinkage behaviour

modified.
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In addition to curing volume changes, asymmetrimgosite structures have plies with
different CTE values sandwiched together. As altesthen temperature excursions
occur, plies expand and contract differently, whiegm lead to the coupling of forces
and residual stresses causing warpage / curvatlmenmates.

In balanced, symmetric laminates the variationshese properties from one ply are

countered by the balancing ply so that distorteaminimised.

In general, the presence of the fibres in th@lies means that the shrinkage on curing
and CTE values for this orientation are much smalwn those for the 90plies.
During curing the 990 plies will try to shrink more than the® (plies, whilst, during
cooling after curing, the greater CTE of the @liles will cause greater contraction than
that experienced by the plies. This means that the centre of curvatutewsrds the
90 ply side of the laminate. As all radius of curvatvalues were determined with the
laminate centre as its highest point the orientatwould have the 90plies towards the
bottom of the laminate and thé @lies uppermost, Figure 4.4. The physical model
below illustrates the generation of curvature assgrthat it arises from a fixed strain
in the 90 ply/plies, contracting and pulling the (largelyydd length O plies into a

circular arc (Figure 4.4).

Lo

Figure.4.4; Schematic diagram of curvature genamati a 0/90 CFC laminate; where:
Lo” is the initial length of the upper 0° ply;"Lis the internal curvature after cure and

cooling of lower 90° ply, 4, and t = laminate thickness.
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In the unconstrained condition thé &nd 90 plies would adopt different lengths and
the resulting laminate curvature depends how ttesemodified by the constraint
applied during curing and cooling. To elucidate behaviour in the system studied,
four extremes have been considered theoreticallyilstiv assumptions are made

regarding the starting state.

4.2.1. Heating stage

The pre-preg plies can be measured prior to headitigpugh thermal expansion would
be expected to alter the length during this stéy@ing heating the matrix resin is
lightly cross-linked and, as temperature risesgrsma low viscosity phase.

In the analysis considered here, it is assumedthiese variations can be neglected,
especially considering the scatter in results shmwrigure 4.3. The plies are therefore
considered to be aligned correctly and of equaltlerat the start of the curing stage,
Figure 4.5. The data presented in Figure 4.3 arddiagitudinal curvature and, in
analysing this, the following lengths are definejure 4.5.

The initial lengths of the upper9)Q lower (90) and neutral axis (interface) are defined

as LY, L; and Ly respectively. After curing and cooling these linéi#l have lengths

L), s and L respectively, Figure 4.4,

4.2.2. No interface slippage during the cure

Assuming that the 90 ° ply is constrained by tha@aht 0 © ply and no separation of the
interface between the differently oriented plieBpfmge) occurs during isothermal
dwell, plies are continuous at mid plane, as shbwikigure 4.4. In this analysis thé 0
and 90 plies are assumed to be locked together at teeace from the start of the cure
cycle. If the plies were unconstrained then theimtactions would be determined by (i)
shrinkage during the cure and (ii) post-cure caplim the unconstrained condition

these values will be:
LL1J = LLcJ) (L_ ggure)(l_ agTE AT)
Lt =15 (- £5,)(L - a2%eAT)

are the strains during the isothermal cure cyott @, and a2,

Equations 4.1

. 0
where: &, and &2

are the linear (assumed) coefficients of thermalaesion for the Dand 90 plies

respectively. AT is the temperature difference between the isothlermaing
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temperature and room temperature (when radius ofatwe measurements were

made).

The @ plies should resist curvature deformation morentiiee 90 plies due to the
greater modulus of the fibres and hence the fonplies are expected to be closest to
their unconstrained behaviour with the latter angptheir dimensions to accommodate
the stiffer plies. Thus, the two cases consider@ lare for the lower surface to be at
the unconstrained length of the°38ly and the unconstrained length of thigolies to be

at (a) the uppermost surface or (b) at the interfac

(a) Application of Equations 4.1 with] being at the upper surface to the geometry
in Figure 4.4 gives:
=Rd
Lt =(R-1)6

Lo L4
"R (R-1)

Lo (1 Cure)(L aCTEAT) L (1 Cure)(l aCTEAT) Equations 4.2
R (R-1)
(R-1) (- &ue )~ acreAT) = R(L- &2 )L~ aceAT)
(1 Cure)(l' aCTE AT)
T ) e AT) () aaT).

(b) If LY is the length value at the interface then theasibm is:

=(R-1)6
_ 4 L
a (R_l tJ (R-1)
2 .
Ll(J) (1_ ‘Egure)@'_ agTE AT) — LIEJ (1 Cure)(l aCTEAT) Equatlons 43
R—;J R-1)

R0~ )i aetT)=(R- |- £2,)(t- azeaT)

() aletT)- (-8 ) - aaT)
(I' Cure)(l aCTEAT) (1 Cure)(l aCTEAT)
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Figure.4.5; Assumed initial lengths of the uppéy,(wer (90) and neutral axis
(interface) at start of cure cycle for no slippageing curingly, L; and L}

respectively.

4.2.3. Complete slippage at the interface durirgycbre

As noted above, during part of the isothermal citep the matrix resin is in a low
viscosity state and so the plies can be assumetbt@ relative to one another during
this stage as curing shrinkage occurs. This isvadgnt to the plies not being locked
together until after the curing shrinkage has o@xirThe assumed condition at the start
of the cure is then as shown in Figure 4.6, whergact between the plies is only over
a length of Ly, =LY%, the lower ply and interface lengths at the stértaoling (o).

Curvature generation is just due to differenti@rthal contraction on cooling.

Figure.4.6; Assumed laminate geometry of the uf@fer lower (90) and neutral axis
(interface) at start of cooling cycle for complstippage during curind,sc”, Ls¢- and

Lsc' respectively.
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As for the situation where no slippage occurredirdurcuring, the lower surface is
assumed to be that of the unconstrained@@s after cooling, whilst the unconstrained
0° plies corresponds to (a) the interface of (b)upper surface.
(a) The easier situation to model is that where thetaminarea between the two

orientation plies shrinks fromg, to L} . For this situation, then:

=Ll =L (- e,)

L =14 (- a2.aT)

L) =L (L a,aT)

=(R-1)6 -
Equations 4.4
tj p

LN=[R——
' 2

LY Lt
g
(R-1)(1- aceAT)= (R - %) (- aZ:AT)
R(L- a%eAT)- (- a:AT))=t ((1 - a2 AT)- % (- aCTEAT)j
((1 ~ 0% AT) - ; - aCTEAT)j
i ((I- - agTE AT) - (I- aCTE AT))

(b) The situation wherel; corresponds to the uppermost surface is more

6=

complicated as the contraction could be spread avgreater length than just
that corresponding to the ‘locked-in’ interfaciabntact area. However,
assuming that the°@ly is rigid enough for this to be ignored thee tleometry

in this case is:
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LLsc = L%c - I-L (I- Cure)
Ly = Lso (L~ acAT)
L = L4 (- aAT)
L =(R-t)8
L) =R& Equations 4.5
L4
R (R-1)
(R-t)(1- 2 AT)=R(L- a2 AT)
R(L-a%eAT)- (L~ aBcAT))=t (L~ 0% AT)
(1~ a2 AT)

((1 % AT) - (L~ aCTEAT))

All situations predict a linear relationship betweeadius of curvature and laminate
thickness for constant CTE values. This correlatgls the linear relationship observed

in Figure 4.3.

The relationships above are for the longitudinalature. In the transverse orientation,
the width (w) of the 90° plies is assumed not to change onirgpdiecause of the

orientation of the fibres within the ply constraigishrinkage in that axis.

There will be some small change in thickness agtst cure volume of 90 ° ply (after
dwell but before cooling) will be given by:

L _ 2
Post cure volume Lso W tee = Ly wot (1- 25, )

where Ly, = L} (1 e‘gure) andte =t (1 Cure) Equations 4.6

On cooling the final volume will be further reducast
Lse = L = Lso (- 0B AT), toe -t =too(L-a%e) andw, — wy =w, (L~ adre ).

Equations 4.7

These alter the final volume, but the effects afkhess variation on radius of curvature
are within experimental scatter and so these clsangee not factored into Equations
4.2 - 4.5.
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Model assumptions:
The following factors are not accounted for witliie models above. The significance
of these missing variables will become more apgarelater application of models.

» Strain gradients (Section 4.5.1.3)

* Variations in starting condition due to aging o¢ preg (Section 4.4)

* Manufacturing variables (Section 4.4)

4.3 Model validation

The material data that are required for validatadnthe various models against the
experimental data in Figure 4.3 are the curingnlaige strains and the CTE values for
both @ and 90 plies. Attempts were made to measure the shrinkagjess for single
plies, but the errors associated with these wesehtgh for the values to be reliable.
Therefore, literature values were taken for thengushrinkage. For epoxy resin the
shrinkage on curing is reported as 3 — 4 %, Sedtiér18,39-41].

