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FREDICTION OF COMPOSITE NYGRAL BEHAVIOR MADE SIMPLE
by Christos C. Chamis* and John H. Sinclair®

Niational Aeronautics and Space Administration
Lewls Research Center
Cleveland, Ohio

ABSTRACT

A convenient procedure is described to determine the hygral (moisture)
behavior (moisture expansion coefficients and moisture stresses) of angle-~
plied fiber composites using a pocket calculator. The procedure consists
of equations and appropriate graphs of (x0) ply combinations. These graphs
present reduced stiffness and moisture expansion coefficients as functions
of (18) in order to simplify and expedite the use of the equations. The pro-
cedure is applicable to all types of balanced, symmetric f£iber composites in-
cluding interply and intraply hybrids. The versatility and generality of the
procedure is illustrated using several step-by~step numerical examples.

1.0 INI2?DUCTION

Moisture expansion coefficients and moisture strains and stresses in
angleplied laminates are frequently required fox the initial sizing of
structural components made from the fiber composites. These coefficients,
strains and stresses are referred to as composite hygral behavior. The
significance of composite hygral behavior is extensively discussed in ref-
erence 1. Moisture expansion coefficients and moisture strains and stresses
are determined using composite mechanics and laminate theory usually in a
computer code (refs. 2 and 3). A computer code was used effectively (ref. 1)
to evaluate moilsture stresses in angleplied laminates and thereby assess the
effects of these stresses on the structural integrity of composites. It is
generally recognized that the use of a computexr code is expedient and quite
general. However, it does not provide the user with insight and instant feed-
back of the laminate hygral behavior and capability as he proceeds with the
design/analysis of the component.

A convenlent procedure (method) is described in this paper which can be
used to determine the hygral behavior of angleplied laminates. The procedure
is suitable for hand calculations using a pocket claculator. It consists of
simple equations and appropriate graphs of (£6) ply combinations from the most
frequently used composites. The procedure makes use of the well known trans-
formation equations, and laminate theory equations. Its structure is similar

to that in reference 5 and 6. The procedure can handle all types of composites

including interply and intraply hybrids. The procedure is illustrated using
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step-by-step numerical examples. The discussion on this paper is limited

to linear mechanical and hygral behavior of composites where the combined
moisture temperature effects are neglected. This article presents simplified
individuai approaches to the hygrothermomechanical behavior of components.

An integrated treatment is described in reference 1 including a review of the
field up to 1977. Continuing interest in the moisture behavior of composites
is evident from the research cited under Recent Relevant Articles.

R

The paper and numerical examples are written mainly in a tutorial manner
in order to illustrate the step-by-step procedure. For this reason, the vari-
ous sections are self cont:ined as much as is practical at the expense of some
duplication. The notation used is defined when it first appears, in general,
and also summarized under symbols for convenient reference. Customary units
are used throughout the numerical examples since these serve primarily to
illustrate step-by-step numerical calculations. Appropriate conversion factors
are given in the symbols.

2.0 MOISTURE EXPANSION COEFFICIENTS

B

The inplane moisture expansion coefficients (MECs) of [O[tG}S angleplied
laminates are determined from the following equations:

= N
b et b & -

Bosx = Eorm {Vpe [(Qe11 - vexyQe21)Be11 + (Qe12 - vcnyeze*.)!ezﬂ

+ Vpo[(Qp11 = VexyQe21)Bp11 + (Qu12 - chszzz)ﬂzzi]} | (2.1)

L ,
Beyy = Toyy {Vpe [Qg21 = veyxQe11)Be11 + (Gg22 - veyxQ021) Bo22]

+ Vpo[(Rp21 = VeyxQu11)Ba11 * (Qp22 = \’cnyz21)3222j} (2.2)

The composite moduli (E

and E__ ) and the composite Poisson's ratios (v
exx cyy ¢
and vcyx) are given by:

Xy

ng ngx )
Bexx = Qexx = Qcyy; Ecyy ® Qoyy - Qoxx
o ? (2.3)
Qexy Qexy' |
vexy = oo Veyx = chy‘
QCYY CXX J
The reduced laminate stiffness (Qc's) are given by:
Qexx = VpoQe11 *+ VpoQrid
Qeyy = VpoQe22 *+ VpoQezz (2.4)

