General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



NASA Technical Memorandum 78978

EFFECTS OF MOISTURE PROFILES AND LAMINATE
CONFIGURATION ON THE HYGRO STRESSES |
IN ADVANCED COMPOSITES

; ! FFECTS CF MCISTORE
(NASBA-TN-78978) EFFEC . ‘
. PROFILES AND LANINATE CONFIGURATION ON THE

HYGRC STRESSES IN ADVANCED CGM.P-GSITEggéiﬁil‘:;)
16 p HC AO02/MF AO01 s e3/24

C. C. Chamis, J. H, Sinclair, and R. F. Lark
Lewis Research Center
Cleveland, Ohio

TECHNICAL PAPER to be presented at the
Tenth National Technical Conference

sponsored by the Society for the Advancement

of Material and Process Engineering

Kiameshe Lake, New York, October 17-19, 1978

N78-32191

Unclas
33635

RECE!

HAsh St

VED
ROLIT
iy



E-9755

EFFECTS OF MOISTURE PROFILES AND LAMINATE CONFIGURATION
ON THE HYGRO STRESSES IN ADVANCED COMPOSITES

C. C. Chamis, J. H. Sinclair, and R. F. Lark
National Aeronautics and Space Administration -
Lewis Research Center
Cleveland, Ohio 441 35

Abstract

A computational investigation was performed using a recently de-
veloped integrated hygrothermomechanical theory to predict the ef-
fects of three moisture profiles on the ply hypro stresses in angle-

plied laminates.
hyperbolic.

The moisture profiles were linear, parabolic and
Moisture content varied from 1 percent in the exposed

ply to zero in the protected ply. The angleplied laminates were of
two generic configurations, [(+6),] &~ and [0/0/-6/0] 4, with 0 =< 9

= 90°. The results obtained are summarized graphically to illus-
trate the effects of both moisture profile and laminate configuration.

The results indicate that ply transverse tensile hygro stresses 4
may reach sufficiently high magnitudes to cause transply cracking.

1.0 INTRODUCTION

Moisture in advanced fiber composites
and its degradation effects on the me-
chanical properties of these composites
have received extensive attention in the
composites community as is evident
from the works cited in ref. 1. An in-
tegrated theory to predict the hygro-
thermomechanical response of advanced
composite structural components is
described in ref. 1. Briefly, this theory
determines the hygrothermomechanical
response by integrating composite mi~
cromechanics, composite macromechan-
ics, combined-stress failure criteria,
laminate theory and advanced structural

- mechanics.

)
The details and verification
of the theory with experimental data are

described in ref. 1. This integrated
theory is used to predict the effects of
different moisture profiles and laminate
configurations on ply hygro stresses and
continues the work reported in ref. 1.

The moisture profiles considered ars
linear, parabolic and hyperbolic varying
from 1 percent in the ply at the exposed
surface (exposed ply) to zero in the ply
at the protected surface (protected ply).
Greater than 1 percent moisture content
in the exposed ply is considered unlikely
for composites expoged to ambient con-



ditions, Tho composite laminates were
assumed to be made from AYE (inter-
mediate modulus graphite fibor in an
apoxy matrix) with two generie angle-
plied laminate configuration [ {(+0),) S

and [0/0/-6/0] with 0 = 0= 90°.” The
hygro stresses in the plies wore com-
puted in each angleplied laminato for
each of the moisture profiles, Sche~
matics of the three moisture profiles
and ply configumrations are shown in fig-
ure 1. Note that at @ =0 or 90° the
[(:L-O)g]s Taminate and at 6 = 0 the
[0/0/-0/0] ; laminate coxrespond to a
widirectional composite (UDC). Al
0= 45° the [(£0)] ; and 0= 90° the
[6/0/-0/0) ¢ laminatos coxrespond to a
erossply composite (CPC).

2.0 RESULTS AND DISCUSSION

The predicted ply hygro transverse and
intralaminar shear strosses for the
thres moisture profiles (linear, para-
holic, and hyporbolic) and for the two
different generic laminate configurations
[@&0)5]  and [0/0/-0/0) ¢ fwe presented
and discussed below.  Longitudinal
strosses ave not presevted since they
are only about 10 percent of the cor-
responding ply strength.,

2.1 LINEAR MOISTURE PROFILES

The ply transverse hygro stress in

[ (:0)9) 5 compasite laminates is plotted
versus ply angle 0 infipure 2. The
moisture content In each ply is shown
on the corresponding curve. The points
to be notad in this figure ave: (L) the
transverse styess in the exposed ply
(ply 1) is compression, is about 20 ksi
and is insensitive to the ply angle; (2)
the transverse strese in the protected
ply {(ply 8) is tensile and reachoes o max-
imum magnitude of about 20 ksi at 8=
and 0= 90° (UDEO) and a minimum
magnitude {about 4 ksi) at 0= 45°
(CPQ); (3) the distance botween the

conditions).

curves for the different plies is about
the same indicating that the ply trans-
varse stress varies lineaxly through the
thickness corvoesponding to the moisture
profile; and () the curves are symmet~
ric about 6 =45° as expected.