For the 90 plies with a y value of around 0.55 then the strain on curing tafien as
0.02 (2 %). The curing strain in thé plies would be much less and a nominal value of
0.002 was used.

CTE values were determined from unidirectional ¥ lpminates P & Q using biaxial
strain gauges to give both longitudinal and trarsyeCTE values from room
temperature (20C) to 120°C of MTM28-1/T800H pre-preg material.

The experimentally determined CTE values are sunsexdin table 4.2.

Table 4.2. Coefficient of thermal expansion for @0fd 0° 4 ply UD carbon fibre
composites P&Q (Pre-preg. Roll 3).

Ave. CTE x10°K™?
Measurement axis| Laminate | Laminate
(relative to fibre) |1 2
_ Perpendicular 354 23
0° Laminate
Parallel 2.2 0.4
. Perpendicular 30.5 29.2
90 ° Laminate
Parallel 1.8 0.7
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Curing was carried out at 12&, whilst radius of curvature values were measatezD
°C giving adrT value of 105 K. Using this, and the values abovEquations 4.2 — 4.5

gives the expected radius of curvature dependendaminate thickness as shown in
Table 4.3.

Table 4.3 Model predictions of radius of curvatf®) dependence on laminate

thickness ) for the four sets of assumptions (wheéeand = 0.7 and90 = 29.210-¢°¢

! t=0.85) along with experimental relationships fréigure 4.3.

Conditions R/t

No slippage during curing — unconstrainédoly 40
length at upper surface (Equations 4.2)

No slippage during curing — unconstrainédoly 20
length at interface (Equations 4.3)

Complete slippage during curing — unconstraintd 0 141
ply length at interface (Equations 4.4)

Complete slippage during curing — unconstraintd 0 281
ply length at upper surface (Equations 4.5)

Experimental values for upper line (Figure 4.3) 536
Experimental values for lower line (Figure 4.3) 367

Comparison of the predicted and experimental valmelécates that the radius of
curvature values determined experimentally areldoge to be consistent with locking
in of the plies at the start of the cure and so ldiondicate that the curvature in the
systems studied here is dominated by CTE mismaiaooling.

4.4 Experimental Deviations from model assumptionand model limitations

The agreemment between the lower trend line imr€ig.3. and Equations 4.5 is very
good, although the upper trend line in Figure 4a3 h larger slope than any of the
predictions. This may arise from the use of olderpreg that does not cross-link to the
same extent leading to a reduced difference in @i so larger radius of curvature
values. This would have also reduced the shinkageng the cure and so this

possibility needs to be investigated.
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4.4.1 CTE with cure

Initial model curvature predictions were calculateing CTE values of 29.2 xP™
from values attained from fully cured UD 4 ply larates. This is appropriate for
composites that had been exposed to a temperatdr£05C or greater (for the pre-
pregs in this study), Figure 4.8. Lower temperaute not achieve full cross-linking,
Section 4.4.5, and so result in lower CTE valuegstie 90 plies. The CTE values for
the O plies are much less dependent on the matrix CTevand so the effect of
incomplete curing on these would be less. Overatiuction in curing would result in
reduced CTE mismatch and so larger radius of curgatalues for a given laminate

thickness.
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35— @CTEat Vaxstrain

Longitudinal CTE {x10-6/°C)

- 125¢
C 0 ‘
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Temperature (°C) ICCTemp {°C)

Figure 4.8, Calculated coefficient of thermal exgan for (a) interrupted cure cycle

(ICC) single plies (b) 90° ply of ICC laminates.

Figure 4.8 a shows the measured CTE values fotréamsverse axis of ICC UD plies
(90 to 125 °C). For unidirectional laminates, exgpan values are not constrained by 0°
adjacent plies, in contrast to those CTEs measoimednbalanced laminates. However,
the use of surface measurements (strain gaugeslsesimilar values for CTE in the
90 plies, Figure 4.8 b.

4.4.2 Laminate interply bonding

Initial validation of the modelling approach shogsod agreement provided that the
degree of cure is known. For use in a predictivesedhis would need estimating (see
Section 4.4.5). The two groupings of data indicdtgdines of best fit in Figure 4.3
show significant scatter (300 mm for 4 ply, B laates) and deviation from the precise
model assumptions (for the upper line). As weltrasfactors above this may be due to
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features such as manufacturing variables that @r@etounted for in the assumptions.
It may also be the case that the assumptions arereppoesentative of the actual
mechanism in operation.

One aspect that would reduce the accuracy of théemmovould be if the interfacial
bond between plies was not complete and not iefinithin as assumed by CLT or if
the plies were free to slide, (Equations 4.4 —.4186)s would cause stress transfer to be
impeded, allowing the CTE mismatch to be takenrugdparation of the plies not in
curvature so that the radius of curvature valueslevbe greater than those predicted.
Although delamination / voids located in plies ®dbjto tension would have a much
larger affect on mechanical properties comparethése located in the middle plane
(neutral axis), delaminations on the neutral axis4iply laminate B2 (Figure 4.9)
suggest a tensile strain through laminate thicknessontrast to the assumed uniform
distribution of stress through thickness of CLT {@ked Section 4.5.1.3).

In Figure 4.3, large radius of curvature values sttewn for some of the B and C
batches of laminates. Sectioning of these lamineggsaled a number of voids and
examples of interply delamination, Figure 4.9 ,hade batches.

Delaminations

Figure 4.9; Voiding in laminate B2 and delaminatimiween plies in laminate C1,

constructed from aged pre preg batch 1.

The laminates that gave the greater numbers o ttiefects and largest deviation from
predicted radius of curvature values were thosm filee thickest (8 ply) laminates and

the oldest batch of pre-preg used in this study, 8 ply Cl-4 and 4 ply B1-4 laminates.
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Laminates fabricated from pre-preg roll 1 gaverttest defects and the largest radius of
curvature values, with the exception of B5, whitsdse from rolls 2 and 3 lie on the
lower trend line and agree with the prediction€Eqgtiation 4.5; these had few defects
when sectioned, Table 4.4.

Table 4.4. Average radius of curvature achievedt wie-preg batch used.

Laminate Pre-Preg | Ave. radius of curvature
(mm)

B1-4* Roll # 1 661

BS Roll # 1 450

B9-11 Roll # 3 400

C1-4* Roll # 1 1008

C5-7 Roll # 2 687

*delamination/voiding found in all laminate sectson

The curvatures predicted using basic linear theadie not have inputs to account for
the starting state of the material, which are likiel impact the stress / strain transfer
between plies and CTE values. Consequently thebétween calculated and
experimental radius of curvature values can vaggiicantly, Figure 4.10.

Whilst average radius of curvature values for laates manufactured from new pre-
preg (rolls 2-3) are close to those values predibtethe linear model, (overestimating
by 88 R/t, t=~ 0.84). Laminates manufactured from older pre-gRgl 1) cause radius
of curvature predictions to be out by as much &R (at = 0.84).

More in depth analysis of both aged and new prggprand their impact on resulting

curvatures are conducted using DSC and visual sisdly the following sections.
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Figure. 4.10, Actual and predicted curvatures fgda(roll 1) and non-aged (rolls 2-3)
pre-preg. Model inputs’c1e=0.7 andx®c1e=29.2 (Equations 4.5).

4.4.3 Curvature with Laminate Length/Width, AspectRatio.

4 ply laminates were constructed with differingdérs and widths (i.e. different aspect
ratios, AR) to study the effect of width variatiom longitudinal radius of curvature;

based on the assumptions in Equation 4.5, thisldhiobave no effect on radius of
curvature for the same thickness of laminate.