Qexy = VpoQo12 + Vpowi2 = Neyx



The Qg's are obtained from the appropriate figures 3 to 18. The Qp's are
equal to Qg's at O = 0 din figures 3 to 18. Note that Q,,, = Qqqp+ The B°'|
and f;'s are obtained from the same figures. The parameter V envtes the
thickness ratio of the +0-plies to the total laminate thickness 8&11- Vp is

the corresponding ratio for the O-plies. Vpe and Vpo satisfy the idcnelty'

The following procedure is convenient to calculate numerical values
for 8 and $ for a given [O/+9] APL using equations (2.1) and
(2_2):cxx cyy S

1. Obtain values for Qg11, Q922, Q912 = Qe21» 11, 22, Q12 = Q21
8911, P22, Bpll and @22 from the appropriate figures. Note that ten values
are needed.

2. Calculate values for Vpe and Vpo' respectively,

thickness of +6-plies

Vpe ~ thickness of APL (2.6)
. thickness of O-plies
VPO = ™ (hickness of APL (2.7)

3. Calculate values for Qexx» Qcyy and Qexy using equations (2.4),
using the information obtained in item (1) above and that obtained from equa-
tions (2.6) and (2.7).

4. Calculate values for Eexys Ecyys Vexy 8nd Veyx using the informa-
tion obtained in item (3) above, We use” the well known relationship

= Boy: 2.8
Veyx ® Vexy Eopyx (2.8)

to check our numerical values. In summary, we need to look-up ten quantities
from the graphs and calculate a minimum of seven others in order to determine the
moisture expansion coeffileients (MECs) B and B using equations (2.1)

and (2.2). cxx eyy

It is worth noting in equations (2.1) and (2.2) that the APL MECs depend
on the properties of the t6-plies (Qg's), the O-plies (Q;'s) and the APL (in-
tegrated) properties E, and vs. Also, the APL Poisson's ratios (v,) restrain
the MECs of the APL since these quantities are preceded by a minus sign and,
therefore. subtract from the total. Furthermore, the shear moduli contribute
to the MECs through the Qe's. In addition, equations (2.1) and (2.2) can be
easily extended tor more than one set of +6-ply combinations. Similar terms



Vpaltj + VPGZEJ + etc,, are added to accommodate this case as will be de-
scribed with a numerical example later.

Example 2,1, = Calculate the MECsS of the E§30/0é] APL made from AS/E

composite: (1) Following the procedure outlined in item (1) above, we obtain
the Q's from figure 7 and the B's:'s from figure 8 both at & = #30 and 0
(within curve reading accuracy):

Qyy = 11-3x10° pai Qqpy = 18.7x100 psi
Qgaa = 2.9x106 psi Qpoy ™ 2.0x106 psi
Qgay = Qgya * 3.7x10% psi Qg = Qpgp = 0.6x106 psi
Bo1y ™ -0.008x107% in/in/HM Ba11 ™ 0.006x107%  in/in/%M
Booa ™ 0.060x10°%  4n/in/%M Bp22 ™ 0.129x10°%  in/in/¥M

Note the MECs ave given in dimensionless form in in/in/% moisture in the composite,

(2) TFollowing item (2), we calculate Vp@ and va

Vpo = &{8" 0.5

{3) Following item (3), we caleulate the Qe¢'s using equations (2.4) and
carrying the units selectively for convenience

|

Qexx = VpeQe11l + VpoQuiy

6

= 0,5 x 11.3x10% + 0.5 x 18.7x10° = 15.0x106 psi

Qeyy = VpoQe2z + VpoRe22

6 6

= 0.5 x 2.9%x10% + 0.5 x 2.0x20°% = 2.45%10° psi

X

Qeyx ™ Qexy ™ VpoQer2 * VpoQei2

0.5 x 3.7x108 + 0.5 x 0.6x106 = 2.15x10°

psi



(4) Following dtem (4), we calculate E,. .., E and v

cyy cxy

2 : 6,2
Eex ™ Qex - Qex w 15.0x100 - £2:15x10 - 13.1x10° psl

cyy 2,45%100
Q2 2.1 6y 2
6 +15%x10 6
" Q 6951‘- 2.45x100 ~ L213X100) 5 440106 pai
Feyy ™ Qeyy ~ Qe 15. 0x20°
Qcxy  2,15x106
Vexy " Royy  2.45x106 “ 0.878
Qexy  2.15x10°
Veyx T Quy, | 15.0x100 " 0.143
Be
Check: Vopx ™ Vexy ncxx
2,14x100
0.143 = 0,878 ==X R 106 =>0.143 = 0.143 O.K.

