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SIMPLIFIED COMPOSITE MICROMECHANICS FOR PREDICTING MICROSTRESSES 

Christos C. Chamis* 
National Aeronautics and Space Administration 

Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

A unified set of composite micromechanics equations is summarized and 
described. This unified set is for predicting the ply mlcr stresses when the 

cy 

h 

I 

a3 ply stresses are known. The set consists of equations of simple form for pre- 
cu dicting three-dimensional stresses (six each) in the matrix, fiber, and interface. 
w Several numerical examples are included to illustrate use and computational 

effectiveness of the equations in this unified set. Numerical results from 
these examples are discussed with respect to their significance on microcrack 
formation and, therefore, damage initiation in fiber composites. 

1. INTRODUCTION 

The stresses (strains) (type and magnitude) in the matrix, in the fiber, 

These stresses are normally called 
and at the fiber/matrix interface, determine the structural integrity and/or 
the damage tolerance of fiber composites. 
microstresses in the fiber composites community. Microstresses are present i n  
fiber composites from the instant the composite starts curing. Other mlcro- 
stresses are induced by the applied loads and/or moisture pick-up. 
there are three kinds of microstresses: hygral (moisture), thermal, and 
mechanical. These microstresses vary i n  magnitude, sense (tension and com- 
pression), and type (normal and shear). At each point in the fiber, in the 
matrix, and/or at the interface there generally are six components of stress 
(strain) - three normal and three shear. 

In general, 

Determination of the magnitude, sense and type of microstresses requires 
hlghly intrlcate experlrnents (such as photoelasticity) and/or very detailed 
three-dimensional finite element analysis. In few limited cases, the mag- 
nitude of transverse and shear microstresses can be estimated by simple theo- 
retical expressions. These simple expressions are used to determine the stress 
(strain) magnification between fibers and, therefore, obtain an assessment of 
possible microcracking and interfacial disbonds. Recent research at NASA Lewis 
focused on deriving simple theoretical expressions for all six microstresses 
i n  the fibers, i n  the matrix, and at the interface. As a result, a unified set 
of simplified micromechanics equations was developed to predict the fiber com- 
posite microstresses. The objective of this report Is to describe this unified 
set and illustrate its significance through appropriate numerical examples. 

'Senior Research Engineer, Aerospace StructuresKomposites. 



2. DEFINITIONS AND CONSTITUENT MATERIALS 

The branch of composite mechanics which provides the formal structure 
whereby the ply microstresses are related to the ply stresses and to the ply 
constituent materials is called composite micromechanics. Composite micro- 
mechanics for predicting ply microstresses is defined concisely in figure 1 
which also identifies the required input and the resulting output. The input 
consists of: (1) constituent materials and their respective properties, 
(2) ply geometric configuration, (3) fabrication process variables, and 
(4) ply stresses. The output consists of: (1) ply microstress influence 
coefficients, (2) fiber stresses, (3) interfacial stresses, (4) interfiber 
matrix stresses, (5) intermatrix matrix stresses, (6) fracture checks for local 
fiber, interfacial bond, and local matrix, and (7) ply microcracking assessment. 

The formal structure of composite micromechanics (concepts, math-models, 
and equations) for predicting ply microstresses i s  derived based on assump- 
tions which are consistent with (1 )  the physical situation and (2) the funda- 
mental principles of solid mechanics. These assumptions are: (1) the ply 
resists primary loads by in-plane action as depicted schematically i n  figure 2, 
(2) the ply resists secondary loads by through-the-thickness (interlaminar) 
action, and (3) the ply and its constituents behave linearly elastic, or nearly 
so, to fracture as depicted schematically in figure 3. Though the principles 
o f  solid mechanics can be used with various levels of sophistication, the ele- 
mentary mechanics-of-materials theory was used in deriving the equations sum- 
marized herein because: (1 )  it leads to explicit equations of simple form and 
(2) it is consistent with the simplified composite micromechanics equations 
used to predict ply hygrothermomechanical properties (ref. 1 )  and ply 
strengths (ref. 2). 

The ply microstresses are determined through composite stress progressive 
decomposition as depicted schematically in figure 4. 
determined from composite stresses as described in references 4 to 7. The 
composite stresses (uc) are defined in the composite structural coordinate 
reference axes (x,y,z). The ply stresses (q) are defined in the ply 
material coordinate reference axes (refs. 1,  2, 3). The ply microstresses are 
defined in a representative intraply region in the ply material coordinate 
reference axes in two subregions, interfiber ( 8 )  and intermatrix (A), as shown 
at the lower left i n  figure 4 and, in more detail i n  figure 5. he interfiber 
microstresses in the matrix in subregion ( 8 )  are denoted by u,!,'~ (fig. 5) and 
those in the fiber by u:') (fig. 5). The intermatrix micro-stresses in the 
matrix in subregion ( A )  are denoted by u p )  (fig. 5). The interfacial 
microstresses are assumed to be: (1 )  I'zerol' in subregion ( A ) ,  (2) the same as 
those in the interfiber matrix in subregion ( 8 )  but denoted by u i B ' ,  and (3) 
combinations o f  subregions ( A )  and ( 8 )  identified as subregion (C) in figure 6 
and denoted by ui N,S. 

