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ABSTRACT

Using variational mechanics we present mathematical bounds on the effective modulus of a cross-
ply laminate containing microcracks in the 90° plies. An average of the two bounds provides an
effectively exact solution to the modulus reduction problem. The problem of predicting microcrack-
ing is reduced to finding the energy release rate for formation of a complete microcrack. From the
bounds on effective modulus we derive both rigorous and practical bounds to the energy release
rate for microcracking. Again, an average of the two bounds provides an effectively exact solution
to the energy release rate problem.

INTRODUCTION

The first form of failure in laminates containing off-axis plies is generally microcracking of those
plies. There is a long literature on predicting the formation of microcracks and on predicting the
effect they have on the mechanical properties of a laminate. It is beyond the scope of this paper
to review that literature. The reader is referred instead to a recent review article in Ref. [1]. The
goal here is to calculate the effective modulus, £, and the energy release rate for formation of a
new microcrack, Gy,, both as a function of the microcrack density. The problem is analyzed using
some new variational mechanics results. These results permit establishing mathematically rigorous
bounds on both E’ and G,,. We find that an average of the rigorous bounds provides an effectively
exact solution to both the modulus reduction and the energy release rate problems.

FRACTURE MECHANICS ANALYSIS

Imagine a microcrack initiating somewhere between the two existing microcracks (see Fig. 1) and
propagating in the width direction (y direction). The energy release rate for propagation of a
microcrack of current area A is 5U oU
ext

Gm(A) - OA - O_A (1)
where Ug,; is external work and U is total strain energy. Some recent three-dimensional finite
element analyses have shown that G,,(A) is virtually independent of the length of the propagating
microcrack [2, 3]. By this fortunate simplification, we can calculate G,,(A) by analyzing the energy
released due to the formation of a complete microcrack, denoted as G,,:

1
26 W

4 AU, — AU
/0 Gun(A)dA = Gru(4) = G = ==

(2)

where AU,.,;; and AU are the total external work and change in stain energy associated with
formation of a complete microcrack, and 2t;W is the fracture area of a single microcrack (see
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Fig. 1. A coordinate system on the edge (z-z plane) of a cross-ply laminate with two microcracks located
at © = +a. The y direction is the width direction of the laminate; the laminate width is W. £ and (¢ are
dimensionless coordinates in the x and y directions.

Fig. 1). Many literature results have shown that the formation of new microcracks can be predicted
by assuming they form when G,, reaches G,,. or the critical microcracking toughness for the
laminate [1, 4]. This “energy” analysis of microcracking has sometimes been criticized as not being
rigorous fracture mechanics because it does not involve analyzing incremental growth of an existing
crack. The equivalence of G, and G,,(A), however, argues that it is rigorous fracture mechanics.
In fact, the connection with fracture mechanics is probably the reason the energy analysis works
well [4]. We claim that the problem of predicting microcracking in [0,,/90,,]s laminates is equivalent
to accurately finding G,,.

We consider formation of a complete microcrack due to an axial stress of oy and thermal load T.
The total axial displacement between the two existing microcracks can be written as

a0

u=2a (E—z + aZT) (3)

where E and o are the effective axial modulus and thermal expansion coefficient of the lami-
nate. The external work associated with the formation of a new microcrack between the existing
microcracks is AU, = 09 BW Au where B is the laminate thickness. For strain energy, we imagine
a sample under arbitrary traction loads but no thermal load (7" = 0). The tractions will result in
some stresses and strains in the body denoted o, and ¢, = So,, where S is the compliance tensor.
Now change the thermal load to T" without changing the surface tractions. The stresses will change
to & = o, + J; where g, are the residual thermal stresses. The total strain energy is

1 1 1
U= [ 55860 = [ Son-Sonav+ [ g-qav+ [ Soseav (4)
V2 V2 v v 2

Because the residual stresses, by themselves, obey equilibrium and induce no new surface tractions,
the principles of virtual work imply that the cross term between mechanical strain and residual
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stresses is zero. Thus total total strain energy can be written as a sum of mechanical strain energy
and thermal strain energy. In terms of effective modulus

U—2apw (L0 4 (5)
= 40 2E2 res

where U, is the residual strain energy per unit volume. Substituting Egs. (3) and (5) into Eq. (2)
gives

2 1
o0 () e vrses a0, o

where p is a dimensionless crack spacing.

