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Thermoviscoelastic Analysis of the
Thermoplastic Composite Tape
Placement Process

FAzIL O. SONMEZ* AND H. THOMAS HAHN
Mechanical, Aerospace and Nuclear Engineering Department
University of California, Los Angeles
Los Angeles, CA 90024

ABSTRACT: The thermomechanical behavior of a thermoplastic composite laminate
during the tape placement process has been studied. Stresses induced by the compaction
roller are predicted using a finite element method. These stresses control the compaction
and bonding behavior of the laminate. In the analysis, the tape placement process is consid-
ered as a quasi-steady state rolling contact problem. The effect of temperature on creep
compliance is included by treating the composite as a thermorheologicaliy simple material.
Thermal expansion coefficients are allowed to be temperature dependent. The effect of
friction at the contact surface is also taken into account.

The numerical results show how the process parameters (e.g., roller velocity, roller pres-
sure, heat input) are related to temperature and stress distributions within the composite.
These relationships can be used to predict the bonding behavior of the laminate.

1. INTRODUCTION

THE INTRODUCTION OF high-performance thermoplastic composites opened the
possibility for higher production efficiency, shorter production cycles, and
more flexibility in forming techniques. Given these advantages advanced thermo-
plastic composites also led to new requirements imposed on process conditions.
Processing of thermoplastic composites requires much higher temperatures and
pressures than thermosets. With shorter process times and higher temperature and
stress requirements, determining the correct process parameters and applying
them with more precision became more important.

Despite the importance of pressure in achieving consolidation [1], little atten-
tion has been paid to the problem of finding the stress distribution within the com-
posite induced by the roller force during the tape placement process. Sarrazin and
Springer [2] developed a thermoelastic stress model for tape placement based on
FEM. They assumed that the roller is bonded to the laminate along the contact
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previously laid and
consolidated Laminate

Figure 1. The tape placement process.

length and formulated the process as a punch problem rather than a rolling contact
problem. They also did not consider the boundary between the tape and the sub-
strate. They assumed that the incoming tape is bonded to the substrate.

Polymer composites display viscoelastic behavior at medium to high tempera-
tures. In this study, therefore, the process is considered as a viscoelastic rolling
contact problem. Formulation of the problem is based on work by Lynch [3] and
Batra et al. [4]. A schematic description of the system to be analyzed is shown in
Figure 1. Stresses and strains are induced by roller indentation and thermal expan-
sion. During the process, the material experiences a large temperature change. On
that account, the effect of temperature on creep compliance and thermal expansion
coefficients is included. Coulomb’s dry friction law is used to describe the phe-
nomenon of friction between the roller and the laminate.

The literature includes numerous analytical studies of viscoelastic rolling
contact problems. Hunter [5] and Morland [6] solved the rolling contact problem
involving a rigid cylinder, rolling over a viscoelastic half-space. Margetson
studied indentation of a viscoelastic strip between rotating rigid cylinders [7]
and rolling over a viscoelastic layer [8]. Morland [9], Kalker [10], Wang [11],
and Wang and Knothe [12] considered the rolling contact between two visco-
elastic cylinders.

The inherent complexity of the problem forces the use of numerical methods.
Lynch [3] solved the viscoelastic rolling contact problem by FEM without includ-
ing thermal effects. Numerical results agreed well with the experimental data ob-
tained by photoviscoelastic measurements. Batra and his coworkers used a similar
approach to study the problems of the indentation of a rubber-coveredroll [4] and a
viscoelastic sheet [13] by a rigid cylinder. They also included thermal effects.
However, they allowed the temperature change only through the thickness of the
sheet so that no heat transport was allowed in and out of the control volume. Be-
sides, they neglected the effect of temperature on thermal expansion coefficients.
They also assumed frictionless contact. Later, Bapat and Batra [14] solved the
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rubber-covered roll problem by a nonlinear finite element method. Oden and Lin
[15] used FEM to study the general geometrically nonlinear rolling contact of vis-
coelastic cylinders. In all of these studies, the material was assumed to be iso-
tropic.

2. FORMULATION OF THE PROBLEM
2.1 Equilibrium Equations

Normally, tape placement is a 3D process. However, in order to simplify the
analysis, the most basic lay-up geometry is chosen. The plate is assumed to be a
flat unidirectional laminate made of the same composite. The width of the lami-
nate is small and the same as that of the roller, so that a plane stress state is assumed
(Figure 2). Depending on the thickness of the laminate, plane strain may also be as-
sumed.