The ply stress can be 

(C) 

I Typical properties of select fibers, and matrices, and composites are 
res.pectively summarized in tables 1 and 2. Properties from these tables are 
used to determine ply microstresses as described i n  the illustrative examples. 
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3. PLY MICROSTRESSES DUE TO PLY LONGITUDINAL STRESS ( ~ ~ 1 1 )  

The equations t o  p r e d i c t  stresses i n  the  c o n s t i t u e n t s  due t o  a u n i a x i a l  
l o n g i t u d i n a l  p l y  s t ress  a r e  summarized i n  f i g u r e  7. The schematics i n  the  
f i g u r e  d e f i n e  t h e  n o t a t i o n  i n  the  equations and t h e i r  respec t i ve  subregions. 
The l o n g i t u d i n a l  m a t r i x  microstresses a re  assumed t o  be t h e  same i n  both sub- 
regions ( A )  and (B). The l o n g i t u d i n a l  microstresses depend on r e l a t i v e  con- 
s t i t u e n t  and p l y  modul i  w h i l e  t h e  t ransverse microstresses a l s o  depend on 
c o n s t i t u e n t  and p l y  Poisson's r a t i o s  and e x p l i c i t e l y  on t h e  f i b e r  volume r a t i o .  

I n  order  t o  use t h e  p l y  microst ress equations i n  f i g u r e  1, we need two 
f i b e r  p r o p e r t i e s  ( E f l l  and y 1 2 ) ,  two m a t r i x  p r o p e r t i e s  (Em and vm), 
two p l y  p r o p e r t i e s  ( E ~ l i ,  ~ % 1 2 ) ,  t he  f i b e r  volume r a t i o  ( k f )  and the  p l y  
l o n g i t u d i n a l  s t ress  ( ~ ~ 1 1 ) .  The f i b e r  and m a t r i x  p r o p e r t i e s  a re  obtained f r o m  
tab les  1 and 2. The p l y  p r o p e r t i e s  a re  ca l cu la ted  from t h e  equations l i s t e d  
a t  t h e  bottom o f  f i g u r e  7. The f o l l o w i n g  examples i l l u s t r a t e  use o f  t he  equa- 
t i o n s .  

Example 3.1.: Determine the  c o n s t i t u e n t  stresses ( p l y  microst resses)  i n  
an AS/IMHS p l y  w i th  0.6 f i b e r  volume r a t i o ,  assuming: (a )  200 k s i  t e n s i l e  p l y  
s t ress,  ( b )  180 k s i  compresslve p l y  s t ress  and ( c )  ~ ~ 2 3  = 0. 
stresses correspond t o  p l y  u n i a x i a l  f r a c t u r e  stresses. 

These p l y  

So lu t i on :  The requ i red  computations a re  expedi ted by proceeding as f o l -  
lows: ( 1 )  s e l e c t  respec t i ve  c o n s t i t u e n t  m a t e r i a l  p r o p e r t i e s  f rom tab les  1 and 2; 
( 2 )  c a l c u l a t e  p l y  p r o p e r t i e s  from the  equations i n  f i g u r e  1; ( 3 )  s u b s t i t u t e  
these p r o p e r t i e s  i n  t h e  microst ress equations together  w i th  the g iven f i b e r  
volume r a t i o  and p l y  s t ress (es ) ;  ( 4 )  c a l c u l a t e  the  microstresses from the  
approp r ia te  equations i n  f i g u r e s  7 and 6 ( f o r  i n t e r f a c i a l  bond); and ( 5 )  sum- 
marize the  r e s u l t s .  F o r  t h i s  example, t he  c o n s t i t u e n t  m a t e r i a l  and p l y  prop- 
e r t i e s  are: 

Property,  u n i t s  Property type 
F ibe r  M a t r i x  P l y  

Modulus, mpsi 31 . O  0.5 18.8 
Poisson's r a t i o  0.20 0.35 0.26 

The corresponding p l y  microstresses (rounded t o  one decimal p lace)  are:  

Subregion 
microst ress 

u ( A  o r  B) m l  1 

f l l  
(A) ( A )  
m22' m33 

m22' m33 

(8 )  (8 )  
u f22 '  Of33 

U 

U U 

(6) p) 
U 

Ply microstresses ( k s i )  f o r  p l y  s t r e s s  
 all = 200 k s i   ell = -180 k s i  

5.3 -4.8 

330.0 -291 .O 

0.5 -0.4 

-0.1 0.1 

-0.1 0.1 
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Subreg i on 
microst ress 

( 8 )  ( 8 )  
ui22' ui33 

P ly  microstresses ( k s i )  f o r  p l y  s t r e s s  
~ ~ 1 1  = 200 k s i  ~ k 1 1  = -180 k s i  

-0.1 0.1 

0.6 -0.4 

0 0 

Examining t h e  magnitudes o f  t he  microstresses, t he  f o l l o w i n g  a r e  observed: 
(1 )  t h e  l o n g i t u d i n a l  p l y  stresses a re  p r i m a r i l y  r e s i s t e d  by t h e  f i b e r s  as 
expected; (2 )  The stresses i n  the  m a t r i x  i n  subregions ( A )  and ( B )  a r e  n e g l i -  
g i b l e  compared t o  m a t r i x  s t reng th  (15 k s i  t e n s i l e ,  35 k s i  compressive i n  
t a b l e  2);  ( 3 )  p l y  l o n g i t u d i n a l  s t ress  induces microstresses i n  subregions ( A )  
and ( 8 )  o f  opposi te  s ign;  and ( 4 )  t he  i n t e r f a c i a l  bond s t ress  i n  subregion ( C )  
may be o f  s u f f i c i e n t  t e n s i l e  magnitude t o  cause i n t e r f a c i a l  disbonding. (The 
i n t e r f a c i a l  t e n s i l e  bonding s t reng th  i s  t y p i c a l l y  est imated t o  be about 1.0 k s i ) .  
I t  may be concluded, therefore,  t h a t  l o n g i t u d i n a l  p l y  stresses w i l l  genera l l y  
induce m ic ro f rac tu res  associated w i t h  ( i n  the  order o f  m o s t  probable occurr -  
ence): ( 1 )  f i b e r  f r a c t u r e s ,  ( 2 )  i n t e r f a c i a l  disbonds, and (3 )  m a t r i x  f r a c t u r e .  

