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Abstract

Drilling of holes into laminates is essential to facilitate bolting or riveting to the main load-bearing struc-
tures. Delamination is the most evident damage that can be generated during the drilling of a laminate. This
paper presents the design of experiments and analysis of variance (ANOVA) techniques of Taguchi useful in
examining the effect of drilling induced damage on the notched tensile strength of woven GFR—epoxy com-
posites. Fracture data of center-hole tensile specimens are correlated using a modification in the inherent
flaw model.

© Koninklijke Brill NV, Leiden, 2011
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1. Introduction

Composite materials are widely used in structural applications. It has become nec-
essary to drill holes into the laminates to facilitate bolting or riveting to the main
load-bearing structures. Delamination is the most evident damage that can be gen-
erated during the drilling of a laminate. Hocheng and Tsao [1, 2] have presented
a comprehensive analysis of delamination in use of various drill types and pre-
dicted the critical thrust force at the onset of delamination. Stress concentration,
delamination and microcracking associated with drilled holes significantly reduce
the performance of composites [3—7]. Srinivasa Rao et al. [8] have performed an
experimental study to analyze the influence of drilling parameters on the extension
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of the damage and to evaluate the notched tensile strength and pin-bearing strength
of the woven glass fiber reinforced (GFR)—epoxy composite laminates.

This paper presents the design of experiments and analysis of variance (ANOVA)
techniques of Taguchi useful in examining the effect of drilling induced damage on
the notched tensile strength of woven GFR—-epoxy composites. Finally, the frac-
ture data of center-hole tensile specimens are correlated using a modification in the
inherent flaw model.

2. Design of Experiments and Analysis of Variance (ANOVA) Techniques
of Taguchi

Many processes typically have a large number of factors or parameters that in-
fluence the final outcome. Identification of their individual contributions and their
intricate relationship in development of such processes is possible through design
of experiments. The concept of experimental design involving multiple factors was
first introduced by Sir Ronald Fisher nearly 70 years ago. The technique is known as
a factorial design of experiments. It is also called a matrix experiment. Taguchi has
established an orthogonal array (OA) to describe a large number of experimental
situations. Orthogonal arrays have been investigated by many other researchers [9—
11]. Taguchi’s approach complements three important areas. First, Taguchi clearly
defined a set of orthogonal arrays, each of which can be used for many situations.
Second, he has devised a standard method for analyzing the results. Third, he has
developed a graphical tool, called linear graphs. Taguchi’s approach of combining
standard experimental design techniques and analysis methods produces consis-
tency and reproducibility rarely found in any other statistical method [12]. The real
power of an orthogonal array is its ability to evaluate several factors with a mini-
mum of trials or experiments. Much information can be obtained from few tests.

The design of an experiment involves: selection of independent variables (fac-
tors); selection of a number of level settings for each independent variable; se-
lection of the orthogonal array; assignment of an independent variable to each
column of the orthogonal array; conducting numerical simulations. To implement
orthogonal arrays on the computer, an algorithm is developed to create orthogo-
nal arrays for three-level parameters. These are the arrays Lo, Ly7, Lg; which are
used for 4, 13 or 40 parameters, respectively. The basic information is provided
by a Latin Square which presents the smallest orthogonal entities. When there is
a complete orthogonal system of (n — 1) Latin Square of dimensions n x n de-
noted by L1, Lo, ..., L,_1, it is possible to construct an orthogonal array of size n”
(r =2, 3, ...) with the number of columns (n" — 1/n — 1). The number r represents
the number of trials.

In constructing an orthogonal array for a k-level system, Bose and Bush [13] have
shown a method of using a matrix whose elements are taken cyclically, Masuyama
[14] has used the theory of algebraic numbers for the first time in constructing
orthogonal arrays. The three mentioned arrays Lo, Ly7 and Lg; are basically built
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from two Latin Squares of dimension 3 x 3. Lg is created from the Latin Square,
Lo7 from Lo, and Lg; from L,7. Singaravelu et al. [15] have provided the listing of
the computer program for the generation of three arrays Lg, L7 and Lg;. The Lg;
and other standard OAs can also be found in reference [16].

