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Marine Composites

What Are Composite Materials? Composite Material Concepts

A composite is the combination of materials that results in a greatly
improved structure

Resin matrices transform from liquid to solid during fabrication to “tie”
the structure together

Fiberglass, Aramid, and carbon laminates with resins are examples of
composites, as is plywood and other “engineered” wood products

Resin matrices are either “thermosets”
that cure to solids through a non-
reversible chemical process called
“crosslinking” or “thermoplastics” that
can be reformed when heated

Plies:

Carbon Fiber Thermosetting
(seen end-on) Resin Matrix
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Marine Composites
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—t, . . . Marine Composites
History of Marine Composites Composite Material Concepts

 Modern day composite materials were launched with phenolic
resins almost 100 years ago

* Fiberglass boat building began just after World War Il when the
Navy built a class of 28-foot personnel craft

« During the 1960s, fiberglass boat building proliferated and with it
came the rapid increase in boat ownership

* From the 1960s to the present, advances in materials and
fabrication techniques used in the pleasure craft industry have
helped to reduce production costs and improve product quality

* |n 2000 MARINE COMPQOSITES is published as a free online
document
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—t, Marine Composites

Comp()Sites and other Composite Material Concepts
Structural Materials
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—t, Marine Composites

CompOSites VS. Metals Composite Material Concepts

Specific Stiffness Specific Strength

Material comes into the Composites take form o—
shipyard with at the shipyard,
properties dependent on fabrication
predetermined methods and worker skill
Metal Composites

SFié;ene
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—t, Marine Composites

CompOSites VS. Metals Composite Material Concepts

1 Damage Size . . -
Metils Typical Comparison of Metal and racture

Crack Length Composite Fatigue Damage

Composites

Broken Fibers

Delamination

Matric Cracking

Composite Cracking ,
Debonds Composites
Voids

/

Fracture

Critical
Damage
Size

Initial
Imperfections

Metals

_~

Inspection
Threshold

Propagation

Initiation

v

Fatigue Cycles or Time

Salkind, M.J., “Fatigue of Composites,” Composite Materials: Testing and Design, ASTM STP 497, 1972.
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Composite strength, o, psi

Marine Composites

Directional Properties of Composites Composite Material Concepts

Tensile failure in fiber

o

/
{fe— oo

3 >
Shear failure in matrix-fiber N
interface r( Tensile
failure in
matrix
o= — Le Om
Sing cosg —
d sinZg
Oy
L1 T 1 | | |

0O 10 20 30 40 50 60 70 80 90

Fiber alinement to tensile axis, ¢, deg

The strength of composite fibers are dramatically
reduced as the angle to the applied load is increased
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Effect of Fiber Angle

Effect on Modulus of Fiber Angle
for Unidirectional E-glass

Marine Composites

Effect on Strength of Fiber Angle

for Unidirectional E-glass

Composite Material Concepts
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400
20 \
: 350
© ) & \
g \ \ S 300
@ 15 \ 3
E AU 5 250
B N 2
2 X E \
g A 3 200 \
= (o]
o c
g ‘%_\\ £ 150
\\L,c mpressive \
B .18 100 \l\
5 K J=Eiam \ —m
Tenslle 50 — _
x ﬂ
0 0
0 20 40 60 80 100 20 40 60 80
Fibre angle (°) Fibre angle (°)
Holmes M Al-Khatat Q, “Structural Properties of GRP,” Composites July 1975
é:ene
sociates page 8



—t, . L. Marine Composites
Strength and Stiffness Characteristics Ccomposite Material Concepts

Specific Strength and Stiffness Stress/Strain Behavior
2.
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TV, . . e e Marine Composites
Lamina-Laminate Definitions Composite Material Concepts

A lamina is a flat (or sometimes curved) arrangement of unidirectional (or woven) fibers
suspended in a matrix material. A lamina is generally assumed to be orthotropic, and its
thickness depends on the material from which it is made.

A laminate is a stack of lamina oriented in a specific manner to achieve a desired result.
The laminate’s mechanical properties depend on the properties of each lamina, as well as
the order in which the lamina are stacked.