4 .  PLY MICROSTRESSES DUE TO PLY TRANSVERSE STRESS (ut22) 

The equations t o  p r e d l c t  stresses i n  the  c o n s t i t u e n t s  due t o  a t ransverse 
p l y  s t ress  a r e  summarized i n  f i g u r e  8. The schematics i n  the  f i g u r e  d e p i c t  t h e  
n o t a t i o n  i n  t h e  equations and t h e i r  respec t i ve  subregions. The l o n g i t u d i n a l  
microstresses i n  the  m a t r i x  a r e  the  same i n  both subregions ( A )  and (8 ) .  These 
microstresses depend on r e l a t i v e  c o n s t i t u e n t / p l y  Poisson's r a t i o s  and modul i .  
The t ransverse microstresses depend on r e l a t i v e  l o c a l / p l y  moduli  ( p l y  moduli  
def ined a t  t h e  bottom o f  t he  f i g u r e ) .  These microst resses a l s o  depend on the  
c o n s t i t u e n t  p r o p e r t i e s  and the  f i b e r  volume r a t i o  through the  p l y  moduli  and 
Poisson's r a t i o .  

I n  order t o  use t h e  p l y  microst ress equations i n  f i g u r e  8, we need f o u r  
f i b e r  p r o p e r t i e s  ( E f l l ,  Ef22, ~ f 1 2 ,  and uf23),  t w o  m a t r i x  p r o p e r t i e s  
(Em and um), f o u r  p l y  p r o p e r t i e s  ( € a l l ,  E ~ 2 2 ,  ~ ~ 1 . 7 ,  and u ~ 2 3 ) ,  t h e  f ber 
volume r a t i o  ( k f ) ,  and the  p l y  t ransverse s t ress  (OQ22). The f i b e r  and 
m a t r i x  p r o p e r t i e s  a re  obtained from tab les  1 and 2. The p l y  p r o p e r t i e s  a r e  
ca l cu la ted  f r o m  t h e  equations shown a t  t he  bottom o f  f i g u r e s  7 and 8. he p l y  
f i b e r  volume r a t i o  and the  p l y  t ransverse s t r e s s  a re  assumed known. 
lowing example i l l u s t r a t e s  use o f  these equat ions.  

The f o l -  

Example 4.1: Determine the  c o n s t i t u e n t  stresses ( p l y  microst resses)  i n  
an A W I F I H S  p l y  w i t h  0.6 f i b e r  volume r a t i o  assuming: (a )  7 k s l  t e n s i l e  t rans  
verse p l y  s t r e s s ,  (b )  35 k s i  compressive t ransverse p l y  s t ress  and ( X ) U Q ~ ~  = 0. 
These p l y  t ransverse stresses a re  about equal t o  corresponding u n i a x i a l  p l y  
f r a c t u r e  s t resses.  

Sol u t i  on 
lows: (1 )  se 
and 2; ( 2 )  ca 
f i g u r e s  7 and 
together  w i t h  

The requ i red  computations a r e  expedi ted by proceeding as f o l -  
e c t  respec t i ve  c o n s t i t u e n t  m a t e r i a l  p r o p e r t i e s  f rom tab les  1 
c u l a t e  p l y  p r o p e r t i e s  from the  equations a t  the bottom o f  
8; ( 3 )  s u b s t i t u t e  these p r o p e r t i e s  i n  t h e  microst ress equations 
t h e  p l y  t ransverse s t r e s s ;  (4 )  c a l c u l a t e  t h e  microstresses f r o m  

4 



the appropriate equations in figures 8 and 6 (for interfacial bond); and 
(5) summarize the results. For this example, the constituent material and ply 
propertles are: 

Property, units Property type 
F i  ber Mat r l x P1 Y 

Modulus, mpsi (1,l) 31.0 0.5 18.8 
(292) or (3,3) 2.0 0.5 1.0/1.2a 

Poisson's ratio, 
(1,2) or (193) 0.20 0.35 0.26 
(293) 0.25 0.35 0.42 

The corresponding ply microstresses (rounded to one decimal place) are: 

Subregion Ply microstresses ( k s i )  for ply stress 
microstress U ~ 2 2  = 7 ksi 

2.4 

-1.6 

3.5 

8.4 

8.4 

-0.2 

0.1 

0.1 

8.4 

0.1 

8.3 

6.0 

U ~ 2 2  = -35 k s i  

-12.0 

8.0 

-17.5 

-42.0 

-42.0 

1.5 

-0.3 

-0.3 

42.0 

-0.3 

-41.6 

-30.1 

(E22/EQ22) as predicted from the respective equations in figure 8. a 
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I n  examining t h e  magnitudes o f  t h e  above p l y  microst resses,  t h e  f o l l o w i n g  
a re  observed: (1) the  p l y  t ransverse s t ress  i s  r e s i s t e d  most ly  by the  con- 
s t i t u e n t s  i n  subregion (B) ;  ( 2 )  t h e  l o n g i t u d i n a l  s t ress  i n  the  m a t r i x  has the  
same s ign  as the  p l y  t ransverse  s t ress ;  (3 )  t h e  l o n g i t u d i n a l  s t ress  i n  the  
f i b e r  has t h e  opposi te  s ign  o f  t h e  p l y  t ransverse s t ress  and i s  o f  r e l a t i v e l y  
n e g l i g i b l e  magnitude compared t o  corresponding s t rength ;  ( 4 )  t he  through-the- 
th ickness microst resses i n  subregions (A) and (B)  a re  n e g l i g i b l e  i n  bo th  
cons t i t uen ts ;  ( 5 )  t he  normal i n t e r f a c i a l  bond s t ress  i s  o f  r e l a t i v e l y  h igh  
magnitude i n  subregion ( B ) ;  and ( 6 )  both i n t e r f a c i a l  s t resses are  o f  r e l a t i v e l y  
h igh  magnitude i n  subregion (C).  I t  may be concluded, there fore ,  t h a t  t h e  
t ransverse  p l y  s t ress  w i l l  genera l l y  induce microcracks associated w i t h  ( i n  t h e  

, o rder  o f  most probable occurrence):  (1 )  i n t e r f a c i a l  bond and (2 )  i n t e r m a t r i x  
I m a t r i x  f r a c t u r e .  