Corresponding plots of the ply intralam-
inwyr shear stross ave shown in figure 3.
The points to be noted in this figure ave:
(1) tho cuvves are antisymmaotric about
0= «LSQ; (2) the ply intralaminay shear
stress Is maximum (5 kgi) in the pro-
tectod ply (ply 8) at abowt 8= 300; {3)
tho shear stress is negligible in the ox-
posed ply (ply 1); and @) the shear
stross is movo at 0= 10, 45° and 90° as
expocted, '

The ply transverse hygro stress in
[0/0/-06/0) S composite laminates is
plotted versus ply angle 0 in figuve <.
The points to be noted in this fipure are:
{1) tho transverse stress in the exposed
ply (ply 1) is compression, reaches
about 22 ksi at 0= 4{50, and varies mild-
1y with ply angle; (2) the traasverse
stregs in tho protected ply (ply §) is ten-
sile varying from ahout 20 ksi at 8 =0
to ahout 4 ksi at 6= 90° The coryve-
sponding introlominar shear stresses
arve plotted in figure 5. As can be seen
these strogses are relatively low (less
than ol ksi).

It is instructive to compare the maximum
ply hygro stvesses with corresponding
ply strengths. The ply traosverse and
intralaminar sheayr strengths at shout

1 percent moisture and room tempeni-~
ture are approximitely the same as

those reported at room temperature and
50 poreent rolative humidity (ambient
The values of interest foy
those comparigons are from rof. 1:

30 ksi transverse comprossion, 9 ksi for

transverse tension, and 9 ksi for intra-



laminar shear strength, Compared to
these values, the ply transverse hygro
compressive stress is about 24 ksi or

75 porcent of the corrvesponding strength,
the hy~ o transverse tensile stress is
about 20 ksi (¢ = 0) or two times groator
than the corrvesponding strongth, indi-
cating that transply cracking would oceur
in the protocted ply, The transverso
tensilo stress at 0 = 45° (C Q) is about
4 ksi or about 45 percent of the ply
strength, The hygro intralaminar shear
stress is about 5 Ksi or about 55 percent
of the corresponding strongth,

The conclusion from the above discussion
is that lincar moisture profiles, varying
from 1 percent at the exposed ply to zero
percent at the protected ply, in |(u3)._:|s
or |0/0/- 0/0], composite laminates
reach sufficiently high magnitudes to
cause transply eracking in the protected
ply.

0w

PARABOLIC MOISTURE PROFILES
The ply transverse hygro stress in
[(+)], composite laminates is plotted
The

moisture confent in each ply is shown

versus ply angle (8) in figure 6,
on the corresponding curve,  As can be
seen in figure 6, the transverse stross
in the exposed ply (ply 1) is compression
about 23 ksi at @ = 0 and 90V, The
transverse stress decreases in magni-
tude progressively with ply numbor,
changes to tension at about ply 5 and
reaches a maximum tensile value of

17 Ksi in the protocted ply (ply 8) at

0«0 and 90°, The transverse stress is
relatively insensitive with ¢ up to ply 5,
The greatest sensitivity of the transverse
stress with ¢ is in ply 8 varyving from
17T ksi at 0=
and then back to 17 ksi at ¢
curves in figure § are syvmmetrvic with

0, to about 3 Ksi at ¢ 45°

90", The

=0
respoct to ¢ = 45°,

The corresponding plots for the ply
intralaminar shear stress in |(ui),_,|R
composite laminates are shown in fig-
ure 7. The points to be noted in this
figure are: (1) the intralaminar shear
streoss is maximum (about 4 Kksi) in the
protected ply at about 0 « 30" and do-
creases progressively in magnitude
approaching negligible values at the
oxposad ply;, and (2) the intralaminar
shoar streoss is antisymmetric with
respoct to 0= 4 57 and has zero magni-
0, 45 and 90",

tude at @

The ply transversoe hygro stress in
[0/0/-0/0) . composite laminates is
plotted versus ply angle (¢) in figure 8,
The points to be noted in this {igure
are: (1) the transverse stress in the
exposad ply (ply 1) is compression and
is about 23 ksi and is independent of ¢,
(2) the transverse streoss s tension in
the protected ply (ply 8) varyving from
0 to about 3 Ksi at

g :m", (1) the transverse stress in

about 16 ksi at ¢

the other plies lies between these values
changing from compression to tension
between plios 4 and 5, and (4) the trans-
vorse stress with respoct to ¢ is es-
sentially insensitive when the stress is
compression (plies 1 to 4) but is sensi
tive when the transverse stress is ton-

