[ Downloaded from ijiepr.iust.ac.ir on 2025-05-27 |

IUST International Journal of Engineering Science, Vol. 17, No.3-4, 2006, Page 29-35

M echanical Properties Characterization of Biax and Triax
Composites Based on Limited Experimental Data

M. M. Shokrieh and R. Rafiee

Abstract: The main goal of this research is to extract the full mechanical
properties of stitch biax and triax composite materials which are necessary for
finite dement analysis, based on limited available experimental data and
without performing full static characterization tests. Utilized experimental data
are limited to elastic modulus of two 0° and 45° directions. Using presented
technique and aforementioned data, mechanical properties of unidirectional
fabrics of biax and triax are obtained and consequently mechanical properties of
biax and triax composites are calculated. Evaluation of the results proved proper
performance of the technique in this research.
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1. Introduction
Now days, bi-axial and tri-axial composite materials
based on prepreg technology are widely used in
composite industries. For ingance, al materials of
horizontal axis wind turbine blade structure are pre-
preg. Raw composite materials of wind turbine blade
are divided into three main groups as uni-directional, bi-
axial (biax) and tri-axia (triax) which are non-woven
and dtitched. Full experimental analyses in order to
obtain complete mechanical properties which are
necessary for any finite element analysis have to be
carried out [1]. In this paper, presenting a theoretical
method and merging it with a few experimental data,
full mechanica properties of the biax abd triax
composite materials will be characterized.
Prepregs have had a considerable impact on the
evolution of composite industries in the late 20"
century. Used all aerospace programs worldwide, they
are also enabling a new generation of high speed trains
and fast ships and long wind turbine blades to become
reality rather than designer’s dream.
The position of prepreg technology in terms of
performance and production volumes is compared
bel ow with other fabrication processesin figure 1.
A prepreg consists of a combination of a matrix (or
resin) and fiber reinforcement. It is ready to use in the
componenet manufacturing process. Infact, in this
technology fiber is combined with resin before

Received by the editor August, 21, 2004; final revised: April, 15,
2006.

M. M. Shokrieh, is with the Department of Mechanical Engineering,
Iran University of Science & Technology, Shokrieh@iust.ac.ir,

R. Rafiee, is a M.Sc. Graduated Student at the same Department.
Rafiee@iugt.ac.ir.

manufacturing process and makes the manufacturing
process easier and more economic. Furthermore, control
of fiber volume fraction is handled better.
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Fig. 1. Position of Prepregin Fabrication Processes

Prepregs are availablein [2] as

- Uni-Directional (UD) form, one direction of
reinforcement

- Fabricform, several directions of reinforcement
These two groups are shown in figure 2.

The fabrics consist of at least two threads which are
woven together and called the warp and weft or stitched
together in non-woven form.

The weave style can be varied according to crimp and
drapeability. Low crimp gives better mechanical
performance because straighter fabrics carry greater
loads. It has been proven that crimp will negatively
affect fatigue life of structure. Geometric of woven
fabric produces out of plane curvature in plies and
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consequently stress concentration appears. Compressive
strength of fibersin woven fabricsis approximately half
of straight fibersin stitch form [3]. In order to overcome
this problem using stitch form instead of woven fabrics
isrecommended [3].
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Fig. 2. Different Forms of Prepreg

The main criteria influence the selection of prepregs for
particular application are performance and cost and the
main advantages of using them can be summarized as
lower fabrication cost, reduced energy consumption,
optimized weight and better mechanical properties
under cyclic loading [4], tensile, stiffness and corrosion.
Prepreg can be processed in different ways.

Vacuum bag and autoclave are the two common
methods for the manufacture of components from
prepreg. These days, prepreg materials based on Epoxy
matrix are widely used in production of wind turbine
blade as a full composite structure. They can be found
in form of UD, Biax and Triax.

2. Available Mechanical Properties
Required properties for analyzing composites are
divided into mechanical and strength properties.
Mechanical properties are used for stress analysis and

strength properties are used for failure analysis. Material
characterization means extracting aforementioned
mechanical properties. Since composite materials are
not isotropic materials, the required mechanical
propertiesare [5]:

1- Longitudina Elastic Modulus ,Ex
2- Transverse Elastic Modulus, Ey
3- Poisson’sratio, n

4- Shear Modulus, G

Also, strength properties are as follow [5]:
1- Longitudina Tensile Strength
2- Transverse Tensle Strength
3- Longitudinal Compressive Strength
4- Transverse Compressive Strength
5- Shear Strentgh

Since, biax and triax composites are shaped based on
overlaying unidirectional fibers in different directions,
equivalent modulus of laminate will be expressed in two
orthogonal directions.