5. PLY MICROSTRESSES DUE TO PLY FLAT-WISE STRESS (dQ33) 

The p l y  f l a t - w i s e  s t ress  induces microst resses which a re  s i m i l a r  t o  those 
induced by the  p l y  t ransverse s t ress  bu t  ro ta ted  90". 
consequence o f  t h e  square a r ray  u n i t  c e l l  assumption which has the  same i n t e r -  
f i b e r  and i n t e r m a t r i x  s t ruc tu re ,  t h e  same c o n s t i t u e n t  p roper t i es  a long the  2 
and 3 m a t e r i a l  axes d i r e c t i o n ,  and the  same p l y  p roper t i es  along t h e  2 and 3 
m a t e r i a l  axes d i r e c t i o n s .  

The s i m i l a r i t y  i s  a 

The equat ions t o  p r e d i c t  stresses i n  t h e  cons t i t uen ts  due t o  a p l y  
" f l a t - w i s e "  s t ress  are  the  same as i n  f i g u r e  8, bu t  w i t h  t h e  subscr ip ts  22 and 
33 interchanged. 
change t h e  subscr ip ts  i n  t h e  equations i n  f i g u r e  8 and second f o l l o w  t h e  pro- 
cedure descr ibed i n  Example 4.1. 
example, r e l a t i v e  t o  mic ros t ress  magnitudes and probable m ic ro f rac tu res ,  a re  
a p p l i c a b l e  f o r  t h e  p l y  f l a t - w i s e  s t ress  as w e l l  but ,  again, r o t a t e d  90'. 

I n  order  t o  c a l c u l a t e  t h e  p l y  microst resses,  f i r s t  i n t e r -  

The observat ions and conclusions f o r  t h i s  

6. PLY MICROSTRESSES DUE TO PLY INTRAPLY SHEAR STRESS ( ~ ~ 1 2  o r  ~ ~ 1 3 )  

The equat ions t o  p r e d i c t  s t resses i n  the  cons t i t uen ts  due t o  an i n t r a p l y  

I ( i n t r a l a m i n a r )  shear s t ress  are  summarized i n  f i g u r e  9. The schematics i n  the  
f i g u r e  d e p i c t  t h e  n o t a t i o n  used i n  t h e  equat ions and t h e i r  respec t i ve  sub- 
reg ions.  The microst resses depend on r e l a t i v e  c o n s t i t u e n t / p l y  shear modul i .  
The dependence o f  t h e  microst resses on the  f i b e r  volume r a t i o  i s  through the  
p l y  shear moduli G12 and GQ12 as shown i n  the  f i g u r e .  The equat ions 
f o r  t he  shear microst resses i n  t h e  13 p lane due t o  p l y  i n t r a p l y  shear s t ress  
aQ13 a r e  the  same as those i n  f i g u r e  9 w i t h  t h e  subscr ip ts  12 replaced by 
13. 

I n  order  t o  use t h e  p l y  mic ros t ress  equat ions i n  f i g u r e  9, we need one 
f i b e r  p roper ty  (Gf12), one m a t r i x  p roper ty  (Gm), two d i f f e r e n t  p l y  sheer 
moduli (612 and G Q I ~ ) ,  t h e  f i b e r  volume r a t i o  ( k f ) ,  and the  i n t r a p l y  
shear s t ress  ( ~ ~ 1 2 ) .  
t ab les  1 and 2. The two p l y  sheer moduli a re  ca l cu la ted  from the  equations 
shown i n  t h e  f i g u r e .  The p l y  f i b e r  volume r a t i o  and t h e  i n t r a p l y  shear s t ress  
are' assumed known. The f o l l o w i n g  example i l l u s t r a t e s  use o f  t h e  equat ions.  

The f i b e r  and m a t r i x  p roper t i es  a r e  obtained f rom 

I 

Example 6.1.: Determine the  c o n s t i t u e n t  s t resses ( p l y  microst resses)  i n  
I an AS/IMHS p l y  w i t h  0.6 f i b e r  volume r a t i o  and 10 k s i  i n t r a p l y  shear s t ress .  
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An intraply stress of 10 ksi is about equal to the intralaminar fracture 
stress. 

Solution: The required computations are expedited by proceeding as fol- 
lows: ( 1 )  select respective constituent material properties from tables 1 
and 2; (2) calculate ply shear moduli from the respective equations i n  
figure 9; (3) substitute these properties in the microstress equations together 
with the intraply shear stress; (4) calculate the microstresses from the appro- 
priate equations in figures 9 and 6 (for the interfacial bond); and (5) sum- 
marize the results. For this example, the constituent material and ply 
properties are: 

Property, units Property type 
Fiber Matrix P1 Y 

Shear modulus, mpsi 2.0 0.19 0.54/0.64a 

The correspondlng ply microstresses (rounded to one decimal place) are: 

Subregion 
mi c rostres s 

Ply microstresses (ksi) 
for intraply shear stress 

U ~ 1 2  = 10 ksi 

3.5 

11.9 

11.9 

11.9 

0 

Examining the magnitudes of the above microstresses the following are 
observed: (1) the shear microstress in the matrix in the interfiber region 
( 6 )  i s  substantial and about 90 percent  o f  the m a t r i x  shear strength (13 ksi, 
table 2); (2) the interfacial shear stress exceeds the ply intralaminar shear 
strength (about 10 ksi); (3) the shear microstress in the matrix in subregion 
(A) is relatively low compared to both Intralaminar shear strength and matrix 
shear strength. It may be concluded, therefore, that the intraply shear stress 
will generally induce microcracks associated with (in the order of most prob- 
able occurrence) ( 1 )  interfacial bond or interfiber matrix fracture and 
(2) Intermatrix matrix fracture. Interfiber matrix fracture is equally prob- 
able since the magnitude of the shear microstress is so close to the shear 
strength of the matrix. 
interfacial bond fracture or interfiber matrix fracture that explains, in part, 
the sensitivity of intralaminar or interlaminar shear strength to: (1 )  inter- 
facial bonding conditions, (2) environmental effects on matrix dominated com- 
posite properties, and (3) matrix effects on composite properties, i n  general. 

