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ABSTRACT dominated by the matrix resin, including resistance to
delamination between plies and compressive strength.

The DOE/MSU Fatigue Database has been expanded Delamination is a dominant failure mode in composite
to include a number of matrix resins of potential interest ~ material structures, leading to the breakdown of structural
in wind turbine blades. The main considerations in resin integrity in areas such asrthesttge, spars, amdot
selection have been to increase the structural integrity =~ connections. Experience in aerospace composites [1]
(such as delamination resistance) in blades while indicates that the toughness of the matrix resin, as well as
maintaining or improving other mechanical properties, the design of details controls interlaminar fracture
particularly under hot, wet conditions. The resins resistance and structural performance, asoesllise f
included in the study are also appropriate for the wind  impact resi$fdndée low cost matrix resins (general
turbine blade application in terms of cost amdcessing purpose polyesters, vinyl esters, and epoxies) used in
characteristics (all materials were prepared by resin most turbine blades are relatively brittle, and so the
transfer molding). Resins included unsaturated delamination resistance of most blade materials is
polyesters, vinyl esters, epoxies, and a urethane. relatively low. Tougher versions of these and other resins
Mechanical properties have been obtained for wetand dry  are investigated in this studpnditgee of resin,
specimens tested at temperatures from -20 t&C70 thermoplastics, also have high toughness, but their high
Fatigue, delamination resistance (Mode | and Il crack  viscosity limits their use in conventional blade
growth), and performance in stiffened substructure = manufacturing techniques. Tougher resins which bond
sections have been evaluated for selected cases. well to the fiberglass also tend to give higher strengths in
Significantly improved performance relative to baseline  off-axis directions relative to the fiber reinforcement.

polyester is shown for several resins. A second concern with matrix resins is that if their
elastic moduli are not high enough, they do not support
INTRODUCTION the fibers adequately against compressive buckling.

Thus, a softer matrix will produce a lower compression
Wind turbine blades should perfoumder a variety of ~ strength for loads along the fiber axis, usually the
loads and environmental conditions for a twenty to thirty  lengthwise direction of the blade. Compression strength
year service life. Fiberglass blade materials derive much and fatigue resistance are design drivers of primary
of their strength and stiffness from the fiber importance. Typical matrix resins used in blades, such as
reinforcement. However, several key properties are ortho polyesters, generally have adequate elastic modulus
at moderate temperatures to provide good compressive
This work was supported by Sandia National Laboratories unde$trength. However, at elevated temperatures and with
Subcontract BC7159 and the U.S. Department of Energy and the Statiggh moisture contents, these resins may not retain

of Montana through the Montana DOE EPSCoR Program (contracgfficient modulus (aeat resin modulus of around 3.0
#DE-FC02-91ER75681).
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moisture, which swells and softens the polymer network RESULTS AND DISCUSSION

(reversibly) and reduces the elastic modulus and glass

transition temperature (T ). Toughened resins can have Matrix Resin Properties

reduced modulus relative to the base resin if toughness is

achieved through the addition of low modulus materials Table 1 lists the resins studied, all of which are
like elastomers. thermoset polymers. Further details of the resins and

This study evaluated a number of base and toughened their processing can be found in Reference 6. Figure 3
resin systems which are suitable for common blade  gives prices quoted (spring 1999) for each resin in 55
manufacturing processes (including resin transfer  gallon drums fdalaofo40,000 Ib. lots. Prices can
molding (RTM), which requires a low resin viscosity).  vary significantly. More costly resins with improved
Resin cost was limited to about $3.00/Ib to be competitivproperties are also available, but are not studied here.
in blade applications, which eliminated many of the Figure 4 compares tensile stress-strain curves for
toughened aerospace resins. The main objective wasto  several of the neat resins, and Table 2 lists their
evaluate resins with improved toughness and temperatupgoperties. Due to difficulty in preparing neat resin
and moisture resistance as compared with common blade  specimens, such as the urethane matrix, some resin
resins. properties are not included in Table 2. The target modulus

of 3.0 GPa is not achieved by 980 vinyl ester, SC-14
EXPERIMENTAL METHODS epoxy, or the urethane. The stress-strain curves for the
more brittle resins such as unmodified polyesters and

All materials were resin transfer molded in closed pox@es can vary significantly depending on sample
molds, including neat resin samples (without  molding and machmogedures. The yield strength is
reinforcement), which were molded into their final dog-  taken as the 0.2% offset yield strength where this could
bone shape without machining. Types and sources of  be determined. Table 2 gives heat deflection
resins and reinforcement are listed in Table 1. Test temperatures measured for each resin. This may be taken
methods for static and fatigue tension and compression as an upper use limit.
followed standard procedures described in detail in The moisture absorption characteristics of several
Reference 3. resins are shown in Figure 5 as weight gain in distilled

