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Abstract: Distortions and residual stresses are inherentget in advanced composite structures
that undergo curing cycles at elevated temperaflinese are undesirable effects of the fabrication
processes since distortions deviate the structama the nominal geometry, what can compromise
aerodynamic performance or make impossible assgmlobstructural components. Residual stresses
are the driving mechanisms to induced distortion$ ladditionally, they may significantly and
adversely reduce the strength of composite strestun this work a model intended to predict the
levels of distortions and residual stresses stelfléveloped and embedded in an in-house FE code.
The model shall take into account thermal, chemacal frozen-in strains that develop during curing
cycles.

Keywords: Manufacturing distortions, Residual stresseseGdmetics, Numerical simulation, Finite
elements.

INTRODUCTION

The necessity to understand the consolidation amd tabrication processes of themoset
composites motivated a number of studias\dstrom1993,Kenny et al. 1990,Kenny 1992)
However, constitutive models specifically tailoreml model resin cure and residual stress
development are relatively rare.

Thermal contraction has been shown to be an imponmaechanism that induces the
appearance of residual stresses and distortiuis X998). Spring-back effects and distortions
were observed to generally increase with increasumg temperatureSarrazinet al. 1995,
White et al. 1993). Another relevant mechanism that contributesuilding up residual
stresses is chemical shrinkage of the reSimite et al. 1993, Holmberg 1998). A third
mechanism is permanent frozen deformatidolfiberg1998,Kolkman 1974. This, however,
derives from mechanical constraints imposed byntlbelld in RTM processes and therefore
may be negligible in AFP or ATL fabrication process

In a series of papers Svanberg and co-work&ranperget al. 2001, 2004a, 2004b) proposed
a very pragmatic constitutive model that includerthal contraction, chemical shrinkage and
frozen-in deformations. They proposed a path degetincbnstitutive model that requires only
six stress state variables, all of them functiofsthe degree of cure and temperature.
Viscoelastic effects were ignored since it was aeslithat rate dependence is unimportant, or
at least negligible in the cure of thermosets.
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In addition to the three mechanism cited above reth&re also certainly important:
unsymmetric laminatesCho et al. 1998), temperature and cure gradiemtisn(et al. 1997)
and gradients in fiber volume fractioRgdford 199). The lack of symmetric in a laminate is
taken into account by the nonzero laminate B matiea¢ couples membrane to curvature
strains. Temperature gradients can be considemedigh a computation as simples as the
difference between room and glass transition cameperature. More accurate predictions
would require some sort of heat transfer model itaio accurate temperature distribution
during cure and subsequent cool down to room teatyper. Cure gradients have to be
evaluated with the aid of a state variable, thereegf cure, that usually varies from 0
(uncured) to 1 (fully cured). Gradient in the fibelume fraction reflect in the mechanical
properties of the layers and the laminate itsdifeSe can be accounted for by the traditional
micromechanical rule of mixtures approaslay 2006.

The accurate of residual stresses is paramountaldieeir potential deleterious effects. A
simple example is the change in stiffness produnedesidual stresses through geometric
stiffening when residual stresses couple with tbalinear strains. It was shown that this
stress stiffening can substantially affect buckl{Rgriaet al. 1999 and natural frequencies of
composite structuresAlmeida et al. 1999 fabricated by curing at elevated temperatures.
Evidently strength characteristics of compositeitates are also affected by the presence of
residual stresses that physically represent aralimbnzero stress state within the layers. In
addition to mechanical stresses produced by thehamécal loads the structure shall be
subjected during its operation, the residual séressherited from curing must be added in
order obtain the resultant stress state used t@etEnhe onset of failure.

Most scientific works that need to evaluate redidtr@sses in composite structures fabricated
at high temperature cure cycles assume that thpeeture gradient is simply given by the

difference between the operation, or room tempeza@and the glass transition temperature,
neglecting aspects such as chemical shrinkagenstrthie variation of the glass transition

temperature with the degree of cure, and the exgst®f glassy and rubbery states of the
resin.

The implementation of a constitutive model thatanprehensive enough to consider the
aspects mentioned above will enable engineers esehrchers to obtain much more precise
descriptions of the residual stress distributioms & predict beforehand whether undesirable
spring-back effects shall manifest after cureslexpected that the numerical models to be
developed will be useful in future projects partnémn the aerospace industry. The code
implemented shall be used to obtain numerical tedhlat shall be compared against the
results obtained from the material characterizatind structural tests in the coupon level. If
the code proves to be accurate enough it will be Ebpredict residual stresses, spring-back
and distortions occurring in representative partd primary structural components of real

aircraft.