Lengths ranged from 72.5 mm to 185 mm, giving ageaof ARs from 1:1 to 1:3.65

(185 x 50 mm). Over the course of the study, thid#kerent pre-pregs were used,
ranging from relatively new to significantly agedatarials, Table 4.5 and Figure 4.11,
meaning curvature values achieved had to be sepatatdifferentiate between any
effects of varying base material/laminate starttogdition (as noted above) including

CTE and geometric effects.
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Table 4.5. Details of pre-preg rolls used in thigly

Roll Pre-preg Features [68] Date ofl Date of
number | Material prepreg. laminate
Description manufacture manufacture
1 VTM 264 /| Variable temperature, vacuun2005 /2006 March 2008 |-
T800 processable epoxy system. March 2009
Typical cure between
65°C/149°F and 120°C/248°F
2 MTM 28-1 /| Medium temperature, 31/03/2007 May 2009 -
T800H toughened epoxy system. (12 month shelt June 2009
Typical cure betweenlife; 03/2008)
3 MTM 28-1/ | 85°C/185°F and 160°C/320°F. 11/03/ 2009 July 2009 -
T800H Recommended cure June 2010
120°C/248°F for 1 hour.
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Figure 4.11: (a) Comparison of aged and new pre-ugigg DSC and (b) heat flow per unit
mass for rolls 2 (aged MTM28) and 3 (New MTM28).
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The area under the curve gives the amount of exoibhesnergy given out during the
curing reaction. Therefore, when comparing old aea pre-preg. (rolls 2 and 3) data,
Figure 4.11 a and b, it is evident that more hegiven out by the new pre-preg. (roll 3)
and thus a higher level of cross-linking has oalirDespite the smaller area under the
heat flow / temperature curve a re-run (as forihaminute part-cured sample above)
gave no endo- or exo-therms indicating that thexgp@d cured to its full extent during
the first DSC run even for the aged MTM 28-1 (@)l

In addition to reduced energy output, the tempeeaseen for cross-linking initiation in
the aged pre-preg. (roll 2). is higher than thattii® new pre-preg. (roll 3). This would
be consistent with a greater extent of cross-ligkamd reduced chain mobility in the
aged pre-preg. so that greater thermal activaioreeded to achieve chain mobility and
continued reaction. This would correspond to a ceduCTE mismatch after laminate
curing and cooling for roll 2 than for roll 3 and krger radius of curvature values.

The DSC runs use a faster heating rate than thaadaum bagging so that the absolute
temperatures will be higher in the DSC than for shene extent of reaction in panel
manufacture, although the trends will be the sahie. DSC traces do indicate that a
higher cure temperature should be used for the pgegdreg. than for the new pre-preg.

(rolls 2 and 3 respectively).

The radius of curvature values achieved for vaAdts and pre-pregs are shown in
Figure 4.12.
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Figure.4.12, Experimentally determined radius ovature values achieved for 4 ply
laminates manufactured from (a) Roll #1 (b) Roll(gRRoll # 3 pre-preg, with
nominally identical thickness, but varied aspetibea(length/width).

In general, the data trends observed in Figure®, 4,1b and c suggest that aspect ratio
has no effect on longitudinal radius of curvatuckiaved (within experimental scatter
315 - 444 mm). This is consistent with the assuomstin Equations 4.5, in which strain
is fixed in 90 degree ply and is independent ofjterand width. The radius of curvature
values for Roll 1, Figure 4.12 (a), are much gredtan those for the two MTM 28-1
matrix rolls, Figure 4. 12 (b) and (c), consisterith the age of the pre-preg and the
matrix resin, Table 4.5. The difference in age le&wrolls 2 and 3 does not result in a
difference in radius of curvature values outside ¢éxperimental scatter range despite
their difference during DSC trials, Figure 4.11.

However, within Figure 4.12 b and c, smaller 855<rBm laminates | and J deviate
from average radius values (350 mm), exceeding M@® radius, comparable with

values achieved using aged pre-preg. roll 1, 676fanB1, Figure 4.12 (a).
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Whilst the increased radius of curvature valuedctbe due to reduced laminate length
and width, smaller 72.5 x 72.5 mm square laminkigare 4.12 (c) are consistent with
the other aspect ratios This indicates that | afaiminates are likely to be anomalous
with their lack of curvature due to other factors.

On visual examination of laminates | and J, redunestature is likely to be as a result
of poor ply and fibre alignment meaning the O/9@faguration is not achieved, Figure
4.13. Misalignment in such a small sample wouldvitadly contribute to warpage in
directions other than longitudinal and transveggmerating a more twisted laminate,
causing reduction in strain and therefore a redunedlature. The increased level of
misalignment is evident when compared to the cormmnditions of other 4 ply
laminates.

The curve profiles of | and J in the following sentalso support this irregularity of

curvature generation.

Figure 4.13; Macro images of a) laminate |, showpogr ply alignment at the laminate
corner and b) fibre splay at M2 laminate edge.

This independence of laminate curvature from aspaibd is more evident (within

scatter) in the 145 mm length laminates, in whidtithvis the only variable considered,
Figure 4.14.
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Figure 4.14; Radius of curvature values achieveddfply 145 mm length laminates
fabricated from rolls 2 and 3 with widths rangimgrh 50 - 145 mm. (Roll # 1 laminates
are excluded due to aging of pre-preg material).

4.4. 4 Curve Profiles
Detailed laminate curve profiles were determinedri®asuring 7 points on the laminate
profile length, at set intervals from the laminatentre via laser scanning,

(Experimental. Section 3.2.3(b)). Curve profiles presented in Figure 4.15 (a) and (b).
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Figure 4.15. (a) Selected curvature profiles fazhepanel lay-up determined via laser

scanning (accuracy £ 0.22 mm) and (b) curve profile square laminates of AR 1:1.

Examination of the laser curvature profiles in Fegut.15 shows asymmetry of
curvature (from difference in height measuremeitteeside of the central point) and a
substantial deviation of points from the symmetsimooth semi-circular arc for
laminates J1, 12 and M2.

Given the magnitude of the point deviations, asytmyns likely to be as a result of the
misalignment of plies/fibres on assembly causingsting’ of the laminate [11] and
edge effects due to the splaying of fibres on ngtfas detailed in the previous section,
Figure. 4.13), rather than local differences inumoé change during curing due to
variations in fibre volume fraction; as the effe€twould be minor.

Deviations of multiple points from a symmetric gsuch as those seen for | and J
above) would not be predicted by Equations 4.5ti@ect.2 even though curvature
mechanisms are suggested to be affected by fibgmnaént, (reduced radius of
curvature values and generation of a twisted lataeires for angle ply laminates).
However, as major irregularity in curve profilessvanly seen for laminates | and J,
these were excluded from further considerationrandel validation.

For the other laminates, radius of curvature vatletermined via laser profiling, differ

by as little as 1.64 to >80 mm from those calculdtem a central point only using
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manual measurements, reinforcing the accuracy olalanethods (before reduction of

curvature with stress relaxation has taken effect).

4.4.5. Development of Curvature with Cure

As detailed in the literature review (Section 1d)rvature in asymmetric laminates has
been ascribed to differences in thermal expansaefficient (CTE), (Section 1.4.3)
between differing fibre orientations and a voluméamge due to chemical
shrinkage/crosslinking of the resin matrix, typigal-6%.

Studying the cure kinetics of the fibre/resin systevariations in CTE and curvature
development with degree of conversion should altbes relative importance of these

two effects on generating curvature to be deterdiine

4.4.5.1 Establishing cure kinetics
The cure kinetics of MTM28-1 T800H carbon fibre jpreg were determined by way

of differential scanning calorimetry (DSC).

4.4.5.2. Dynamic DSC
Dynamic DSC was conducted at a rate of 10 °C /amith 40 °C / min to 180 °C from

room temperature on samples taken from pre-prég3olFigure 4.16.
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Figure 4.16; Dynamic DSC trace at 10 °C/min andG/@sin.
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All dynamic traces show a broad glass transitig), (fhe onset of which at 100 °C is in
agreement with ACG data provided for the MTM28-10B pre-preg [68], Table 4.5.
Differences in heat flow between nominally identisamples heated at 10 °C/min is
likely to be due to the small sample size (5 mmmdiger disk with mass 21-25 mg),
containing multiple areas of low volume fractiorgians, and therefore greater resin
content (four low y areas were identified in the ~6 mm long sectiorFigure 4.2)
which would be expected to increase sample heat, floghlighting the influence of

varied volume fraction of fibres on resin behaviatthis scale.

4.4.5.3 Isothermal DSC

Isothermal DSC was conducted at 125 after a rapid (80 °C / min.) from room
temperature on pre-preg samples from Roll #3. baing rate was selected to achieve
the cleanest data possible, as previous dynant tegealed energies to be too small
for accurate analysis, Figure 4.16, given the nimigke DSC signal.

As the heating rate from room temperature is muas$tef than used in laminate
fabrication, some of the effects seen during isotia dwell in this section may occur
during heating of standard laminates from RT (@Hfin), but should be comparable
for part-cure laminates, which undergo isothernvaltitreatments at 125 °C.

After initial ramp up, (1.56 mins) the test wasoaled to run for over an hour at 125 °C
in order to replicate the 60 minute hold used ia turing cycle, carried out during
production of all laminates (as cure is a funcismthermal dwell time).

The relative degree of cure,at timet can be calculated according to the cure curve
from fractions of the entire exothermic energy (vehtal energy are&;.; is assumed

as 100% cure), as follows:

Percentage Curey = E;/ Eq
Equation 4.8

where,E; is the energy at time E is the total energy for full cure, assumed at60=

minutes.
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Figure 4.17; Schematic diagram indicating how D&€rgy values were used to

determine the degree of cure using 10 minuteseasotal hold as an example.

