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DURABILITY/LIFE OF FIBER COMPOSITES IN
HYGROTHERMOMECHANICAL ENVIRONMENTS
by
C. C. Chamis and J. H. Sinclair
National Aeronautics ana Space Administration
Lewis Research Center
Cleveland, Ohio 44135
ABSTRACT
blatistical analysis and multiple regression were usea to determine and
quantity the significant hygrothermomechanical (HGTM) variables which
influcnce the tensile durability/life (cyclic loading, fatigue) of
boron-tiber/epoxy-matrix (B/E) and high-modulus~fiber/epoxy-matrix (HMS/E)
composites. The use of the multiple regression analysis reduced the variables
from titteen, assumed initially, to six or less with a probability of greater
thzn 0,999, The reducea variables were used to derive pregictive models for
compression and intralaminar shear durability/life ot B/E and HMS/E composites
assuming isoparametric fatigue behavior. The predictive models were
subsequently "generalized" to predict the durability/life ot
graphitu-tiber/resin-matrix composites. The “generalizzd" model is of siuple
form, predicts conservative values compared with measured cata ana should be

agrquate for use in preliminary aesigns.

NOMENCLATURE
B unknown coeftricients to be evaluated
M moisture
N number of loading cycles (fatigue) to fracture

S. strength (durability/life), general
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o uniaxial strength specified direction and sense
via appropriate subscripts

hu rererence strength

1GN glass transition temperature wet resin

TGQ glass transition temperature reterence cendilions, normal room
Lemperature dry

1p preconditioning temperature

tn duration of preconditioning

T test or use tempersiure

]to reterence conditions temperature, normally room temperature

v product Tp X tp

SUBSCRIPTS

v compression

K shear

[ . tension

1,8,3 directions: 1-along the fiber, 2-transverse to the fiber,
3-through the thickneys
CONVERSION FACTORS
1 ksi 6.89 MPa
1° 619 ("F-32)
INTRODUCTION

A magor concern in the fiber composites community over the last several

years has been the accurate predistion, and/or even a goud approximation, of

the gurability and/or lite of fiber composite structures in service
vhviromients {refs. 1 and 2). Service environments ot major concern are:

temperature, moisture, mechanical loads (static and cyclic) and various

comhinations of these, or more concisely "Hygrothermomechanical®. In response



to this concern recent research effort at Lewis Resuarch Center is directed
towards the development. of the methodology required to predict the life and/or
durability of composite structural components in turbojet engine service
ervironments. Thic paper describes that part of the research effort which is
to develop predictively-correct models for adetermining the
hygrothermomechanical effects on composite strength. The predictively correct
models are first derived empirically using statistical methous and available
hygrothermomechanical (HGTM) data from reference 1. These data are for
unidirectional tension-tension fatigde for boron/epoxy (B/E) ana
high-modulus~graphite/epoxy (HMS/E). The empirical wodels are then e:tended
to other unidirectional cyclic loading conditions (fatigue) for the same two
composite systems assuming isoparametric fatigue behavior. Subsequently, the
models are “generalized" to graphite/epoxy (resin) systems using the HGTM
theory described in reference 2. The "generalized" models are usea to predict
the HGTM life/durability of unidirectional and (#4b) composites subjected to
compression-compression fatigue, Finally, the predicted results are compared
with measured data from reference 3 in order to assess the predictive
capability of the "“generalized" model. Durability/life as used herein means
tensile, compression and shear fatigue strength in HGTM environments.
OURABILITY/LIFE PREDICTION MODELS FOR TENSILE
CYCLIC LOADS

The procedure used to develop a predictive model consists of determining

empirically the functional relationship of composite strength (o), and the

independent variables in the following equation:

0 = F(h()’ TT; V! N: M) (1)




where the independent variables are: S0 is the refserence strength, TT is

the test temperature, V is the preconditioning variable ano is the product of
the preconditioning temperature and the preconditioning duration time (V =

1pt )« N represents the number of fatigue cycles to fracture and M the
precent of moisture weight gain., The composite strength in equation (1) is
expressed in terms of the independent variables by assuming a complete second
tdegree polynomial (general quadratic) relationship. This general quadratic is
S s Byt BTy B,TE L BV ¥ BVE BT