We can eliminate o by using a remarkable theorem by Levin [5], which when applied to uniaxial
loading states that

1
ajﬁlaozv/v&-&dV (7)

where & are the stresses that result from a purely mechanical loading (i.e. T' = 0) of a stress ¢ in
the axial direction. Defining a phase average stress in phase ¢ as

M _ 1 (i)
Tik =y wajkdv (8)
where V; is the volume of phase i, Levin’s theorem for axial loading of [0,,/90,,]s laminates reduces
to _
Aa)\ag) )
1+ A
where Ao = ap — a4 is the difference between the axial thermal expansion coefficients of the 90°
plies (ar) and the 0° plies (4), and A = t2/t;. Here and elsewhere, a subscript 1 or superscript (1)
denotes a property of the 90° plies; likewise a 2 denotes a property of the 0° plies. Now, in cross-ply
laminates, the effective modulus is equivalent to the net stress divided by the phase average strain

O’()Oéz = arog —

in the uncracked 0° plies: EY = o¢/ 5522 = F 09/ afﬁ) where E4 is the axial modulus of the 0° plies.
We quickly derive

A« EO
oy = ap — — -1 10
where
Er+ AEy arEr + daysEy 1 1 (1+ M) Ey
EBy=——"""2 = Cip = — = 11
0T T 0 1+ N Ey L= e T amaEr WY

Ey and «g are the rule-of-mixtures axial modulus and axial thermal expansion coeflicient of the
uncracked laminate and Erp is the axial modulus of the 90° plies. Substituting Eq. (10) into Eq. (6)

gives
o2 opAaTE, 1
Gn=pB|| 2 - ———" A= | — AUpes 12
r l( 2 Cukr B, (12)

The fracture mechanics problem of microcracking is thus reduced to finding accurate results, or
perhaps bounds, for £ and Uj.,.

VARIATIONAL MECHANICS

Hashin [6] used an assumed stress state for a cross-ply laminate and minimized complementary
energy to get the lower bound modulus, Efl:

2
L1 _ 1 B Gy xL(p)

EY — EY  Ey E_§1+)\ p

(13)
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The constant C3;, and the function x(p) depend only on the geometry of the layup and on me-
chanical properties of the plies. To save space, the reader is referred to Ref. [1] for definitions of
all the constants and functions in Hashin’s analysis. Nairn extended Hashin’s analysis to included
residual stresses [7]. The total strain energy can be written as

(72 Aa2T2 CgL XL<p)
U =2aBW 0 l1— == 14
“ [2Eﬁ + 2C1L(1+N) ( Ci p ) (14)

As expected, the total strain energy is a sum of mechanical strain energy and residual strain energy.
Using EY to eliminate x(p), the residual strain energy density becomes

Aa’T? | 1 E} 1 1 (15)
1+ CiLE2 \ELY Ey

U... =
res 201L

The remainder of this section will present a new variational mechanics result for an upper bound
modulus. Unfortunately the analysis is too long to fit within the current page limits. We resort
to an outline of the analysis and quote sufficient results for calculations. A more detailed analysis
will be given in a future publication [8]. The upper bound modulus is found by using an assumed
displacement field and minimizing the potential energy. We assumed the following = and z direction
displacements:

ey 1) (2) ©))

t—=w1¢+a1§ wt—:(¢2+a2)g ut—=¢1+a1f wt—=¢2+a2+a3(C—1) (16)
1 1 1 1

Here v); are unknown functions of the dimensionless axial coordinate £ = x/t1, ¢ is a function of
the dimensionless axial coordinate ( = z/t1, and the a; are constants that may depend on crack
spacing. The necessary boundary conditions are 91 (p) = p(eo — a1) (o is global strain), ¥ (p) = a4
(a new unknown constant), ¢(1) = 1, and ¢/(0) = 0. ¢(¢) describes the crack-opening displacement
of the microcrack; explicitly, the semi-crack-opening displacement is 6(¢) = p(eg — a1)(1 — ¢(¢))
with boundary conditions §(1) = 6’(0) = 0. The total potential energy, including terms for residual
stresses, that must be minimized is

1
= / (-5- Ce—arT - cg) v (17)
v \2
where C' is the stiffness tensor. Inserting the assumed displacement field gives, after much algebra:

P
I = #W / [Clw% + Cotp3 + Catbf + Cubly + Csbaps + Corprl
-pP

+ (2C5 () (a1 + asvr — (1 + vp)arT) + 2Cr(ar + ast/y — (aa + Vyar)T)) W,
+2Cy(a1vr + ay — (1 + vp)arT) s + Co(a? + 2a1a9vr + a3 — 2(a1 + a2)(1 + vr)arT)

/ /
+Cy (a% + 2a1a30y + a%Z—A —2ay(ava + Vyar)T — 2a3 (VAaA + Z—AaT) T)} d¢ (18)
A A
where
E E A\E

