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a. There must be a significant level of innovation

b. The work must be of high quality

C. The work should contribute to Standards and/or Codes of Practice

d. There should be a width of beneficiaries/users of the work (including by

sector and company size)
e. The work should be pertinent to trade

fi The work should be pertinent to public policy (regulation, including safety
and external policies)

O
CPD1: Structural Response and Integrity
CPD2: Life Assessment and Prediction
CPD3: Interface Characterisation and Behaviour
CPD4: Manufacture, Safety and Design: Specific Issues
CPD5: Dissemination, Standardisation and Reviews

This document has been produced as part of the Composites Performance and Design programme for the
Department of Trade and Industry’s ‘Engineering Industries Directorate’, under its Materials Measurement Programme.
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Objectives

As part of a series of theme meetings within the Composites Performance and Design
programme, the objectives are:

. To present to UK industry details of the research results from the CPD projects on
development of test and predictive methodologies for engineering data on the long-
term performance of PMCs, trends in standardisation, etc.

To enable UK industry to outline their own experiences and future requirements.
To enable other Research Organisations/Universities to present related work.

. To discuss maximising the industrial relevance of the projects, developing a UK

viewpoint and identifying generic future requirements.

Programme
Life Assessment and Prediction - Dr Bill Broughton (NPL)

Fatigue Research Wish List for Composite Wing - Dr Martin Gaitonde (B Ae Systems)

Cost Effective High Cycle Fatigue Testing - Dr Rod Martin (MERL)

Fatigue Performance of Composites with Terminating Plies - Prof. Mike Wisnom (tlmv. of Bristol)
Standardisation Issues in Fatigue- Dr Graham Sims (NPL)

Some Composite Modelling Issues for the Prediction of Fatigue Performance - Dr Neil McCartney
(NPL)

Fatigue Life Prediction - Requirements and Methodologies - Dr. Andrew Davies (DERA)

Analysis of Damage Mechanisms in Fatigue of Fibre-Reinforced Epoxy Laminates -
Dr Costas Soutis (Imperial College)

Lifetime Prediction for FRP Components - Prof. Frank Matthews (Imperial College)

A Constant Life Model for the Prediction of Fatigue Life in Reinforced Plastics -
Prof. Bryan Harris (Univ. of Bath)

Summary

The ten technical presentations, summarised below, covered a wide range of topics from the
research and development work in CPD2, industrial applications and needs, cost effective
testing, test methods and standardisation issues, structural testing and analysis and
predictive modelling (including fracture mechanics, physically based modelling of
micromechanisms, damage mechanics, 3-D finite element analysis, lifetime prediction and a
constant life model). 31 delegates attended.

The presentations highlighted the relevance of both simple analytical formulations and
frameworks to aid engineers and the need for longer term research into the modelling of
physical mechanisms of damage initiation and progression in composite laminates and
structures. There is an immediate requirement by designers/engineers for frameworks in
order to provide reasonable confidence for use in high cycle applications. Physical based
models should provide the fundamental understanding required for the improvement in the
use of existing materials and development of new materials. These two approaches are
complementary and with time should merge. If either of these approaches are to be used in
confidence, experimental validation using consistent standardised test methods is necessary.
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1 Project CPD2 - Life Assessment and Prediction
Dr Bill Broughton (NPL)

Dr. Bill Broughton’s presentation focused on fatigue testing of composite
rods/impregnated strands and laminates (unidirectional and cross-ply) as part of a
building block approach to understanding fatigue of laminates. Methods of
manufacturing and testing impregnated strands and small diameter composite rods
were shown along with typical S-N data for E-glass fibre-reinforced polyester rods
and glass fibre-reinforced epoxy laminates. It was shown that the normalised S-N
response of composite rods and laminates can be approximated by the same simple
algebraic expression. Preliminary work on a waisted laminate specimens showed
improved performance over rectangular specimens (currently specified in the
international standard ISO 527-5). Carbon fibre based unidirectional laminates
showed excellent fatigue performance. Future research activities will include
transverse crack measurement and loss of stiffness and strength for 0/90 laminates
with loading cycles. The results are to be compared with physically based modelling
of micromechanisms being developed at NPL by Dr Neil McCartney.