sion (plies 5 to 8),

I'he corresponding plots for the intra
laminar shear stross in |[0/0/-0 “Is
composite laminates are shown in fig
ure 2, (1) The shear stress is maxi-
mum in the protected ply, has a magni
tude of about 4 kis at about ¢ = 30Y, and
and is zoro at 2 = 0 and 907, The max
imum intralaminar shear stress is loss
than 2, 5 Ksi in ply 6 and negligible in

plies 8 and 1,

Both tranaverse and intralaminar shear
Hygro stresses vary approximately



parabolically through the ply thickness
in both [(x0),] and [6/0/-0/0]5 com-
posite laminates., To establish this
variation it is necessary to show that
the second difference between the
stresses in consecutive plies remains
constant at anyone ply angle in fig-
ures 6 and 8, This can easily be done
but the details are not included herein,
Plotting of the stress versus ply indi-
cates that the parabolic variation of the
stresses through the laminate thickness
is not as severe as the corresponding
moisture variation,

As was the case with the linear moisture
profile, the ply transverse tensile hygro
stresses are quite large (about 20 ksi)
compared to corresponding ply strength
(about 9 ksi) while the intralaminar
shear stresses are relatively small

(4 ksi compared to 9 ksi), Thus, trans-
ply cracking in the protected ply can
also be caused by a parabolic moisture
profile,

2.3 HYPERBOLIC MOISTURE PROFILE

The ply transverse hygro stress in
[(#0)y] ~composite laminates is plotted
versus ply angle () in figure 10,. The
moisture content in each ply is given on
the corresponding curve in the figure.
The points to be noted in figure 10 are:
(1) the maximum compressive trans-
verse stress is in the exposed ply (ply 1)
and is about 24 ksi at 6 =0 and 900;

(2) the maximum tensile transverse -
stress is in the protected ply (ply 8) and
varies from 13 ksi at 8 =0 to 4 ksi at
0 =45° back to 6 =90°; (3) the stress
variation with 9 -is negligible in plies 1
through 4 and it is considerable in plies
5 through 8; (4) the stress curves are
symmetric with respect to 8 = 450; and
(5) the stress in ply 8 is the same as for
the parabolic distribution while in the
other plies the stress curves have the

same shape but smaller magnitudes,

The ply transverse hygro stress in
[6/0/-0/0), composite laminates is
plotted versus ply angle (0) in figure 12,
The points to be noted from this figure
are; (1) the maximum compressive
transverse stress is in the exposed ply
(ply 1) and is about 24 ksi.and is rela-
tively insensitive to 6; (2) the maximum
tensile transverse stress is in the pro-
tected ply (ply 8) varying from about 13
ksiat 0=0to 8 ksiat 6= 90 (3)

the stresses in plies 1, 2, and 3 have
negligible variation with 6 while the
stress variation with ¢ in the remain-
ing plies is considerable; and (4) the
curves in figure 12 are comparable to
those for the parabolic moisture profile -
(fig. 8).

The corresponding plots for the intra-
laminar shear stress in [0/0/- ()/O]S
composite laminates is shown in fig-
ure 13, As can be seen in this figure,
the shear stress is relatively small
(less than 2 ksi).

The sipnificant observations from the
above discussion are: (1) the transverse
tensile hypgro stress in [(:w)z]s and
[0/0/-0/0] s composite laminates can
reach relatively high magnitudes, 13 to
16 ksi, compared to 9 ksi for the cor-
responding ply strength; (2) the intra-
laminar shear stress is about 2 ksi
which is relatively small compared to

9 ksi for the corresponding ply strength;
and (3) the hyperbolic and parabolic
moisture profiles result in about the
same ply stresses.

2.4 COMPARISON OF MAXIMUM PLY

STRESSES FOR THE THREE
MOISTURE PROFILES

- The maximum ply transverse compres-

sion, maximum transverse tension



(0 =0, 45° ox 90% and intralaminar
shear hygro stresses, including corre-
sponding ply strengths, are summarized
in table I for comparison purposes. - ‘The
points to be noted from table I are: (1)
the maximum transverse compressive
stress occurs in the exposed ply and is
not very sensitive to either moisture
profile or laminate configuration; (2) the
maximum transverse tensile stress oc-
cars in the protected ply and is sensitive
to both moisture profile and to laminate
configuration; (3) the maximum intra-
laminar shear stress is insensitive to
both moisture profile and laminate con-
fipuration; and (4) as was previously
stated, the maximum transverse com-
pression stress is about 70 to 80 percent
of the corresponding ply strength; the
maximum transverse tensile is about
140 to 220 percent greater at 0 =0, in-
dicating that transply cracks would oc-
cur but is only 33 to 44 percent for 8=
45° or 900; and the maximum intralam-
inar shear stress is about 20 to 55 per-
cent of the corresponding ply strength.