3 b

. . 2
+ BSLogloN + By(LogloN) + BBTTLogloN
+ BVLog o + By M + Bllmz + BTN
+ BygVM + By aMLogy o (2)

where the B's are unknown coefficients and are evajuated from experimental
gata (ret. 1) using the least squares method. The data selected are tor B/E
ana HMS/E unidirectional composites which were testea in longitudinal (00)
amt Lransverse (900) tension using three replicates. The test conditions
includeds (1) steady state humiaity; (2) thermal humicity; (3) accelerated
weathering, (4) steady state thermal; and (5) cyclic thermal and ambient.
About 150 data points were usea in each evaluation (B/E -0°, and 90°; HMS/E
-U" anu 90°) or about 10 data points per unknown (B) coefficient. A summary
descrt«tion of the data used in the least square methoa is given in the
appencix. The least squares method minimizes the square of the resiauals

between the approximating function (eq. (2)) ana the measurea data. The
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result is a set of linear algebraic equations which are solved simultaneously
for the unknown coefficients (ref. 4). For this case, equation (2) was
applied about 150 times (once per test poirt) to evaluate the B's for each set
of vata points: B/E - 0° ano 90°, HMS/E - 0° and 90°. The solutions

were obtained using an available program available at Lewis (ref. 5).

The results obtained from the least squares method tor the B's for all
four cases are summarized in table 1. The collective goodness-cf~fit as
determined by the program is indicates by the last entry in the table (Rz,
percent). The fit was best for the 90° B/E (Rz = 86.0) and the lowest for
the 90° HMS/E (R® = 65). Substituting the values of the B's in equation
(2) and solving for each test point yielded results which were within ten
percent of the measured value in general. There were a few predicted values
for the 90° HMS/E composite which differ by about 20 percent from the
measured value and one by about 40 percent. An independent program was also
used to double check the values of the B's. The results of the independent
progran were ijdentical to those from the available progran.

Some insight can be obtainea of .he influence of the various variables
{'s) on durability/life by examining corresponding columns in table 1. As
can be seen the values for the B's have minus or plus signs. There are also a
tew with zero value, The interpretation is as follows: a minus sign
ingicates a degradation effect of the variable associated with this B on the
unidirectional strength. A plus sign ingicates enhancement and 2ero indicates
no effect, For example, there is no coupling between precenditioning and
cyclic Toading ((VN) = By = 0) for the 90° strengths for both B/E ana the
HMS/E composites. There is also no coupling between moisture and cyclic load
{(MN) = Big = 0) for these same strengths. The moisture degraces the

strength of the 0° and 90° composites of the B/E composites and of the



90% ot the HMS/E composite but not that of the 0° HMS/E. Cyclic loading
degrades the strength of the 0° and the 90° B/E composites and the 0°
HMS/E composite but not that of the 90° HMS/E composite.

The significance of the vdrious independent variaisles as reflected in the
(B's) to the composite durability/life was evaiuated using multiple regression
analysis, The multiple regression used is a part of the available proeyranm
(ref, 5). The results of the analysis for the B/E composite aurability/life
are summarized in table 2 for probability levels of greater than 0.900 and
greater than 0.999. It is interesting to note that the number of nonzero
coefficients (B's) was reduced from fifteen to four for the 0° strength and
to Five for the 90° strength with a probability of greater than 0.999.

Also, it is interesting to note that the reference strength S (Bo) value
is about 1330 MPa (193 ksi) tor the 0° strength and about 69 MPa (10 ksi)
for the 90° strength. These are in close agreement with Yiterature velues
tor these strengths of 1300 MPa (188 ksi) and 62 MPa (9.0 ksi) respectively,
(ref. ©). The regression analysis results for the HMS/E composites are
summarized in table 3. For the itase of probability of greater than 0.999,
there are six coefficients remaining for the 0° strength ana only four for

the yo® strength. The reference Q° strength SO (B_) is about 610 MPa

(4]
(B9 ksi) aau the 90° is 83 MPa (12 ksi). These compare to literature values
of about 830 MPa (120) and 83 MPa (12), respectively (reference 6).

The desired equations for a probability of greacer than 0.999 are obtained
by substituting the remaining B's trom the corresponding columns (tables 2 and
3) in equation (2). The results and a brief discussion of their implications

are:



Boron/Epoxy ~ Longitudinal Tension (first with the B's and then with the
corresponding values).