2. Fatigue Research Wish List for Composite Wing
Dr Martin Gaitonde (BAE SYSTEMS, Airbus)

Mr. Martin Gaitonde focused his presentation on research requirements for the
Composite Wing programme at BAE Systems (Airbus). The work covered AMCAPS
II programme (Affordable Manufacture of Composite Aircraft Primary Structures)
with particular emphasis on the ‘Fatigue Analysis’ method developed. The
presentation highlighted current practices, providing details on typical fatigue
regime for large civil aircraft and the background and benefits to the use of “no
growth” approach for design. The presentation covered compression fatigue tests
conducted at DERA and material screening against fatigue. Finally, the speaker
provided a wish list for both in-plane and through-thickness fatigue, bolted
constructions, impact dent depth relaxation and evaluation of load/life factors for
various structural details/materials.

3. Cost Effective High Cycle Fatigue Testing
Dr Rod Martin (MERL LTD)

Dr. Rod Martin spoke of the importance of fatigue testing where delamination was a
primary damage mode, providing examples (Bell helicopter rotor system and GE fan
blades) where high fatigue cycles were a performance issue. The presentation
highlighted how automated crack growth modelling aids the use of fracture
mechanics and the advantages of using electro-mechanical multi-station equipment
as a cost effective validation method. The presentation highlighted the need for
fatigue tests to be conducted to 10° cycles and beyond with statistical accuracy if the
data was to be used for design purposes. It was concluded that fracture mechanics
should be used where delamination/cracking was a primary damage mode, where
stress singularities exist and where damage tolerance is an issue. It was also stated
that Global/Local modelling allows the complexity of fracture modelling to be
achieved and that closed form solutions may give first order predictions.
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Fatigue Performance of Composites with Terminating Plies
Prof. Mike Wisnom (University of Bristol)

Prof. Mike Wisnom presented results and the conclusions from tests conducted on
tapered structures with terminating internal plies under tension fatigue loading. A
number of factors were investigated (number of terminating plies, number of
continuous plies, orientation of terminating plies, effect of taper, R ratio, stress rate
and different materials) The strain energy release rate was determined for
delamination along the interface between discontinuous plies and continuous plies
for different lay-up combinations. It was observed that that failure mechanisms were
similar for both static and tension fatigue with failure by delamination between
continuous and discontinuous plies and that delamination starts immediately with
no apparent threshold. Low R ratios were most damaging, whereas stress rate was
not significant. It was concluded that the Paris law fits the data well, different
specimen lay-ups have different crack growth rates with the delamination growth
rate being similar for the same AG/G_ratio. Also, the number of discontinuous plies
was very important with terminating 0° plies much worse than + 45° and that the
taper is beneficial.

Standardisation Issues
Dr Graham Sims (NPL)

Dr. Graham Sims spoke on standardisation issues relating to fatigue . testing.
Highlighting some of the progress made in ISO 13003 (Fatigue - General Principles)
and also briefed the delegates on the VAMAS fatigue round robin exercise. Dr Sims
presented an overview of recent standards on mechanical testing (tension,
compression, shear and flexure) of PMCs, mode I fracture toughness, plate-twist test
(in-plane shear modulus), new work items relating to the open-hole tension, open-
and filled-hole compression, pin-bearing and double notch shear tests, and ISO 1268
test panel manufacture. Uses of fatigue tests and fatigue test selection were also
covered along with ASTM, AFNOR and CRAG related fatigue procedures/standards
activities. A number of additional issues, such as the effects of rate/ frequency,
temperature, holes and notches and moisture, and damage monitoring and scatter
bands were also included in the presentation. It was shown that by suitably
normalising the data, all these factors reduced to a single normalised S-N curve for
the GRP fabric standard. Dr. Sims concluded by saying that the progress made on
static testing is being extended to fatigue testing and that review versions (CD, DIS)
were now available for balloting via the national standards bodies.