It is the equally probable occurrence of either 
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As was already mentioned, ply interlaminar shear stress ( ~ ~ 1 3 )  will 
induce the same microstress magnitudes in the 1-3 plane. The calculation 
procedure, observations, and conclusions are also the same. 

7. PLY MICROSTRESSES DUE TO PLY THROUGH-THE-THICKNESS SHEAR STRESS ( ~ ~ 2 3 )  

The equations to predict the stresses in the constituents due to a through- 
the-thickness shear stress are summarized i n  figure 10. The schematics in the 
figure depict the notation used in the equations and their respective sub- 
regions. 
The dependence of the microstress on the fiber volume ratio is through the ply 
shear moduli 623 and G ~ 2 3  as shown in the figure. 

The microstresses depend on relative constituent/ply shear moduli. 

In order to use the ply microstress equations in figure 10, we need to 
know one fiber property (Gf23), one matrix property (GM), two ply prop- 
erties (623 and G~23), the fiber volume ratio (kf), and the through- 
the-thickness ply shear stress (61123). The fiber and matrix properties 
are obtained from tables 1 and 2. The ply properties are calculated from the 
equations shown in the figure. The ply fiber volume ratio and the ply 
through-the-thickness shear stress are assumed known. The following example 
illustrates use o f  the equations. 

Example 7.1.: Determine the stresses in the constituents (ply micro- I 

stresses) in an AS/IMHS ply with 0.6 fiber volume ratio assuming a 6 ksi 
through-the-thickness ply shear stress. This shear stress is approximately 
equal to the corresponding ply shear strength which is estimated to be about 
60 percent of the intralaminar shear strength (10 ksi previous section). 

I 
I 

‘ 

Solution: The required computations are expedited by proceeding as fol- 
lows: (1) select respective constituent material properties from tables 1 
and 2; (2) calculate the ply shear moduli from the respective equations i n  
figure 10; (3) substitute these properties i n  the microstress equations 
together with the ply through-the-thickness shear stress; (4) calculate the 
microstresses from the appropriate equations in figures 10 and 6 (for inter- 
facial bond); and (5) summarize the results. For this example, the con- 
stituent material and ply properties are: 

Property, units Property type 
Fiber Matrix P1 Y 

Shear modulus, mpsi 1.0 0.19 0.51/0.37a 
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The corresponding p l y  microst resses (rounded t o  one decimal p lace)  are:  

Subregion 
mic ros t ress  

P ly  microst resses 
( k s i )  f o r  through- 
the- th ickness p l y  

shear s t ress  
at23 = 6 k s i  

3.1 

8.3 

8.3 

8.3 

6.0 

0 

Examining t h e  magnitudes o f  the  above microst resses t h e  f o l l o w i n g  a re  
observed: ( 1 )  t h e  shear microstresses i n  the  m a t r i x  i n  t h e  i n t e r f i b e r  sub- 
reg ion  B a re  subs tan t i a l  compared t o  t h e  corresponding p l y  shear s t reng th  
( 6  k s i ) ;  ( 2 )  t h e  i n t e r f a c i a l  bond shear s t reng th  i n  t h e  i n t e r f i b e r  subregion 6 
i s  a l s o  subs tan t i a l ;  (3 )  t he  i n t e r f a c i a l  bond normal s t ress  i n  subregion (C) 
i s  equal t o  t h e  through-the-thickness shear s t rength;  and ( 4 )  t he  m a t r i x  
mic ros t ress  i n  t h e  i n t e r m a t r i x  subregion ( A )  i s  about 50 percent o f  t h e  qor- 
responding p l y  shear s t rength .  I t  may be concluded, there fore ,  t h a t  t h e  
through-the-thickness p l y  shear s t ress  w i l l  genera l l y  induce microcracks asso- 
c i a t e d  w i t h  ( i n  the  order o f  most probable occurrence) ( 1 )  i n t e r f a c i a l  bond o r  
i n t e r f i b e r  m a t r i x  f r a c t u r e  and ( 2 )  i n t e r m a t r i x  m a t r i x  f r a c t u r e .  I f  i t  i s  
assumed t h a t  t h e  i n t e r f a c i a l  bond i s  t he  weakest l i n k ,  then t h e  microcracks 
w i l l  develop a t  t h i s  l o c a t i o n  f i r s t .  Subsequently t h e  microcracks w i l l  pro- 
gress t o  t h e  i n t e r m a t r i x  subregion and produce t r a n s p l y  crack o r  p l y  f r a c t u r e .  

I t  i s  i n t e r e s t i n g  t o  note t h a t  t he  i n t e r f a c i a l  bond mic ros t ress  magnitudes 
f o r  t h i s  example a r e  a lmos t  i d e n t i c a l  t o  those f o r  t he  p l y  t ransverse t e n s i l e  
s t ress  i n  Example 4.1. One con jec ture  may be t h a t  bo th  o f  these p l y  s t resses 
induce p l y  f r a c t u r e  which i n i t i a t e s  a t  t h e  i n t e r f a c e  and, there fore ,  t h e  cor-  
responding p l y  s t rengths  a re  i n t e r f a c i a l  bond-strength c o n t r o l l e d .  This  i s  
cons i s ten t  w i th  t h e  general  consensus view i n  the  composites community. 