The calculated degree of cure as a function ohexotal dwell time values determined

from DSC traces are given in Figure 4.18, and Tél8e

Table. 4.6, Calculated percentage cure as a funofidwell time at 125 °C

Area , E
between DSC
Time, t curve and
(mins) baseline, uptot | % Cure
5 14.78 22
10 48.15 71
15 59.19 87
20 63.05 93
> 60 68.14 100
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Figure 4.18 ; Isothermal DSC trace with calculadedree of cure.

The variations in exothermic energy and degreeuoé walues with isothermal dwell
time shown in Figure 4.18 suggest that cross-ligploncurs early when held at 125 °C.
The variation in percentage cure indicates the $snare already 50% cured after 7
minutes. This suggests that any ‘part-curing’ ekpents are most effective between 5
and 25 minutes (20-95 % cure).

An Avrami analysis was used to determine the retatiip between degree of cure and

cure time in the isothermal experiment, Figure 4.19

Indm [A1-4]]
I

‘7

Int

Figure 4.19; Avrami plot, showing transformatioml{§o cure) against In(time).

An initial Avrami line appears to hold for earlyages (Trace 1), then deviates at 13
mins, ~79 % cure (Trace 2), signifying a changeesin time dependent behaviour as a

result of change in mechanism of nucleation/growthis implies that that the full 60
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minute dwell time used in standard laminate martufacmay not be required in order
to reach full cure, given the extended ramp tinoenflRT to 125 °C dwell (~49 minutes
at temperatures exceeding resyoTl 100 °C).

The slowing of cross-linking kinetics (>79 % cui)ikely to be due to the reduction of
reactive free sites due to the creation of physatalin entanglements as the three-
dimensional cross-linked network is formed, redgahain flexibility

Also, if the initiation of the cross-linking reasti occurs around the carbon fibres
themselves, as cross-linking progresses the epoayixnwould be free of that

influence.

4.4.6. Pre-Cure

DSC traces have indicated that the resin matrixnsetp cross-linking/shrinkage at
temperatures exceeding, 1100 °C). Therefore, if plies are exposed to terapres of
~125 °C (in-line with isothermal dwell temperatwsed during standard processing)
immediately from room temperature for varied expestimes, some initial chemical
shrinkage should occur (referred to here as pre}cuUre-curing prior to stacking
together to form a 145 x 50 mm laminate and suegetd a full curing cycle should
modify the degree of shrinkage experienced durivegydure, but should result in the
same CTE mismatch. Therefore, any decrease in ttmevaeen for increased pre-cure
exposure should indicate the dependence of cuevageneration on magnitude of

shrinkage

Initial pre-cure studies were conducted for 2, 3andl 10 minutes at 80 and 125 °C
(laminates N,O,R,S,T,U) to give between 5 and 7@ré&dicted cure, using polymer
sheets to stop plies adhering to the Al formindgdaTable 4.7, Trial 1.

The experimental methodology was refined for fiped-cure (laminates V, W, X, Y
and Z) using backing paper in preference to polyshaet to prevent the carbon fibre
pre-preg from adhering to the aluminium. This restlthe amount of ply damage/fibre
splaying on pre-curing.

The time taken for plies to reach the target pare¢emperature of 125 °C varied due to
initial ambient temperature of the oven and ratéedt absorption (4 — 12 minutes for
panels W, X, Y and Z).
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Table 4.7. Experimental matrix of pre-cure timed tamperatures and final part cure.

Initial pre-cure time and pre-cure temperature wetipected degree of conversion

resulting from DSC.

(1) Pre-cure (2) Final Cure
Total
Time to | Degree of | Exposure Oven Temp.
pre-cure conversion after | time to temps | Target removed
Trial Time | Temp. | temp isothermal dwell | >100 °C| Temp. from oven
No. Laminate | (mins) | (°C) (mins) (%) (mins) (°C) (°C)
Unknown at 80°C
1 N 10 80 - Full cure after 13| N/A - -
hours [68]
Unknown at 80°C N/A
1 0] 10 80 - Full cure after 13 - -
hours [68]
1 R 10 125 - 70 - - -
1 S 125 - 13 9.95 - -
1 T 125 - 8.34 - -
1 u 125 - 9.8 - -
33
2 Y, 3.48 125 (Ramped | - 15.98 125 -
from RT)
2 w 2.25 125 8 10.33 125 40
2 X 5 125 12 13 16.05 125 40
2 Y (1-3) 10 125 10 70 19.8 125 23
Y (4-6) 10 125 10 70 17.48 125 35
) Z(1-3) 8 125 7 55 15.75 125 25
Z (4-6) 8 125 4 11.21 125 42

Pre-curing at 80C is not expected to lead to any major shrinkagksanthe curvature

developed during the standard final cure as theniat®es are fabricated should be the

same as those noted above. Figure 4.20 showshiatadius of curvature values for

panels O and N were in the same scatter band a®iepre-cured 4 ply laminates.

The radius of curvature values achieved for pliegjexted to 125 °C pre-cure and

assembled into 4 ply laminates are given in Figupd.
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Figure 4.20; Radius of curvature for laminates N @n cured at 80 °C for 10 minutes,

with 4 ply average curvatures.

600 - - 100 s R
550 - . . - 90 " s
- 80 o T
500
| - 70 A U
= 450 - X . |
g s 9 i 60 © X V
g 4007 ; : 150 3, W
S 1 i <
S 350 - g + 40 .
= 30
300 . v
- 20
* Z
250 10
200 ‘ ‘ ‘ : ‘ ‘ ‘ 0 g\é?l:ztgewly
0 2 4 6 8 10 12 14 16 % Cure
Cure Time at 125 C

Figure 4.21; Calculated radius of curvature valoesll pre-cured laminates exposed to
125 °C (Trials 1 laminates R, S, T, U and TridBPjinates V, W, X, Y) versus
predicted % cure from DSC.

The majority of the laminates shown in Figure 4g@% radius of curvature values that
fall within the scatter band for the standard psmeithout pre-cure. This behaviour is
consistent with the assumptions of Equation 4.5.

However, laminates R, S and V give radius of cumatvalues that are outside the

standard laminate scatter bands, implying streasster has been affected in the

96



laminates. This lack of curvature can be attributedifferences in the cure history and
processing of these laminates. For example, V latesnhad an extended 33 minute
ramp up time to 125 °C due to experimental erraystg increased curing/cross-
linking before manually stacking the pre-preg plieform a laminate. This would be

expected to reduce resin flow on final cure, rasglin little, or, no adhesion between

plies, indicating bonding limitations with incredseure time, as shown by sectioning,
Figure 4.22.

Delaminated Region

Figure 4.22; Macro-imaging of section of panel Whtice the delaminated region as a
significant lack of bonding at midplane (2/3 plydrface).

R laminates exhibited a ‘non tacky' surface beflamminate assembly implying that
significant cross-linking/shrinkage had occurrediny the 10 minute pre-cure, with up
to 70% curing being expected from DSC data. Dueht reduced adhesion upon
laminate assembly for pre-cured plies, additioqelxy layers were added between all

plies (~158 um) to ensure plies were sufficienttytbed, Figure 4.23.

1000 ym

Figure 4.23 ; Laminate R1, 10 min pre-cure, 70%ectre-cured plies bonded using

epoxy resin layers (~158 pum).

Despite the increased thickness of R laminatesn(#oply average of 0.85 mm to 1.33
mm) and the high void content of the epoxy layeasljus of curvature values reached

an average of 530 mm, close to the radius of curggpredicted for a 1.33 mm 0/90
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configuration using Equations 4.5 and the 541 mdiusaachieved in laminate ‘S1’
with a 0.87 mm thickness.

The generation of curvature in R laminates suggests curvature is affected by the
quality of the interfacial bond and dominated byfaetences in thermal expansivity
values between ply orientations, as the 30% remgioure on final curing would be
unlikely to cause such curvature on isothermal twel

Using the line of best fit, Figure 4.2 and Equasioh5, the 0.87 mm thickness of
laminate S1 would be expected to give a radiusuofature of ~430 mm, or at least
match the 460 mm radius of curvature of S2-3.

This significant deviation from S2 and 3 is sugyesof poor stress transfer/bonding in

laminate S1, verified by visual analysis, Figur244.

5 iOOpm 3 .:
| ——————

4

Figure 4.24; Micro images of laminate S1, showingling, poor resin flow (clear ply

separation) and delamination.

Because of the influence of thickness on laminateature (Figure 4.3), it is important
to differentiate between part-curing on stress dfemfbond strength and thickness
effects. Figure 4.25 shows significant scatter sknlaminates of similar nominal
thicknesses. However, the largest radius of cureatalues are for panels S and V, that,
as noted above, are atypical in their behaviousc@inting these would then result in
similar scatter to that shown for non-pre-curedamal from the same pre-preg. rolls.
Thus, the influence of curing shrinkage (and hepce-cure time) on curvature
formation is negligible, provided the laminates &w#y cured subsequently. This is
consistent with the assumptions behind EquatioBsFbr the remaining panels (R and
T — Z) the slope (albeit based on two points) i906;4which would be close to the

predictions of Equations 4.5.
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Figure 4.25. Relationship between radius of cumeaéund thickness for pre-cured

laminates.