Some Composite Modelling Issues for the Prediction of Fatigue Performance
Dr Neil McCartney (NPL)

Speaking on modelling issues, Dr. Neil McCartney reviewed some important issues
relating to prediction of fatigue performance of PMCs and their progress. A
description of progress of modelling fatigue damage development in composite
laminates at the material (rather than structural) level was presented. It was stated
that an empirical, such as the Tsai-Wu polynomial failure criteria was not based on
any physical phenomena and was not easily applied to environmentally or fatigue
damaged composites. It was emphasised that physically based models were needed
and that failure modes must be modelled and understood. A brief summary of
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fatigue damage development was presented along with fundamentals of
microstructural damage growth laws for composites (fibre and matrix) and metals.
The mathematical analysis of degradation of properties of cross-ply laminates was
shown. Plots were shown of predicted stress-strain behaviour, degradation of axial
modulus and ply crack growth for a [0/90], CFRP laminate. It was concluded that
this area was still in its infancy and that there was a need to co-ordinate activity in
the field within the UK in conjunction with industry. The way forward was to
develop agreed design rules and validation of both models and design methods.

7. Fatigue Life Prediction - Requirements and Methodologies
Dr. Andrew Davies (DERA)

Dr. Andrew Davies spoke on fatigue life prediction research in progress at DERA in
collaboration with Bath University, Cambridge University, Imperial College and FFA
(Sweden). The roles of each organisation and interactions was presented along with
brief overview on the background and objectives of the fatigue programme. Dr
Davies emphasised the importance of developing damage initiation and growth
predictive methodology and fatigue life prediction capability for PMCs and
structures in order that tougher materials could be employed with confidence at high
strains and stresses. The audience were briefed on the proposed work (including
materials, test configurations, damage monitoring techniques and modelling
approach) to be carried out by DERA and the partners within the programme.
Details of work undertaken at DERA by Dr Emile Greenhalgh was also presented.
Finally, Dr Davies concluded by discussing the deliverables for the research
programme and their relevance to MoD interests both in current and future
applications.

8. Analysis of Damage Mechanisms in Fatigue of Fibre-Reinforced Epoxy Laminates
Dr Costas Soutis (Imperial College)

Dr Costas Soutis presented an overview of the research carried out at Imperial
College on modelling of layer damage of composites using a new approach based on
the Equivalent Constraint Model (ECM) of the damaged lamina. This approach was
shown to be applicable to determining multilayer matrix cracking and delaminations
in glass/epoxy and carbon/epoxy laminates. The approach provides closed-form
expressions for the reduced stiffness properties of the damaged laminae as well as
the strain energy release rates associated with matrix cracking and delaminations.
The parameters controlling the damage laminate behaviour were identified. It was
shown that the predictions using the ECM approach compared favourably with the
results obtained from other models and experimental data (see summary attached to
presentations).

9. Lifetime Prediction for FRP Components
Prof. Frank Matthews (Imperial College)

Prof. Frank Matthews outlined the research at Imperial college on predicting fatigue
life of composite structures and how current work is being aided by previous
experimental work in the area. Previous experimental work (including objectives)
were presented along with experimental results from four-point flexure loading of
composite I-beams. It was shown that undamaged I-beams exhibited no detectable
damage for tests conducted to 8 x 10° cycles. Fatigue failure was observed to occur
after 4.78 X 10° cycles in I-beams containing 60 mm diameter circular notches which
were located in the flange. Current research resulted in the development of a reliable

4
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method for the prediction strain energy release rate using finite element method and
an automatic search technique for the detection of fatigue damage using an
intelligent computer program. It was observed that coupon fatigue was not suitable
for simulation of the I-beam, probably due to differences in the stress field between
the two configurations. Prof. Matthews concluded with suggestions for future work
in this area.