8. PLY MICROSTRESSES DUE TO TEMPERATURE CHANGE (dTQ) 

The equat ions t o  p r e d i c t  t he  stresses i n  the  cons t i t uen ts  due t o  a tem- 
pera ture  change i n  the  p l y  a re  summarized i n  f i g u r e  11. The schematics i n  t h e  
f i g u r e  d e p i c t  t h e  n o t a t i o n  used i n  the  equat ions and t h e i r  respec t i ve  sub- 
reg ions.  The p l y  microst resses due t o  temperature change depend on the  r e l a -  
t i v e  c o n s t i t u e n t  ma te r ia l s /p l y  thermal expansion c o e f f i c i e n t s ,  t h e  c o n s t i t u e n t  
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materials moduli, and on the fiber volume ratio. 
depend on the fiber volume ratio and the ply longitudinal modulus through the 
ply thermal expansion coefficients as shown in the figure. 

These microstresses also 

In order to use the ply microstress equations In figure 1 1 ,  we need to 
know three fiber properties (af11, af22, and Efll), three matrix prop- 
erties (%, Em and urn), three ply properties (akll, aQ22, and EQI~), 
the fiber volume ratio (kf), and the temperature change in the ply (AT%). 
The fiber and matrix properties are obtained from tables 1 and 2. 
properties are calculated from the equations shown in the figure. 
fiber volume ratio and the ply temperature change are assumed known. 
lowing example illustrates use of the equations. 

The ply 
The ply 

The fol- 

Example 8.1: Determine the stresses in the constituents (ply micro- 
stresses) in an AS/IMHS ply with 0.6 fiber volume ratio and only subjected to 
300 O F  ply temperature change. 
temperature difference between cure temperature and room temperature. It was 
selected to determine the magnitude of  the residual microstresses. 

This temperature change corresponds to the 

Solution: The required computations are expedited by proceeding as fol- 
lows: (1) select respective constituent material properties from tables 1 
and 2; (2) calculate the ply longitudinal modulus and the ply thermal expansion 
coefficients from the respective equations in figure 1 1 ;  (3) substitute appro- 
priate properties in the microstress equations together with fiber volume ratio 
and the temperature change; (4) calculate the microstresses from the appro- 
priate equations in figures 1 1  and 6 (for interfacial bond); and (5) sumnarize 
the results. For this example the constituent material and ply properties are: 

Property, unit Property type 
Fiber Matrix Ply 

Modulus, mpsi (1,l) 31 0.5 18.8 
Poisson's ratio (1,2) 0.20 0.35 0.26 

Thermal expansion 
coefficients, 
pin/in/OF 

( 1 9 1 )  -0.55 36 -0.16 
(292) 5.6 36 15.3 

The corresponding ply microstresses (rounded to one decimal place) are: 

Subregion Ply microstresses 
microstress (ksl) for a ply 

temperature change 
AT& -300 O F  

ml 1 a 5 . 4  

-3.6 

3.1 

-0.9 

10 



Subregion 
microst ress 

Ply  micros t resses 
( k s i )  f o r  a p l y  
temperature change 

ATa = -300 O F  

5.4 

-3.6 

3.1 

-0.9 

-0.9 

3.1 

-0.9 

-0.9 

-0.9 

-0.9 

3.1 

0 

Examining t h e  magnitudes o f  t he  r e s i d u a l  microst resses due t o  cure tem- 
pe ra tu re  (ATa = -300 O F )  t h e  f o l l o w i n g  a re  observed: (1) t h e  l o n g i t u d i n a l  
microst resses a r e  r e l a t i v e l y  low compared t o  corresponding c o n s t i t u e n t  m a t e r i a l  
s t rengths;  ( 2 )  t h e  microstresses i n  t h e  m a t r i x  i n  both subregions (A) and ( 6 )  
a r e  a l s o  low; and ( 3 )  t he  normal microst ress i n  the  i n t e r f a c i a l  bond (sub- 
r e g i o n  C) may be s u b s t a n t i a l  compared t o  a t y p i c a l  t e n s i l e  bond s t reng th  o f  
about 1 k s i .  I t  may be concluded, the re fo re ,  t h a t  t h e  r e s i d u a l  microst ress 
cou ld  induce microcracks a t  the i n t e r f a c e  i n  subregion ( C ) .  
can subsequently extend i n t o  t h e  i n t e r m a t r i x  subregion ( A ) .  

These mlcrocracks 

9 .  PLY MICROSTRESSES DUE TO MOISTURE CHANGE (Ha)  

The equations t o  p r e d i c t  t h e  s t resses i n  the  c o n s t i t u e n t s  due t o  a mois- 

The microstresses due t o  mois ture change depend on the  r e l a t i v e  

t u r e  change i n  the  p l y  a re  summarized i n  f i g u r e  12. The schematics i n  t h e  
f i g u r e  d e p i c t  t he  n o t a t i o n  used i n  the  equations and t h e i r  respec t i ve  sub- 
reg ions.  
c o n s t i t u e n t  m a t e r i a l s  p ly /mois ture expansion c o e f f i c i e n t s ,  t he  corresponding 
modul i ,  and on the  f i b e r  volume r a t i o .  
f i b e r  volume r a t i o  and the  p l y  moduli  through t h e  p l y  mois ture expansion 
c o e f f i c i e n t s  as shown i n  the  f i g u r e .  