The results to date indicate that CTE mismatchoisidating curvature generation and
this should be related to the total degree of @al@eved prior to cooling from the

curing temperature. As DSC traces indicate,adlue of 100 °C, and a greater amount
of time spent above Tg on heating to 125 °C showsak trend towards greater radius

of curvature values, Figure 4.26.
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Figure 4.26; Radius of curvature values achievedsus exposure time to temperatures
>100 °C on heating.

99



The weak relationship shown in Figure 4.26 is dugnhy to the higher radius of
curvature values shown for Y and Z panels thatt@anards the top end of the normal
scatter band seen for this thickness of laminatees& panels were exposed to
temperatures above, Tor 15 minutes or more. This corresponds to trengke in curing

/ cross-linking mechanism observed from Avrami gsial of DSC results, Figure 4.19.
Thus, there may also be a reduction in resin fl@wvieen plies pre-cured for longer
times, reducing the interply flow and so bondlitieisgth. This would relax one of the
assumptions used in Equations 4.5 and so giveagreadius of curvature values than
predicted. Evidence supporting this proposed Manain resin flow with cure time is
observable through macro-imaging of the laminatéase, Figure 4.27. The ‘glossy’,
resin-rich surface of short pre-cure laminates W.ZX2 - 8 minute pre-cure) Figure
4.27 (a), suggests that resin flow is similar tat thf a standard laminate, mimicking the
smooth glassy finish of the base plate on finalngurin contrast, the longer pre-cure
time in laminate ‘Y’ (10 minute) Figure 4.27 (b)a$ hindered the flow of resin,
suggesting the matrix is almost fully cured as sulteof the 10 minute pre-cure
(corresponding to 70% cure from DSC data).

Figure 4.27; (a) ‘Glossy’ resin-rich surface of sippgens W, X and Z (10-16 minutes at
>100 °C), and (b) dull, undulating surface finigispecimen Y (17-19 minutes >100
°C).

In addition to macro-scopic differences in surféioésh above, micro-scopic analysis

reveals differences in microstructure between lateis X3 and Y3 (16 and 19 minutes
at >100 °C respectively).
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Whilst X3 has only 4 minor voids across the sanmeigth, Figure 4.28 (a), Y3 has a
series of voids, Figure 4.28 (b) and a clear sejpardetween plies at 0/90 interface,
Figure 4.28 (c).

This is consistent with a reduction in resin flowedto 19 minute exposure at >100 °C

limiting the bonding of plies.

Figure 4.28; (a) Void free section of laminate X8.05 minutes at >100 °C)

(b) Severe voiding, (central void measuring 10®>u4n) and (c) 311 x 14.6 um
delamination of laminate Y3 (19.48 minutes at >20Pat ply interface.

The lack of vacuum pressure on pre-curing of piey also contribute to the extent of
voiding, as stacked plies are not forced togetheteu pressure. This leaves areas
unfilled by resin that would require greater flowtlee (now more viscous) resin during
the laminate curing. This would be expected to cedhe quality of interfacial adhesion
between plies. For laminates with good resin fltvis would not be expected to have

such an impact as resin would flow into these abeasling the plies together.
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Fourier Transform Infra Red (FTIR) spectra of pueed laminates, as well as fully
cured plies, were investigated, but did not rexasl significant differences in material
composition/structure with pre-cure. However, giwae noise of the signals, results
were inconclusive and would require greater expenitation to quantify the degree of

cure independently of the DSC analysis.

Data suggest that reduced and more scattered awg\vsgen for extended pre-curing of
plies is likely to be as a result of poor resinwflaluring final processing and poor
bonding of plies/interfacial due to pre-cure expesto temperatures exceeding T
rather than reduced strain on laminate assembdyrasult of initial cross-linking/strain
reduction. This is supported by laminate R, in Wwhtbe laminate still curved even
though laminate is >70% cured before assembly aticc@iring. In this laminate the
provision of extra epoxy resin accomplished fulhbimg between the plies. The epoxy
resin adhesive layer would have shrunk on curing that would have been isotropic in
the plane of the plies allowing stress transfeps&ithe interface, but not contributing
strongly to curvature. The difference in modulusuea between the°0and 90 plies
would result in differential stresses from the lafe strain but this would give greater
curvature than the CTE mismatch, which accountstherradius of curvature values

based on Equations 4.5.

4.4.7. Interrupted Cure Cycles (ICC)

The development of curvature in 4 ply asymmetnmifates during the standard curing
cycle was studied by interrupting the standard ngurcycle at designated times.
Curvature data should be directly comparable tadsted 4 ply laminates in section
4.2.1, as interply bonding in these laminates ghdw similar (unlike laminates
fabricated from the pre-cured plies).

By quenching the laminates directly on removal fritv@ oven in a thin layer of water
(external to the airtight vacuum bag), any adddiaross-linking was prevented.

Any strains generated during matrix cross-linkinrg docked into’ the system given
modulus is high enough to the resist complete e¢lax of stresses upon cooling [43].
Curvatures achieved at designated cure cycle iateduring the standard curing cycle

are shown in Figure 4.29.
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Figure 4.29; Radius of curvature generation witl® I@) minutes (b) temperature for all
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curved laminates (c) temperatures >115 °C. Avedaglg radius of curvature (361 mm)

is indicated by the dashed orange line.

Referring to Figure. 4.29, no curvature arisesluatninates are heated over 100 °C
(157 minutes into curing cycle; sample D). Thigasistent with a Jvalue of 100 °C
(confirmed via dynamic DSC). The absence of culngss-linking would leave the
matrix resin in a rubber-like state with low CTElwes and a small CTE mismatch,
leading to large radius of curvature values.

Curvature development follows the steep curingtkiseseen in DSC trace, Figure 4.29
(a). The final radius of curvature value increase=adily with further cure within
scatter, (E - G) as the matrix converts from tacksin into a hard resin generating
curvature through CTE differences. It then reachgsdateau after vitrification at 267
mins, ~125 °C (H - J), ~330 mm radius, suggestitigctiring and cross-linking at 125

°C are complete and that no further increases in @match occur.
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This saturation of CTE differences is confirmeddyack of curvature increase upon
extending the isothermal dwell for an additionalihérom the standard manufacturing
cycle, point I, Figure 4.29 (c).

The ICC experiment reveals a strong relationshifwéen curvature generation in
standard laminates at 100 °C due to cross-linkinthe resin matrix (increasing the
CTE mismatch); the critical temperature in pre-darainate experiment; and dynamic
DSC.

4.4.8. Modulus Development with Cure, ICC

Figure 4.30 (a) shows the laminate modulus devedsprover the curing cycle, and
resulting curvature. Modulus follows the same trersddegree of cure and radius of
curvature as matrix cross-linking is the basisalbthree. The modulus of the composite
is dominated by the fibres provided that load tfr@neccurs, which requires sufficient

matrix cross-linking.
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Figure 4.30 (a) Modulus and curvature for sele¢@®d laminates, (b) longitudinal
Modulus for ICC single ply tensile specimens withid3ons ratio.
Dashed orange line indicates 100 °C, 157 minutes.

4.4.9. End Constraints

The general behaviour of composite plies duringlai€ation cycle is summarised in
Figure 4.31. The generally good agreement betwkemtedictions of Equations 4.5
and experimentally measured radius of curvatureegsmlsupports the hypothesis that
curvature is dominated by CTE mismatch during th&ing stage.

) (Linear function af the degree if conversion for filly cured specimens)
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Figure 4.31. Schematic diagram of material chamngemg fabrication of carbon fibre /
epoxy composites (adapted from [41,43]).

If shrinkage during curing played a major role thiea plies would need to be locked in
at the start of the isothermal dwell, in which cade alignment between ply ends
should be good. The latter feature would be espeatear for pre-preg. stacks that

were trimmed prior to bagging (co-cured lamina&gctioned ends of cured and cooled
laminates, Figure 4.32, show considerable amounstippage between the plies. This
would be consistent with movement during the logcusity phase of the matrix resin,

I.e. the early stages of the cure and would natdresistent with the plies being locked
in during the whole of the isothermal dwell.

This movement is accentuated when fully cured pliege laminated with un-cured pre-

preg.(co-cure), when extensive flow of the uncuped-preg. took place on curing,

Figure 4.33, leading to variations in fibre fractiorhese sections clearly indicate that
the plies are not locked in during the cure.
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Figure 4.33; End constraint of co-cured laminateese fully cured plies (top) were
laminated with un-cured pre-preg (bottom), showentensive flow of the uncured pre-
preg. on curing .