A Constant Life Model for the Prediction of Fatigue Life in Reinforced Plastics
Prof. Bryan Harris (University of Bath)

Prof. Bryan Harris presented a constant-life model for the prediction of fatigue life of
PMCs, which was shown to apply for both CFRP and GRP materials under tension-
tension, compression-compression and tension-compression fatigue loading regimes.
The procedure, involves measuring tension o, and compression, o, strengths and
obtaining S/N data at different stresses and R ratios. This information enables the
solution of a simple algebraic relationship to obtain the S/N curve for any R ratio and
enables constant-life plots to be constructed for any number of life cycles, N,. It was
shown that constant-life model was applicable to both virgin (i.e. undamaged) and
impact damaged laminates with different stacking configurations. Constant-life
parameter f (see attached presentation) for both CFRP and GRP laminates (virgin or
impact damaged) for a constant life of 10° cycles was shown to linearly decrease with
log o /o, with straight-line of best fit passing through all the data at N, = 10° cycles.
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Fatigue Research Wish List for Composite Wing

Dr Martin Gaitonde (BAe SYSTEMS)
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Cost Effective High Cycle Fatigue Testing

Dr Rod Martin (MERL)
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Fatigue Performance of Composites with Terminating Plies

Prof. Mike Wisnom (BRISTOL UNIVERSITY)
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Standardisation Issues

Dr. Graham Sims (NPL)
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Some Composite Modelling Issues for the Prediction
of
Fatigue Performance

Dr. Neif McCartney (NPL)
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Fatigue Life Prediction - Requirements and Methodologies

Dr. Andrew Davies (DERA)
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Composites Performance and Design, Theme Group Meeting, NPL Tuesday 4™ April 2000

Analysis of damage mechanisms in fatigue of fibre-reinforced
epoxy laminates

Costas Soutis and Maria Kashtalyan

Department of Aeronautics, Imperial College of Science, Technology and Medicine
Prince Consort Road, London SW7 2BY, UK

Resin-dominated damage modes, such as matrix cracking and delamination, are common
failure mechanisms in composite laminates and are of primary concern in the current design
with composites. Transverse cracking in the 90° ply has long been recognised as the first
damage mode observed in composite laminates under static and fatigue tension as well as
thermal loading. It reduces the laminate stiffness properties and is detrimental to the laminate
strength. It also triggers the development of other harmful damage modes, such as
delaminations at the free edges of the laminate and/or local delaminations, growing from the
matrix crack tips.

Under multiaxial or general in-plane static or fatigue loading (mechanical or thermal), damage
may affect more than one layer of the laminate, and different damage modes can interact with
each other. Until now, multilayer damage of composite laminates has been very little
modelled theoretically or simulated numerically (by means of the finite elements). In this
study, a new approach based on the Equivalent Constraint Model (ECM) of the damaged
lamina [1, 2] is applied to investigate multilayer matrix cracking and delaminations induced
by it in glass/epoxy and carbon/epoxy laminates. Instead of considering a representative
element defined by the intersecting pairs of cracks, intrinsic to the earlier models, inter-related
problems for ECM laminates are solved. The approach provides closed-form expressions for
the reduced stiffness properties of the damaged laminae as well as the strain energy release
rates associated with matrix cracking and delaminations. The latter are used to predict damage
initiation. The parameters controlling the damage laminate behaviour will be identified. It will
be shown that predictions of the new approach compare favourably with the results obtained
from other models as well as experimental data.
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1. Zhang J, Fan J, Soutis C. Analysis of multiple matrix cracking in [+, / 90,], composite

laminates Part1: In-plane stiffness properties. Composites 1992;23(5): 291-298
2. Zhang J, Soutis C, Fan J. Strain energy release rate associated with local delamination in
cracked composite laminates. Composites 1994; 25(9): 851-862
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Transverse cracking in a) [0/90]; and b) [0/90,], laminates



X-ray radiograph of a [0/90,] T300/5208 laminate at Stage II, 0.7S
Jamison RD, Schulte K, Reifsnider KL, Stinchcomb WW (1984) Characterization and
Analysis of Damage Mechanisms in Tension-Tension Fatigue of Graphite/Epoxy Laminates.