g Using the above information in equations (2.1) and (2.2) and cancelling
with 10 within the braces:

1 ,
Bexx ™ Eoxx {Vpe[zqell = VeuyQe21) Fo11 *+ (12 = VexyQo22) Bo22]

+ Vpo[zQzll = VexyQe21) 811 *+ Qg2 - chszzz)szzi]}

104 | . |
S L A {0.5[311.3 ~ 0.878 x 3.7)(-0.008)+(3.7-0.878x2.9) (0.060)]
13.1x100
+ 0.5[318.7 - 0.878 x o.s)o-o.ooa)+(o.6-0.878x2.0)(0.1252}
104 { - | }
.-t 2 0.5[-0.064+0.069] + 0.5F0.145-0.149
13.1x106 [ ] E ]

. -2
B = ~0-011x10"° in/in/2y

(tont'a .
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| | '
Boyy * koyy {Vpe[30021 = VeyxQ11)8011 *+ (U922 = VeyxQ021)Po22)

+ Vo [(Q21 = Veyx@u11)8511 * (Qg22 = chxQz21>8z2é]}

4
2.14x10
+ 0.5 [(0.6 - 0.143 x 18.7)(0.006) + (2.0 = 0.143 x 0.6) (o.1295j}
10"
= —=—s {0.5 [~0.0067 + 0.242] + 0.5 [-0.012 + 0.24]
2,14x10

- . =2 4n/
ﬁcyy 0.084x107< in/in/%M

Example 2.2. - Calculate the MECs of the [0/£45/90)g APL made from AS/E
composite. This APL is commonly called pseudo-isotropic or quasi-isotropic
laminate meaning that the lamipate behaves 1ike an isotropic material with
respect to its inplane elastic and hygral properties. Again we follow the pro-
cedure putlined in items (1) throupgh (5) and extend it to three different ply
configurations (0, #45, 90):

(1) Obtain from figures / and 8 (within curve-reading accuracy) and using the
first subseript 6 to denote all three conditions:

Q and B 0 = 445 8= 0 9 = 90
Qgyy (108 psi) 6.1 18.7 2.0
Qgap (106 psi) 6.1 2.0 18,7
Qp21 = Qe12 (10% psi) 4.8 0.6 0,6
Bo11 (1072 in/in/ZM) 0,011 0.006 0.129
Bg22 (102 in/in/ZM) 0.011 0.129 0.006

Note the 0-ply and 90-ply properties are complementary as expectrd.

e



-

(2) The respective thickness ratios for this 8-ply APL are:

8 Number of plies ng
&45 4 4/8 = 0,50

0 2 2/8 = 0.25

90 2 2/8 = 0.25

(3) The corresponding Q.'s are:

Qexx = Vpra5%4511 + VpoRory + VpooQeord
(0.50 x 6.1+ 0,25 x 18,7 + 0.25 x 2.0)x10% = 8.22x10° psi

Qeyy ™ Vp#asQess522 + YpoQo22 + VpooQoo22

€0.50 x 6.1 + 0.25 x 2.0 + 0.25 x 18.7)x10% = 8.22x10%

psi

Quyx = Qexy ™ Vp+45Q+4512 + VpoQo12 * VpooQ9o22
(0.5 % 4.8 + 0.25 x 0.6 + 0.25 x 0.6)x10 = 2.70x10% psi

N

(4) The APL moduli and Poisson's ratio are:

2 ‘
Qexy 2.702 6 6
Eoxx ™ chx - 6;;; = (8,22 ~ 8.02 x 107 = 7.33x10" psi
%yx o (i 2 - 2:70%) 06 6
Ecyy - Qcyy - Qo §. ) x 10" = 7.33x10° psi
Qexy _ 2.70
Vg ® mm m S = 0.328
eXy T Quyy  8.22
- o . 210 = 0.328
Veyx © Uoyyx  8.22 "
Eq.
Check: Veyx = chy E e

0.328 = 0.328 %4%% => 0.328 = 0,328 O0.K.