According to information from supplier of these
materials, available data for biax and triax is limited to
two types of elastic modulus in O degree and 45 degree
direction. These items are shown in figure 3.

ﬁoo 45° ﬁoo 45°
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Fig. 3. Two Directions of Available Equivalent Elastic
Modulus

In other word, equivalent longitudina eastic modulus
of biax composite is available for [+45/-45]
configuration (direction of 0° in figure 3) and [0/90]
(direction of 45° in figure 3).

Similarity, equivalent longitudina elastic modulus of
triax composite is available in [0/+45/-45] configuration
(direction of 0° in figure 3) and [0/90/-45] configuration
(direction of 45° in figure 3).

The overall picture of aforementioned available data has
been summarized intable 1 [6]

Table. 1. Available Data from Experiments[6]

. : . M echanical Properties
Fabric Type Configuration E,[GPd E,[GPd n., * E[GPd
Biax [+45], 6.8 6.8 N/A N/A
Biax [0/90]¢ 16.7 16.7 N/A N/A
Triax [0/+ 45]; 20.7+3.1 N/A N/A N/A
Triax [0/90/-45] 1 151+ 23 151+ 23 N/A N/A
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"N/A: Not Available
It can be seen that in [45/-45], [0/90] and [0/90/-45]
configurations, E; and E; are equal due to symmetry.
In this paper, whenever “x” or “y” is used as subscript,
it implies on lamina (one ply) and whenever a numerical
form is used as subscript, it implies on laminate which
can consist two or more lamina.
In order to derive unknown parameters which have been
summarized in table 1, two methods exist: direct and
inverse. In the following these two methods are
explained.

3. Direct Method
In direct method, equations of biax and triax are
organized using mechanica properties of its
unidirectional plies and macromechanical relations.
This method needs full characterization of
unidirectional ply and in this research complete
mechanical properties of unidirectional are not available
and thismethod will not be useful here.

4. Inverse Method
In inverse method, using equations of biax and triax
based on limited experimental data and due to this fact
that both biax and triax consist of same unidirectional
fiber, we try to extract mechanica properties of
unidirectiona ply, inversaly.
After that, mechanical properties of biax and triax will
be characterized.
For this purpose, stiffness matrix of composites is
shaped and is equalized by inverse of its compliance
matrix.

4.1 .General Governing Equations of I nverse M ethod
Stiffness matrix of a ply in on-axis coordinate is
expressed as follow [5]:

éﬁgxx Qxv 0 9
(}QXY Qvy 0 _ (1)
§£0 0 Qup

Where;
E
Q =__ —X
X 1- Ny Nyx
E
Q = _Y
YY 1- Ny Nyx (2)
n,,E
Q,, = yx =x
Y 1- Ny Nyx
Qs =G

Involved parameters in set of equations (2), are in the
space of on-axis coordinate system and “x” devotes to
longitudina fiber direction and “y” devotes to
transverse direction. n,, is major Poisson’s ratio and
N,, isminor Poisson’sratio.
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If one needs stiffness matrix in any desired direction,
transformation from on-axis coordinate system to off-
axis hasto be performed using following relation [5]:
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So, in aply that fibers have been oriented in direction of
0°, we have;

Qlol = QXX
ng = QYY
Qk =Q5% =Qy (4)
Qge = QSS
Qloe = Qge = O
Similarity, for 90 degree ply:

0 — 0
11 _QZZ

Q% =Qu
Qy =Qx% =Qp ©)
Q% = Qs

Qx =Q% =Qy
For a45° ply and a-45° ply, we have:
Qr=Qy
Q% =Qx’
Qs =Qn=Qx"=Qy’ (6)
Q5 =Qs”
Qi =Qx =-Qis"=-Qy’

Equivalent stiffness matrix of a composite consisting

two plies, can be calculated using the following relation:
1

HA=Qipt QP )

where, “h” is thickness, a is angle of first ply in

accordance with selected coordinate system, b is angle

of second ply and “p” is ply fraction.

Based on technical data from supplier of investigated

biax material [6], both ply fractions are the same.