Before selecting an orthogonal array, the minimum number of simulations to be
carried out is:

Nraguchi = 1 + Number of factors x Degrees of freedom (DOF). (D)

Once the orthogonal array is selected, the experiments are conducted as per the
level combinations. The performance parameter (output) is noted down for each ex-
perimental run for analysis. Since each experiment is the combination of different
factor levels, it is essential to segregate the individual effect of independent vari-
ables. This is usually done by summing up the performance parameter values for
the corresponding level setting and then evaluating the mean. Then, the sum of the
squares of the deviation of each mean value from grand mean value is calculated.
The sum of the squares of the deviation of a particular variable indicates whether the
performance parameter is sensitive to the change of level of setting. The percentage
contribution of an individual parameter is the sum of the squares of the individual
parameters divided by the total sum of squares. Let, y; be the output characteristics.
The sum of the squares is the measure of the deviation from the mean value of the
data. The effects of the factors can be estimated by summing the squares of the ef-
fects at various levels and averaging over the number of degrees of freedom. Thus,
the total sum of the squares (total variation) is calculated from:

N N T2 N
SSt=) (i =TV =)y~ =) ¥ ~CF. 2)
i=1 i=1 i=1

Here T =T /N is the mean value of the total data; T = ZlN: 1 Yi is the sum of the
data (output characteristics); CF = T2 /N is the correction factor and N is the total
number of experiments.

The general formula for the sum of the squares due to a factor A is:

SSa=Y —L —— = nay(A -T)>~. 3
A £ na; N Z Al( i ) ( )
1=
Here ka is_ the number of levels of factor A; A; is the sum of observations under
A; level; A; = A;/ny; is the average of observations under A; level and n 4; is the
number of observations under A; level.
Percentage contribution of factor A to the total variation can be calculated from
SSa
Pa =100 x ——. 4)
SST
In the same way, the percentage contribution of each factor to the total variation can
be calculated after determining the sum of the squares due to each factor. The above
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calculations indicate the factors which may affect the average response. Taguchi
has created a transformation, namely, the signal-to-noise (S/N) ratio, which con-
solidates several repetitions (at least two data points are required) into one value
and reflects the amount of variation present. There are several S/N ratios available
depending on the type of output characteristic [17]:

Lower-is-better (LB):

1 & _
S/Nip = —1010g10[n— Zﬁ(])} Q)
" =1

where 7, is the number of tests in a trial or number of repetitions regardless of noise
levels.
Nominal-is-best (NB):

S/Nxg1 = —10log((a7). (6)
up 1

S/Nnp2 = 10logjg| — — — |- (7
of ny

Here the mean (u;) and variance (ol.z) are defined as:

ny . ny . 2
1 yi(J) 1 i (J) — i)
i = 2jm1il) and o? = Lm0 o (8)
nr n—1

Higher-is-better (HB):
1 &1

S/Nup = —101o — —— |- 9
/NuB glo[nr;yiz(j)} 9
The LB and HB S/ N ratios are both easy to calculate. The S/N for NB1 is a func-
tion of variation only, whereas, S/N for NB2 is a function of both average and
variation. A standard ANOVA can be done on the S/N ratio which will identify
factors significant in increasing the average value of S/N and subsequently reduc-
ing variation. The influential factors are the only ones necessary to have the set level
or controlled. The non-influential factors should be set at the lowest level. A confir-