Delamination resistance in Modes | and Il usedwater at 50C vs. square root of time in hours, following
unidirectional 0 double cantilever beam (IB) and end  typical Fickian diffusion representation. As expected, the
notched flexure test specimens [4,5]. These specimengnyl esters and the iso-polyester absorb much less
used a teflon crack-starter strip embedded duringnoisture than the ortho-polyester and the epoxy. The
fabrication as an initial crack. The Mode I fracture composites (Figure 6) absorb less moisture, since the
toughness, (s , was determined after a short increment ehtire composite is not resin, but the ordering of the
crack growth beyond the starter strip; this value is termeghaterials according to weight gain is consistent with the
the initial G¢ to distinguish it from higher values, which neat resin data.
result from fiber bridging as the crack grows longer. The
Mode Il value, G, , was determined using the Mode |
specimens after the crack was grown for several cm, with Interlaminar Fracture Toughness
the specimen then loaded in three-point bending for Mode
Il. These métods are described in References 1 and 6. Figures 7 and 8 summarize the Mode | and Mode I
The structural integrity was evaluated with the T-sectionnterlaminar fracture toughness, respectively, for selected
pull-off test shown in Figure 1 and described in detail inresin systems. Additional data are given in Ref. 6. The
Reference 5. The typical load-displacement curve imaseline ortho- polyester has a very low G  typical of the
Figure 2 was used to determine the initial damage forcépowest cost polyesters, vinyl esters and epoxies. The
the maximum force, and the displacement at maximurather matrices have significantly higher Mode |
force. toughness. All systems have increased Mode | toughness

at 50°C wet conditions due to increased fiber debonding
and fiber bridging, as found in other composji§s The
Mode Il toughness in Figure 9 tends to correlate more
closely with the T-stiffener test, described below. The
toughened vinyl ester and epoxy SC14 show the highest
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G,c values at room temperature, dry, but the epoxy loses ~ compression strength decreases moderately for dry
Mode Il toughness at elevated temperature, particularlgpecimens up to ?C, with the greatest decrease shown
when conditioned and tested wet. The iso-polyester has the ortho polyester. The wet conditioned and tested
higher G. than the ortho-polyester, particularly atspecimens show even greater decreases, particularly the
elevated temperatures. The two vinyl esters show veryrtho-polyester and the epoxy (which also absorbs the
good toughnessnder all conditions. While the vinyl most moisture, Figure 5). The iso-polyester and both
ester and epoxy toughness values are slightly lower at vinyl esters are much less sensitive to moisture. The
-20° C than at room temperature, the differences do naensitivity of the ortho polyester composite to moisture at
indicate any ductile-little transitions in this temperature elevated temperature for longer times is even more
range. significant, as shown in Table 4, with reductions of 26%
and 30%wunder hot-wet conditions for composites based
on D155 and A130 Ofabrics, respectively. These are
T-Stiffener Pull-off very serious decreases, particularly for the A130 fabric,
whose woven architecture gives a low baseline
Figure 9 shows typical T-stiffener pull-off specimens compressive strength.
after testing; see Figure 1 for the test configuration. Tension properties in the °Odirection are fiber
These show the usual delamination-dominated fracturgominated, and are not much affected by temperature and
mode, simulating separation of the skin-spar interfacenoisture (Figures 12 and 13). The same laminate tested
area of blades. The damage has been modeled in defgltension in the 90direction is more matrix sensitive,
and associated with the basiccG angt G results iBhgoying decreases in modulus which parallel the

Reference 5. Figure 10 compares several 10ads,mpressive strength (Figure 14):°9@nsile strength
displacement curves from the pull-off tests, and Table Figure 15) is surprisingly insensitive. Theds®

lists results for seven resin systems. The tougher resin . ) Lo ) )
Y 9 %mmates tested in tension in theé @irection are also

systems produce increased stiffener pull-off resistance, i domi d. aivi ianifi d
expected. Since slight thickness differences can affeépaf[r'x omlna'tt.e., gving signi icant temperature an
moisture sensitivity (Figures 16 and 17).