The roller moves with a constant velocity v,, which is presumed to be suffi-
ciently small so that all inertial effects are negligible. A steady state is assumed to
apply within the Eulerian control volume moving with the roller away from the
edges. Previous studies showed [3,13] that the stress field was quite concentrated
under the roller and quickly decayed to zero as the distance from the roller in-
creased. Experimental studies of tape placement also do not show any quality dif-
ference along the length of the laminate. It can then be concluded that process con-
ditions along the path of the roller do not vary, and the steady state assumption
holds except at locations very near the edges.

Laminate

Incoming tape

Figure 2. Analyzed configuration of the process.
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Neglecting the inertial forces, the equilibrium equations for two-dimensional
analysis become

do, dog
—+—=0
ax  dy
M
a0, do
_6+_2 = O
0x ay

2.2 Constitutive Relations

Inthe analysis, linear constitutive relations are used. Displacement gradients u;;
are in absolute value much smaller than unity. Namely, the displacement changes
slowly within the control volume. Displacement components »; are also small with
respect to the roller diameter when the coordinate axes are fixed to the roller. Ma-
terial nonlinearity is also assumed to be negligible. In press molding, the recom-
mended stress level for consolidation is between 1 and 2 MPa [16]. For APC-2, the
transverse stress-strain curve is linear up to 25 MPa at 150°C [17]. Although in the
tape placement process, higher consolidation stresses are required due to shorter
bonding times, linear constitutive relations can be used without any significant
loss in accuracy.

In comparison to the amount of heat supplied to melt the material, mechanical
heating through deformation is negligible. Thus, thermal and mechanical analyses
are carried out separately.

For a continuous unidirectional fiber-reinforced composite having a viscoelas-
tic matrix, the creep compliances S;, and S,, can be taken to be independent of time
and temperature [18,19], where the fibers are in the “1” direction. Bearing in mind
that the plane of the transverse isotropy is a “2-3” plane, constitutive relations for

a transversely isotropic viscoelastic laminate in plane stress are expressed as
[20-22]

& (t)—et(t)=5,0,(t)+S,0,(t)

t

g, (t)—e3(1)= 51201(t)+f522(§_§l)

0

9o, (7)

Py €3]

! )
gs(1)= me (E—E')ag—:r)dr

where ¢ | () is the thermal strain. Since the thermal expansion coefficients are tem-
perature dependent, they are given by
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Ty
e¥(0)= f a,(T)dT 3)
T,

& is the pseudo time, which explains the temperature dependence of the creep com-
pliance. It is given by

€= f a[T(m)ldn S

a(T) is the shift factor, which is related to the amount of horizontal shift required to
make the modulus-time curve for the temperature T coincide with the one corre-
sponding to the base temperature 7.

2.3 Boundary Conditions

The roller and the mold are assumed to be made of considerably harder material
than the composite undergoing processing. Therefore, they are considered to be
rigid.

The friction coefficient at the contact surface is about 0.24 [23]. Hahn and Lev-
inson [24] showed that the effect of the frictional force at the contact surface could
be significant for this level of friction coefficient. Therefore, the effect of friction
is included in the stress analysis. Coulomb’s friction law with a constant coeffi-
cient of friction is used. No differentiation is made between the adhesion, slip or
partial slip phenomenon.

Normally a force is applied to the tape in order to open the interface. However,
this force should be small. Excessive forces on the tape induce high shear stresses
at the tape-substrate interface and thus cause delamination. Therefore, the force
applied to the tape is neglected.

On the top surface, we have the following boundary conditions:

u, (x,0)=d+ \/ R?*—[x+u,(x,0)]* — R > in contact with the roller
F.=Fu ®)

o.n. =0 - not in contact with the roller

where d is the depth of indentation (Figure 3), R is the radius of the roller, #, and u,
are the x and y components of the displacement, respectively, #; is the outward di-
rected unit normal to the surface, F, and F, are the normal and frictional forces, re-
spectively, and u is the coefficient of friction at the contact surface. The first con-
dition states that the deformed shape of the contact surface conforms to the circular
shape of the rigid indentor, while the second condition comes from the Coulomb’s
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”_’l/ | laminate
T, f

Figure 3. Configuration of the contact surface.

friction law. The third condition indicates that when the top surface is not in con-
tact with the roller, it is traction free.

The bottom of the tape and the top of the laminate up to the nip point are traction
free.

og.n.=0 y=t, x<-I| (6)

)

The laminate is assumed to be perfectly bonded to the rigid mold. Therefore, at
the bottom surface, the following boundary conditions are met:

uy=0
} y=h @)

u, =0

where 4 is the thickness of the laminate.

The control volume is sufficiently large so that the material entering or exiting
from the control volume is stress free.