THEORETICAL BACKGROUND
The present section describes the thermomechaseiestic theory, the finite element
formulation and numerical solution strategy used.

Thermomechanical elastic theory
The additive decomposition of the strain is assuseh that the total strain can be written as
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E=Ee+E+E 1)
whereg; is the elastic parg; is the thermal strain argd is chemical shrinkage straires.and
€ are given by

&= (T-Toa &= (X=Xo)P (2
where Ty and X, are reference temperature and degree of curecdé#icients of thermal

expansion @) and chemical shrinkag@) depend on the temperatuf® @nd degree of cure
(X) as

@, X<Xg T2T/(X) B, X<Xg T2T/(X) 3)
a=la, X=Xy, T2T(X) , B={B, X=Xy T2T(X)
a,, T<T,(X) B, T<T,(X)

where the subscriptk,'r' and §' refer respectively to liquid, rubbery and glassatesTy is
the glass transition temperature aXgh denotes degree of cure at gelation. The glass
transition temperature relatégto X by the DiBenedetto equation:

Tg _Tgo _ AX (4)
T,.-T, 1-0-A)X

whereTy andTg., are the glass transition temperature of the uncQfe= 0) and fully cured
(X=1) resin andl is a material constant.

Notice that Eq. (1) can be rewritten as
Ee=E—& & (5)

Mathematically there is little interest in writirifg. (5). However, from a physical point of
view, Eq. (5) can be interpreted as a way of deat@ng the elastic strains, i.e., if thetal
strain is stripped from the thermal and chemical strathg, remaining part is the purely
elastic strain. This is an important issue that esnmto play when the material constitutive
equation is written.

The incremental stresses can be written as

_[CAE-g-g)-s , T=T,(X) (6)
| CAk-g-g) . T<T,(X)

where C; is the rubbery modulus tensor a@g is the glassy modulus tensor. In the most
general situatiomdo contains six stress componendszy, Ady, A0y, ALy, AL, and At
Similar observation holds fdke, Ag; andAg., each one also containing six strain components.
The thermal and chemical strain increments compintelq. (6) areAg; = aAT andAg. =

LOX.

The state variables s are



Alfredo R. de Faria et al.

. 0 L T2T,(X) (7)
25+, ~Cone—, ~2) |, T<T,(0

It is clear that the state variables corresponstriesses that keep track of the loading history.
In the rubbery state the state variables becom® m@&ganing that the stress history has been
erased. In the glassy stateepresent frozen-in stresses.

Finite element formulation

Triangular and quadrilateral plate elements arevehim Fig. 1 with their respective local
coordinate systems, both with the origin situatedha elements' centroids. The element
orientation is determined based its edges. Xlais in both cases is parallel to side 1-2.
Denotev;; the unit vector in the direction from nod® nodg. In the triangular element tlze
axis is defined along the direction, X vi3 whereas in the quadrilateral element zreis is
defined along the directioni; X vis. Once the axex and z are defined they axis is
determined by cross product.

4

y
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2

Figure 1: Triangular and quadrilateral plate eletsen

The kinematic relations follow the Mindlin plateetbry where displacements of an arbitrary
point within the element, in the local coordinagstem, are given by

Uy, 2 =u(xy) +z6,(xy) (8)
V(X y,2) =v(x y)—-26,(xY)
W(X, Y, 2) =W(X, Y)

where displacements andv are those measured with reference to the elemehsunface.
Equation (8) allows one to derive the strains:

o
LTI R T R ©
ox  ox Yooy oy
_0u ov aey a6, _ow _ow
=t A =l Y=,
xy ay ax ay ax ax y yz ay

A drilling degree of freedom is not explicitly pesg in Eq. (9). However, for completeness,
the drilling (&) will also be included in the following derivatien

Discretization of the element is now performed. @igplacements are interpolated according
to

UNWE.6,6) =3 @0 N W.6,.6,.6) (10)
i=1
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where there aren nodes,g are interpolation functions ang vi, wi, 8, 8; and &; are nodal
degrees of freedom. The virtual displacementsiangasly interpolated, i.e.,

(6 1 B 56, 56, 36) =Y (@ &, AW, 06,36, O8] 1D

The element vector of nodal degrees of freedoneimed asge = {us Vi Wi &q 81 Gy ... Um
Vi Wm Bm Bm 6} and its virtual counterpart &e = {1 1 Iy OBa 081 06y ... Uy N
ONm OBm OBm OBm }T. Matrices of derivatives of the interpolation ftinas are defined as

@, 0 0000 000 0O ¢ O (12)
B,=|0 ¢ 0000/, B;=000-p, 0 O
@, # 0000 000 -¢ @, O

s

|00 ¢@, -9 00
00¢g, 0 @O

Equations (10) and (12) can be substituted intdd @ompute the strains within each element
as

£, U, . (13)
80 = gyy = V,y =zBmi{q V| W exi Hyi ezi}T = que
I R

K a

xx y,x m
K=K, 0=~y (=2 Bu{u v w 6 6 6} =By,

i=1
K, 6,,-9,

X,X

_6 m
v={y”}={wy X}=ZBg{u Vw6 6 6} =Bg
i=l

W, +6,
whereg, K, y are, respectively, membrane, curvature and trass\ahear strains. Notice that
matricesBy, By andBs may differ from element to element.