. 2
Sp111 = So ¥ BpTy * BgTyLogyoh + By)1yM

. 10912 -3r . -2
Therefore, this strength depends on test temperature (TT)’ on coupled test
temperature and load cycles (TTN). and an coupled test temperature and
moisture (TTM). Equation (3) indicates that the longitudinal tensile
strength of B/E composites is not degraded by cyclic loading or moisture when

these are applied independent of temperature.

Boron/tpoxy - Transverse Tension

: 2 2
Spzar = 5o * BTy * Bglogygh * By ™ + BypTyM

. . ~612 anl -3
5%22T = 9.64 - 5.84x10 TT - 0.593L0910N + 5.33M° - 6.71x10 TTM

/

This strength is degraded by temperature, cyclic loaaing and coupled

temperature/moisture., Interestingly, it is enhancea by moisture when appliud

independently.
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HMS/Epoxy - Longitudinal Tension

" | : A
Saar = S0 T BTy T BTV * Bglogyo *Byoht + oMM

> ()
: -2 -7
Sppry * 890 + 4.68x1074T - 4.98x107/T,V ~ 6.15Log) (N + 89.4M ~ 0.16T M

/

The longitudinal tensile strength of HMS/E graphite composites is degraded by
coupled temperature with preconditioning (TTV), cyclic loading (N), and
coupled temperature with moisture (TTM). It is enhanced when subjected to
either tesmperature or moisture individually. Equation (5) shows cecoupling
between hygrothermal effect (T, or M) with cyclic loading (N). The
decoupling with moisture may have resulted from the suspected arying auring

elevated temperature testing (private conmunication, author, ref. 1).

HMS/Epoxy ~ Transverse Tension

Sgzar = Sg * BTy *+ BgV * BTV
~11.8 - 1.32x10"2TT - 4.98x107% + 6.64x10"7TTv (6)

The transverse tensile durability/lite of HMS/E composites is degraded hy
temperature (TT) preconditioning (V), and is enhanced by the coupled test
temperature with preconditioning. It is independent of moisture (M) and
cyclic loading (N). This implies that test temperature and preconditioning
aominate the transverse durability/life of HMS/E composites. Equation (6)
cannot be construed to imply that the moisture and cyclic loaaing have no

effect on this durability. However, this esquation does imply that there is no



coupling between test temperature (T;) with cyclic loading (N) or moisture
(M) with cyclic loading (N), or more concisely, the environmental
(hygrothermal) effects are decoupled from the cyclic loading, as was the case
in equation (5). Tne dezoupling with moisture could be due to suspecied
drying as mentioned previously.

The important conclusions from the precediny discussion are: (1) The
dursbility/life of fiber resin composites can bz determined from available
aata using the well-known least squares method; ana (2) the variables which
influence the durability/life significantly can be determinea with specified
confidence level using multiple regression analysis. For the case described
herein: (1) the number of significant variables was reduced from fifteen to
six or less; (2) the reference stirengths (SO) approached ambient conditions
statis value; and (3) the hygrothermal effects are decoupled with cyclic
loading for HMS/E composites (keeping in mind that this may be due to
suspected drying during elevated temperature testing).

EXTENSIONS TO PREDICTIVE MODELS FOR OTHER CYCLIC LOADS

The predictive models for durability/life under tensile cyclic loads
determined in the previous section can be extended to compressive and shear
cyclic loads by making a key assumption. "There is an isoparametric
relationship for cyclic loading and/or coupled environmental effects as
follows:

(1) Longitudinal tension and longitudinal compression

(2) Transverse tension and transverse compression

(3) Transverse tension ana intralaminar shear."

This key asgumption is reasonable for the following reasons: (1) longitudinal
tension and longitudinal compression are primarily fiber dominated properties;

(2) transverse tension, transverse compression anu intralaminar shear are
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matrix dominated properties; and (3) permits the vdlues for the reference

strength (SO) and the test temperature coefficient {82) to he different

for the same composite system. The desired equations for the B/E composite

are:

Longitudinal Compression (equation (3)):

S;10 = Sp * ByTE = 7.91x1073T,Log) N + 4.14x1072T.
Transverse Compression (equation (4)):

Supzc ™ So * BpT% = 0.593Logy N + 5,33M° - 6.71x107T,M
Intralaminar Shear (equation 4)):