Normal stress on the contact surface is continuous, and hence it vanishes at the
ends of the contact area.

3. FINITE ELEMENT SOLUTION OF THE PROBLEM
3.1 Formulation

The portion of the laminate to be analyzed is divided into eight-degrees-of-
freedom rectangular elements concentrated under the roller as shown in Figure 4.
The position of the tape is horizontal in the undeformed shape.

The strain in a finite element is a linear function of the eight nodal displacements
[25] as in the elastic analysis:

{3, =141, {0}, ®)
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where [4], is a 3 x 8 matrix whose elements depend only on the nodal displace-
ments of the element r, {3},.

The viscoelastic memory of the material is reflected by the stress state in a
given element being influenced by the strains in all the elements through which
the material passed previously. Considering the quasi-steady state assumption,
in which the stress and strain state in the control volume does not change with
time, the strain history of a material occupying a particular element can be esti-
mated from the current configuration. For example, the material occupying the
element »n (Figure 4) was in the elements 1,2,3, . . .,n— 1 attimes, £,,6,,85, . . .1,
and had the same stress and strain state as the materials occupying these elements
at the present time. It should also be noted that moving of the tape up or pushing
of the roller into the laminate do not constitute part of the viscoelastic history the
material experiences. As shown in Figure 5, a material point follows the path that
corresponds to the deformed shape of the horizontal strip containing that mate-
rial point. Thus, the stress components in the finite element » (Figure 4) are
found by adding the contributions by all the elements through which the material
has previously passed. This can be done by converting the convolution integrals
in Equation (2) into a summation of series and reducing the relation to the follow-
ing form (Appendix A):

or ,ler er 0 fler—e*
o) = ¢, ¢y 0 [{e)—¢*) ©
oy O 0 e lel
or more concisely
n n
o}, = YIC, f&}, -~ D [Cl,, %3, (10)
r=1 r=1

Figure 5. Path of a material point following the deformed shape of the horizontal strip.
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where {¢*}, is the thermal strain vector (Appendix B) whose elements depend

only on the nodal temperatures of the element . Combining Equations (8) and
(10), we get

{0}, = DIC, [4],18}, = D [C],, {*}, 1

Unlike the elastic case in which the element stresses depend only on the nodal
displacements of that particular element, in the present viscoelastic analysis they
are functions of the nodal displacements of all the preceding elements in the same
horizontal strip. Consequently, the band width of the resulting global stiffness ma-
trix is much larger, and the computational time is much longer than the elastic case.

The virtual work principle is written as

o), {F}, = f {e}, {o},dv, (12)
Va

where {F?}, is the vector of forces acting at the nodal points of the element »,and V,
is its volume. Substituting Equation (8) and Equation (11) into Equation (12), we
have

O 4F}, = f | {6}Z[A],,[Z[C],,,[A ), - Z[C],,,{e*}] a3

By equating the terms in front of the nodal displacement vector {J}, we obtain

iF}, = f S 4T [CY, [4], 8}, dV, - f SALCY, €4, dV,  (14)

n I/N
or,

{F}, = K1, 8}, + > H}, (15)
r=1 r=1
Here [K], is the effective element stiffness matrix given by

K], = f [41,C1,, [4],dV, (16)
.
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and, [H],, is the effective thermal force vector.

H},, =— f [41,1C),, ¥}, vV, a7
VII

Components of the element stiffness matrix and the thermal force vector are
given in Reference [26]. Assembling all the element stiffness matrices and the
thermal force vectors for the entire control volume, we obtain

{F}=[K}{o}+{H} (18)

where [K] is the (2 m x 2 m) global stiffness matrix, m being the number of nodes,
{F} isthe force vector, {0} is the displacement vector, and {H} is the thermal force
vector. The factor 2 indicates the two degrees of freedom at each node. The global
stiffness matrix [K] is unsymmetric and banded.

Equation (18) is the equilibrium equation to be solved together with the bound-
ary conditions. First Equation (18) is rearranged as

F K, K,|[6 H
Il Vi Vs S + S (19)
Fr Krf Krr 6, Hr
where the subscript r represents the restrained degrees of freedom, while fdenotes
the free ones. Since

©,}=1{0 (20)

the final system of equations to be solved becomes

{F3=1Kz10,3+1{H,} @n

3.2 Solution

3.2.1 DETERMINING THE DEFORMED SHAPE OF
THE CONTACT SURFACE

In order to solve Equation (21), in which neither the force nor the displacement
vector is known, the iterative procedure reported by Batra et al. [4] is modified to
determine the contact forces.