4.4.10. External Factors; Deviations from Baselin€urvature
The mechanism for initial curvature for asymmelaiminates in the system studied has
been established and accounted for using Equa#iobs The use of asymmetric
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composites would be affected by aspects such gsetature, whilst loading may result
in stress relaxation over time, altering the shaftbe component.

Time and environment are key factors in the longhtbehaviour of composite parts.
Whilst fibres do not show a strong dependence uporperature, the epoxy matrix is
very sensitive to temperature variations causingldrand elastic behaviour at low
temperatures or ductile and viscoelastic behavaburigh temperatures. Consequently,
the mechanical properties of a composite vary Bggmtly within its operating

environment and will change with the aging process.

4.4.10.1. Decay of curvature; stress relaxationelep

The curvature of unbalanced laminates is maintam®d result of residual stresses
‘locked into’ the resin matrix on cooling, in itsgh modulus state. The magnitude of
these residual stresses depends on the curingsstdustory of environmental exposure
as well as the constituent properties.

Traditionally, stress-strain behaviour is modellezsing Maxwell, Voigt or combined
systems, such as four element models. Estimatessafual stresses can be made by
measuring resultant curvature [48].

In order to determine the time-dependence of tke®sses (and therefore the stability
of unbalanced laminates over time), the changemtral curve heighth) as a result of
additional stresses (Laminates 2-4: 10 - 49 N) asldxation of residual stresses
(Laminate 1: Unloaded) were monitored for >6760reQu282 days. The decrease in

laminate curve height is shown in Figure 4.34.
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+0.02 mm.

The data shown in Figure 4.34 were gathered ovarofiths, during which period
ambient temperature fluctuations occurred, whigulted in the periodic variations in
Figure 4.34. These fluctuations are superimposed ganeral exponential decay of the

height with time.

For the unloaded laminate, the change in curvehtheiger time is due to the relaxation
of residual stresses within the matrix. After 60@Qrs, this appears to have reached an
asymptote (within scatter) at the value of -0.383uggesting that the maximum change
in curve height has occurred (-3.39 mm). This sdid@s possible that eventually all
residual stresses would relax from the matrix dredlaminate would return to its flat
pre-cure state.

With the addition of load, the relaxation rate gmses, which may include an element
of creep. The relaxation rate of all loaded lanesatppears to be accelerated initially,
when compared to rate of the unloaded laminate.

Even though varied loads are applied, relaxationezifor all loaded laminates appear
the same within scatter. This is due to the appleadis (10 - 49 N) exceeding the
average 4.7 N load required to flatten them corepteimaking strain experienced on

loading laminates nominally identical.
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4.4.10.2 Analysing stress relaxation / creep
For the unloaded laminate, the change in curvehtheger time is due to the relaxation

of residual stresses within the matrix.

As stress relaxation/creep is governed by Avrarpetparameters (constants k and n

relating to constant applied load and time) an Auranalysis can be applied:

exp (k") = R(t) = FRi
Ro — FRi
whereRo = initial radius of curvatureERI = final radius of curvature as

a function of load an®(t) is radius of curvature at timie

By extending the exponential curvatures, the fradius FRi) at which an asymptote is

reached can be determined for a given load, TaBle 4

Table 4.8. Final and initial radius of curvaturdues, with total change in radiuBRi,

RoandAR respectively, all in mm).

Applied load (N) | Ro FRi |AR
None 305 530 225
10 363.1| 700| 316
Nominally
identical 30 3345 657 322.5
laminate strain
49 363.6| 670 306.4

A linear relationship between radius of curvatund me can then be derived from the

natural log(In) of the exponential curve using:

R(t) — FRE-)

In [exp(—kt™)] =1n ( Ro_FR,

—kt" = In(Mj

Ro- FRIi
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Att=0thenR=Ro, but att = o, R = FRIi. As it is not possible to take a natural log of a
negative number then the equation needs to beedbtim:

R(t)=Ro+ (FRi - Ro) (1~ exp(~kt"))

R(t)- Ro

———=1-exp(-kt"

FRi—-Ro p( )

R(t)- Ro_ FRi-Ro-R(t)+ Ro

FRi—Ro FRi—-Ro

exp( kt”) FRi- R(t)

FRi—

e l(FR_R(t)j

FRi— Ro

expFkt")=1-

The left hand side will be negative after the firsbperation, which prevents a second
In operation and so:

o= RO

FRi-Ro
but
a b
—In(—j = In(gj
b
so that

In(k) + nln(t)='”'”[%_:((t))]

wherek andFRi are functions of loading condition and n is indegent of load.

Figure 4.35 plots the In(t) against the doubleoindach of the four loading conditions.
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Figure 4.35; Ln time/radius plots for all loadingnclitions, (a) unloaded; (b) 10 N; (c)
30.4 N; and (d) 49 N.

Analysis of the Avrami-type plots in Figure 4.3%eals the slopes) and the intercept

(In(k)) values. These values are presented in Table 4.9

Table 4.9. Summary of Avrami parameters from vamaof radius with time.

Load Ln(k) |k (units to bel n

(N) determined)

0 -6.692 | 0.00124 0.8
10 -6.393| 0.00167 0.8
30.4 -6.148| 0.00214 0.8
49 -6.066 | 0.00232 0.8

The values of n determined are identical (withipexxmental error) indicating that the
same mechanism is acting over the times, tempesaturd loads studied.

The increase ik value despite identical applied strain and thersséibn ofn values
above 30 N for loaded laminates relaxing for >4000rs is consistent with an energy
increase due to compression of laminates as a i@dokading.

From these relationships, for a given load and é&rendn, the variation in radius of

curvature can be estimated from:

R(t)=Ro+ (FRi- Ro) (L~ exp(-kt"))
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This will require knowledge ofRi to be fully predictive, but the rate of relaxatican

be predicted.

4.4.10.3 Variation of curvature with temperature

The epoxy matrix of carbon fibre composites is v@epsitive to temperature variations
due to thermal activation of molecular motion/reaagement rates. However, the
influence of temperature is not only limited to mamaterial. In the fibre direction, a
composite can also experience a change in propevtte temperature.

To demonstrate variations in laminate behaviouhwé@mperature, laminate strains
were monitored during heating and cooling, fromtBT30 °C to RT.

Figure 4.36 shows an example of the change imnstmaiheating and cooling of a 4 ply
laminate, Y2.

On heating, the laminate increased in longitudistahin, (Matrix) (Region [), then
entered a near neutral strain state at *©0(Region IlI) where the laminate lost all
curvature and flattened out as the® Qfly expands to its maximum, (restricted by
adjacent 0 plies as they will not compress under expansio®af plies; required to
cause reverse curvature) and strain mismatch ialisgd, determined as its stress free
temperature (d5). At temperature there may be some creep of tiepB0material at
the interface so that it expands and matches thaly0— this would be equivalent to
slippage during the curing process, although furtieing may not be taking place. The
laminates were also not re-heated immediately d#brication and so some stress
relaxation would have taken place; this would explehy the stress-free temperature is
not the original curing temperature.

On cooling, the CTE mismatch would act immediatelgause laminate curvature, i.e.
curvature re-formation is not delayed until thees¢rfree temperature on heating was
achieved on cooling. This would then lead to a tgredifference in contraction between
the differently oriented plies and so a greateveureight Ah) on cooling back to room

temperature.
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The behaviour for re-heating of fully cured lamesin Figure 4.36 is also shown for
ICC laminates, Figures 4.37 and 4.38, Table 4.10@,tbhe effect is exaggerated for
laminates cured to 90-110 °C initially. This woldd consistent with increased curing
and cross-linking occurring during the re-heatirfgtteese laminates that would not

occur for those initially cured at higher temperagu
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Figure 4.38; Initial and final internal laminaterea height as a result of re-heating to
130 °C.

Table 4.10. Change in curve heighhj (mm) following heating of ICC laminates

ICC Temp ICC Time | Curve height | Curve Height

(°C) (mins) Init Final Ah
70 97 0 0 0

90 137 0 0 0
110 177 0 4.56 4.56
117.5 192 3.69 6.24 2.55
125 207 5.63 7.94 2.32

The variation in curve height with temperature ¢ooling below room temperature is
linear, Figure 4.39; a trend that extends up tosthess-free temperature. As the effect
of CTE mismatch is assumed to be linearly dependerthe temperature change, this

further supports the dominant role of CTE mismatotcurvature and so curve height.

115



9
I
A 8 A Primary
A 7 Curvature ——
T A
£ OA
-~ | \\A\
L o) ~_
® Y
(] 4
: \\\
3 2 BN . Tse |
L I
0 A
-40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90 100 110
Temperature (C)

Figure 4.39; Curve height with temperature for ARfly laminate, curve height equals

zero at pre determined stress free temperatug, @0 °C.