The conclusions from the previous dis-
cussion are: (1) the maximum ply trans-
verse compression hygro stress is not
sensitive to either moisture profile or
laminate configuration; (2) the maximum
ply transverse tensile hygro stresses
are sensitive to both moigture profile
and laminate configuration, and can
reach sufficiently high magnitudes to
cause transply cracks; (3) the ply intra-
laminar shear stresses are sensitive to
both moisture profile and laminate con-
figuration but their magnitudes are low
compared to ply strength; and (4) the
maximum transverse stresses occur in
wnidirectional laminates when subject

to moisture profiles, whereas the maxi-
mum intralaminar shear stresses occur
in [(:!:30)2]S laminates.

2.5 IMPLICATIONS FOR
DESIGN PURPOSES

The most important implication of this
analysis is that the designer should

ruake every effort to avoid or minimize

moisture gradients through the lam-
inate thickness, especially when unj-
directional composites are involved.
Hygro stresses resulting from a 1 per-
cent moisture gradient can significant-
ly veduce the residual strength of a
laminated composite and may cause
cracking of the protected ply.

If moisture gradients cannot be avoided,
they should certainly be accounted for
in an analysis. If the actual moisture
gradient profile is unknown, the as-
sumption of a linear grsdient will yield
conservative predictions of the trans-
verse tensile and intralaminar shear
hygro stresses., Note that the hygro
stresses are in addition to any residual
stresses that may be present.

3.0 SUMMARY OF RESULTS
AND CONCLUSIONS

A computational investigation was per-
formed using a recently developed in-
tegrated hygrothermomechanical theory
to predict the effects of three different
moisture profiles (linear, parabolic and
hyperbolic varying from 1 percent
moisture in the exposed ply to zero in
the protected ply) on hygro stresses in
two generic [(x0),], and [0/0/-0/0] S
(0 = 0 = 90) intermediate modulus
graphite fiber reinforced epoxy resin
(AS/E) composite laminates. The sig-
nificant results and conclusions of this
investigation are summarized below.

(1) The maximum ply transverse
tensile hygro stress is sensitive
to both moisture profile and
laminate configuration and it
can reach magnitudes sufficient-
1y high (220 percent of the cor-



rosponding ply strength) to canse
transply evacking in the plies
near and at the protocted sur-
face.

(2) Tho maximum ply transvorso
compressive hygro stress oo-
curs in the exposed ply, Itis
not sansitive to ¢ither moisture
profile or laminate configuration
and can reach a magnitude of
about 50 percent of the corve-
sponding ply strength.

(8) The maximum ply intralaminar

shoar hygro stress is sensitive

to hoth moisture profile and
laminate configuration, It can
reach magnitudes of about

56 percent of the corresponding

ply strength in the plies close to

the protected surface,

The maximum transvorse stross

oceurs in a unidivectional lame-

inate while the maximum intyra-
laminar shear stress occurs in
the [ (#30)y] ~laminate.

(5) The assumption of a lineay
moisture profile would lead to a
conservative prediction of the
ply transverse tensile hygro
stresses,
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TABLE I. - SUMMARY OF MAXIMUM PLY STRESSES DUE TO THREE MOISTURE

PROFILES IN TWO AS/E COMPOSITE LAMINATES AND

COMPARISONS WITH PLY STRENGTHS

Laminate configuration/ Stress (ksi) in
moisture profile
Exposed ply Protected ply
Transverse Intralaminate Transverse Intralaminar
shear shear
[@6),] Linear -22 (0)? ~0 20 (0) 4 (45) 5 (30)
S Parabolic -23 (0) ~0 17 (0) . 3 (45) 4 (30)
Hyperbolic ~24 (0) ~0 13 (0) 4 (45) 3 (30)
[6/0/-6/0]¢ Linear -22 (45) ) 20 (0) 4 (90) 4 (30)
Parabolic -23 (0) ~0 16 (0) 3 (90) 3 (30)
Hyperbolic -24 (0) ~0 13 (0) 3 (90) 2 (30)
Ply strengths (ref. 1) -30 9 9 9 J 9

ANumber in parentheses indicates the ply angle at which the value occurred.
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Figure 7. - Ply intralaminar shear hygro
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laminates with one surface exposed and
the other protected. Parabolic moisture
profile.
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ite laminates with one surface exposed
and the other protected. Parabolic
moisture profile.
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Figure 13, - Ply intralaminar shear hygro
stresses in [ 6/0/-8/01 ¢ AS/E composite
laminates with one surface exposed and
the other protected. Hyperbolic moisture
profile.
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