The calculations for Egyy, Veyx and for the "check" were carried out for
completensss since it is obvious that for this laminate Egcyy ™ Ecxx and
Veyx ™ Vexy: ‘

(5) The MECs for this APL are calculated from equations (2.1) and (2.2) but
are generalized to include more than two different ply combinations. The form
of the equations using the summation sign are:

1
Boxx = ;E: Vpo [ (2011 = VexyQo21)Bo11 * (Qp12 = VexyQe22)8p22]

Eexx
+45,0,90
Beyy Beyy £ Voo (Q021 = Veyxe1108011 * Q022 = VeyxQo21)Ps22]
+45,0,90 (2.9)

where the sum is taken over 0 = +45, 0 and 90. Using the values calculated
previously in equacions (2.9) and combining the 106 term with the 102 within
the braces we have:

= ‘wm—:!;o-ﬁm { ) - [ § —
- P, 0.50[(6.1 - 0.328 x 4.8)(0.011) + (4.8 - 0.328 x 6.1)(0.011)]

+ 0.25[(18.7 ~ 0,328 x 0.6)(0.006) + (0.6 « 0.328 x 2.0)(0.129)]

+ 0.25[(2,0 - 0,328 x 0.6)(0.129) + (0.6 - 0,328 x 18.7)(0.0062]}

[ P
04
-t {o.so (o0.050 + 0.031] + 0.25 (0,112 - 0.007] + 0.25 [0.233 - 0.033]}
7.33x10
Bogy ™ 0-017x1072 in/in/2N
104 ,
[ X
+ 0.25[(0.6 - 0.328 x 18.7)(0.006) + (2.0 - 0.328 x 0.6)(0.129)]
+ 0.25[(0.6 - 0.328 x 2.0)(0.129) + (18.7 - 0.328 x o.ﬁ)(o.oosi]}
w . » . |
- {0_050 [0.031 + 0.050] + 0.25 [-0.033 + 0.233] + 0.25 [-0.007 + 0.111]
+JIXA

Royy = 0.017x1072 in/in/2M



as expected. The reader may find it instructive to note that: (1) the values
within the various parentheses for Pexy and Becyy are complementary.

The reader will obtain valuable practice and insight by using the pro-
cedure to calculate MECs of APL with ply configuration of his choice and a
different composite system.

3.0 TRANSFORMATION OF MOISTURE EXPANSION COEFFICIENTS

The molisture expansion coefficients (MECs) about any x'-y' coordinate
axes of an orthotropic angleplied laminate APL with material symmetry about
the x-y coordinate axes are gilven by:

- 2 1nl
ch'x' chxcos LI chySi“ ¢

8 sin2¢ + Be coaZy (3.1)

ey'y' ™ Bexx vy

g = (B

ex'y' - chx)si“ 2$

cyy

where the totation in equation (3.1) is as follows: ﬁ?x X ch-yv and
Bex'y! are the MECs about the new coordinate system xXy'; Bexx and Beyy

are the MECs about the x-y coordinate systam and are calculated as described
in Section 2; ¢ is the angle that the x' axis makes with the x axis. Note,
Box'y! is a shear-type moilsture deformation which is present along any x'-y’
coor51nate system x'~y' located at some angle ¢ where 0 € ¢ < 90 since
sin2¢ ¥ 0 in this range.

To perform the calculations using equations (3.1) we need the MECs foxx
Beyy and the angle ¢. The MEGs for the APL of interest are either known or
can be computed using the procedure and examples described in the previous
section. The angle ¢ 1s known once the coordinate x'-y' axes has been sel-
ected.

Example 3.1. ~ Calculate the MECs of the [*30/0235 APL made from AS/E

composite about an x'-y' coordinate axes where the x'axis is located by
$= 15° from the x-axis. From example (2.1) Boxx ™ -0.011x10-2 in/in/%M and
Beyy ™ 0.084x10-2 in/in/%M. Using these values in equations (3.1) we have:

2., 2
, =B co%[¢+ ch sin“¢

Box! eXX

cx'x y

= (~0.011 cos? 15° + 0,084 sin? 15°) x 10~2 in/in/2M

= =0,005x10~2 in/in/IM
(Cont'd.)




10
- 2 2
ey'y! chxsin $ + acyycos )
(=0.011 sin? 15° + 0,084 cos 15%) x 107% in/in/2M
0.078x10"2 in/in/2M

ex'y' ™ (chy - chx)sinZQ

{[o.oaa - (~0.011)] sin2(15°) } 1072 in/in/2M

0.0475%10"% in/in/2M

<
|

As can be seen, the shear-type MEC Beg'y' is substantial. Restraining this
APL, along the x'-y' coordinate axes will induce considerable in-plane shear
stresses.