4.5 Limitations of linear theory

The simple models presented in Section 4.2, Equailo2-4.5 use linear coefficients of
thermal expansion and a constant strain gradierdugfn thickness to determine
curvature-thickness relations. These assumptiam $tom the basic principles of the
bending of beams, bimetallic strip theory (Figur&g).

Models assuming that curvature generation is domthaby differential thermal
contraction between 0 and 9plies on cooling and omitting shrinkage (Equatidné —
4.5) are closest to those curvatures determine@rgwpntally. These, however, still

overestimate the degree of curvature.

Boundary conditions for best fit model, Equatiors 4

1) Plies are not locked in during the cure and rmave relative to one another during
the shrinkage stage.

2) Complete slippage of plies at the interfacemythe curing hold.

3) Curvature is just due to differential thermahtaction on cooling after the cured

plies are locked together.
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As applied, the models (Equations 4.2 — 4.5) assinaeCTE and strain inputs to be
independent of ply orientation and position assgmhomogeneity and isotropy
(properties be the same in tension and compressiot)no temperature dependence
over the cooling temperature range. The materiasssimed to be fully cured at the start
of cooling and is allowed to cool and contract inuenconstrained condition, i.e. mould
surface and vacuum bag effects are ignored. Thettre generated is assumed to fit a
circular arc, but may also fit an ellipse.

The assumptions of the simple models and theictsffen curvature will be detailed in

the following sections.
4.5.1 Model Assumptions

4.5.1.1 Constraints

Model boundary conditions assume upper and Iloweninate surfaces are

unconstrained and that the plies at those locatimiergo ‘free thermal contraction’.

The only effect of neighbouring plies would be thatgive a constant strain gradient
through thickness. In practice, however, individpigés may influence the expansion or
contraction of the adjacent plies preventing théeowlies from undergoing ‘free

thermal contraction’. The effect of vacuum pressugestraint and stress relaxation will

be detailed later in this section.

45.1.2 CTE

The linearity of thermal expansion coefficients aimposites has been shown to be
affected by a number of factors including the therand elastic properties of the
constituents, extent of cross-linking and thermiatdny of the resin matrix, ply cure
constraints upon stacking to form a laminate andpoocessing, orientations and
distribution of the fibres within the matrices, astr transfer and quality of interply
bonding.

Model input values fot °cre ando Pcre (01 anda2) were determined by measuring
CTE values ad¢ / AT at select intervals over the entire temperatarge, from room
temperature to ~90 °C then taking an average. AE @ith temperature is only a
smooth function if the material is not undergoinghease transition, any deviation from

linear trend will not be accounted for in the mobdglusing average values, assuming

117



uniform CTE. The calculated CTEs for each tempeeatiep are presented in Table

4.11

Table 4.11 Calculated °cre anda ®cre (a1 anda2) for each temperature step from RT

- ~90°C
Ave. CTE
CTE (x10°/
Laminate (x10-6/°C) 2C 3PC 48C 58C 68C 7PC 8PC 9PC °C)
CFC O Laminate 1 2 Matrix 342 372 373 352 352 367 322 35.4
CFC O Laminate 2 2 Matrix 23.0 227 228 222 227 239 237 227230
CFC O Laminate 1 41 Fibre 0.4 1.7 3.4 2.2 2.2 0.6 2.7 47 2.2
CFC @ Laminate 2 41 Fibre 0.4 0.7 0.6 1.2 0.7 05 -03 0.7 04
Ave. CTE
CTE (x10°/
Laminate (x10°/°C) 29C 3PC 46C 5%C 6£C 7#C 8FC 92C °C)
CFC 90 Laminate 1 42 Matrix 257 373 334 334 284 307 295 256305
CFC 90 Laminate 2 42 Matrix 227 367 31.7 323 261 292 328 223292
CFC 90 Laminate 1 41 Fibre 5.7 0.4 2.8 1.1 0.0 1.2 0.6 23 1.8
CFC 90 Laminate 2 41 Fibre 4.7 1.4 11 0.0 05 02 0.6 0.6 0.7

Figure 4.40 shows experimental strain behaviourarfge in dimension/orignal
dimension) for the UD 4 ply laminates (P & Q). These similar for most laminates at
temperatures<40 °C, (excluding 0° Laminate 2) following an apgroately linear

trend until higher temperatures (>55 °C) where strain and calculated CTE values
show a greater deviation from linearity and betwkaninates. This could result from
the molecular structure of the polymeric resin, hsuas from the relaxation
accompanying the softening of the resin associatgd an approach to the glass

transition temperature.

The range in average linear experiment2l CTE values 22.2 - 37.8%% /¢ would

result in a 41 % variation on predicted curvatiRé 867.63 - 215.96 respectively) with

al constant at 0.7%®/°, Equations 4.5, maintaining the significance afdel input

data accuracy for model validation. Given this atoin the non-linearity effects would
be small.
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Figure 4.40. Strain perpendicular to fibre axissusrtemperature for UD 4 ply

laminates

As in-plane thermal expansion behaviadris dominantly dependent on the reinforced
carbon fibre, its temperature dependence would Xpeated to be more linear in
agreement with model assumptions. This said, thainstparallel to the fibre vs

temperature does show a slight non-linearity, Fgdr4l, resulting in a range in
calculatedul CTE values from -1.4 to 5%°°/°C, giving a 23 % variation on predicted
curvature (R/t 258.36 - 336.17 respectively) wheris assumed constant at 28:%°/

°C. Equations 4.5.
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Figure 4.41. Strain parallel to fibre axis verseimperature for UD 4 ply laminates
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This non-linearity with response to temperature msethat assuming uniform CTE
input value and assuming a fixed strain in the @@%s does not account for individual
ply behaviour, and can only function as an appretiom of curvature generation.

Factors such as differences in expansion behawoer to varied fibre orientation,

alignment of plies, degree of cure and/or strainggaplacement (supported by the
significant difference between nominally identic® Laminates 1 and 2 strain
behaviour, Figure 4.40) will tend to reduce thevature generated compared with th
simple model.

To improve the accuracy of model predicted cunegunon-linear thermal behaviour
may need to be considered and used to expand #ie simmple model, applying the

CTE in temperature steps to follow the developnoérdurvature during and at the end

of the cure cycle as CTE values vary.

4.5.1.3 Strain Gradients — Slippage at Ply Inteefsc

In addition to non-linearities seen experimentahy input CTE values, it is also
important to consider the effect of strain gradsenrt the generation of residual stresses
between the surface and inner of laminate struciitre assumption of a linear through-
thickness strain gradient would give squared offgrids; experimentally the plies ends
tended to be stepped, Section 4.4.9. This woulddpsistent with slippage at the ply
interfaces during cooling, which would reduce srizansfer between plies and reduce
the curvature achieved experimentally when compé#wethat predicted in Equations
4.5. The simple model assumes that laminate sgaantinuous and linear, Figure 4.42
b. However, the stress / strain relationships ifbaa fibore composites are non-linear
and are dependent on geometric conditions suchigleness ratio, material relations
(modulus) and loading parameters (composite modulurges in compression than
tension during bending). This non-linear stressrdirs behaviour in multidirectional
laminates is caused because modulus values varyghp to ply giving discontinuities
in stress distribution through-thickness (Figuré24c). These discontinuities in stress
through-thickness would be amplified for the cabeamplete interply slippage during
curing (Equations 4.4 — 4.5), (Section 4.4.9)
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Figure. 4.42, Schematic of strain distribution iMO@® laminate a) tensile and

compressive strains of asymmetric laminate, threthgtkness b) continuous and linear

strain c) discontinuities in stress as a functibslippage between plies.

Experimentally, the significant effect of lamindémgth to thickness ratio on curvature
and the magnitude of the out of plane displacemeinBT shapes support that strain is
not constant through thickness and stress distoibsitare not symmetric about the mid

plane.

A decrease in curvature with an increase in numbérglies suggested byun and

Hong 1992[11] is likely if stress transfer is non linear, a@mparison to the linear

curvature/thickness relationship predicted in basodels, Figure 4.43.
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Figure. 4.43 Predicted and experimental curvatmtsthicknesspOCTE=0.7 and
a90CTE=29.2 (Equations 4.5)
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Further model developments should include non-tiséain-displacement behaviour of
asymmetric laminates, modelling the entire thicknesinclude the spatial variation of
strains, shear strains, strain fields and displagrfunctions adun and Hond11] to
account for the presence of thermal residual img@kshear strain (deviation from perfect
cylinder), material inhomogeneity (non-uniform #brdistribution between layers,

defects) and laminate stiffnesses considered.