Ci = Gr(¢”?) C = 1sz/% G = 1$% (0%) + kufuﬁa

Cy = S 4+AGy G = % () Ce = 2Gr(1—(¢)) (19)
_ AE

07 - 171/AA1/:4

where G and G4 are the shear modulus of the 90° and 0° plies, vy and v4 are the Poisson’s ratios

of the 90° and 0° plies, /; = ”‘*E—ig), and Eg) is the transverse modulus of the 0° plies. The angle
brackets denote integration over ( from 0 to 1. We assume at first that the function ¢ and the
constants a; are given. The potential energy can then be minimized to find %; using the calculus
of variations. The coupled Euler equations are

CQ(VTal + a9 — (1 + VT>aTT)
Cy

V] —q — iy =0 Uy — qaths — patpy = (20)
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where
&) _C5 —Cs Cy G5 =G

:53 p1= 2Cs %Za p2 = 20,
Assuming complex characteristic roots (which holds for the calculations in this paper), the solutions
for 1; are:

1 = pi(ad; — BAy)sinh af cos B — p1(BA1 + als) cosh af sin G (22)
Yy = [Al(a2 - q1) — 2a8As] cosh af cos €
— [2a8A; + AQ(QQ - q1)] sinh a& sin ¢ — vray — as + (1 + vr)arT (23)

qQ (21)

where

1 1
= 5\/2\/611(12 +@+tg+pp  and  f= 5\/2\/611612 — Q1 — @ —pip2 (24)

The constants A; and As can easily be found from the boundary conditions on 1y and 1, at p.

The next step is to substitute these functions back into the potential energy and thereby find the
total strain energy:

1 1
U= / S(E—aT) - C(E—ar)av =1 +/ LT - CaT v (25)
14 14

This result can than be minimized with respect to a; to find those constants. The result is

eoxo(p) — Ereo (¢) + ErarT(1 - (¢))

- xo(0) + Br(i - 2(3) 26)
ay = —vpar+ (14+vp)arT (27)
a3 = —vag0 + (vaas +ap)T (28)

_ p(ﬁ() - al) Cys + Cs
ay = —m <03X2 (p) + Caxs(p) + T) (29)

where
Cixalp) + Cixs(p) + ©5G)”

xo(p) = p|Csxi(p) — ( = 4Cixj(p) 2 ) - Cy (30)
o) = —afqi(coth apcot Bp + tanh ap tan [p) (31)

a(a? + 32 — q1)csch 2ap — B(a? + 52 + q1) csc 23p

B p1(a? + B%)(acsch 2ap — Besc23p)
000) = LT B — q)osch2ap — a2 + B2+ 1) e 2B (32
[(a2 -3 — q1)2 + 404262} (aesch 2ap + Besc2(p)
xs(p) = (33)
p1jaa? + 07— r)esch2ap — B(a? + 52+ 1) cse 26
—apf(a? + 3?)(coth aptan Bp + tanh ap cot (p)

xalp) = a(a? + 32 — qi)esch2ap — B(a? + B2 + q1) csc 26p oy

(35)

Substituting these constants back into the strain energy gives

1 AT E3 xwip)
U =2aBW |=Ey(go — agT)? — T —arT)? 36
¢ l2 o0 = D)+ 39Ny T2 g 0 T, (36)
e Eo(1 - (6))°
pEp(1 —

xv(p) = (37)

xo(p) + Er(1 —2(¢))
Unfortunately, the total strain energy cannot be analytically minimized with respect to the crack-
opening displacement function ¢(¢). By examination of finite element results, we made the reason-
able assumption that ¢(¢) is parabolic. Thus ¢(¢) = A(¢?2 —1) +1 or 6(¢) = A(1 — ¢?) where A is
an unknown constant.
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We can find the upper bound modulus from the total strain energy by setting 7' = 0. The result is

1 Efxu(p)
1+MEy p

By < EY = Ey— (38)
To partition the total strain energy into mechanical strain energy and residual strain energy, we
partition the global strain into mechanical strain and thermal strain: ey = ¢, + 7. Substitution
into the strain energy result and making use of Eq. (10) gives

1 T2 Aa?
U=2aBW |=E{e® + — | ———
‘ l2 Afn ¥ ((1+)\)C’1L

+ Eo(ady — ap)® — e

(a4 — ar)® EZ xu(p)
Al +A Ez; P )1 (39)

The total strain energy partitions as expected. Using upper bound modulus to eliminate x(p)
and again using Eq. (10) gives
Aa’T?
Ures =
20,

1 E} 1 1
- — = = 4
(1+X) CiLE? (Eg Eoﬂ (40)

Notice that this result is the same as U,.s; in the lower bound analysis except that E% is used
instead of E%.