4, LAMINATE MOISTURE STRAINS AND STRESSES

Along the laminate materisl axes. - The equations for calculating molsture
straing ecyy and €cyy along the laminate x-y coordinate axes are:

€ oxx (M-Mo) B

c CXX

N (4.1)
Coxx = (MO B

where M 1is the present and Mo 1is the reference moisture (usually zero);

and Boxy and Royy are the MECs which are either known or can be determined as de-
scribed previously. Use of equations (4.1) requires that the MECs be independent
of moisture within the range M-Mo.

Example 4.1. - Calculate the moisture strains for the [:30/02] g APL made
from AS/E comppsite (Example 2.1) where M=1% and Mo=0. The values for the MECs from
from Example 2.1 are:

Bexx = —0+011x1072 in/in/ZM; Boyy = 0.084x10™2 in/in/%M
Substituting these values in equation (4.1), we obtain:

£y ™ (MMo)Boxx = (1.0 = 0) (-0.011x1072) = -110x107% in/in

Eayy” (Mo)Beyy = (1.0 - 0) (0.084x10~2) = 840x107% in/in

cy cyy

The equations to calculate corresponding moisture stresses, assuming that the
laminate is completely restrained from moisture expansion, ave:

Toxx ™ AM(chx chx + chyacyy)

eyy = AM(QeyyBexx + QcyyBeyy) (4.2)
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where AM = (M - My); the Q.'s and ﬁc's are determined as described pre-
viously.

Example 4.2. - Calculate the restrained meoisture stresses in Example 4.1,
Referring to Examples 2.1 and 4.1, we have:

Qexx ™ 15.0x108 psi Boxx ™ ~0-011x10"2 in/in/2M
Qeyy = 2.45%10° psi Boyy = 0-084x1072 in/in/mM
Qoyx = Qexy = 2+15x10°% psi aM = (1.0 - 0) = 1Z

Using these values in equations (4.2) we obtain (combining 106 with 107%):

AM(QexxBexx *+ QexyBeyy)
w - 1.0 [15.0 x (~0.011) + 2.15 x 0.084] x10%

Texx ™

Ll 1.0 (—OUlGS + Oolal)

= ~ 160 psi ™ ~0.16 ksi

bM(QeyyBexx * QecyyBeyy)
- - 1.0 [2.15 x (=0.011) + 2.45 x 0.084]) x10%

Yeyy

% - 1,0 (=0.024 + .206) x10%
m - 1660 psi ~-1,7 ksi

Two points are worth noting in connection with the above values of these
moisture stresses:

1. The moisture stresses Ogyy and gOpyy are relatively small (0.2 and 7.7
percent, respectively) compared to the corresponding compressive failure stress-
es of the laminate Sexye * 83 ksi and Seyye = 22 ksi, based on first ply failure
(ref' 5)- - ’

2. The magnitude of these moisture stresses may be sufficlently high to
cause pancl buckling. For example, a 20 in. x 10 in. x 0.04 in. panel from
this 8-ply APL has buckling stresses of about O ™ -8.2 psi and Toyy = -82
psi (calculated using the equation in ref. 7) or approximately 5 perceX¥ of the
restrained nnisture stresses which are relatively low. A panel with this geom-
etry will buckle at an increase in moisture of about 0.05%. The important
conclusion from the discussion in this example is that molsture stresses need
be considered carefully by the designer/analyst in situations where restraints
may be present. It is noteworthy to compare these buckling stresses with those
of the same panel made from aluminum. The aluminum panel will buckle at about
twice the stress and be twice as heavy. The two panels are equivalant on the
buckling stress to weight basis.

5.0 PLY MOISTURE STRAINS AND STRESSES

It is instructive to describe the ply moisture strains and stresses in the
plies of an APL by breaking them down into three '"commonly thought-of" types.
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These types are:

1. Restrained - APL is restrained from moisture expansion.
2, Frea = APL is free to undergo moisture expansion.
3. Combined -~ Combinations of free and restrained.