mation experiment is essential to demonstrate the chosen factors and levels.
Woven glass/epoxy laminates containing 16 layers were prepared using hand
lay-up technique with 45% fiber volume fraction (V¢) and cut into specimens for
notched tensile strength evaluation [8]. The influence of drilling parameters on the
extension of delamination is examined by conducting the number of experiments
as per the design of experiments and analysis of variance (ANOVA) techniques of
Taguchi. In the plan of experiments, three factors (feed rate, spindle speed and drill
diameter) were selected at three levels. The minimum number of experiments to be
conducted for selecting an orthogonal array is 7. The orthogonal array chosen was
the Lo (3*). Initially, the plan of experiments in Table 1 was made of nine tests only.
Drilling operations were conducted using a standard twist drill having 118° drill
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Table 1.
Orthogonal array Lg (34) of Taguchi and values of delamination factor (Fy), maximum diameter of
the delamination zone (Dmax) and notched tensile strength (ony,)

Test Feed Spindle Drill Dmax  Notched Delamination  Fy Relative
runs rate, f speed, N diameter, (mm) tensile factor, Fgq equation error
(mm/rev) (rpm) D (mm) strength, 11 (%)
onh (MPa)
1 0.0635 500 6 6.833 152.63 1.139 1.142 -0.2
2 0.0635 710 8 9.125 145.61 1.141 1.145 —-0.4
3 0.0635 1000 10 1143  128.07 1.143 1.148 -0.4
4  0.1016 500 8 9.241 12236 1.155 1.148 0.7
5 0.1016 710 10 11.59  123.68 1.159 1.150 0.8
6 0.1016 1000 6 6.977 145.17 1.163 1.158 0.4
7 0.254 500 10 11.73  119.73 1.173 1.176 -0.3
8 0.254 710 6 7.093 125.26 1.182 1.183 —0.1
9 0254 1000 8 9.512 119.29 1.189 1.186 0.2
10  0.1016 355 10 1145 12438 1.145 1.144 0.1
11 0.254 1000 10 11.83  105.70 1.183 1.185 —-0.2
12 0.254 710 8 9.472 131.58 1.184 1.182 0.2

point angle, 22° helix angle and 51° chisel angle. Both back and top surface plates
having 12 mm hole-diameter were used during drilling. Totally, three drill bits were
used and with each drill bit, three holes were made. Figure 1 shows the experimental
setup including the standard twist drill, dimensions of the test coupons. The drilled-
hole specimens are scanned using the AutoCAD drawing technique [18] to measure
the damage around the hole.

The delamination factor (Fy) is defined as:

Fq= DmaX/D, (10)

in which Dy« 1s the maximum diameter of the delamination zone and D is the
hole diameter as shown in Fig. 2. The first nine values of the delamination factor
(F4) in Table 1 are considered for ANOVA. The most important parameter affect-
ing the delamination factor is the feed rate (94.36%). The other parameters viz.
spindle speed and drill diameter affecting the delamination factor are 4.87% and
0.77%, respectively. Using the multi-variable linear regression analysis, the corre-
lation between delamination factor (Fy) and cutting parameters, namely, feed rate
(f, in mm/rev), spindle speed (N, in rpm) in drilling (with the regression coeffi-
cient, RZ = 0.923242) is obtained from the first nine data points in Table 1 as [8]:

Fa=1.1258144+0.19432f + 1.827 x 105N — 7.6 x 1074D.  (11)

The advantage of the Taguchi method utilizing orthogonal arrays is to study a
large number of variables with a small number of experiments, which provide full
information of all the parameters that affect the performance. Equation (11) is valid
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DRILL BIT
TOP SURFACE PLATE
GFRP LAMINATE ADAPTOR (BACK PLATE)
(a)
Gauge Length
| 2.5”(63mm) | 5”7 (127mm) | 25" (63mm)
| | A
H
Aluminium Y Aluminium 1.5”
Tab TT/ Tab (38mm)
[ 1 v
) 10” (254mm)

(®)

(©

Figure 1. Experimental setup for drilling operation, dimensions of the test coupons. (a) Experimental
setup, (b) specimen with a central hole and (c) test coupons having 8, 10 and 6 mm center-hole
diameter.