2

, R : 2 w103
SklZS = So - BZTT -~ 0.593L0910N + 5.33M% - 6.71x10 TTM

The unknowns S, ana B, in equation (7), (8) ana (9) are evaluated
trom Know Sz’s at two different TT values, that is, TT + 0; byt

V=hiaN=Q. Using appropriate data from reference 1 to evaluate So and

b, equations (7), (8) and (9) become:

(7)

(9)

Boron/Epoxy - Longitudinal ana transverse compression and sheer, respectively

N

10

. . . _4 2 ‘_3 ‘ -2
2lc = 34b - 3.34x10 TT - 7.91x10 TTLogloN + 4,14x107°T

(10)




S,00c = 4.7 = 3.63%107°T2 - 0.593Log) N + 5,53 ~ 6.71x1073T,M (11)
S,1ps = 128 = 1,09x16727% - 0.593Log) N + 5.33HF = 6,71x107T,M (12)
pizs = 128 = 1091wy - 0.593L0g, N + 5. ' T

Three important points are worth noting in equations (10), (11) and (12).
These are: (1) The values for S, are about the same for typical room
temperature strengths available in the literature. Typical values are 2480
MPa (360 ksi), 310 MPa (45 ksi), and 120 MFa (17 ksi), respectively. (2) the
values for the 82'5 (T% coefficients) are of about one order of magnitude
higher, than the corresponding values in equations (3) anda (4). (3) and more
important the durability/life predicted by these equations needs to be
verified experimentally.

Following the procedure described above, using equations (5) and (6), and
using appropriate values from reference 1, the predictive equations for
longitudinal compression, transverse compression and intralaminar shear for

HMS/E coumposite are:

HMS/Epoxy - Longitudinal Compression

, -2 -7 ,
Si11c = 126 - 5.36x107°T, - 4.98x107'T,V - 6.15 Log; ;N + 89.4M — 0.16 ToM
(13)
HMS/Epoxy ~ Transverse Compression
-2 P | e a ] ,
Syppc = 59.5 - 5.00x10 Ty - 4.98x107°V ~ 6,64x10°" T,V (14)

11



HMS/Epoxy ~ Intralaminar Shear
S 1ne m 17,4 = 1.3220072T ~ 4.98x10"%V - 6.64x1077T.V (15)
p12s = 17:4 = 1.32000° Ty - 4.98X . T

Typicul literature values for So. at rcom temperature dry, are 830 MPa (120
ksi), 240 MPa (35 ksi), and 69 MPa (10 ksi), respectively. The test
temperature (TT) coefficients are of the same magnituge as those in

equations (5) and (6). However, the sign in vquation (13) is reversed from
that in equation (6). This may be interpreted to indicate that the strength
enhancement in equation (5) is in part due to the amelioraticn of residual
longitudinal compression stress in the graphite fibers. Equations (13), (14),
and (15) also need experimental verification as was the case for equations
(10), (11), anda (12).

The important conclusion from the afore discussion is that the fitted
equations for the tensile durability(life in conjunction with the
isoparametric relationship can be used to derive predictive equations for
compression and intralaminar shear. The predictive equations thus derived,
however, still need experimental verification mainly, due to lack of
gxperimental data, and can only be usea as a guide at this time.

GENERALIZATION FOR DURABILITY/LIFE
TO GRAPHITE/EPOXY COMPOSITES

The multiple regression analysis results showed that the hygrothermal
environmental etfects and cyclic loading were decoupled for the graphite HMS/E
compot ite system, as was described previously. This information together with
the observation that the hygrothermal environment affects only resin
proverties (ref. 2) can be used to derive a "generalized" predictive equation

for the durability/life of graphite-fiber/epoxy~matrix composites. The

12
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desired equation is (assuming negligilile urying eftect on moisture/ceyclic load

coupling at elevaled temperature),

. Taw - Ty |72 X «
§ - [T&*WLI So - BLO’umN (16)

The first term iu equation (16) is that derived in reference 2 expressed
in the present notation and represents the coupled hygrothermal degragation
eftects.