These microstresses a l s o  depend on the  

I n  order t o  use the  p l y  microst ress equations i n  f i g u r e  12, we need t o  

Em), f ou r  p l y  p r o p e r t i e s  ( B a i l ,  13~22, Ea11 and Ea22-9, t he  f i b e r  
know two f i b e r  p r o p e r t i e s  ( E f l l  
and 
volume r a t i o  ( k f ) ,  and the  mois ture change i n  the  p l y  ( M a ) .  

and Ef22), two m a t r i x  p r o p e r t i e s  (Bm 

The f i b e r  and 
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m a t r i x  p roper t i es  a re  obtained from tab les  1 and 2.  
ca l cu la ted  from t h e  equations shown i n  t h e  f i g u r e .  
and t h e  p l y  mo is tu re  change a r e  assumed known. 
t r a t e s  use o f  t h e  equations. 

The p l y  p roper t i es  a re  
The p l y  f i b e r  volume r a t i o  

The f o l l o w i n g  example i l l u s -  

Example 9.1: Determine the  stresses i n  the  cons t i t uen ts  ( p l y  micro- 

T h i s  mois ture  change corresponds approx i -  
stresses s t resses)  i n  an AS/IMHS p l y  w i t h  0.6 f i b e r  volume r a t i o  assuming on ly  
1.8 w t  % p l y  mo is tu re  content.  
mately t o  composite mo is tu re  s a t u r a t i o n  under normal exposure cond i t i ons .  I t  
was se lec ted  t o  determine the  magnitude o f  the  p l y  microstresses due t o  these 
normal mo is tu re  exposure cond l t ions .  

So lu t i on :  The requ i red  Computations a re  expedi ted by proceeding as f o l -  
lows: ( 1 )  s e l e c t  respec t i ve  c o n s t i t u e n t  m a t e r i a l  p r o p e r t i e s  from tab les  1 and 2; 
( 2 )  c a l c u l a t e  t h e  p l y  moduli  and t h e  p l y  mo is tu re  expansion c o e f f i c i e n t s  f rom the  
respec t i ve  equations i n  f i g u r e  12; ( 3 )  s u b s t i t u t e  app rop r ia te  p r o p e r t i e s  i n  the  
mic ros t ress  equations together w i t h  f i b e r  volume r a t i o  and the  mois tu re  change; 
( 4 )  c a l c u l a t e  the  microstresses from t h e  approp r ia te  equations i n  f i g u r e  12 and 
f o r  i n t e r f a c i a l  bond i n  f i g u r e  6; and ( 5 )  summarize the  r e s u l t s .  For t h i s  example 
the  c o n s t i t u e n t  m a t e r i a l  and p l y  p roper t i es  are: 

Property, u n l t s  Property type  
F ibe r  M a t r i x  P1 Y 

Modulus, mpsi ( 1 , l )  31 0.5 18.6 
(2,2) 2.0 0.5 1 . 2  

Mo is tu re  expansion 
c o e f f i c i e n t s ,  
I n / i n / %  M 

( 1  - 1 )  0 0.33 0.0035 
(292) 0 0.33 0.0806 

The corresponding p l y  microstresses (rounded t o  one decimal p lace)  a re :  

Subregion P ly  microstresses 

mol s t u r e  change 
Ma = 1.8 percent 

mic ros t ress  ( k s i )  f o r  a p l y  

U -0.3 

0.2 

-0 .2  

0.1 

0.1 

-0.2 

0.1 

m l  1 

f l l  
( A )  
m22 
( 8 )  
m? 2 
( 8 )  

uf 22 
( A )  

( 8 )  

d 

U 

U 

m3 3 

m33 

d 

U 
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Subregion 
microstress 

Ply microstresses 
(ksi) for a ply 
moisture change 
Ma = 1.8 percent 

0.1 

0.1 

0.1 

-0.1 

0 

Examining the magnitudes of the moisture (hygral) microstresses due to a 
moisture change of 1.8 wt X, the following are observed: (1) the longitudinal 
microstresses are relatively negligible compared to corresponding constituent 
material strengths; (2) the microstresses in the matrix in both subregions 
( A )  and ( 8 )  are also negligible; and (3) the normal microstress in the inter- 
face bond (subregion (C)) is negligible compared to a typical tensile bond 
strength of about 1 ksi. It may be concluded, therefore, that the hygral 
microstress would not induce microcracks at the interface in either subregion 
( 8 )  or (C). 

10. DISCUSSION 

The several numerical examples presented and discussed illustrate the 
usefulness and advantage of having a unified set of micromechanics equations 
summarized in figures 6 to 12 for predicting ply microstresses. The examples 
also illustrate how the various microstresses are interrelated and dependent 
on constituent and ply properties. In addltion they provide detailed and 
quantitative information of the ply microstresses in the various subregions and 
also possible sites of microcrack formations. Furthermore, the various micro- 
stress equations can be selectively used to conduct parametric studies as well 
as sensitivity analyses to assess the influence of constituent materials, 
fiber volume ratio, and mechanical and environmental load condltlons on ply 
microstresses and possible microcrack formations. 

The two tables summarizing constituent material properties illustrate the 
amount of data needed for effective use of a unified set of micromechanics 
equations. The data in these tables were compiled from many sources and many 
values are estimates which were inferred from predicted results and curve fits. 
The data are included for three main reasons: ( 1 )  to illustrate that the use 
of these micromechanics equations require numerous property data; (2) to bring 
attention to the fact that many of these properties have not been measured and, 
hopefully, stimulate enough interest to develop experimental methods to meas- 
ure them; and (3) to provide indicative ranges of properties of both fibers and 
matrices. It cannot be overemphasized that the data should be considered 
dynamic in the sense that they should be continuously modified if better values 
are known or become available. 
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Lastly, the unified set of micromechanics equations described herein for 
microstresses can be used to determine the effects of voids, moisture, and 
temperature on the magnitudes of the microstresses. This is accomplished by 
first predicting the effects of these variables on matrix and ply properties 
using the procedures described in references 1 and 2. These modified prop- 
erties are then used in the ply microstress equations to predict the resulting 
effect. The equations can also represent microstress/ply stress influence 
coefficients simply by dividing the desired microstress with its respective ply 
stress. 