for any level between the lower and higher level of the influencing factors. To con-
firm further, three more specimens were drilled with different machining parameters
(test runs 10-12 in Table 1). The higher levels of the influencing factor (i.e., feed
rate, f) and other levels of the non-influencing factors (i.e., spindle speed, N and
the drill diameter, D) are chosen while performing the confirmation experiments.
The non-influential spindle speed (/) is intentionally specified at a value less than
its lower level in test run-10 to confirm the validity of equation (11). The results of
Fy obtained from the expression (11) are found to be within +1% of the measured
values.
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Tests were conducted for notched tensile strength (ony) evaluation of the twelve
drilled specimens [8] and the test results are presented in Table 1. The details
of modifications made in the inherent flaw model for accurate evaluation of the
notched tensile strength of the drilled specimens are presented in the forthcoming
section. A few more specimens were drilled with machining parameters as specified
in test runs 1-9 of Table 1 and a negligible variation was found in the delamination
factor (Fq). Hence, analysis of variance (ANOVA) on the S/N ratio does not show
any significant difference on the percentage contribution of the influencing machin-
ing parameters. These specimens were used for evaluation of notched shear and pin
bearing strengths of woven GFR—epoxy composites.

3. Notched Tensile Strength of Laminates

Fracture behavior of drilled center-hole tensile specimens with drilling damage has
been examined using the modified inherent flaw model.

The inherent flaw model consists of a hole from which two intense energy regions
are modeled as cracks that have a small but finite length ‘ay,;” (see Fig. 3). The length
‘api’ 1s taken to be the characteristic length of an inherent flaw. The assumption is
made of an inherent flaw in the wide tensile specimen (the width of the specimen is
assumed to be infinitely large) having a center circular hole with edge cracks at the
ends of its diameter.

| g -
E‘ .tg P . ‘ [ - Damage
. ') ‘ g A 7o )
- - 2
Testrun -3 Testrun-5 Test run - 7 Delamination zone

Figure 2. Scanned views of drilling induced delaminations for different machining conditions of the
test runs.

v

o)

Figure 3. Inherent flaw length (ap;) in a center-hole wide tensile panel.
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For the case of the un-notched tensile specimen, the assumption of an inherent
flaw represents the case of a center crack tension specimen (having crack length
‘2ap;’). Waddoups et al. [19] have considered the stress intensity factors for these
two cracked configurations. The inherent flaw size is estimated by equating the
critical stress intensity of these two cracked configurations utilizing the notched
and un-notched tensile strength values.

The stress intensity factor for a wide tensile specimen having center crack is:

K1 =o+/Tc, (12)

where o the applied stress and c is is half the crack length.
The stress intensity factor for a wide tensile specimen having center hole with
edge cracks is:

X =amf(%), (13)

where o is the applied stress; c is the length of the crack at the hole-diameter ends
and R is the hole-radius.
An approximation for the function f(c/R) in equation (13) is given by [20]:

c 0.6866
— )= ————— +0.9439. 14
f(R) 02772+ /R T (14)

For the known inherent flaw size, the critical stress intensity factor (Kgoo) can be
obtained directly from equation (12) using 0 = o and ¢ = apj. Here oy is the un-
notched tensile strength. The value of Ko can also be obtained from equation (13)
using the notched strength (‘7181?1) for o and ap; for c. Since ap; is unknown, one can
obtain by equating these two critical stress intensity factors: Kqoo = 00+/Tani =

oNna/Tani f (ani/ R), which implies that
Ahi 00
f (—) =—. (15)
R oNn
The notched strength (o;) of the center circular hole wide tensile specimen is
obtained from the experimental notched strength (onp) of the finite width tensile
specimen by multiplying the correction factor [21]:
S R s (16)
KT 2T ’
where the stress concentration factor for an infinite width plate:

E E
K¥ =1+ 2( Eyy—uyx>+ny, (17)
XX Xy

D D\’1™! 1
a=3(l—W){2+(1—W)} , ,3=§(«/9—8a—1),
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D = 2R is the hole-diameter, W is the specimen width. Ey,, Eyy, and G, are the
axial, transverse and shear moduli respectively and vy, is the major Poisson’s ratio
for the laminate, and vy, = (Eyy/Exx)Vyxy.