Lamina

LAMINA-LAMINATE |
DEFINITIONS _— // %

- -/ﬁ h\ P 7 :_‘;_ i ‘;;.'i.-:_’ ‘f—__"_:';‘; Y )
i ) 5 ([T o

unidirectional woven

$ 0° LAMINA (° getesiins |
= o0° 90°

o | 0
% ; TYPES OF

NONWOVEN  WOVEN s LAMINATES

Ronald D. Kriz, “Microstructure Lectures,” Virginia
Polytechnic Institute and State University
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Laminate Mechanical Properties
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Longitudinal

Tensile Modulus

Marine Composites

Compressive Modulus

Composite Material Concepts

Transverse

Tensile Modulus

Compressive Modulus

Thickness

Tensile Modulus

Compressive Modulus

Longitudinal/
Transverse

Shear Modulus

Longitudinal/
Thickness

Shear Modulus

Transverse/
Thickness

Shear Modulus

Longitudinal

Tensile Strength
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Direction:
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—t, Marine Composites

Mate ria I AI Iowa bles Composite Material Concepts

The method for determining material allowables is to conduct a formal testing program
to determine the behavior of the material in its anticipated in-service operating
environment.

* All material specimens for the testing program should be fabricated under
identical conditions and processes as those anticipated for the production of the
final structure.

* The material testing program is also to account for the statistical variability in
actual composite material properties, both as manufactured and at the end of
service life.

* The test program shall be defined to develop B-Basis values, which are the values
at which 90 percent of the population of the data is expected to fall, with a 95

percent confidence.
Minimum requirement for the PANEL(S) 1 | PANEL(S)2 PANEL(S) 3 [J| PANEL(S) 4 PANEL(S)5 ||| PANEL(S) 6
material test program (For panels

to be considered from a separate 3 SPECIMENS [| | 3 SPECIMENS [| | 3 SPECIMENS [I | 3 SPECIMENS [l | 3 SPECIMENS [l | 3 SPECIMENS
with separately measured and \ \ \ / /
mixed resin. Each panel from each 18 SPECIMENS - EACH STRENGTH TEST

batch is to be layed-up at different \—I

eriéimes)
greene
associates page 12




Fiber Resin Interaction

Marine Composites
Composite Material Concepts

Resin/Fiber Interface

Surface Characteristics

Fiber/Matrix Porosity
Suface energetics/wettability

- Total
Matrix surface arca
o (roughness)

Surface chemical groups

| Surface treatment and sizing increase the
= fiber’s total surface area and porosity and
Vo ﬁi”ﬁ alter its surface energy to improve
- adhesion between the fiber and the resin
o ’éF}’ matrix in a composite. [Grafil Inc.]
— P Matrix.

T T )
l‘l '-\ '.\ Y \\ "\\ \
": LN LN kY kY
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T / /
{ { s ) ! Fiber

J_
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i - Marine Composites

Micro-scale Fiber/Resin Interface  composite Material Concepts

S.A. Hashim, J.A. Nisar, “An investigation into failure and behaviour of GFRP pultrusion joints,” International
Journal of Adhesion and Adhesives, Jan. 2013
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\AT Marine Composites
@ Laminate Failure Composite Material Concepts

* The key criterion for composite failure is the local strain to
failure: €’ a.k.a. elongation at break and not stress (note that €’
for the fiber/matrix interface i.e. transverse fibers = 0.25 %)

* Matrix cracking:

200
. , o FAILURE
e polyester resin € =0.9-4.0 %
* vinyl ester e =1.0-4.0%
* epoxy resin e =1.0-35%
. . S
* phenolicresin € =05-1.0% r
: R 100 -
* Fiber fracture: 5
« S/R-glass € =46-52% S
° E_glass E' o 3 37 % b 0+ TOTALLY DAMAGED 90
° Kevlar 49 E' =25 % TRAIN AT ONSETT
) ’(gF MATRIX CRACKING
e HS-carbon £€=112% o r 0
° UHM-carbon E' — 038 0.0 0.5 1.0 1.5 2.0
STRAIN
John Summerscales, University of Plymouth, Oct. 2006
eFié:ene
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\A7Z Marine Composites
@ EIaStiC Properties Composite Material Concepts

* Young’s moduli - uniaxial stress/unixaial strain

* Poisson’s ratio - transverse strain/strain parallel to the load

» Shear moduli - biaxial stress/biaxial strain

Bulk modulus - triaxial stress (pressure)/triaxial strain

Subscript nomenclature
transverse

through-thickness

axial, or
John Summerscales, University of Plymouth, Oct. 2006 longitudinal
eFié:ene
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Isotropic

v = - (strain normal to the applied stress)

(strain parallel to the applied stress)

-l<v< W

Orthotropic: v;;