Therefore, we have;
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pO = p90 = p45 = pr45 = 5 (8)
Using equations (7) and (8), we have:

1
FAEOIQO] = 5Q; +Q7")
j ©)
FAEJ'“/"‘S] =5(QI4115 +Qi—j45)
By calculating inverse of “A” matrix, we have:
elp U 4
a—[Alg =HlAI* =hla] (10)
eh™ U

Where, [g] is compliance matrix and its members are as
follow [7]:

[a1=h§rn”%2 % ”%3 (11)
g %6 / }l/ze o]

It can be seen that in equation (11), al “x” and “y”
subscripts have been changed to numerical subscripts
which representing properties of a laminated composite
instead of single ply.

Now, the same cal culation has to be performed for other
aforementioned configuration.

4.2 Biax Composite with [45/-45] Configur ation
Stiffness matrix of this composite is calculated using
equations (3), (6) and (9):

Apn  [245] [45] N
1 1 gA 1 A 1 0 3
[+45] [+45] [+45] ”

F [A ] - F eA 1 A 1 0 u
é [+45] ()

€0 0o A,

[A ] =.25Q, +.5Qy +.25Q,, + Qs
[A "] =.25Q,, +.5Qy, +.25Qyy + Qg
[A L =[A L] = 25Q, +.5Q,, +
25Qyy - Qss

[A %] =25Q,, - 5Qy +.25Qyy

(12)

Compliance matrix is calculated using equation (11) and
by replacing known parameters from table 1:

3%8 3% O
[a) = hg: /es %8 0

(13)
G

o ooooc

@ M D

[+45]

Where, a is the major Poisson’s ratio of composites.
After inversing matrix of eguation (13), equalizing them
to their correspond members in equation (12) and
omitting repeated equations, we have:

25Qyx +.5Qyy +.25Qyy +Qg =
147059

.0216263- .0216263a 2

-25Q><>< +'5Q><Y +'25QYY - st = (14)
.14705%

.0216263- .0216263a.2

25Qyx - -5Qyy +.25Qyy =G

4.3.Biax Composite with [0/90] Configuration
Stiffness matrix of this composite is derived using
equations (3), (5) and (9):

-25Q><>< +'5QXY +'25Qw +Q55 =
.147059

.0216263 - .0216263a?

-25Q><>< +'5QXY +'25QYY - st = (15)
.147059a

.0216263 - .0216263a?

'25Q><>< - '5Q><Y +'25QYY :G[:45]

Compliance matrix is calculated using equation (11) and
by replacing known parameters from table 1:

b 0
e}/67 Aoz O q
@l =h§ Y67 %57 0 (16)
é o u
g G[O/go]g

Where, b is major Poisson’s ratio of composites. After
inversing matrix of equation (16), equalizing them to
their corresponding members in equation (15) and
omitting repeated equations, we have:

.0598802
-5Q><>< +-5Qw = 2
.00358564 - .00358564b (17)
.0598802b
QXY = st = G[0l90]

.00358564- .00358564b>

4.4 Triax Composite with [0/45/-45] Configur ation

In order to calculate related matrixes for triax
composites, the same method of biax composite is
employed.

The only difference is referred to ply fractions.
According to information from supplier [6], amount of
fiber in direction of 0° is equal to 254 kg/m? and amount
of fiber in 45° direction is equal to -45° direction and is
230 kg/m?. Therefore, we have:

. 425

p= 425+230+230 048
230 (18)

pr=p ="

T 425+230+230

Stiffness matrix of this configuration is in the following
form using equation (4), (6), (7) and (18):
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1 +
—[A [Ol_45]]:

éGlQ w +.26Q A3Q i +.74Q
& .13Q,, +.52Qs +.13Q, - .52Q

@ D> (D> (D:

13Q XX + 74Q XY 13Q XX + 26Q XY
13Q.,, - 52Q 4 +.61Q,, +.52Q

@D D> (D> (D> D> D> EE)

Compliance matrix is calculated using equation (11)
and by replacing known parameters from table 1:

}/207+31) /2o7+31) 0

u

u

u
[a]= he /2o7+31) e, 0 G (20)

u

u

0 0 Y
}6[0/:45]

Where, j is the magjor Poisson’s ratio of the triax
composites with [0/+45/-45] configuration. After
inversing matrix of equation (20), equalizing them to
their corresponding members in equation (19) and
omitting repeated equations, we have equation (21).