this test significantly [5], the results should be viewed in
terms of both the force levels and the displacement, with
higher values of both indicating greater structural
integrity. The room temperaturg G ang-G values for

the untoughened System 41 epoxy were 23f J/m and he fati itivity has b found 1o b .
3776 JIm, respectively [6]. Thus, there is a good The fatigue sensitivity has been found to be matrix

correlation between G  (Figure 8) and T-stiffener pu"_ln:sensitive in edier results [3]. Figure 18 compares the

off resistance, including the System 41 matrix, which ha&)aseline ortho-po.lyester with t'he two Derakane V‘”,y'
a surprisingly high G.  for an unmodified epoxy (this esters under tensile, compressive, and reversed loading,

system was not tested at elevated temperature, but haga: 01 10, and _1' where R is the ratlg of minimum to
high heat distortion temperature in Table 3). maximum stress in each cycle. Again, there is no
significant improvement in fatigue resistance, even for the

toughened vinyl ester 8084. Fatigue crack resistance for
the systems is currently being tested. Future work will

also include fatigue at hot, wet conditions, but experience
with carbon/epoxy material suggests little change in the
Figures 11-17 give basic composite mechanici[at'gue S-N curves when normalized by the static strength

properties for composites fabricated with five of the mor 8].
interesting resins as a function of temperature, both for
dry (ambient) conditioned specimens and for specimens
conditioned for approximately 45 days in°&0distilled

water. The laminates were eﬂhe@[@ﬁ/ 0L tested at® More ductile resin systems produce improved structural
or 90° or [(+45);] tested at Oas indicated. _ integrity at moderate cost. The hot/wet properties are

Figure 11 gives the most critical matrix sensitive ych petter for the iso-polyester and vinyl ester systems
property: compression strength in thfedirection. The  than for the ortho-polyester or the epoxy SC14, again for

Fatigue Resistance

Composite Strength and Modulus vs. Temperature
and Moisture Condition

CONCLUSIONS




moderate cost increases over the ortho-polyester. Thus,
while the iso-polyester provides moved environmental
resistance over the ortho polyester for a small increase in
cost, the 411 and 8084 vinyl esters additionally provide
much greater toughness and structural integrity for a
slightly greater cost increase. The fatigue resistance was
not affected by the matrix, following earlier results.
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Table 1. Materials Investigated
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MATRIX MATERIALS

Resin Description Product Descriptioh Supplier
Ortho-polyester orthophthalic 63-AX-051 i i
- - Interplastics Corporation
Iso-polyester isophthalic 75-AQ-010
PET P460 polyeste PET modified orthophthalic PET P460 Alpha Owens Corring

Vinyl ester 980

rubber toughened

Swancorp 980

TECTRA Incorporajed

Vinyl ester 411C-50

unmodified

Derakane 411C-50

Vinyl ester 8084

rubber toughened

Derakane 8084

Dow Chemical

I~

0.

l72)

Epoxy system 41 unmodified System 41 System Three
Epoxy SC-12 acrylate modified SC-12 ) i
— Applied Poleramic Inc.
Epoxy SC-14 acrylate modified SC-14
Urethane unmodified Poly 15-D65 Polyteck Development
FIBER REINFORCING FABRICS
Fabric Type | Supplier
0° Unidirectional fabrics
D155 Stitched unidirectional ) )
—— Owens Corning Fabrics
A130 Woven unidirectional
+45° Fabrics
DB120 Bias, stitched Owens Corning Fabric
Table 2. Tensile and Thermal Properties of Neat Resins
0
Resi urs,Pal vild Srengnf Mo | Fae | et Defctr
Ortho-polyester 54.1 (4.5) 45.2 (2.5) 3.18 (0.1p) 2.0 (0R) 55 (0.9)
Iso-polyester 34.6 (2.8) 3.32 (0.14) 1.2 (0.2) 69 (1.2)
Vinyl ester 980 25.7 (0.3) 20.6 (0.5) 1.63 (0.02) 30 (18) 60 (1.7)
Vinyl ester 411C-50 57.7 (0.8) 50.4 (2.5) 3.21 (0.0p) 2.1 (0]1) 78 (3.7)
Vinyl ester 8084 72.6 (2.7) 55.2 (2.4) 3.25 (0.1p) 3.0(0B) 75 (1.4)
Epoxy System 41 52.6 (1.1) 52.6 (1.1) 3.56 (0.06) 1.6 (0f1) 56 (3.6)
Epoxy SC-12 44.3 (3.1) 3.48 (0.04) 1.4 (0.1) 95 (1.2)
Epoxy SC-14 68.3 (2.7) 48.5 (1.3) 2.80 (0.08) 3.3(0.B) 83 (1.9)
! Numbers in parentheses indicate the sample standard deviation.
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Table 3. Effects of Matrix on T-Stiffener Pull-off Resistance (average values).