RESULTS AND DISCUSSION

Mathematical bounds on the modulus of a cracked cross-ply laminate are

E3(1+ A 1 E?
PR - Bk < By < BY = By - ——trxlr) (41)
pEo(1+ \) + E2C31.x1(p) 1+)Ey »p
We further define an average of the bounds as
1
By =2 (Ef+EY) (42)

E% EY, and EY” are compared to some finite element calculations on a [0/90,]; E-glass/epoxy
laminate in Fig. 2. The EY calculations used A = 3.2 because that gave the minimum modulus
for a crack density of 0.5 mm~'. We note, however, that large changes in A caused only negligible
changes in Eg. The bounds on the modulus are relatively tight. Efff"g provides an effectively exact

solution to the modulus reduction problem.

Previous comparisons in the literature between Eﬁ and experimental results [1, 6], suggest that
Efl is closer to the correct modulus than is implied by Fig. 2. When the goal is to assess the
accuracy of the variational mechanics analysis, the preferred comparison is between theory and
finite element calculations. The observation that experimental results may differ from finite element
calculations suggests that either the experiments were inaccurate or that the assumptions of the
mechanics analysis lack realism. For example, the mechanics analysis assumes there is a perfect
interface between the 0° and 90° plies. If this assumption is wrong, the mechanics analysis might
overestimate the true modulus. Future work on modulus reduction in cross-ply laminates should
address ply interface issues.

Substituting U,.s from either the lower or upper bound analysis, the energy release rate becomes

pB EZ ()2 1 )y Erog  AaT
G, = TE—%U:(CO A o5 where UJ(EO = o - CuL (43)

af%) is the total axial stress in the 90° plies in the uncracked laminate [1]. We consider the formation

of a new microcrack midway between two existing microcracks. A rigorous upper bound to G,
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Fig. 2. Modulus reduction in a [0/902]s E-glass/epoxy laminate as a function of crack density. The calculation
used E4 = 41.7 GPa, By = 13 GPa, G4 = 3.4 GPa, Gy = 4.58 GPa, vy = .30, vp = 42, ay = 8.6 x 107°
°C™H ar =221 x 1076 °C71, ¢; = 0.42 mm, and £, = 0.21 mm.

denoted as GU can be calculated by assuming the E’ is equal to E% after the microcrack forms,
but equal to Eg before the microcrack forms. Thus

B E? (42 1 1
Gh =22 2060 ( - ) (44)
2 B2 \El(p/2) EY(p)

The converse assumption leads to a rigorous lower bound:

2 2
ot — PBE o) ( ! ! ) (45)

"2 Bp " \EY(p/2)  Elp)

The acknowledgment of the mathematical possibility of wild changes in £’ due to microcrack for-
mation is probably overly pessimistic. Assume, for instance, that the correct modulus is at some
specific position between E% and EY before microcrack formation. We claim that the correct mod-
ulus will likely remain close to the same relative position between Efl and Eg after the formation of
a single new microcrack. If we accept this assumption, we can calculate new bounds on G,, which
we refer to as “practical” bounds, as opposed to mathematically rigorous bounds. The practical
bounds, denoted with superscript P, are given by the energy release rate calculated using only Efx
or only EX. Thus

B E? (1) 1 1 pB EZ (1)2 1 1
B (LY gumB (L4
2 B2 \E%(p/2)  EL(p) 2 E2°7 \E{(p/2) EY(p)

Finally, the success of E%"Y suggests a similar calculation for energy release rate. Averaging either
the rigorous bounds or the practical bounds gives

.. pBE? (1)2< 1 1 1 1 )
G = = 130, + - - (47)
2 57" \2Ef(p/2) " 2ER(p/2) 2E4(p) 2EY(p)

GE, GPE GPU GY | and G%9 are compared to some finite element calculations on a [0/909]s E-
glass/epoxy laminate in Fig. 3. The rigorous lower bound is very low and of relatively little use.
In fact it becomes negative which is physically impossible. The rigorous upper bound is about a
factor of two larger than the finite element calculations. Although this bound is not that close to

the true value, it might be useful in design. A design to avoid microcracking based on GU would
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Fig. 3. Energy release rate for formation of a new microcrack in a [0/905]s E-glass/epoxy laminate as
a function of crack density. The assumed laminate properties are given in the caption of Fig. 2. The
calculations used anﬁf /Er =100 M Pa.

have a built in safety factor. The practical bounds are much closer to the true energy release
rate. The practical bounds are very tight at high crack density. This observation might explain
why interpretation of experiments using GFU tended to fit better at high crack densities than at
low crack densities [1, 4]. Finally, G%9 provides an effectively exact solution to the energy release
rate over the entire range of crack densities. We recommend using G%9 in future microcracking
predictions in cross-ply laminates.
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