4.5.1.4 Stress relaxation.

In addition to the interply constraints detaile@éyously, the time / load dependence of
the epoxy matrix must also be considered. The egiphn of pressure / load upon the
composite laminate through the vaccum bagging p(@8000-91000 Pa) is suggested
to constrain the laminate on cooling causing axedlan of stresses in the epoxy matrix
which would reduce experimental curvatures. Thesstrrelaxation effect is greater
under higher loads and temperatures (Section 4,416h as those during cure

The omission of stress relaxation effects in tingpge model may also contribute to the
overprediction of curvature values. A change inveuneight Ah) (2.32 mm) following
the re-heating of ‘fully cured’ ICC laminates tooale Tg is representative of the cure
height that would be achieved without vacuum camstrunder standard atmospheric
pressure (101325 Pa). As vacuum-bagged, the radigsirvature for the ICC 4 ply
laminate was 315 mm. Re-heating and cooling resuttea radius of curvature of 250

mm, in line with predicted curvatures of 281 mm ({&tijons 4.5).

4.6 Applications

4.6.1. Bistability

Aspect ratio (length:width) has been shown, Secdoh3, to have little effect on

longitudinal panel curvature, although it may sgigninfluence the bistability of the

panels.

Laminates with an aspect ratio of 1:1 (square®,exipected to achieve curvature in
both longitudinal and transverse directions du€mostly) differences in CTE values
between plies. Thus if strains are equal throughand CTE values comparable, the

entire panel should reduce uniformly producing équavatures in transverse and
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longitudinal directions, generating a ‘saddle’ shajeformation, widely predicted in
CLT [7,11,13-15].

Laminates with differing aspect ratios (1 - 2) wenanufactured to assess curvatures
generated in both longitudinal and transverse tioes; primary and secondary

curvatures, Figure 4.44.

1) Primary 2) Secondary

Figure 4.44; Primary and secondary curvatures:n@glis 1 and 2. Where primary

curvature of square laminates was determined byrisater strain in the 9(ly.

Laminates with AR values from 1 - 1.5 all exhibistability, with stable curvatures in

both longitudinal and transverse directions.

AR = 1 laminate 145 x 145 mm shows similar radiiswvature values in both axes
and requires a force of 7 N to snap through from ghmary to secondary curvature
state.

In comparison, with a decrease in laminate widtR @& 1.5) the radius of curvature for
secondary curvature significantly decreased anddiee required to change between
states is significantly reduced (4 N), Figure 4.45.

For laminates with AR = 2, no radius of curvatuoe $econdary curvature could be
measured as the laminate was not stable in thendanp curvature morphology and
immediately snapped back to the primary curvatureroading.

Data show a correlation between secondary curvaturee height and bistability of

laminates. Therefore, any decrease in curve haghtfunction of aging (stress relieve /
creep) will alter the behaviour of carbon fibre laates and may lead to a loss in

bistability altogether.
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Figure 4.45; Radius of curvature values for primamg secondary curvatures of various

AR laminates along with snap through force requicehitiate secondary stable shape.

4.6.2. Predicting bistability

Plotting laminate length against width, with itsiliyp (or lack of ability) to change
between cylinders 1 and 2 provides a tool to ptetie bistability of 4 ply laminates by
keeping l:w outside of red/orange areas, Figuré.4.4

The red region in Figure 4.46 showed no bistabilithilst the orange area represents
panels that showed initial bistable behaviour, Whizas lost as stress relief / creep
resulted in loss of secondary curvature curve Heigth time. The boundary between
the orange and green regions will be time-depenaleditwill move to the right until the
loss of curvature with time has saturated, Figugd 4
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4.6.3. Snap through with temperature

Bistable asymmetric laminates with AR = 1 expereh@ large increase in primary
curve height (+ 3.5 mm at -30 °C) and snap throtaghke (+ 7 N at -30 °C), on
exposure to decreased temperatures, Figure 4.43.iMdreased snap through force is
likely to be as a result of increased differentiermal strain due to CTE mismatch as

temperature decreases, Figures 4.39 and 4.48.
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Figure 4.47; Load/deflection traces for laminatéwAR = 1 with temperature (itC in
legend).
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Although the two radius of curvature values for@gulaminates should be equal, that
for secondary curvature is often less than thapfonary curvature, Figure 4.49. This
would indicate that some aspect of manufacturing, tbe presence of a breather fabric
means that the shrinkage during cooling normaheofibres in one set of plies is less
than that for the other set of plies. The causthisf manufacturing effect has not been
identified nor fully quantified, but it does medmat bistability is lost at temperatures
well below the primary curvature stress-free terapge, Figure 4.49. For laminates

fabricated in this study, bistability is lost atniperatures slightly above room

temperature.
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Figure 4.49; Primary and secondary curve heightsmf laminate with AR = 1, where
extending line of best fit indicates temperaturechiturvatures is predicted to equal

Zero.
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4.6.4. Snap through with stress relaxation

As noted above, stress relaxation should causes twgight to reduce over time. Given
the strong relationship between secondary curvatmé bistability, reduction of
curvature with time will result in only one cylindgenerated, and will therefore no
longer exhibit bistability. Figure 4.50, shows theduction in both primary and
secondary curve heights for AR 1-2 laminate aftéiddys at room temperature, when
the bistability would be expected to decrease.
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Figure 4.50; Reduction in primary (Hx) and secogdaty) curvature curve heights for

different AR value panels over a period of 20 dafgsr laminate manufacture.
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5. Conclusions and Further Work

5.1. Conclusions

The aim of this project was to identify the factamntrolling curvature generation in
asymmetric carbon fibre laminates in order to qianiely describe their behaviour.

A range of carbon fibre composite laminates weraufectured, with varied geometries
and cure conditions to establish the effect oféHastors on curvature.

In addition, the bistability and stability of cutuae with pre-preg. age, temperature and

time was also investigated. The major findings fithis study are listed below.

* The largest effect on radius of curvature is tHathackness, showing a linear
dependence, which is consistent with the geométefi@ct and a constant
strain.

e The longitudinal radius of curvature is not affectby aspect ratio (given
laminate manufacturing variables, stacking sequesmceé pre-preg. age are
comparable), which is in agreement with constaratirst However, aspect ratio
is shown to influence the laminates bistability.

» Comparison between predicted and experimental sahgicates that curvature
in the epoxy systems studied is dominated by thE @ismatch on cooling.

» Accuracy of the developed models is highly depehaenthe quality of the
interfacial bond between plies, with model curvatsuggesting plies are not
‘locked in’ during the isothermal curing dwell, @Ning for the slippage of plies,
the extent of which is validated by image analysis.

« The dependence of curvature formation on cure kage is negligible for the
MTM28-1 epoxy system.

* Reduced degree of cure is shown to result in re@EE mismatch, giving
larger radius of curvature values for a given laaterthickness.

e The development of curvature with temperature omlieg below room
temperature is linear, the strain due to CTE mismét also a linear function of
temperature in this range.

» Largest deviations from model predictions were séen laminates with
extensive voiding (resulting in varied forces withthe matrix) and for aged

matrix material.
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* The stability of asymmetric laminates is a functioihtime and temperature.
Over a period of weeks to months, laminates shawddction of curvature due
to stress relaxation/creep, whilst some lost thétyalo ‘snap-through’, either
permanently or until lower temperature increasédthsss / residual stresses.

* Unbalanced laminates that developed unequal stosirmuring for the opposite
sides resulted in panels showing bi-stability, panels, which showed both
primary and secondary stable shapes. Bi-stablelgpank ‘snap-through’ if the
strain in the secondary state is sufficiently latgeovercome the restorative
force from the primary state. This study found thastability was shown for
square and rectangular panels, provided that thgtHewas sufficiently large
compared with the thickness.

5.2. Future Work

A mechanism has been established for curvaturergeéme in a small range of carbon
fibore composite systems. Extension of this workustidoe made to generalise this to a
wider range of fibre reinforced systems, e.g. déf¢ matrices including thermoplastic
materials and glass fibres. The behaviour has leeaunted for by consideration of
curing and CTE mismatch stresses, but this is ha@ atage where it is predictive.
Hence, the curing / CTE / modulus behaviour needbe quantified and linked to
Equations 4.5 in this study so that lay-ups andntlaé treatments can be designed for
given curvature / bistability criteria. These desigvould then need to be fabricated and

assessed in order to validate and verify the mmdgelldesign approach.

The decay of curvature and bistability has beemaatarised, but, again, this needs to
be quantified and a resin system state establigtadwvill provide either a greater final
curvature or a curvature that resists stress retiedep more effectively. The behaviour

of these modified systems would need to be queuntifi

The original thrust of this project was relatedstape changing sports equipment and
S0, once bistable shapes have been designed wifitiesu longevity, actuating devices
(shape memeory alloys and piezoelectrics) can berporated to give control of the
bistability beyond just a load trigger.
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