The second term is the cyclic loading (fatigue) effect adopted trom the
multiple regression analysis in view of the cecoupled relationship describea
previously. The notation in equetion (16) is as follows:

I denv.es the glass transition temperature of the resin at that moisture

Gh
sontent
Ty genotes test or use temperature at which S is to be predicted
IGU denotes the glass transition temperature at which 30 was measured
110 genotes the test temperatuie at which SO was measurea
S, denotes reference durability/life
7 is a coefficient to be determined for the specific composiie system
and tor the specitic strength
N is the number of Toading cycles as previously described,
tquation (16) is general; it is,pgx Timited to any one resin system; and
the user has the option Lu generate his own experimental data to evaluate the
participating variables. Procedures for evaluating the participating
variablus in equation (16), application of this equation tou available

experimental data and comparisons between predicted and experimental 0atd are

Ly e

desuribed in some detail below.

gt g £ g
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The glass transition temperature of the wet resin can be determined from
the graphical informiation in figure 1 (ref, 7). For other resins (uut/dry)
simitar graphs can be constructed using standard methous for getermining the
glasy Lransibion temperature (refs 8).  Comparisons of predicted and measured
hygrothermal effects on transverse compression, transverse tension, and
intralaminar shear strengths are sunmarized in figure &. Several composite
systems tested at a variety of hyarothermal envivonments are included,
Meoasured daba used in the statistical analysis as well as measured data which
will be used subsequently for evaluating B in equation (16) are included., The
agreement is excellent, This excellent agreement further substantiates the
predictive capability of equation (16) for hygrothermal effects.

The coetticient B in equation (16) is evaluated herein using the
hygrothermomechanical (HGTM) data in reference 3. Seolving equation (1b) for B

¥

yinlds

[Tcw "r_]hz s ‘ (17)
Teo "ol ~ o

where S 1s the durability/1ife (fracture stress) corresponding to HGTM
conditions represented by N, TGN and TT. Using the unidirectional ¢cyclic
data in retervence 3 for longitudinal compression, transverse compression ana
the & ﬂb”)ﬁ data for intralaminar shear in equation (17) yields values

tor B 2‘5‘

+

, ranging from 0.02 to 0.13 or in equation form

FINE éwblba < 0,13 | (18)

whore the 0.02 values are predominantly tor longitudinal compression, The

majority ot the values for B/SQ were about 0.1, Since the majority of the

14
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b/S, values were about 0.1 and since a value ot 0.1 was determined for
glass-fiber/epoxy composites (ref, 9), it is recommended that a value of 0.1
be use) for BIS0 for all uniaxial strengths of graphite-~fiber/resin-matrix
composites, This sinplifies the equalion and should be more than adequate tor
preliminary design use. Normalizing equation (16) witis respect to SU and

using 0.1 tor B/SO resuits in

. I
s Wow-Tr
& .t[rm - 0,10 Loc,oui (19)

as the desired "generalizeu" predictive model for the durability/life ot
graphite~fiber/resin-matrix composites. Ekquation (19) represents a family of
straight haes. For cxample the number of cycles at room temperature ary
conditions and § equal to zero is 1010 or 10 billior.

The paraliel Tines predicted by equation (19) and the experimental data of
reference (3) are shown in tigure 3. The point of magor importance to be
noted in this figure is that the measured data at fracture is above the
predictes lines. This illustrates the conservativeness of the “generalized"
predictive model equation (19) and provides credence for its use in
preliminary designs in general. The equation can be usea in more specific
designs in AS/E composites with 1.1 percent moisture up to 93.3° R (200° F).

The important observatiun from the above discussion is that a
"qeneralized" predictive model tar predicting the unaxial durability/lite ot
graphite~fiber/resin-matrix composites has been derived. This model has
simble form, predicts conservative values, and should be avequate for use in
preliminary designs. The model provides the user with options to adapt it to
his own specific case. The authors have not applied this predictive model tu

other ftiber/resin conposite systems, as yet. However, there is no apparent

15



ORIGINAL PAGE I8
OF POOR QUALITY

reason wiy it would not apply so long as the hygrothermal behavior is

-
A

EEN

decoupled, or lightly coupled, with cyclic loading for these other compos.uas.
SUMMARY OF RESULTS -
The significant results of an 1nvestlgat10n to assess the durab1lity/11fe
(fatigue strength) of fiber/resin-matrix composites and derive FEQUISlte .
predictive models are as follows:

1. Statistical analysis (least squares method and multiple regresswon) was i

used to determine the significance of hygrothermomechanical (HGTM) TR

variables on tensile composite strength (durability/life) of

boron/epoxy (B/E) and high-modulus graphite/epoxy (HMS/E) composntes.