The procedure is summarized in Figure 6. First, we assume an arc of contact,
along which distributed loads are expressed in terms of concentrated loads at the
nodal points. Frictional forces are then calculated using Coulomb’s friction law.
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assume an initial contact length
n+1,n+2,n+3,....,n+m

1

and a force distribution
F™UEM LB
]

calculate the frictional forces

F,i=HFri

Lcalculate the nodal displacements

I Calculate error coefﬁcientsJ
R ’

e, =R -

i

Figure 6. The procedure used in estimating the contact length and the contact force distri-
bution.

Given the nodal forces, nodal displacements are calculated from Equation (21) us-
ing the triangulation method [27]. Having solved for the displacements corre-
sponding to the assumed force distribution, a check is made, first to the deformed
surface whether it conforms to the circular profile of the roller, second to the length
of the assumed arc of contact. Should the deformed contact surface not match the
shape of the roller, the loads on the contact surface are adjusted in the manner de-
tailed below, and Equation (21) is solved again.

To perform the above-mentioned check and adjust procedure, we proceed as
follows: The nodes in contact with the roller are numberedasn+ 1,n+2,n+3,. ..
n+m — 1,n+ m, where m is the number of nodes in contact starting with the node
number # + 1. The node through which the y axis passes is chosen to be the center
point and called c. The R; is defined as the distance between the center ofthe roller
and the node i on the contact surface as shown in Figure 7.
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Figure 7. Configuration of the contact area.

R} = J(R—d+u) ) +(x, +u, )’ 22)

where u’y is the y component of the nodal displacement i, u”, is the x component,
and the identation dis equal to », (vertical displacement of the center node). If per-
fect match occurs, R; becomes equal to R at every node on the contact surface. The
discrepancy is represented by error coefficients e, defined as

e,=R—R] (23)

We consider thatthe nodes n+ 1,n+2, . . .,n+ m lie on the roller surface within an
acceptable tolerance, if the following condition is satisfied:

e.
%’,lse i=n+lLn+2,.. .n+m 24

where € is an appropriately chosen small positive number. If the above condition
is not satisfied by any one of the nodes, normal forces for the next iteration are cal-
culated by the following equation:

q+1Fri =9F! (1+g%) 25)

where g is the iteration number and g is a convergence factor. If g is too small,
convergence will be very slow. On the other hand, if it is too large, convergence
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may not be achieved. For this reason, g is dynamically varied during the iterative
process depending on the ratio of ¢;/d.

Ifthe forces at the end nodes of the contact area become smaller than a specified
value, these nodes are considered not to be in contact with the roller:

. , i=n+l
F/<€'F, fory. (26)
i=ntm

where F, is the total contact force in the y-direction. If the above condition holds,
the corresponding node is removed from the contact surface.

Friction forces at the contact surface are calculated from Coulomb’s friction
law:

"= Ry @7

Nodal forces are then calculated from geometry:

. R—d+u,  x +u
Flam o pip BT g 28)
’ R, R|
 x4u | R—d+d
Fl=tilepi g (29)
R] R

The above procedure is repeated until the condition in Equation (24) is satisfied
for every node in contact.

Then, the assumed contact length is checked for smallness. If the nodes adjacent
to the contact boundary are far enough from the roller, the arc of contact is consid-
ered to be correct.

I=n

i=ntm+l (30)

—fi>E for{
d

Ifthe above condition is not satisfied for any one of these nodes, the contact area is
extended to include the corresponding node(s), and the whole procedure is re-
peated.

After the contact forces and the displacements {J,} are determined, the restraint
forces corresponding to the constrained degrees of freedom can be calculated from
Equation (19):

{F3=[K, 1{6,}+{H,} Gh
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-~ 0<0 -
0=0 }*g-— "l*f

Yy Yy

a) b)

Figure 8. Determining the location of the nip point; (a) | corresponds to the exact location of
the nip point; (b) | is too small.

3.2.2 DETERMINING THE LOCATION OF THE NIP POINT

Finally, the location of the nip point where the tape and the substrate merge is
checked. The exact location depends on the deformed shape of the composite,
which is not known at the beginning. Initially a suitable distance, /, between the y-
axis and the nip point is assumed, and the deformed shape is determined by follow-
ing the aforementioned procedures. If the resulting angle between the tape and the
laminate, 6, is equal to zero, the distance is considered to be correct [Figure 8(a)].
In this case, normal stress at the nip point also becomes zero. If the angle is less
than zero, which is physically not possible, the distance / is smaller than the correct
one [Figure 8(b)]. The angle 6 also cannot be more than zero. Full bond strength at
the tape-laminate interface is not achieved instantaneously. Therefore, the inter-
face cannot sustain tensile forces at the nip point. In the case of non-zero 6, the lo-
cation of the nip point is modified and the above calculations are repeated. The it-
erations are continued until the angle 6 becomes zero within an acceptable
tolerance. If the angle 6 is between 0.0 and 3.0 E-3, this requirement is assumed to
be met. However, the solution may not be unique due to large thermal stresses. In
this case, the correct location of the nip corresponds to the smallest / that satisfies
the zero-angle requirement.