Resin Initial Damage| Maximum Load D_isplacement at Specimens
Load, N/cm N/cm Maximum Load, mn Tested

Ortho-polyester 87 (6) 135 (6) 6.8 (0.6) 3
PET P460 polyester 120 164 8.4 1

vinyl ester 980 119 (9) 182 (6) 13.5(1.8) 4
vinyl ester 8084 144 194 9.0 2
epoxy System 41 168 209 6.7 2
epoxy SC-14 132 192 19.1 2
urethane 141 262 11.6 1

N per cm of T specimen widtlf, Numbers in parentheses indicate the sample standard devigtion.

Table 4. Effect of Moisture Exposure and Elevated temperature Testing on Compressive Strength of [0/£45/0]
Laminates. Distilled Water Conditioning at 4G for the First 5000 Hours, Followed by°ZD Conditioning.
(Ortho-polyester, D155 and A130 Gabrics, \¢ = 0.36)

Exposurd ~ Test Average Weight Gain D155 A130
Time, | Temperature (S.D.). % Ave. Strengﬂbhzonge Ave. stren gtl?:zzmga
hours °C D155 A130 (S.D.), MPa (S.D.), MP4

0 20 0 0 517 (39) - 265 (39) -

0 50 0 0 472 (57) 9.5 250 (17) -5.7
24 20 0.20 (0.01)]  0.29 (0.03) 516 (19) -0.1 262 (55 -ol8
144 20 0.47 (0.01)]  0.54 (0.02) 481 (30) 6.9 287 (27 8la

1,315 20 0.61 (0.06 0.73 (0.04 471 (35 9.9 219 (26) -17
4,650 20 0.62 (0.11 0.64 (0.08 421 (31 -14 240 (17) -9.3
4,650 50 0.62 0.64 403 (30) -15 174 (32 -30

15,355 20 0.94 (0.25 1.02 (0.05 404 (31 -2% 203 (28) -23
15,355 50 0.99 (0.22 0.99 (0.04 348 (34 -26 175 (40) -30
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- T T Load

44— Stiffener

9.9 cm
Test Fixture
— 5.0 mm Flange
5.3 mm / 3.9 mm
L . @
| - |
T Skin ?
| 12.7 cm

Figure 1. Loading and approximate dimensions for skin-stiffener T-specimens.

250 “Maximum load”
| and “displacement
/ at maximum load”
200 A
— (a) /V N
§ 150 S M o~
z / TV
g 100 5
- “Initial damage load”
and “displacement at
%0 / initial damage.”
0 I
0 0.5 1 15 2 25 3 35

Displacement (cm)

Figure 2. Typical load-displacement curve for a skin-stiffener specimen

3.5 .
Epoxies 1. ortho-polyester
3 - — 2. PET P460
Vinyl esters 3. iso-polyester
B25 4. vinyl ester 411C-50
3 5 5. vinyl ester 8084
E' Polyesters urethane 8. vinyl ester 980
15 7. epoxy system 41
: 8. epoxy SC-12
1 9. epoxy SC-14
10. urethane
0.5 +
0
12 3 4 5 6 78 9 10
Il Neat non-toughened resins [] Toughened resins

Figure 3. Price comparison for different resins (40,000 pound base estimation)
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80 b ‘ T T 1T T T T T T T
(b) (a) epoxy system 41
70 (e) (b) vinyl ester 8084
(c) iso-polyester
o 60 (d) ortho-polyester
g (@) (e) epoxy SC-14
4 50 T @) (f) vinyl ester 980
(]
2 40
D |
® ©
%30 e e e N (63)
= / - .
F 20
10 /
0
o 1 2 3 4 5 6 7 8 9 10 11 12 13
Strain, %
Figure 4. Stress-strain curves for neat resins.
3
—a— ortho-polyester
25 —=— vinyl ester 8084
/(A —=— vinyl ester 411C-50
BQ_ 2 —e— epoxy SC-14
%1.5 L/A/“/‘A( —&— iso-polyester
=
=)
(]
==
05 r== =
Y.
0
0 10 20 30 40
J Hours
Figure 5. Water absorption for neat resin in distilled water &€50
1.4
—a— ortho-polyester
12

—m— vinyl ester 8084

-

—=— vinyl ester 411C-50

ES
= 08 —s— epoxy SC-14
S -
©0.6
[ |
= 04 e -

: U - 8

02 A= e %
0
0 5 10 15 20 25 30 35

,/ Hours

Figure 6. Water absorption at 8D in distilled water for composites [0/+45{0] .
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1000 _ (a) ortho-polyester
—_ |’_ (b) vinyl ester 411C-50
NE 750 (c) vinyl ester 8084
5 (d) epoxy SC-14
E 500 (e) iso-polyester
£
O 250 1
']
0 .