Maxwell’s reciprocal theorem
VioEy = voiEy

Lempriere constraint

Vij < (El/EJ)l/2 and V21V23V13 < %

John Summerscales, University
of Plymouth, Oct. 2006

ene
ociates
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Poisson’s ratios for GRP

Poisson’s Ratio

Marine Composites

Composite Material Concepts

UD C1 UDC1 | WRA2 | WR A2

vij VEi/E; Vi VE;/E;
V12 0.308 1.606 0.942
Vo1 0.623 1.061
vis | 0354 | 1.687 1.285
V31 0.593 0.247 0.778
Va3 1.051 1.364
V32 0.952 0.297 0.733
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—t, Marine Composites
@ Shear and Bulk Modulus Composite Material Concepts

Shear Modulus Bulk Modulus
g ¢-_tL e
E 2(1+v) 3(1-2v)
é ) JEE, . JEEE,
§ 12 (1+ \/vxy Vi ) (1 2. \/vxy V.V, )

John Summerscales, University of Plymouth, Oct. 2006
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\A7 Marine Composites
ISOtropy Composite Material Concepts
Isotropic Plate

In the study of mechanical properties of 1

materials, isotropic means having identical ;

values of a property in all directions.

An orthotropic material has two or three -

mutually orthogonal twofold axes of

rotational symmetry so that its mechanical

properties arel in generall different along Stiffness in 1-direction = stiffness in 2-

each axis. direction = stiffness in any direction
Orthotropic Plate

Anisotropy can be defined as a difference, 1 Reinforcing fibers

A aligned in I-direction

when measured along different axes, in a
material's physical or mechanical properties.

Quasi-isotropic laminates exhibit isotropic

(that is, independent of direction) in-plane
response but are not restricted to isotropic
out-of-plane (bending) response.

Ll

Stiffness in 1-direction >> stiffness in 2-
direction # stiffness in other directions

SFEcene
associates page 19



Marine Composites

Isotropy Property Influence Composite Material Concepts
Specific Strength versus Specific Modulus
® Unidirectional @ Quasi-isotropic
2,500 Carton Fidres
Ultrahigh-strength PAN carbon-reinforced- 2 UHM phoh  © -
epoxy composite (Spectra 1000) UHM PAN  Celion GY-80
é 2,000 E-glass-reinforced-epoxy composite T e .: Ceton mss
£ - Aramid-epoxy composite (Kevar 49 SNo - e AS ¢
g 1.500 SM PAN carbon-reinforced-epoxy composite : /
& ' Aluminum, steel, titanium, magnesium g 2f- Quss Carbon HM
% Boron-epoxy composite z .
§ 1,000 Ultrahigh-modulus PAN carbon- ?
p - reinforced-epoxy composite * Boron Carbon UHM
=1 . . (pitch)
v Ultrahigh-modulus g o 0
§- 500 Pitch carbon-reinforced- P
epoxy composite
o Fibre
B— Beryllium *® Unidirectional Composite O*
0 . . x Fabric Composite
—— Silicon-carbide particle-reinforced aluminum )
- e —— - L —— - ole - 300 4&
0 100 200 300 M o
Specific modulus, MPa
Carl Zweben and Jean M. Hoffman, “Stronger and Lighter — http://hsc.csu.edu.au/engineering_studies/f
Composites Make Their Mark,” MachineDesign.com Mar., 2008 ocus/aero/2579/polymer_composites.html

Specene
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@ QuaSi-iSOtrOpic Laminates Composite I\E;Ig::riacl)cmopnocse:pi:

« Laminates are often described by an orientation code

« Example: [0/-45/90/+45/0/0/+45/90/-45/0]
0° +45° 90° -45 0°

1% ply is, by
. ///" laid-up on —
M:

S 6 wds g rumt e
+ Short hand: [0/-45/90/+45)g+ ™"

/ l / « Short hand: [0/-45/90/-0-453&?,/ Repeat N times

\E, 16 total phes
p « Other Examples: [0/+45/-45/90] ¢ e
quasi tooic [0,/+45/-45/90,)4 /:]

quasi-isotropic o 2( :om!;ého;‘ -
e unv
[Oy/+45¢] ! cloth @ £45°)

http://www.quartus.com/resources/white-papers/composites-101/

e
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Marine Composites

MEChanicaI Behavior of Composite Material Concepts
Orthotropic Materials

Three Young’s moduli %, F,, I, Poisson’s ratios V5, V3, V3, and shear moduli G, ,

(5, and G,;, shown as in the figure below. These moduli enter the elastic compliance matrix as