Ny

. The multiple regression analysis reduced the number of HGTM var1ab1es

from fifteen assumed in the initia)l curve fit nodel to six or 1v s w1th .
a probability of 0.999 nr greater, j~;" '1 o
3. The multiple regression results showed that the hygrothermal varlables " -
are decoupled from the cyclic load variables though the decoupl}quﬂjtp ’;:;”:
moisture may have been due to suspected drying dur1ng‘e1evated . .
temperature testing. - VRIS
’ RRRNERITT B O PR 1
4. Predictive models derived for the’ tens11e durab111ty/l1fe were used in N
conjunction with assuined isoparametric relatlonshlps to derlve o :' i"h
predictive models jor the compression and shear durab111ty/11fc 6ka/E n?f wy:
and HMS/E composites. ‘ ':' ‘“” N
b. A "generalized" predictive moce] was der1vea for the durabi]12y}]1fz‘of "T!’
graphite~fiber/resin-matrix (Gr/R) composites to be useo malnly 1n '?f.,
preliminary designs. oL e ”“f*
v

16



b. The "generalizcn® predictive model for the Gr/R composites is of simple
form and predicts conservative values when compared with available
measuraed data for AS/L composites with 1.1 percent meisture up to Y3° U
(200" F).

17
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APPENDIX - SUMMARY DESCRIPTION OF DATA

USED IN THE LEAST SQUARES METHOD

Data used: From parts 1 and 11 (ref. 1)

Tes* Descriptions: Tensile and Fatigue

Materials used: (1) Avco 5505/Boron and {2) Hercules 3002M/
Courtalds HMS Graphite

Preconditioning:

(1)

(2)

(5)

Specimens with no preconditioning (served as baseline
data).

Straay state humidity - 1ncludea 500 ana 1000 hr.
exposure to 98 percent relative humidity (RH) at
120°F

Thermo-Humidity cycle - Total exposure time was 500 hr,
Specimens exposed to 95 percent RH at 120°F except

tor 1-1/2 hrs. each working day. Then they were
exposed to thermal shock For 1 hr. at -65°F

followed by 1/2 hr, at 250%F.

Steady state thermal -~ Exposure vo 260% and 350%

for 100 and 500 hrs.

Accelerated weathering humidity cycie - Exposed five
days/week and in two hour cycles. Each two hour cycle
was uivided into 102 minutes of exposure to light
without water where the average temperature was

146°F, and 18 minutes of light with water spray of
12-15 psi. Specimens were unaisturbed remaining two

days of the week.

18
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Variables used:

(6) Cyelic thermal - Thermal cycles of 100% to
260% and 1009 to 350% for 500 and 1000

cycles. Rate was one cycle per hour,

From equation 1, the hygrothermomechanical (HGTM) variables are:

T

™ test temperature

N = fatigue cycles to failure

M = percent moisture weight gain

VmTP)\Lp

Tp = preconditioning temperature

p
For:

(1)

L. = duration of preconditioning

Steady state humidity -
Ty = 120°F
Time = H00 or 1000 hour
M = 1.3 for 500 hr., 0.59 for 100 hr. for Boron 0°.
0,354 for 500 hr., 0.72 for 100U hr. tor Boron 90°,
0.343 tor 500 nr., U.6b3 for 1000 hr. for HMS 0°.
0.3b7 for 500 hr., U.589 tor 1000 hr. for HMs 0°,
Hygrothermal
T, = ~65%F .
time = 15 hours
M= 0.291 for 0° Boron
0.331 for 90° Boron
0.459 for 0% HNS

0.640 for 90° HMS

19




(3) Accelerated weathering -
T, = 145%F
time = 54 hours
M = 0.064 for Boron 0°
0.029 for Boron 90°
0.015 for HMs 0°
0.126 for HMS 90°
(4) Steady state thermal -
T, = 260% or 350°F
time = 100 hrs, or 500 hrs.
M= 0.0
(5) Cyclic thermal -
T, = 160°% or 250% (used T)
time = 500 hrs. or 1000 hrs. (let 1 cycle = 1 hour)
M=0,0
A1l temperatures (TT’ Tp) were converted from % to °R by adding 460.0
and time was converted from hours to days by dividing by 24. The above
scaling and the base ten logarithm of fatigue cycles were done before
performing any statistical analysis.