The ply moisture strains and stresses to be described are those along the ply
material axes 1, 2, 3, figure 1. ¥or convenience, the strains along the l-
direction (fiber direction) are defined by epyy and the stresses by 9.,,; tho
along the 2-direction (transverse to the fiber direction) are defined by €
and Gga9t and those in the 1-2 plane (intralaminar shear) are defined by €312
and azlzs

Restrained APL, = The ply moilsture strains for this case are given by

€o11 ™ €222 ey = O (5.1)

The corrasponding ply stresses are given by

o9y ™ = AM(Qq131Be33 * QpyoBs22)
Upap = = AM(Qp218417 * 0p228422) (5.2)
og12 = 0

where AM equals the change in moisture, Where the Q,'s are the reduced ply
stiffness and the 8,'s are ply moisture expansion coefficients (ply MECs).
The ply reduced stiffness Qp's and the MECs can be estimated from figures 3
to 18 at @ = 0°. Equations (5.2) show that the ply material axes moisture
stresses in an APL restrained Ffrom moisture expansion depend only on ply
properties. Also, there is no intralaminar shear stress for this case.

Example 5.1, ~ Calculate the ply moisture stress in the plies of the
[£30/0]s APL, made from AS/E composite, where the moisture is increased
from 0% to 1% and the APL is restrained from moisture expansion. The num-
erical values we need for thase calculations are determined as follows:
Figures 7 and 8 at 0 = 0°

Qqpy = 18.7x106 psi, Qppp = 2.0x108 psi
Qp21 = Q%12 = 0.6x106 psi

Bp11 = 0.006x10"2/2M; Bpop = 0.129x1072/2M

R T
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and AM = 1,0% congistent with the previous definition. Using these numer~
ical values in equationz (5.2), we calculate

Ogyp ™ - AM(Qg1iBgyy + Qp128422)
= - 1,0 (18.7 x 0.006 + 0.6 x 0.129) x10% = - 1896 psi - 1.9 ksi

dp20 - 8M(Qgp1Ba11 + QuaoBs22)
= - 1,0 (0.6 x 0.006 + 2.0 x 0.129) x10% = - 2616 psi - 2.6 ksi

Free APL. - The ply moisture strains for this case are given by:

g1y ™ AM (B cos?e + ﬁcyysinze - Bgll)

yycosze - 32'22) (5-3)

ealz * BM(B . = By )sin’e

CXX

Cgp = OM (B Sine + 8

The corresponding ply stresses are given by:

0,11 = M Q14 (Bgll(ﬁcxxcosze + chysinze - Bg11) * Qg2 (chxsinze + chycosze—alzz)]

ogn2 = MM [Qg0y (Buyy005%0 + Boyysin®0 = By11) + Qp22(Bey,sin2 ¥+ Beyycos?s ~847)]

g1 = AM [Qg33(Beyy - B oxx) Sine) oty

Also, when the ply moisture strains are calculated using equations (5.3), the
corresponding ply stresses are given by:

op11 = Qaitpiy T Quizeg22
U202 * Q21811 * Quagte22 (5.5)
9917 = 33633

where the strains (g;) are calculated from equation (5.3).

Example 5.2. - Calculate the ply moisture strains in the plies of the
[:30/02]5 APL, made from the AS/E composite, where the moisture is increased
by 17 and the APL is not restrained from moisture expansion. We will cal-
culate the ply moisture strains in the +30° plies, in the -30* plies 2nd in
the 0*-plies by using equations (5.3). The numerical values we need are:
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AM = 1,0%
8 = 30° -30° Q°

» e "2'
By = ~0+011x10 in/in/2M

Boyy = 0-084x1072 in/in/mt
(These values are taken from Example 2.1)

” "2
Bﬂll 0.006x10™¢ in/in/iM

...2 "
Bupp = 0:129x10 in/in/aM

309-ply. - Substituting these numerical values and 6 = 30° in equa-
tions (5.3) we calculate:

€41 = AM(ScxchSZQ + ﬁcyysinze - 3211)

1.0(¢-0.011 x cos230° + 0.084 x sin?30° - 0.006) x 10~2 in/in

67.5x10"% in/in or = 0.007%

egan = AM(B o100 + o pcos20 - Bpoy)

1.0(=0.011 x 8in30° + 0.084 x c0s230° - 0.129) x 10""2 in/in

|

R’

-688%10"% in/in = -0.069%

n

i

1.« [0.084 - (-0.011)] x1072 sin 60°

K

822 in/in™ 0.082%

-=30°-ply. - The moisture strains in the -30° ply are thi same as those in
the +309 plies for ep)3 and eg9p and opposite sign for epy9. The reader
can readily verify that this is the case by inspection of the appropriate
equations.