Accompanying the strains in Eq. (9) are the respedtressesiy, gy, Ly, Iy, and . These
can be grouped in in-plane stresses, (G, 7y) and transverse shear stressgs () such
that, for elemeng,

6.={o, o, t} . t.={r, 1} (14)

It is clear from Eq. (6) that the state varialderrespond to stresses. Thus, they can also be
stored, similarly to Eq. (14), in two groups

S.={Sx Sy S Se={S, SJ' (15)

Numerical solution
The principle of virtual work allows one to write
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N, N, 16
S (@) + 280, + a1 J0V, =3[ itV (9
ely, ely,
where summation extends over Bl elements in the mesh afgdis the vector of external
loads applied to elememt Substitution of Eq. (13) into (16), and recogngzithatdge are
arbitrary and geometrically admissible virtual désgments,
Ne 17
> [I(B],+B])s, +Blt.]JdV, =, .
e=1ve
where the combined effects of &llhave been grouped intg:. The left-hand side of Eq. (17)
is the vector of internal forces. Theoretically fv®blem to be solved is: givdg, find the
stresse,, Te that satisfy the equilibrium condition posed by. Efj7). This is a generally
nonlinear problem whose solution is obtained in@etally.

Initially consider that the equilibrium problem Hasen solved for time stepsuch that

Ne 18
S 1B, + )0 + Bl =1, 49
ey,
Next, increment the load at step- 1 and find the new stresses that satisfy
(19)

Ne
> JI(BL, +BY)(es +A07™) +BY (x] + ATV, =1
ely,

with o] =o] +Ac]" and 10" =10 +At]". Solution of Eq. (19) must be found iteratively.
Rearrangement of Eq. (19) leads to
S T L oaT\ARML L RT AN N T u T (20)
> (I8 +B))Acy™ +BIATI AV, =5~ [[(B], +28])ol +Blxl]dV,
ely, ey,
where the stress increments are computed from @aar(d the strain increments ake, =
OoAT andAg. = BAX.

All the terms relating ta\s)”, At"in the left-hand side of Eq. (20) must be computethe

Gaussian stations used in the numerical integrafitve constitutive tensor is the rubbery
modulus tenso€; or the glassy modulus tengdg, depending of relative toTgy. The same
holds for the coefficienta andf.

At this juncture it is convenient to adapt Eq. {&)he grouping of stresses presented in Egs.
(14) and (15). Equation (6) can then be split in:tw

Ao QrA(so + ZK—st _8c) _Soe ' T 2Tg (X)
e = 1 Te
QA +ac—g —¢) , T<T,(X)

Qly-s, , T=2T(X) (21)
{ Qufy , T<Ty(X)

where the constitutive tensor, either in the rubbery or glassy Btateglso been split in two.
One part relates to the in-plane stresses and str@nswhereas the other part relates to
transverse shear stresses and str&dgs It is tacitly assumed in Eq. (21) that the thermal and
chemical strains do not depend on z and also that they daoflugince the transverse shear
stresses and strains.
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Substitution of Eq. (21) into (20),

& T T n+l n+l n+l n+l +: & T n+l +L (2 2)
> [ B +B)IQAEr™ + 2™ ~&™ ~el") ~sEdV, + Y [BIQLY™ ~sg)dV, =
ey, ely,

e

Ne
f0 = 1B, + 28] )l +Blxl]dV,
e=1ve

where it must be clear th@ andQs assume different values depending on whethely(X)
or not as determined by Eq. (21). Moreovefl, # Ty(X), thensg =0 andsz = 0.