Using aﬁ‘ﬁ, oo and R, the unknown characteristic length, ap; is found from equa-
tions (14) and (15) as:

-1
api = R{O.6866(0—£O — 0.9439) — 0.2772}. (18)
ONh

After determining the characteristic length (ap;), the fracture strength (crﬁﬁ) can
be obtained directly from equation (15) specifying the hole-diameter, D (=2R).
Fracture strength (onp) of the finite width plate can be obtained by dividing the
determined o with the correction factor, K¢°/Kt from equation (16). It is noted
from the fracture data on different materials that the fracture strength decreases with
increase in the hole-diameter. Equation (18) indicates that the characteristic length
(api) 1s not a material constant. It increases with increase in the hole-diameter. This
calls for a modification in the inherent flaw model.

From the above observations one can write a relation between ap; and oy in the

non-dimensional form as:
o 2
ahiza*(l —mlh> . (19)

00

The parameters a* and m in equation (19) are to be determined by a least square
curve fit to the data for ap; and 0'181?1 /09. For the determination of these parameters,
two center-hole specimen tests in addition to the un-notched strength of the material
are required; normally more tests are performed to take scatter in test results into
account. It should be noted that m = 0 in equation (19) represents the case of con-
stant damage size as per the original inherent flaw model [19]. For the case: m > 1
and o; = 00, equation (19) results in the value of a* < 0. Hence, the variation
of the parameter in equation (19) can be 0 < m < 1. Whenever m is found to be
greater than unity, the parameter m has to be truncated to 1 by suitably modifying
the parameter a* with the fracture data. If m is found to be less than zero, the para-
meter m has to be truncated to zero and the average of ay; values from the fracture
data yields the parameter a*.

Once a* and m in equation (19) are known, it is possible to eliminate the charac-
teristic length (ap;i) from the fracture strength equation (15). The resulting nonlinear
equation for the fracture strength (oy) is:

00 * 00\ 2 00
{1 _ 0.9439m} {a— (1 _ mm> n 0.2772} —0.6866 2N — 0. (20)
00 R 00 00
This non-linear fracture strength equation (20) is solved using the Newton—
Raphson iterative scheme to obtain o for the specified hole-diameter. The fracture
strength (onp) of the finite width plate is obtained by dividing the determined oy
with the correction factor, K%O /KT from equation (16).
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4. Results and Discussion

Mechanical as well as the notched tensile strength properties of the woven glass
fiber reinforced (GFR)—epoxy cross-ply laminates are presented in Table 2. As
expected, the notched strength decreases with increase in the hole diameter. Consid-
ering the average enhanced diameters of the drilled holes and the respective notched
strength values, the fracture parameters a* and m in equation (19) determined are:
a* =17.2 mm and m = 0.862. Notched tensile strength (gross) values evaluated
in Table 2 for the measured enhanced diameters (Dmax) of the drilled central-hole
specimens are found to be in reasonably good agreement with the test results [8].
Figure 4 shows a good comparison of tensile fracture strength (ony) estimated for
the measured and fitted maximum diameter (Dp,x) of the delamination zone for
twelve different machining conditions. Figure 5 shows the tensile fracture strength
variation with the center-hole diameter of 38 mm wide woven glass fiber reinforced
(GFR)-epoxy cross-ply laminates along with the test data.

Ramesh Kumar [22] has carried out an experimental investigation to study the
effect of drilling on the strength properties of the woven GFR—epoxy composites.
Srinivasa Rao [23] has performed fracture analysis utilizing the modified point
stress criterion. Figure 6 shows the comparison of the notched tensile strength
values obtained from the present modified inherent flaw model with those of test

Table 2.