3.2.3 SOLUTION PROCEDURE

Figure 9 shows the solution procedure used in the analysis. The thermal and
stress analyses are fully coupled. The temperature field generated by the thermal
analysis is used in the stress analysis to calculate thermal strains and shift factors.
The contact length under the roller determined by the stress analysis is used as a
boundary condition in the thermal analysis. Since a different kind of mesh struc-
ture is utilized in the stress analysis, the temperature field determined by the ther-
mal analysis is mapped to the grid used in the stress analysis by linear interpola-
tion. Besides, the y axis in the stress analysis passes through the center ofthe roller,
whereas in the thermal analysis, it passes through the nip point. The distance be-
tween them is /as shown in Figure 8. Every time / changes during the iterations, the
thermal analysis is repeated due to the changed boundary condition to calculate the
new temperature distribution, which is then remapped. The stress analysis prob-
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lem is solved again using the new temperature field. This iterative process is con-
tinued until 8 becomes zero, and the difference in temperature field obtained in
two consecutive iterations becomes negligibly small.

4. RESULTS AND DISCUSSIONS

A computer code was developed following the aforementioned solution proce-
dure, and the effects of the processing parameters on the stress field within the
laminate were investigated. The processed material was chosen to be APC-2.

4.1 Verification

The model is verified first by comparing the results with an analytical solution
for a simpler problem. Margetson [7] solved the problem of the indentation of a
viscoelastic strip between two rotating rigid cylinders. This is mathematically the
same as the rolling of a rigid cylinder over a viscoelastic strip with half thickness
resting on a frictionless base. The material was isotropic in plane strain. The strip
is under homogeneous temperature field. Input parameters are given in Table 1.
Figure 10 shows the non-dimensional contact pressure P(X) distribution for two
different sheet thicknesses. Analytical and numerical results agree well. The pres-
sure distribution at the contact surface is not symmetric about the center line of the
roller, which is characteristic of viscoelastic contact problems. As expected, the
contact pressure goes to zero at the ends of the contact area as the traction-free
zone is approached.

Second, verification of the code is done by examining the convergence of the
results. Convergence of the normal stress at the interface with zero abscissa (x =
0,y=t)isshownin Figure 11. Due to very high temperature gradients at the inter-
face, convergence is achieved at large node numbers. However, about 1000
nodes yield acceptable accuracy.

When the initial and infinite values of the creep compliance are the same (S, =

Table 1. Input parameters for the viscoelastic
sheet rolling problem.

Shear modulus (2G) G, = Go(1+e7)
Radius of the roller R =1000a
Non-dimensional position X = x/a
Non-dimensional pressure P(X) = R(1-v)p(X)/aG,
Roller velocity v=al2r

a=>b a =2.5b
a, Half contact length 0.01055 0.013125
b, Sheet thickness 0.01055 0.033
v, Poisson’s ratio 0.25 0.25
Relaxation time 0.5 0.5
Gy 1.0 E6 1.0 E6
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12
---- FEM

Margetson

Figure 10. Comparison between the numerical and the analytical results. P(X) is the non-
dimensional contact pressure distribution at the contact surface.
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Figure 11. Convergence of the normal stress at the interface (x = 0,y = t).
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S..), identical results are obtained for elastic and viscoelastic analyses. Elastic
analysis was verified by comparing the results to the ones generated by an avail-
able commercial FEM software (SAP90). The displacement and stress fields gen-
erated by both computer codes were the same.

Assuming that the material is thermorheologically simple and temperature
field is homogeneous, the pseudo time & can be related to the real time by & =
ta(T) so that relaxation modulus is given by C(7, ) = C(Ty4, £). This means that
the effect of temperature on relaxation processes is expressed in terms of the base
temperature and a new time scale which itself depends on that temperature. For ex-
ample, the stress and deformation fields for temperature field 7(x,y) = T, and roller
velocity v, = v, should be identical to the ones for 7(x,y) = T}, and v, = v,/a(T),).
The computer code also yields the same result for both cases as predicted.

In conclusion, evaluation of the developed computer code by various verifica-
tion methods indicates the accuracy of the results.