0%-ply. - Substituting the above numerical values and 6 = 0° in equa=-
tions (5.3) we calculate:

0 SN -



ey = AMGBo,

c0820 + B
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2 .
cyysin 0 - Bg11)

= 1,0(-0.011 x cos20°® + 0.084 x sin?0° - 0.006) x 10™2 in/in

= -170x10"6 in/in® -0.017%

€g22 = AN(chx

= 1.0(-0.011 sin20® + 0.084 x cos20® - 0.129)x10~2

= ~450x10

=6 {n/in

-0, 045%

€gl2 * AM(chy - chx)sin 20

= 1.0 [0.084 - (0.011)] sin 2¢0) 0%

= 0.0

The reader will find it instructive to compare the corresponding moisture

strains in the 30° and 0° plies.
30® ply are about the same as those in the 0® plies while the shear strain €212

Both normal strains

€211

and

€g22 in the

has the largest magnitude in the 30° plies and is "zero" in the 0° plies?

Example 5.3. -~ Calculate the corresponding moisture stresses in the plies

in the APL of Example 5.2.

To calculate the corresponding moisture stresses

we can use either equations (5.4) or (5.5) since we already calculated the
We will use equations (5.3) for convenience. In
order to use equations (5.5), we need numerical values for the reduced ply

strains in Example 5.2.

stiffnesses

We tabulate these numerical values for convenience.

Reduced Ply Stiffnesses in 100 psi

(fig. 7 at 8 = Q°
Example 5.1)

Quiy = 18.7

Qpoo = 2.0

or from

Q21 = Qgy9 = 0.60

Q233 = 0.56

30°
€922 -688
€012 822

~30°
67.5
-688

-§22

Qg and corresponding moisture strain values g9 from Example 5.2.

Moisture Strains in 1076 in/in from
Example 5.1 for

e:
00

~170

~450
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Using corresponding values in equations (5.5) we have (cancelling 106 with 10“6
for convenience)

+#30%ply: og11 ™ Qp11€e11 * Qgi26€p12

18.9 x 67.5 + 0.6 x (~688) = 863 psi

Og22 ™ Quo1€p11 + Q226022

0.6 x 67.5 + 2,0 x (-688) = -1336 psi

Og12 ™ Qgaztgyp = 0.56 x 822 = 460 psi
:QQE:RLX’ 091y and 0oy are the same as for the +30° ply:

0g1p has opposite sign or ogyp = —460 psi

0O-ply: 011 ™ Q11611 * Quu2egi2

= 18,9 x (-170) + 0.60 x (~450) = -3483 psi

0g22 = Qgoieg1l * Qua2ep22
= 0,60 x (~170) + 2.0 x (~450) = -1002 psi

o = 0.56 x (0) =0

g12 = Qaate12

The interesting point te be noted from the numerical values of the ply
moisture stresses is that the transverse ply stresses OJpg, are compressive
and are about 3 percent of the compressive ply strength %81220 equals about
35 ksi at 1% moisture).
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6.0 CONCLUSIONS

A convenient procedure is described to determine the hygral behavior (mois-
ture expansion cocfficients and stresses) of angleplied fiber composites, The
procedure consists of equations and appropriate graphs of (+8) ply combinations.
These graphs consists of reduced stiffness and moisture expansion coefficients
of frequently used composites and hybrids as functions of +6 in order to simplify
and expedite the use of the equations. The procedure is applicable to all types
of balanced, symmetric fiber composites including interply and intraply hybrids.
The versatility and generality of the procedure is illustrated using several
step-by-step numerical examples. The step-by-step numerical examples are set up
so that the calculations can be made using a pocket calculator. Some of the num~
erical examples were selected to illustrate significant implications of composite
hygral behavior in design applications. One percent moisture change induces neg-
ligible ply stress in angleplied laminates. These moisture ply stresses can be
neglected in general. However, thin angleplied laminates restrained from free
moisture expansion need be checked for possible buckling even at low moisture
levels.