Mechanical as well as notched tensile strength properties of the Woven glass fiber reinforced (GFR)—
epoxy cross-ply laminates [8] and comparison of notched tensile strength test values with those
obtained from the modified inherent flaw model

Test Feed Spindle Drill Dmax Notched Modified Relative
runs rate, f speed, N diameter, (mm) tensile inherent error (%)
(mm/rev) (rpm) D (mm) strength, flaw model
oNh (MPa) onh (MPa)
1 0.0635 500 6 6.833 152.63 144.29 5.4
2 0.0635 710 8 9.125 145.61 133.17 8.5
3 0.0635 1000 10 11.43 128.07 122.54 4.3
4 0.1016 500 8 9.241 122.36 132.63 -84
5 0.1016 710 10 11.59 123.68 121.81 1.5
6 0.1016 1000 6 6.977 145.17 145.17 1.1
7 0.254 500 10 11.73 119.73 121.16 —-1.2
8 0.254 710 6 7.093 125.26 142.98 —14.2
9 0.254 1000 8 9.512 119.29 131.37 —10.1
10 0.1016 355 10 11.45 124.38 122.44 1.6
11 0.254 1000 10 11.83 105.70 120.71 —14.2
12 0.254 710 8 9.472 131.58 131.55 0.0

Exx = Eyy =20.59 GPa; vyy = 0.1124; Gy = 10.87 GPa; ¢ = 226.3 MPa; W = 38 mm.
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Figure 4. Comparison of tensile fracture strength (ony,) estimated for the measured and fitted maxi-
mum diameter (Dmgx) of the delamination zone for twelve different machining conditions.
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Figure 5. Tensile fracture strength variation with the center-hole diameter of 38 mm wide woven glass

fiber reinforced (GFR)—epoxy cross-ply laminates.

results [22] and the fracture analysis results [23]. The woven fabric laminate is cut
in £45° direction and performed uniaxial tension test to obtain the shear strength
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Figure 6. Comparison of notched tensile strength estimates with test data of woven glass fiber rein-
forced epoxy cross-ply laminates having center holes.

Table 3.
Notched tensile strength (onp) of the woven fabric laminates cut in £45° direction and performed
uniaxial tension tests to obtain shear strength properties

No. Feed Spindle Drill Dmax In-plane shear Modified Relative
rate, f speed, diameter, (mm) strength, onp, inherent error (%)
(mm/rev) N (rpm) D (mm) (MPa) [23] flaw model

oNh (MPa)

1 0.0635 710 8 9.13 57.8 57.19 1.1

2 0.1016 500 8 9.24 57.0 57.01 0.1

3 0.2540 1000 8 9.51 54.4 56.57 —-4.0

4 0.0635 1000 10 11.43 56.7 53.36 5.9

5 0.1016 710 10 11.58 54.2 53.10 2.0

6 0.2540 500 10 11.73 50.6 52.84 —4.4

Exx = Eyy =7.784 GPa; vyy = 0.6863; Gxy = 10.87 GPa; op = 84.1 MPa; a* = 81.5 mm;
m = 1; width, W = 38 mm.

properties of GFRP laminates. Table 3 gives a comparison of the notched shear
strength of GFRP laminates with the present modified inherent flaw model. The
analysis results are found to be in good agreement with test results [23]. Table 4
gives comparison of the present analysis results with test results [7] of notched ten-
sile strength of continuous fiber impregnated thermoplastic (COFIT) plain weave
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Table 4.
Notched tensile strength of COFIT plain weave composites with conventional hole-drilling and orbital
hole-drilling

Hole Notched tensile strength, onp (MPa)
diameter, ..
D (mm) Mariatti et al. [7] Present study
Test Analysis Relative Analysis Relative
error (%) error (%)