4.2 Inputs for the FEM Code

The viscoelastic behavior of APC-2 has been extensively studied by a number of
researchers [17-19,28-37]. Xiao [ 18] provided the data regarding the creep compli-
ances and the shift factors. Barnes [38,39] characterized the anisotropic thermal ex-
pansion behavior of APC-2. These data together with other program inputs are given
in Table 2. Briscoe [23] reported the friction coefficient of a contact formed by a
steel ball moving with a sliding velocity 0.45 x 10~ m/s over a flat specimen of poly-
etheretherketone as a function of temperature. The value of the coefficient of friction
is then chosen based on the temperature at the contact surface. The base temperature,
Ty, Which is used for calculating thermal strains, is taken to be the same as the pre-
heat temperature of the laminate.

Input parameters for the thermal analysis are given in Reference [41]. Also
0.01% degradation criteria is used, and heat input is accordingly selected.

Figure 12 shows the normal stress distribution at the tape-substrate interface as
estimated by the elastic and viscoelastic analyses. It also depicts the temperature
profile at the interface. The elastic analysis predicts higher and more concentrated
normal stresses. Also, the nip point as predicted by the elastic analysis is closer to
the y axis.

The stress profile under the roller is very concentrated. After the roller passes,
compressive stresses return immediately to zero values or even turn into tension,
while the temperature of the material is still above the melting point. In this case,
voids will form in the composite due to condensation of air predissolved in the
polymer matrix [42]. However, pressure should be maintained until the material
cools down to the glass transition temperature [43,44]. This could be achieved by
installing a secondary roller or a compaction shoe to the tape placement head.
The exact location of the secondary roller can be determined from the model.

4.3 The Effect of Roller Radius

Figure 13 shows the stress distribution at the interface for variousroller radii. As
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Table 2. Inputs for the computer code.

Material Properties

Creep Compliance

Sy4 [40] 7.39 x 1072 Pa™’
S, [40] -2.51 x 1072 pa~’
S(I) =SO + s“—_SQ_
(+7o/t)
Sy 116] S, 0.103 x 10° Pa™
s., 0.141 x 10° Pa™
70 1.236 x 10° sec
n 0.215
Seo 116] S, 0.189 x 10° Pa
S., 0.335 x 107° Pa™
7 1.8066 x 10° sec
n 0.230
Shift Factor
Ina = _M(l _ )
RAT Tbase
ar(S,p) [18] Thase 370°K
AH 28.4 x 10° cal mol™ (T < Tyaee)
86.8 x 10° cal mol™ (T < Tpaee)
Tbase 370°K
AH 9.9 x 10% cal mol™ (T < Tpaee)

57.0 x 10% cal mol™ (T > Tyaee)

R, universal gas constant

1.98 cal K™ mol™’

Thermal expansion coefficients [38,39]

ay; Temperature dependent values

Average value

a,, Temperature dependent values

Average value

References [38,39]
0.2 x 1078/°C
References [38,39]
58 x 107%/°C

Friction coefficient, u [23] (Temperature dependent)
Room temperature value

0.24
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Table 2. (continued).

Geometry of the Specimen

Thickness of the tape, t 0.125 mm
Thickness of the laminate, h 2.625 mm
Width of the tape, w 6 mm
Radius of the roller, R 40 mm

Experiment Variables

Total vertical force applied on the roller, F, 40 N
Velocity of the roller, v, 0.01 m/sec

Program Variables

Length of the strip to be analyzed 0.02m
Total number of nodes used 1758
Number of divisions through the length of the strip 86
Number of divisions through the thickness of the strip 19
Maximum aspect ratio 10
Base temperature T, for thermal expansion 423°K
€ error coefficient 1.0E-4
€' error coefficient 5.0E-6
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Figure 12. Normal stress distribution at the tape-laminate interface. Comparison of the elastic and viscoelastic results.
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Figure 13. The effect of roller radius on the stress distribution at the interface.

the roller diameter gets smaller, stresses become higher and more concentrated.
High stresses could cause the fibers to wrinkle and spread [45]. If the stress profile
under the roller is very concentrated, the time spent under high stresses will be
shorter. Bonding could then be incomplete. Therefore, larger roller diameters are
better for consolidation.

4.4 The Effect of Roller Velocity

Figure 14 shows the normal stress distribution at the tape-substrate interface for
various roller speeds. The differences in the stress fields are small for the given
material properties and process parameters. This means that when the velocity is
lower, the interface will experience high stresses for longer times. Then, consoli-
dation is expected to be more complete at low speeds.