(a) (b) () (@) (e)
0-20°C dry m20°Cdry 150°C dry ®50°C wet'
*conditioned for 45 days in 5OOC water, tested at 50°C wet

Figure 7. Effect of matrix on the initial mode one interlaminar fracture toughness
(O degree D155 fabric,V =0.36)

- 4000 (a) ortho-polyester
o (b) vinyl ester 411C-50
£ 3000 (c) vinyl ester 8084

o (d) epoxy SC-14

= 2000 (e) iso-polyester

(L)

i
0 |

@ ® © @
0-20°C dry m20°Cdry 50°C dry ®50°C wet”

*conditioned for 45 days in 50°C water, tested at 50°C wet
vinyl ester 411C-50 failed in tension when conditioned in water

Figure 8. Effect of matrix on the mode two interlaminar fracture toughness
(O degree D155 fabric,V =0.36)

' »%

Derakane 8084 System 41

e

Partial
delamination

Figure 9. T-stiffener pull off specimens of vinyl ester 8084 and epoxy system 41, showing delamination damage.

Total delamination
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250
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2 P13 ]
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£ 150 47 5 I""""V., s
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§ 100 ///I e
|
Vi
// 3 1 - ortho-polyester
50 ﬂ/ 2 - epoxy system 41
3 - epoxy SC-14
0 4 - vinyl ester 8084
0 0.5 1 1.5 2 25 3 35

Displacement, cm
Figure 10. Typical Load-displacement curves for T-specimens
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Figure 11. Compression strength in tifed@rection versus test temperature, dry and wet, [0/£+45/0] laminates.
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Figure 12. Tensile modulus in thé @irection versus test temperature, dry and wet, [0/£+45/0] laminates.
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DRY CONDITIONED AND TESTED WET CONDITIONED AND TESTED

M a2

S " T

20 40 60 &0 0 20 a0 60 80
Test Temperature (°C)

——ortho-polyester -=vinyl ester 411 — vinyl ester 8084
—-— epoxy sc-14 —— |so-polyester
Figure 13. Tensile strength in thé @irection versus test temperature, dry and wet, [0/+45/0] laminates.

90 Tensile modulus (GPa)

DRY CONDITIONED AND TESTED WET CONDITIONED AND TESTED
"*‘rﬁn\
i S ——
== 5
— —*w\‘-t.i
0 20 40 60 80 0 20 40 G0 80

Test Temperature (°C)

—+— ortho-polyester —=— vinyl ester 411 —— vinyl ester 8084 —— epoxy sc-14 —— Iso-polyester

Figure 14. Tensile modulus in the9@irection versus test temperature, dry and wet, [0/£+45/0] laminates.
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Dg a 20 40 g0 g0 0 20 40 g0 g0

Test Temperature (CC)

—+— ortho-polyester —=— vinyl ester 411 —— vinyl ester 8084 —=— epoxy sc-14 —— Iso-polyester

Figure 15. Tensile strength in the°dfirection versus test temperature, dry and wet, [0/£45/0] laminates.
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DRY CONDITIONED AND TESTED WET CONDITIONED AND TESTED
14

2 e e

10 Ao

o

45 Tensile modulus (GPa)

T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Test Temperature (OC)

|+ ortho-polyester —=— vinyl ester 411 —— vinyl ester 8084 —— epoxy sc-14 —— Iso-polyester |

Figure 16. Tensile modulus in thé @irection versus test temperature, dry and wet, [(Eifaminates.
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Figure 17. Tensile strength in the @irection versus test temperature, dry and wet, [(EHaminates.

| \ \
800 é M: P - ortho-polyester
© -vi -
£ 700 V1 v%nyl ester 411C-50
= ¥ V2 - vinyl ester 8084
% 600 T
2
‘gsoo —
E 400 hd in| (TS A
é v it A ha
%300 x . A,
5 O Qoo O
° 200 Y v R
o w VN O
o) A v v
< 100 LA
0 R —

Cycles to Failure

R - value and Resin Type & 01P v -1P e 01V1 & 01V2 v -1V2
Code: RM  R: stress ratio
M: matrix
Figure 18a. Effect of matrix on fatigue resistance in thdifection under tensile (R=0.1) and reversed loading
(R =-1); [0/£45/0} laminates, V =0.34 - 0.36.
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Figure 18b. Effect of matrix on fatigue resistance in theifection under compression (R=10)
[0/£45/0]; laminates, ¥ = 0.34 - 0.36.
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