(e,,] [ 1/E -v,/E, -v, /L, 0 0 0 T[oy
En| |-vn/E, VE, -v,/E, 0 0 0 ||lo,,
€13 -vi; /B, vy /E, 1/ E,; 0 0 0 ||0;;
ly.[ | o 0 0  1/G, 0 0o ||o,
Yis 0 0 0 0 1/G, 0 |lo,
7] |0 0 0 0 0 UG,||o,
" O Ty T 1
et \ o %y Tz I
CTax Ty Oz
O11 (’1;/013 | Possible components of stress acting as
| 3;; 322 322 | forces on a small differential element can
e be organized into a matrix format

X Ojj where (iandj=123)
Ronald D. Kriz, “Microstructure Lectures,” Virginia Polytechnic Institute and State University
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\A7Z . . . Marine Composites
OrthOtrOplc E|aStIC Propert|es Composite Material Concepts

Orthorhombic

E. -
nine independent 3 A L Fiber Coord.s

£ TT-Plane Young's Modulus, E,
T Isotropic shear modulus, G,

and Poisson's Ratio,

n, in each orthogonal

plane can be used to

classify the nine

Es . Vg independent

L ' ‘ "G orthorhombic elastic
23 2 constants in terms of

engineering

properties.

Ey Gyg Vg
Ey Gyp Voy
Eg Gog Vap A

Isotropic

G=E /[2(1+V)]
K=2Gv/(1-2v)+G
Hence:E, ,E4 =E,
inde;f)l:ﬁdem \(,33223; (3;13 : (\3;;12

Lo 77/ 778

1/

Ronald D. Kriz, “Microstructure Lectures,” Virginia Polytechnic Institute and State University

ﬁpé:ene
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Rule of Mixtures

Volume fraction of the fiber component V; is defined as:

where vy is the volume of the fiber and v, is the volume of the composite.

Volume fraction of the matrix component V,, is defined as:
v
VA m
lm - ,
v,

where v, is the volume of the matrix.

The sum of the volume fractions of all constituents in a composite must equal 1. In a two-

component system consisting of one fiber and one matrix, then, the total volume of the
L ;o

composite is v, = v, +v,, hence V, =(1-V,).

1000 V=09 in
Load
distribution Vi=0.7
between /
fiber and 100 < bl
matrix
. Vi=0.3
o
o /
| /7’ e
1 o
1 10 100

Marine Composites
Composite Material Concepts

_ p theroetical ~— p actual

p theoretical

=0,V,to,V;

m-m

=EV,+EY,

m m

page 24



—t, . Marine Composites
Composrte Part Development Composite Material Concepts

Composite part design, manufacture and support

Requirements  Preliminary Design Manufacturing Support
Concepts Design
. Define laminate
Material Specify P2 (plies), Define
systems and Ply/Grid/Zone including: manuf. | P3
processes for Laminate -Sequence design '
/ -Drop offs / Healfh .
monitoring
&
Verify Design data Repal
According to H
Stress/Design/Manufacturing L——
constraints H P1] Priority 1

productibility j Priority 3

) Priority 2
Simulate
E Priority 4

http://www.lotar-international.org/lotar-workgroups/composites.html
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Manufacturing Methods

Marine Composites
Composite Material Concepts

Hand Layup

Spray-up

Resin Infusion

Dry Reinforcement

Fabric
N\

p ) Co

Roller \

Optional
/~ Gel Coat
y

Mould Tool

Resin
= Calalysl
Pet

__ Optional
/ GelCoat

¥

Air Pressurised —
Resin __ Chopper
e Gun

Sealant Tape

Resin drawn across and through
rainforcaments by vacuum

Vacuum Bag
/_ Pzl Py andlor Rzsn

Distrivution Fabre ——

% ToVacuum
Pump

Resin

l'— Reinfoecament Stack

Resins are impregnated by
hand into fibers which are in
the form of woven, knitted,
stitched or bonded fabrics.
This is usually accomplished by
rollers or brushes, with an
increasing use of nip-roller
type impregnators for forcing
resin into the fabrics by means
of rotating rollers and a bath
of resin. Laminates are left to
cure under standard
atmospheric conditions.

Fiber is chopped in a hand-
held gun and fed into a spray
of catalyzed resin directed at
the mold. The deposited
materials are left to cure
under standard atmospheric
conditions.