Conventional hole-drilling: a* = 15.2 mm; m =0

6 230.1 213.2 7.3 214.78 6.6

8 214.8 199.4 7.2 206.45 3.9
10 194.5 185.6 9.7 197.86 —-1.7
14 179.8 160.7 10.6 179.8 0.0
Orbital hole-drilling: a* =45.5 mm; m =0

6 229.0 226.1 1.3 237.78 -39

8 2339 218.4 6.6 231.38 1.1
10 227.9 209.9 7.9 224.22 1.6
14 217.7 192.0 11.8 207.8 4.6

Exx =9.222 GPa; Eyy = 9.347 GPa; vxy = 0.21; Gxy = 5.334 GPa; o = 238.7 MPa; length,
L =210 mm; width, W = 50 mm.

composites. The notched tensile strength properties of laminate with orbital hole-
drilling shows better damage resistance than those of conventional hole-drilling.
Table 5 gives a good comparison of off-axis notched tensile strength estimates of
fiber-metal (GALRE-3) laminates of different orientations with test results [24].
The notch sensitivity in GALRE-3 is found to be highest in the fiber direction, and
it decreases with increasing fiber orientation angle to the lowest in the 45° direction.

5. Conclusions

The damage induced during drilling of GFRP laminates is quantified in terms of
a delamination factor (Fy). The analysis of variance (ANOVA) approach of Tau-
guchi is used to identify the most dominant factor in producing damage. The feed
rate is found to be the factor that contributes most to drilling damage. To minimize
drilling damage, low feed rates are preferred in drilling of composite laminates.
The delamination factor is correlated with drilling parameters (feed rate, spindle
speed and drill diameter). The notched tensile strength of center-hole specimens
predicted well the test results using the modified inherent flaw model. The notched
tensile strength estimates of COFIT plain weave composites and GLARE-3 lami-
nates having different fiber orientation are found to be in good agreement with test
results.
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Table S.
Off-axis notched strengths for center open hole specimens of GLARE-3 laminate of different fiber
orientations (0) (width, W = 20 mm)

Hole diameter, Notched tensile strength, onp (MPa)
D (mm)

Test [24] Analysis Relative error (%)

0 =0°; Exy =58.4 GPa; Eyy =58.7 GPa; vyy = 0.279; Gxy = 18.9 GPa; o) = 685.5 MPa;
a*=4.15mm; m =0.742

2.02 458.5 459.82 —-0.3
4.0 391.2 389.03 0.6
8.03 283.8 284.53 —0.3

0 =5°; Exx = 58.21 GPa; Eyy = 58.5 GPa; vyy = 0.2815; Gy = 19.02 GPa; o) = 637.8 MPa;
a* =5.52mm; m =0.775

2.0 4427 4427 0.0
4.0 3774 337.39 0.0
7.93 280.2 280.2 0.0

0 =15°; Exx =56.76 GPa; Eyy =57.0 GPa; vxy = 0.2995; Gxy = 19.81 GPa; 0p = 539.9 MPxa;
a* =7.19 mm; m = 0.680

2.0 408.2 410.3 —0.5
4.0 355.0 351.58 1.0
7.97 259.1 260.25 —-0.4

0 =30°; Exx =53.35 GPa; Eyy =53.49 GPa; vyy = 0.3423; Gxy =21.88 GPa; 0p = 451.5 MPa;
a* =12.88 mm; m = 0.854

2.02 341.2 339.53 0.5
4.0 294.2 297.91 —-1.3
7.97 227.4 225.79 0.7

0 =45°; Exy = 51.6 GPa; Eyy =51.6 GPa; vy, = 0.3652; G, = 22.88 GPa; 07 = 431.2 MPa;
a* =18.0 mm; m = 0.898

2.06 326.2 328.47 —-0.7
4.0 295.2 291.92 1.1
791 223.7 224.68 —-0.4
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