DD D

4.4.Triax Composite with[0/90/-45] Configuration
Extraction method of stiffness matrix of this
configuration is the same as employed method for
triax composite with [0/+45/-45] configuration. The
only difference can be found in ply fraction due to
new distribution of fibers as follow:

p*= L =0.48
425+230+ 230 22)
0 _ %0 _ 230 _
po=p 425+ 230+ 230
1

61Q,, +..26Q,, +.13Q,, +.52Q =

A3Q ux - -26Q
+.13Q , +.48Q
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(19)

[@onY enl enY e enl en exY eny e en en en e

Stiffness matrix of this configuration is in the
equation (23) using equation (4), (5), (6), (7) and
(22):

Compliance matrix is calculated using equation (11)
and by replacing known parameters from table 1:

é 7

e fussog - (15+23) .
al =hé X
[al ts:23 Ji1s:23 %[ .

u
8%:’[0/90/ 45) /[0/90/ 45) }6[0/90/ ot

CCCC

(24)

Where, x is the minor Poisson’s ratio of triax
composite with [0/90/-45] configuration and mis the
coupling Poisson’sratio in “16” direction.

In general case, Qs is not equal to Q. But in this
particular case, it can be seen that these two
parameters are equal and it has to be considered in
compliance matrix too.

After inversing matrix of eguation (24), equalizing
them to their corresponding members in equation
(23) and omitting repeated equations, we have
equation (25).

.0483092E
13Q,, +.26Q,, +.61Q,, +.52Q = 2

.0483092- .00233378E ,j *

.0483092E
13Q +.74Qy, +.13Q, - 52Qq = 2

0483092- .00233378E,j °

0483092- .00233378E,j °

A3Q,x - -26Qyy +.13Qyy +.48Qg = G[0/345]

§38Q><>< +.24Qyy
e

&*.38Q,, +.48Q
é

) §12Q, +.76Q,
F[A“’"“"”"‘S]] =—2+.12QYY - 48Q
é
é
& 12Q, +.12Q.,

é
&

12Q,, +.76Q,,
+.12Q,, - 48Q

38Qyx *+-24Qyy
+.38Q,, +.48Q

- 12Q, +.12Q,,

12Q><>< - 24QXY
+.12Q,, +52Q4 Y

(21)

u
- '12Qxx +'12QYY U

a
a
U

- 12Qxx + 12QYY

U (23)
a
a
a

il
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.066G

[0/90/- 45]

-h?

.38Q,y +.24Q,, +.38Q,, +.48Q4 =

.066G

[0/90/- 45]

G (o/a0/. 45 (:004356- .004356x%) - .132(1+x)h?

+h?

12Q,, +.76Q,, +.12Q,, - .48Q4 =

A3Qux +.74Qyy +.13Qyy - .52Qg =

Go/s0r. 45 ((004356- .004356x7) - .132(1+x)h?
'066G[0/90/—45] @+x)h

(25)

GZ

Go/s0r. 45 (1004356 .004356x7) - .132(1+x)h?
(004356 - .004356x7)

12Q,, - .24Q,, +.12Q,, +.52Q = [o7o0r- #1

G150/ 45 (004356 - .004356x7) - .132(1+x)h?

5. Extracting Mechanical Properties
Considering sets of equations (14), (17), (21) and
(24), we have 14 equations with 14 unknown
parameters which unknown parameters are unknown
mechanical properties of unidirectional, biax and
triax. At a glance, it can be seen that solving this set
of equations due to its non-linear nature is not
simple. Since some of the equations are highly
dependent to another one, ordinary and classical
solution isnot possible. In order to simplify solution
of them, knowing this fact that the major Poisson’s
ratio of a [0/90] composites has to have an amount
between 0.05 and 0.1, we choose this point as a start
point of solution. Considering bas a known
parameter will reduce number of unknowns. Further
more, in this way, there is no need to use complex
equations of triax composite with [0/90/-45]
configuration. The equations of [0/90/-45] will be
used just to verify the results.According to table 1,
elastic modulus of triax composite is located
between the upper and lower bands. Using upper and
middle bands as the first guess in inverse method
will not lead to acceptable results, therefore lower
band magnitude for elastic modulusis sel ected.

The obtained results in terms of different amounts of
b, areinserted in table 2.