It is clear from Eq. (9) that the strains, and #¢fere their increments, depend linearly on the
through the thickness variabte Hence, Eq. (7) also leads to the conclusion shatlepend
linearly onz. It means thasz can be further split into two parts such that

wheresg. can be interpreted as the state variables onléngeat mid surface argl,e have to
do with its variation along the thickness. Notibats, does not depend an

The strain relations in Eq. (13) and Eq. (23) caw e substituted into Eq. (22) leading to

Ne Ne
3 @]+ )M + ), + Y [BIQA ™, = (24)
ey, ely,
N, N, Ne
12— (B8], + B))e] +BLTlIAV, + Y[ (B], + 28] )[QAE™ +£I™) +s)71dV, + [ Blsrdy,
ely, ely, 1y,
It can be seen that Eq. (24) may be restated as
N, 25
zKeAqe =fe>n:;l _figt +Aft +Afc +Afs ( )
el
where
K. = [I(B},+ZB})QB,,+ 2B,) +BIQBldV, (26)
v,

Ne
=2 [[BF+2B])e +BlxldV,

s=1\/e

Ne N,

O, =3 [ (Br +2B))Q0edV, = 3 [ (B, + 28,)QuATdY,
&Ly, ely,
Ne Ne

o, =" [ BF+ QA AV, = 3" [ (B, + 2B])QRAXAY
ey, ey,

Ne Ne
K, = [(Br,+B) Qs + =52V, +>[BIQsTdY,
ey,

el A

Notice that the dependency on variabls explicit in Eq. (26). Therefore, it is possilite
carry out integration along analytically. It all depends on the constitutiveatntes. In
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isotropic material€Q andQs are constant. However, if laminates are consigdtesh these
matrices are piecewise constant. On the other haedintegration in the andy variables
must be done numerically through Gaussian quadrailre term containin@ in K is fully
integrated. However, reduced integration is usadtagrate the term containirs in Ke.

Equation (25) is used to find the displacement dnwnts. Observe that, 1, X, the
mechanical loading and the state variables atrste@ known, thedg can be computed. If
the problem is geometrically linear Eg. (25) habecsolved only once at each time step.

NUMERICAL EXAMPLES

Two simple numerical examples involving bars wil bsed to validate the code developed.
In both examples the bars are assumed to be madly put of resin. The objective of these
simulations is to study how thermal and chemicasstes develop. A bar with lendth= 1.0

m, width W = 0.1 m and 0.01 m thickness is modeled usingdHnhtical 4-noded plate
elements.

The mechanical properties adopted in the rubbedygtassy states are in Tab. 1.

Table 1: Mechanical properties

state  E (GPa) v  G(GPa) a(°ChH
glassy 2.6 0.38 0.94 71.0x10°
rubbery  0.028  0.497 0.0094177.5¢10°

Additional properties are: coefficient of chemisakinkage = —0.02333), fully cured glass
transition temperaturelg, = 136°C), uncured glass transition temperatufg € —41 °C),
degree of cure at gelatioX = 0.5)and material constant in Eq. (4)0.44).

Test case 1
Figure 1 shows the bar that has one end fullyaestd (clamped) and the other end subjected

to a mechanical stregs Mechanical load and temperature vary accordirfggo 3, while the
degree of cure is constaX € 1).

d

Figure 2: Mesh, loading and boundary conditiongdst case 1.
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Figure 3: Temperature and mechanical loading hydtartest case 1.

The results obtained in terms of strains (%) ar€ign 4, where the expansion strain coincides
with the thermal strain in this simulation sincertéh are no chemical shrinkage straidX &

0). This result is in full accordance with thosdashed by Svanberg and Holmbeg&yénberg

et al. 2001, 2004a, 2004b). Minimal differences may becgged since there is a small
Poison effect in the present model that was nduded in Svanberg's calculations.
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Figure 4: Strains in test case 1.

Test case 2

Figure 5 shows the bar that has initially both efully restrained (clamped) up to time=

150 s. After 150 s one end of the bar is relea3ednperature and degree of cure vary
according to Fig. 6. This example simulates demagld&ince, befor¢ = 150 s, the bar is
assumed to be completely restrained (in mould) uodee. After cure at 128C is complete

the specimen cools down to 20. Att = 150 s demoulding happens and the stress drops to
zero as shown in Fig. 7 whereas a nonzero to&hstippears as illustrated in Fig. 8.

7

t<150s

N

t>150s

B

Figure 5: Mesh, loading and boundary conditiongdst case 2.
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After t = 150 s the specimen is again heated up untiédathes 160C. Since the glass
transition temperature is 13€, frozen strains are released as can be obsantbe isudden
drop of total strains at aroumd 233 s as shown in Fig. 8.

CONCLUSIONS

This work shows that a simple constitutive modetapable of capturing the most relevant
aspects of real cure processes. Most importantpdieglimg and residual strains/stresses can
be studies from a numerical perspective.

In the next phases of this project fiber reinforpdids shall be considered. In order to obtain
the homogenized elastic properties of the ply arame@chanical model shall be developed
that depends on the volume fraction of fibers amtsers that the resin constitutive relations
are governed by Egs. (1)-(7) presented in this pape
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