When the corresponding temperature profiles are also considered, a different
picture arises. As seen in Figures 12, 15 and 16, at high speeds there is more room
to increase temperature. Low speeds are more likely to result in thermal degrada-
tion due to longer times spent at high temperatures. The resulting interface tem-
perature is thus lower under the 0.01% weight loss criterion. For the roller speed
0.002 m/s, the average temperature experienced by the interface under the roller-
induced high stresses is almost below the processing temperature of the polymer.
Since, at low temperatures, viscosity of the polymer is lower and diffusion of mo-
lecular chains slow, consolidation is achieved at longer times. Low speeds may
then lead to incomplete consolidation and high void content.

4.5 The Effect of Laminate Thickness

It should be noted that nowhere in the analysis, has any assumption on the
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Figure 14, Stress distributions at the tape-laminate interface for various roller speeds.
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Figure 17. The effect of laminate thickness on the stress distribution at the interface.

laminate thickness been made. The analysis is applicable to the rolling of a slab
of any thickness. Figure 17 shows the stress distribution at the interface for dif-
ferent laminate thicknesses. Total vertical force applied on the roller is the
same for all the cases. The x-location of the peak stress changes slightly with
the laminate thickness as the theoretical results also indicate (Figure 10). The
smaller the sheet thickness, the more severe and the more localized stresses be-
come. However, the effect of thickness quickly dies out after the first few lay-
ups. If the force applied on the roller is reduced for thin laminates, more uni-
form stress distributions can be obtained at ply-interfaces. It should also be
noted that for materials having stiffness lower than APC-2, this effect is more
apparent.

5. CONCLUSIONS

In this study, a stress analysis of the tape placement process has been carried out,
and the effects of the process parameters on the stress field resulting from the roller
force have been investigated.

Roller-induced normal stresses were found to be quite concentrated at the tape-
laminate interface. Stresses decayed to zero values while the interface was still
above the melting temperature of the polymer matrix. In order to maintain the
pressure at the interface until the glass transition temperature is reached, applica-
tion of a secondary roller or a compaction shoe was advised.

Small rollers induced very concentrated stress distributions at the interface and
thus led to a shorter time available for consolidation. Therefore, larger roller di-
ameters are more favorable to consolidation.
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Thickness of the laminate affects the stress distribution. Higher and more con-
centrated stresses were induced in thin laminates. By controlling the roller force
throughout the placement process, uniform stress distributions at ply-interfaces

can be obtained.

At high roller speeds, time spent under the roller-induced high stresses was
quite short. Consolidation in this case may not be complete. On the other hand, at
low roller speeds, high temperature levels are not possible due to thermal degrada-
tion. Although the time spent under the roller-induced high stresses was longer,
the interface experienced low temperatures. Since consolidation is a temperature-
driven process, low temperatures may result in incomplete consolidation. It can
then be concluded that there exists an optimum roller velocity that represents a

compromise between these two conflicting effects.

NOMENCLATURE

a(T) = shift factor
[A] = matrix relating element strains to element nodal displacements
[C] = matrix relating stresses to strains
d = depth of indentation
e, = error coefficients
F, = normal force
F, = frictional force
F, = total vertical force applied on the roller
{F} = nodal force vector
g = convergence factor
h = thickness of the laminate
[H] = effective thermal force vector
[K] = stiffness matrix
/= the distance between the nip point and the y axis
S; = creep compliance
R = roller radius
t = thickness of the tape
T,.. = base temperature for thermal strains
T, = base temperature for the shift factor
u, = x component of the displacement
u, = y component of the displacement

v, = velocity of the roller
w = width of the tape
a; = thermal expansion coefficients
{0}, = element nodal displacement vector
{0}, = element nodal displacement vector

e’ = thermal strain
0 = the angle between tape and laminate
u = friction coefficient
& = pseudo time

Downloaded from http://jtc.sagepub.com by Fazil Sonmez on November 22, 2007
© 1997 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.


http://jtc.sagepub.com

408 FaziL O. SONMEZ AND H. THOMAS HAHN
ACKNOWLEDGEMENTS

This paper is based on the work supported by The Scientific and Technical Re-
search Council of Turkey (TUBITAK) and also under the Office of Naval Re-
search Grant N00014-92-J-1846 with Dr. Yapa D. S. Rajapakse as the Program
Director.

APPENDIX A: NUMERICAL INTEGRATION OF
THE CONSTITUTIVE EQUATIONS

Rewriting the constitutive equation for shear strain given in Equation (2), we
have

£, (1)= bee(f(t) EN—— 6( ) (A1)
where pseudo-time, &, is related to the real time by
£= f a[T(x;,m)ldn (A2)

where a(T) is the shift factor.