7.0 SYMBOLS

APL angleplied laminate

AS/E AS-graphite-fiber/epoxy-matrix composite

B/E boron-fiber/epoxy-matrix composite

Eq laminate modulus - subscripts x,y denote structural axes directions

EQ ply modulus - subscripts 1,2 denote ply material axes directions

HMS/E high modulus graphite-fiber/epoxy-matrix composite

K/E Kevlar-fiber/epoxy matrix composite

M Moisture, % by weight in composite

AM moisture change, % by weight in composite

MEC moisture expansion coefficient

Qe reduced laminate stiffness - subscripts x,y denote structural axes
directions

Qq, reduced ply stiffness - subscripts 1,2 dentoe ply material axes
directions

Qg reduced stiffness for #¢ symmetric laminate ~ subscripts 1,2

denote material axes directions

Sy ply strength - subscripts 1,2 denote ply material axes directions;
- subscripts T, C, S denote type

S-G/E S-glass-fiber/epoxy-matrix composite




P

X¥,2

1,2,3

B3,

18
ply thickness ratio - subscripts 0, 0, 90 denote ply designation
to which the ratio applies
scruétural axes coordinate directions

material axes coordinate direciions - 1 taken along the fiber direction,
2 transverse to the fiber and 3 through the thickness

laminate configuration designation - numbers in the blanks denote
ply stacking sequence and orientation - subscript S denotes
symmetry about ply in last blank space

laminate MEC - subscripts x,y denote laminate structural axes
directions

ply MEC - subscripts 1,2 denote ply material axes directions

+0 laminate MEC - subscripts 1,2 denote material axes directions
laminate strain - subscripts x,y denote structural axes directions
ply strain - subscripts 1,2 denote material axes directions

ply orientation angle measured from the x~laminate structural axes
to the l-ply material axes and taken positive

laminate Poisson's ratio - subscripts x,y &enote structural axes
directions

ply Poisson's ratio - subscripts 1,2 denote ply material axes
directions

laminate stress - subscripts x,y denote structural axes directions
ply stress - subscripts 1,2 denot¢ material axes directions
laminate coordinate axes x', y', z' orientation other than the

structural axes %, y, z measured from the x axis to the
x'-axis and taken positive.

Conversion factors:

MPa = 6,89 ksi

ksi = 0.145 MPa

(o]

C = 5/9 (°F - 32)
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TABLE 1, - TYPICAL PROPERTIES OF UND!R&C“Q‘AB FIRER COMPOMITES AT ROOM TEMPERATURE
»

Properties

Unita

Scotchply/ '

Thomel 300/

Keviar 49/

Boron/ | Boron/ Modmior I/ | Modmor |/ Graphite
epoxy | polyimide poxy wpoRy polyimide pOXy epoxy As/epoxy
1. Fiber volume ratio mmnee. 0.50 0,49 0,72 0.45 0,48 0.70 0,54 0,60
2. Density lb/ln:‘ 0,073 0.072 0,077 0,088 0.088 0,088 0.048 0,057
2. Longitudinal thermal | 1078/ 3.4 2.1 20 | meemeea 0.0 0.01 ~1.60 0.40
coefficient In/°r
4. Transverse thermal [ 10°%w/ | 16,9 15.8 9.3 18,5 1.1 12,5 1.3 16,4
coefticient WF
5. Longiludinal modulus | 10% pai 29,2 32.1 8.8 27,8 3.9 26,3 12,2 16.0
6. Transverse modulus | 10° psi 3,18 2.1 3.6 1.0 0.72 1.8 0.70 2.2
7, Shear modulus 10“ psl 0,78 Lu 1.74 0.9 0,65 1.0 0.41 0,72
B, Major Polsson's ratlo | ==wuman w17 0.1¢ 0.2% 0,10 0,28 0,28 0.92 0,25
9, Minor Puisson's ratio | seswse~ 0,02 0,02 0.09 L 0,02 0,01 0.02 0,34
10. Longitudinal tensile pst | 199 000 151 000 187 000 122 000 117 000 238 000 172 000 220 000
sirehgth
11, Longitudinal coms pei | 232 000 158 000 119 000 128 000 &4 500 247 000 42 000 | 180 000
pressive strength
12. Transverse tensile +11] 8100 1600 [ (1] €070 2150 68560 1600 8000
strength
1} Twnsverse compress pul 17 800 9100 2% 300 28 800 10 200 28 140 2400 24 000
sive strength
i4. Intralaminar shear pal 92100 3150 6500 800 3160 naoo 4000 10 000
strength
15, Longitudinal molat- | 10"%0/| 0,003 | 0,003 0,014 0, 003 0,003 0,006 0,008 | 0,006
ure coefficlent In/fAM
16, Transverse Moist- 10'2“\/ 0,168 0,168 0,128 0,129 0, 129 0,120 0, 183 0,129

ure coefficient

In/AM
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