Ranges of values used for the HGTM variables:

TT test temperature. Computations were done in ORSnkine (°F +
460). Values are: 530°%R (70°F), 720% (260%), 810°R
(350°F)

T preconditioning temperature. Also convertez to %R as was
Tr. Values are: 580°R (120%F), 380°R (-65%F), 605%R
(145%), 620°R (160%F), 710°R (250°F), 720°R
(260°F). 810°R (350°F)
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time

i
]

duration of preconditioning, NEWRAP (ref. 5) have provisions for
converting the input hours to days. Valuesg are; 20.83 days (500
hrs.), 41.67 days (1000 hrs.), 0.63 days (15 hrs.), 2.2b days (54
hrs.), 4.17 aays (100 hrs.)

product of Tp and time. Thus has units of °R~days. Values

are: 12081.4%R-days, 24168.2%R~aays, 245.7%R-aays,
1361.25%-days, 12914.6°R-days, 3002.4%R-days,

14997.6°R-days, 3377.7%-days, 16872.3%R-days,

25835.3°R-days, 14789.3%-~aays, 29585.7%~days. LOGy N -

base ten logarithm of the fatigue cycles. Is input ihto the
programs as fatigue cycles., Provisions have been made in both
programs to take the log of this number. There are no units ana
the values range from 0 to 7.

percent moisture weight gain. Is input as a percentage and has no
units. Vvalues range from 0.015 to 0.64.

Sample values:

280900°R°, 518499%R?, 656100°R?

Sample values:

Minimum - 60368.5%R%-days Maximum -~ 875313644 .5°R%-aays

Sample values:

range from O to 49

Values:

Minimum - 2.25)(1()"4 Maximum - 0.41 (Some are zero.)

Values:

Minimum - 1.302x10° OR® aays Maximum - 2.396x107

Op2days




TyLogyoN Values:
Minimum - 530°R  Maxinum ~ 5.67x10% O Some are zero.
VLogloN Values:
Minimum - 245.7% days  Maximum - 2.07x10° R days Some
are zero.
T.M Values:
Minfmum - 7.95°% Maximum - 518.4%R Some are zero.
VM Values:
Minimum - 3.685°R days Maximum - 18934.9°R days Some are
zero.
NLogq gN Values:

Minimum - 0.015  Maximum - 4.48 Some are zero.
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TABLE 3,

REGRESSION ANALYSIS RESULYS FOR HMSIEPOXY
UNIDIRECTIONAL COMPQSITES

COLFFICIENY _STRENGTHIPROBABILITY
LONGITUDINAL 1) TRANSVERSE (90°)
>0 900 >0 9 >0 900 >0 9
(59 B | -4 8.4 12.% nn
oy 034 A0 | -La0? | -1 30
‘Y ’ 52 '29 l’xlo.‘ EUFSNERSRNA [EE XX N NN sResRERRISRE
vy B, 8 7lxl°.‘ TArERSENENS -4 ‘1!’0-‘ -4 ”100"
‘Vz) " 8RB EEIIIEY EFNLBENANES FEEBRETORLY PERERERINEY
v b | -Ltoaet | oeaseao? | saae? |ossmo?
N} '6 8,68 -6, 15 e esRbRERE It
(N?’ " ‘uﬁ, FIRPRRERARS XN R RS N L) PEEEFEEIORSE
“]N’ a. I RNV I T ITYRIT T EY) 1“"0.‘ FENERRRINNS
‘VN) a’ (EERIEBNSRY EEERNRREROS IEE RN IAA2) RERUIIIINNG
M Bm 9,28 89.‘2 'lUG XXX TAZIR Y
‘Mz) Bu XTI EINT Terrsineay XTTLITIEY) (YIS ITY
M By | -als4 -0.60 Leao? |
WM) sn XYY T tNENPARRRYS me" PEARIUIIILY
(MN) B“ X vanheresade YT TIITIYS sresaabsree
0L DEFINITION
500 -
& 400
i
§ 0
= 3501-5A HERCULES
£ aof.- BOL6
= 3802
= 5208 NARMCO
ol g FIBERIE
2373 15509)
0 Lo d b L |
4 § 10

2 6
RESIN MOISTURE CONIENT, percent
Fiqure 1, ~ Glass transition temperature, Tg, of wel resins,




MEASURED STRENGTH, ksi
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