Table. 2. Mechanical Properties of Unidirectional
Fibersin Biax and Triax

b |Ex[GPa] | Ey[GPa] |n |G [GPa]

Lower Band: Eqi=20.7-3.1=17.6

0.05 | 285491 | 4.5643 21 | 2107
0.06 | 28.8925 | 4.36248 .26 | 2.096
0.07 | 29.01 4.2215 32 | 2.09

0.08 | 29.127 4.10 37 | 2.085
0.09 | 29.1972 3.8243 4 2.08
01 |29.234 3.69422 43 | 2.077

When Poisson’s ratio of [0/90] is considered 0.06,
the best result in table 2 is obtained. Now, using
obtained results and available calculated equations,
E, of triax composite with [0/45/-45] configuration
and its Poisson’s ratio can be calculated. Therefore,
full mechanical properties of unidirectional, biax and
triax composites are extracted. These values are
inserted in table 3.

Table. 3. Full Mechanical Properties of Unidirectional, Biax and Triax

M echanical Properties
Material Config. E, E, NMaior Es
[GPe] [GPe] [GPe]
uD’ - 28.89 4.36 0.26 2.096
Biax [0/90]¢ 16.7 16.7 0.06 2.01
Triax [0/+ 45], 17.6 7.01 0.52 5.075
* Unidirectional

In order to verify the results, elastic modulus of triax
composite with [0/90/-45] configuration is also
calculated and compared with its original amount which
has been obtained from experiment and reported by its
supplier [6].

According to aforementioned calculation, amount of
this elasic modulus is equal to 13.6 GPa and it is
located in the reported domain (15+ 2.3GPa) .

In order to double check the results, flexural modulus of
triax composite is also reported by its supplier and we
can compare calculate flexural modulus and compare it
with itsoriginal amount [6].

The calculation of flexural modulus has been performed
using PROMAL software based on CLT? theory [8].
Obtained results areinserted in table 4.

2 Classical Lamination Theory
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Table. 4. Comparison between Calculated and
Experimental Flexural Modulus

Triax [0/45/-45]
Flexural Theoretical Experimental
Modulus 17.85 16.7+25

Triax [0/90/-45]
Flexural Theoretical Experimental
Modulus 15.23 151+2.3

It can be seen that results has a good correlation with
experiments and it shows the accuracy of obtained
results.

6.Conclusion
In this research a new method has been presented to
extract full mechanical properties of non-woven biax
and triax composite materials which are widely used in
industry.
Generally, mechanical properties extraction of
composites needs full materia characterization
experiments [9].
In this research, limited experimental data have been
used to extract full mechanical properties. Applied
experimental data were limited to four elastic modulus:
two elastic modulus of biax and triax in 0° direction and
two elastic modulus of biax and triax in 45° direction.
Since these composites are not woven, using direct
approach in macromechanical field would be a proper
approach.
This approach needs full mechanica properties of
constructed unidirectional fibers.
In the second approach which is called inverse method,
gtiffness and compliance matrixes of biax and triax
composites are organized and inversdly full mechanical
properties of their constructed unidirectional fiber will
be derived.
Therefore, full mechanical properties of biax and triax
can be obtained employing direct method.
This technique has been applied to the Glass/Epoxy
prepreg composites as a case sudy.
Obtained results showed the technique is applicable. In
order to evaluate the results flexural modulus is also
caculated and has been compared with its origina
amount which has been reported by its supplier. The
results were in a good correlation with experimental
data.
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Appendix
List of Symbols
Ex Longitudina Modulus of Lamina
Ey Transverse Modulus of Lamina
Es In-Plane Shear Modulus of Lamina

Major Poisson’s Ratio of Lamina
Minor Poisson’s Ratio of Lamina

E; Longitudinal Modulus of Laminate

E, Transverse Modulus of Laminate

Eg In-Plane  Shear Modulus of
Laminate

n Major Poisson’s Ratio of Laminate

12
Qu Qy On-Axis Stiffness Matrix
Qyy: Qss Components of A Lamina

Q. Q2 off aAxis  Siffress  Matrix

Qi Que, Components of A Lamina

Q26, Q66

h Ply Thickness

p Ply Fraction

211' 222' Equivalent  Stiffness  Matrix
12 716 Components of A Laminate

Az, Ags

[a] Compliance Matrix of A Laminate

a Major Poisson’s Ratio of [+45/-45]

b Major Poisson’s Ratio of [0/90]

j Major Poisson’s Ratio of [0/45/-45]

X Minor Poisson’s Ratio of [0/90/-45]


https://ijiepr.iust.ac.ir/article-1-113-en.html
http://www.tcpdf.org