CONCLUSIONS 

A unified set of micromechanics equations of simple form is summarized and 
described for predicting ply microstresses. 
sists of simplified expressions to predict microstresses in the matrix, give 
the interface, and in the fiber for hygral, thermal, and mechanical loading 
conditions. Several examples are presented to illustrate usefulness of these 
equations and attendant significance to the structural integrity and damage 
tolerance of fiber composites. The availability of this unified set of equa- 
tions makes it possible to explain the origin of microcracking and provide a 
basis for determining the damage initiation at the fiber composite microscale. 

The unified set of equations con- 
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APPENDIX - SYMBOLS 

modulus o f  e l a s t i c i t y  

shear modulus 

volume r a t i o  

moisture,  w t  % 

temperature 

s t r u c t u r a l  re ference axes 

p l y  m a t e r i a l  axes 

thermal expansion c o e f f i c i e n t  

mo is tu re  expansion c o e f f i c i e n t  

f r a c t u r e  s t r a i n ,  s t r a i n  

Poisson's r a t i o  

s t ress  

Subscr ip ts  : 

C 

f 

G 

1 

a 

m 

N 

S 

T 

V 

W 

1 ~ 3  

compression proper ty  

f i b e r  p roper ty  o r  s t ress  

g l a s s - t r a n s i t i o n  

i n t e r f a c e  

p l y  p roper t y  o r  s t r e s s  

m a t r i x  p roper ty  o r  s t ress  

normal t o  i n t e r f a c e  

shear, shear t a n g e n t i a l  t o  i n t e r f a c e  

tens ion  

vo id  

wet 

d i r e c t i o n  corresponding t o  p l y  m a t e r i a l  axes 
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Super sc ri pt s : 

A microstress In intermatrix subregion ( A )  

6 microstress in interfiber subregion ( 6 )  

C mlcrostress in the interface in Intermatrix region (C) 

16 



m 
v) 
W 

I- 
CT 
W 
a 
0 
ai a 

CT 
W 

Y 

m - 
LL 

I 

4 

W 
J 

4: 
I- 

m 

d W O b * b h h O O  h-I,-IcoO I 
o m m  -44"  ?NN ' 0  I 
N O O W N . .  . . N m  I 

0 .44lnlnoo 0 
0 0  I 
0 I 

0 

O m 0 0 0 + h O m  o o w l n w .  0 

OOOLn .+d"."i ".:;""., ," 0 0 -  . m  . 
0 .In0 0 0  0 0 

0 ' 0  I 
40  

I c c  
I I I  .r .r . .  

I 1  I 1  I I  

! I  
i i  
I I  

.r .r .r .r I I 
m V I V I V I V I I  I 
e n n ~ n ~  I 
.r I I  v D ( D w w  I I cnooooi I 

. r - 4 4 + 4 l  I 
.r 
VI 
24 

VI 
ffl 
I-' 
L 
ffl 
Q 
0 
L 
Q 

ffl 
I-' 

VI 
0 
Q 
E 
0 
V 

.r 

.r 

m 
S 

U 
c 
0 

VI 
ffl 
L 
L 
0 
V 

.r 

n 

5 
L 
% 

-n 
ffl 
L 
L 
ffl 
4- 
S .r 

VI 
ffl 
I-' 
m 
E 
.r 
I-' 
VI 
ffl 
01 
L 
le 

VI 
01 

CJ 
L 
ffl 
0. 
0 
L 

.r 

n 
S 
0 

VI 
VI 
ffl 
L 
Q 
E 
0 
V 

U 
c 
le 

L 
m 
ffl 
S 
VI 

.r 

ffl 
VI 
L 
ffl > 
VI 
c 
m 
L 
3 
- 



TABLE 2. - M A T R I X  PROPERTIES 

Poly-  
im ide  

0.044 
0.50 

0.35 
0.25 
1.25 

20 
0.6 

0.33 
15  
30 
13 

2 .o 

4.0 

3.5 

0.225 
7 00 

_-_-- 

P r o p e r t y  

PMR 

0.044 
0.47 

0.36 
0.25 
1.25 

28 
0.6 

0.33 
8 

16 
8 

2.0 

3.5 

5.0 

0.225 
700 

-__-_ 

M a t r i x  

0.042 
0.32 

0.43 
0.25 
1.25 

57 

--_-- 

Name 

0.046 
0.50 

0.41 
0.25 
1.25 

57 

_____  
D e n s i t y  
Modulus 
Shear modulus 
Po isson ' s  r a t i o  
Heat c a p a c i t y  
Heat c o n d u c t i v i t y  
Thermal exp. coe f .  
D i f f u s i v i t y  
M o i s t u r e  exp. coe f .  
T e n s i l e  s t r e n g t h  
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Notes: 
s t reng th ;  HM - High  modulus. 

Thermal, h y q r a l ,  compression and shear p r o p e r t i e s  a r e  es t ima tes  on ly ;  G, = Em/2 (1  + Vm).  

LM - Low modulus; IMLS - I n t e r m e d i a t e  modulus low s t r e n g t h ;  IMHS = I n t e r m e d i a t e  modulus h i q h  
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Figure 1. - Simpl i f ied composite mic romechan ics  for  p red ic t i ng  microstressesdefinition. 
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F i g u r e  3. - Typical s t ress-s t ra in  behavior of u n i d i r e c t i o n a l  f iber  
composites. 
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F igu re  4. - P ly  microst resses t h r o u g h  composite stress progress ive decomposit ion. 
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F igu re  6. - Ply microst resses - s t resses  at  t h e  interface. 
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