Consider the path of the material occupying the element » as depicted in Figure
A.1. If the integral in Equation (A.2) is reduced to a series of finite time incre-
ments, the following equation is obtained:

n—1

5,,—2 TG+ )+ d T e —1,) (A3)
where
f oy _la,ta
i+l i > v — (A.4)

a; being the horizontal length of the mesh /.
Applying integration by parts to Equation (A.1), one obtains

eé(z)=06(1)566(5(1)—5’(r)jg—f06(1)686"(5(2_5(T))dr (A.5)

then,
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T T [l
( ‘1 [‘2 [|31|4 L e[ e ]
g, g, g, g, i,(,,,” “[;,,

Figure A.1. Real and pseudo time intervals for the element n.

a8 (E(D)—E
£, ()= 0, (1S o (0)= 0, (0)S o (E(1)) f 04 (0) “(5(’3 £

0 - & (A6)

Integrating Equation (A.6), by finite differences in time increments ¢, or £ (¢;)
(i=1,2, .. .,n),wheret;=0and¢,=¢ and utilizing the second mean value theorem,
one obtains

€ (t" ) =0 (t" )S66 (0)— O, (O)S(,(, (‘S(tn ))

n—1

—%E[aﬁa,“)wé(r, NS o (&, =&, )= Se (6, —£,0] (A7)

By following the above procedure for ¢,, Equation (2) can be reduced to the fol-
lowing form:

el (tn ) n dl”lr dl”Zr O Ul (tr ) e;“ (t" )

e, (t,)t= 2ldy dy 0 Ho,()p+ier (1) (A-8)
es(t,) 7'M o 0 drllo.@,) 0
or
fe}, = 2 [D], {0}, +{*},
r=1
where
0 r#n
d” = A9
" {S” r=n (A-9)
g 0 r#n Ao
12 = S]Z r=n ( . )
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——;{Szz(g,,)+522(§"—§2) r=1 n#l

1
E{S22(§n_Er—l)—S22(§II—§r+l)} 1<r<n

dy = (A.11)
S, r=n=1
1
5{522(§I)+S22(§n—§n—l)} r=n#l
1
_5{566(§n)+566(§n_§2)} r=1 n#l

1

E{S66(En—gr-—])—566(§r1_€r+])} I<r<n

dr = (A.12)
S (E) r=n=1

%{S66(§|)+S66(§n—§n—1)} r=nl

Then, the form of (A.8) is converted to that of Equation (9), in which stress is the
dependent variable. The inversion is done by the following numerical procedure:

{0}1 = [Dll—ll({s}l - {8* }1)
{0}, =Dl (fe}, — {e* }, —[D], {o}))
{o}; = [DY5; (fe}; — {e* }; ~ [D],, {0}, — [D]5, {0},) (A.13)

n—1

{03, =D, (e}, — fe*},— D (D1, {o},)

After substituting the values for {0}, and rearranging the terms, we obtain

o,(t,) Llel ey 0 e,(t,)—€r(t,)
0,0 =Dlelr e 0 fey(t)—el(t,) (A.14)
o.(t,)) TL0 0 ey e, (L)
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APPENDIX B: THERMAL STRAINS WITHIN A FINITE ELEMENT

Using the bilinear shape functions [25], the temperature state within a rectangu-
lar element can be expressed as follows:

o

T, p)=[N,(x,py) No(x,y) Ni(x,y) N,(x )] (B.1)

~

J:ﬂ .

If the thermal expansion coefficients are not temperature dependent, thermal
strains in the element  can be expressed as

ST x,y)=a,(Tx,y)—T,)= a, (NI +N,T; +NTD+N T -T,)

)
8?(x,y)= Ay (T(x, =Ty )=apn (N T +N, 7] +NT{ +N T, =T,) (B-2)
€ (x,y)=0

where T\, T,/, T, and T, are the node temperatures as shown in Figure B.1.
However, if they are temperature dependent as in the case of APC-2, thermal

strains are given through
T
8’{/=fau(T)dT (B.3)

T
where «,, are the coefficients of thermal expansion, 7, is the base and 7 is the pres-

ent temperature. Using the trapezoidal rule, the above integration can be reduced
into the following form:

T

M —
el = Dl (T + ety (T )15 (B.4)
T4 T3r
r
T T,

Figure B.1. The element r and its nodal temperatures.
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et/ =al:l(T/_TO ) (B.5)

Equation (B.2) then becomes

ef (e, y)=a,(T(x,»)=T,))=a, (NI +N, T +N;T{ +N T, = T,)

X, )=ah(T(x,y)—T,)=ay(N T +N,T, +N;T; + N, T, ~T,) (B.6)

5 (x,y)=0
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