In: Effect of Defects in Composite materials, ASTM STP 836, American Society for Testing
and Materials, 21-55
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A Constant Life Model! for the Prediction
of
Fatigue Life in Reinforced Plastics

Prof. Bryan Harris (UNIVERSITY OF BATH)
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Constant-life plots for virgin and damaged [(£45,0,),), laminates.

(a) E-glass/913 glass/epoxy (2] impact damage);
(b) HTA/982 carbon/epoxy (1J (closed symbols) and 2J (open symbols) impact damage).

The data points are shown only for the damaged materials in order to avoid confusion.
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Mathcad Worksheet for the Prediction of S/logN, curves from the constant-life function

Fatigue functions: q= f(l _ m)“(c + m)v a=acg alt/ G; m = Gm/ct c= Gc/ G,
R= Onax/Omin Cait = 1/2611133(1 - R)
Sat = on(1-R)/(14R) Op = VOl + R)

insert properties for laminate:

Material properties: . ile strength: 0 ¢ 1= 1.267
(4]
compression strength (+ve value). ¢ =1 ci=-C c= 0789
[
t
fvs ¢ relationship example for Ny = 10° cycles: log(f)=-0.15 — 1.058-log(c)
f:= 0.708-¢ f= 0.551
Fatigue data. Enter stress/life data for R = 0.1 (data file = data(stress, life)
— <1> — <2>
6 mayx = data N ¢ = data
i:=1. length (N f} z = log \N f.’
From Constant-life plots: u=213 v =233 Mearn u and v values for CFRPs:

enter actual values if available

Dependence of 'f on strength: { = ach where o and B are both functions of logNf

For f as a function of logN;  if n=logNs
a(n) = 0.94 + 0.03-n - 0.016-n”

(curve fits from Origin plots)  $(n) = 0.938 + (8.4-10°%)-exp \Tgﬁ/ a(5) = 0.69

) B(5) = 1.053
f(n) = a(n)-c P £(5) = 0.885
Variation of alpha, beta and f with life
| /
g é
]
=
o7 2 3 4 :5 6 7 8
LogNf
— f
aipha
— beta
Untitled
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Solution of two simultaneous equations: auesses) 2:=03
m =03
Given " .
a=f(n)-L (1 - m)*(c +m)"]
a"'m-_-__(1 -R)
T O+R) am(n,f,R) := Find(a, m)

select desired R ratio:

For R:=01 C:= |20 if R=10

2 otherwise

and livesof n:i=2,22.7

Ls Predicted S/logN curve

: S R B
c: :
P p——

i : (0]
© i
% j i
© os : :
g ; i :
S ! : :
B ! !
s 0 : - -
o : H |
o { : ;

-0 : ;

LTI T 2 3 s 5 6 7

Log Nf
——  Prediction
O 0O Data for selected R

For data output, select data table and right-click to use 'export’ command

For R=10.1 log hife max stress
n= smax(n) =

2 1.236
22 1.232
24 1.228
26 1.222
28 1.217

3 1.21
3.2 1.202
34 1.194
3.6 1.185
3.8 1175

4 1.164
42 1.152
4.4 1.139
46 1.125
4.8 1.109

5 1.093

. page 2

C'am(n,f,R)l-ct
1-R

smax(n) =

eg: smax(5) = 1.093

R=0.1
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