In resin infusion fabrics are laid up
as a dry stack of materials. The
fiber stack is then covered with
peel ply and a knitted type of
non-structural fabric. The whole
dry stack is then vacuum bagged
and resin is allowed to flow into
the laminate. The resin
distribution over the whole
laminate is aided by resin flowing
easily through the non-structural
fabric, and wetting the fabric out
from above.

D,

ene
ociates
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www.netcomposites.com
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Manufacturing Methods

Marine Composites
Composite Material Concepts

-

L] L] . .
Prepregs Pultrusion Filament Winding
g_/,f M-;{_e of fibre wuu_(n:nl_mlsq by ratio
@%/ ay up the Prepreg v » / of carmas spaed to rotaona spaed
-, act 2~ il
| > g
= Retating Mandrsl —-/ f I—r:«— Nip Rolers
Assemble vacuum bag and evacuate = Resin Bath
To Vacuum pump . =
Into OVEN
e

or ‘

Into AUTOCLAVE

Reinforcements are pre-
impregnated with a pre-
catalyzed resin. The catalyst is
largely latent at ambient
temperatures giving the
materials several weeks, or
sometimes months, of useful life
when stored frozen. The
prepregs are laid up by hand or
machine onto a mold surface,
vacuum bagged and then heated
to typically 120-180°C. Additional
pressure can be provided by an
autoclave

Fibers are pulled from a creel
through a resin bath and then on
through a heated die. The die
completes the impregnation of
the fiber, controls the resin
content and cures the material
into its final shape as it passes
through the die. This cured profile

is then automatically cut to length.

Fabrics may also be introduced
into the die to provide fiber
direction other than at 0°.

This process is primarily used
for hollow, generally circular or
oval sectioned components,
such as pipes and tanks. Fiber
tows are passed through a
resin bath before being wound
onto a mandrel in a variety of
orientations, controlled by the
fiber feeding mechanism, and
rate of rotation of the mandrel.

D,
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ociates
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Manufacturing Metrics

Marine Composites
Composite Material Concepts

Cycle Production | Product Typical Typical
Manufacturing Labor Time, Quantity Surface Mold Equipment
Process Content minutes Potential Area, m?2 Cost Cost
Hand Layup very high | 100-1500 1-400 .1-1,000 $2,000 $100
Spray-up high 60-500 5-1500 .1-100 $2,000 $15,000
Resin Infusion high 80-800 1-200 .1-1,000 $2,000 $2,000
Prepregs (autoclave) | very high | 100-1500 1-200 .2-100 $5,000 $400,000
Pultrusion low n/a 10,000- n/a $10,000 $250,000
1,000,000
meters
Filament Winding moderate 40-650 1-100 .1-50 $2,000 $50,000
apé:ene
gassociates page 28




Marine Composites

MaHUfaCturing Method Trade-Offs Composite Material Concepts

Contact moulding

Resin supply

Gel coat

/ Dry fibre Tool
Roller
—
—
Resin out — to Resin in under pressure
vacuum pump via Meuid seal

catch pot

8||:Iece ne Dry (or lightly bound) fibre preform
associates

ny!

Vac baglautoclave

Filament winding

Vac m bag gf film
hrerihieci A Pmpreg 7 Mandrel
[l ”
”': Fibre creel
2 (Tensioned)
= F ; < \ ) - —
\ = \ 1/

= Bleeder fabric. If required

\
\ g
Mould tool \ Resin dam
\

Resin
Bath

Traverse
mechanism

Perforated release film

& B Flexibility of properties
[ | Flexibility of geometry
[ | Size potential

[ Productivity

I Tooling costs

[ | Labour skills

B “Quality”

Pultrusion

Saw
Guide plate \

http://aerospaceengineeringblog.com/co
mposite-manufacturing/

or | &
fibres (or other ~ — Resin bath
reinforcements)
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\A7 . . Marine Composites
CompOSIte Mateﬂal Concepts Composite Material Concepts
Takeaway Summary

 Composite materials are the combination of reinforcement and
thermoset resins that form a structure with physical properties
superior to the constituent elements

* The physical properties of a laminate are a function of constituent
materials and manufacturing variables

* The fiber/resin interface is critical for transmitting loads between
laminate plies

* Laminate physical properties are very dependent upon fiber
alignment

* Unlike metals, composites are orthotropic, with varying mechanical
properties along three primary axis.

* Nine values for strength and stiffness (tension, compression and
shear along three axes) and eight values for Poisson’s ratio are
required to completely characterize the mechanical properties of a
composite laminate
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