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Abstract. High-performance thermoplastic polymers paved the way for new fast manufacturing pro-
cesses, including welding. In order to obtain optimal bonding of the substrates, an adhesion step is
required, governed by two main phenomena: intimate contact and healing. While healing has been
widely explored, theorized, and is starting to be understood, prediction and characterization of the
degree of intimate contact is still a challenge. After a review of squeeze flow models for intimate
contact, along with the expressions of the analytical solutions for a Newtonian and a shear-thinning
fluid modeled by power law, a finite element model is presented in order to observe the influence of
asperity geometry, fluid behavior, and other assumptions on the evolution of the degree of intimate
contact.

Introduction

The use of thermoplastic resins in carbon fiber-reinforced polymer (CFRP) materials has received in-
creasing interest over the years due to promising mechanical and chemical properties. In addition to
simple storage conditions prior to processing, thermoplastics can also be remelted, offering reprocess-
ability, repairability, and potential recyclability. This asset allowed new consolidation processes and
joining techniques [1, 2]. In any thermoplastic composite manufacturing or joining process, adhesion
is critical to obtain the best mechanical properties for the final composite part. In this work, adhesion is
considered at a thermoplastic composite interface. This adhesion can be between unidirectional tapes
as in the Automated Fiber Placement (AFP) process, or between neat polymer and composite substrate
(overmolding), or even between composite substrates (welding). With increasing demand for CFRP,
manufacturing processes are becoming fast or even continuous. For instance, the characteristic pro-
cess times of AFP, overmolding, and conduction welding are approximately, 200 ms, 1 s, and 10 s,
respectively.

For fast manufacturing processes, adhesion has only a short time to occur. Adhesion can be de-
composed into two phenomena: intimate contact and healing. At the beginning, two molten substrates
(whether unidirectional tapes, raw polymer films, etc...) with initial surface roughness are considered.
The first step consists in flattening the surface asperities by applying pressure to the substrates. This
aims to attain optimal surface contact, defined as “intimate contact”. The degree of intimate contact
D;. is thus defined as the ratio between the area of contact and the total area of the substrate surface.
D;. is highly dependent on the pressure applied, processing temperature, and contact time. If asperi-
ties do not flatten sufficiently, contact will be limited and remain incomplete as the temperature at the
interface decreases rapidly.

As soon as some asperities come into contact, interdiffusion of macromolecular chains can oc-
cur by “reptation” movements of the chains, as originally theorized by De Gennes in 1971 [3]. The
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healing phase corresponds to the progressive recovery of the strength of the interface as a result of the
interdiffusion of the chains across this newly created interface. Wool and O’Connor [4] introduced the
degree of healing, D, = 0 /0., where o is the strength of the interfacial fracture and o, the strength of
the interfacial fracture of the virgin material. The degree of healing enables the evaluation of strength
recovery at the interface. For thermoplastic polymers, the degree of healing is modeled according to
the polymer diffusion theory as

AN
D, o <t—) (1)

where ty, is the welding time, which corresponds to a full recovery of interface strength.

Although healing theory has been extensively studied for long adhesion times [5], intimate contact,
which is predominant for fast processes [6], remains difficult to predict accurately. The most common
analytical models for evaluating the degree of intimate contact are based on squeeze flow [7, 8, 9].
More recently, alternative intimate contact models, based on Darcy flow [10, 11] have shown a new
way to consider the intimate contact phenomenon with resin ”percolation” of the interfacial voids.
Other models considering bubble or void growth in molten thermoplastics may also be useful to predict
intimate contact [12, 13]. The development of intimate contact can also be limited by surrounding gas
or degassed chemicals from molten resin or fiber sizing that can remain trapped between asperities.

In fast manufacturing processes, intimate contact and healing are coupled; Butler et al. [14] define
the degree of bonding, Dy, to evaluate the resulting bond strength. Assuming that D, is a sufficient
parameter to calculate the adhesion strength, the expression of Dy, is given by

t

Dy(t) = Die(0) Dy (t)+ / Dy(t — 7)Die(r)dr @)

0

When Dy, is equal to 1, interface properties are fully recovered. Fig. 1 represents the different stages of
a fast adhesion with regard to these phenomena. The aim of this work is to obtain a realistic intimate

chain reptation
l l l l l - trapped gas

initial parts intimate contact and healing final piece

Fig. 1: Mechanisms governing short-time adhesion.

contact model. The methodology consists in numerically solving the flow of an asperity at the inter-
face. A FreeFEM++ numerical finite element model based on Newtonian and non-Newtonian squeeze
flow for different geometries is developed. It is then compared to common intimate contact squeeze
flow analytical solutions.

Review of Intimate Contact Models with Squeeze Flow

Squeeze flow models have historically been the first to be used in predicting intimate contact for
thermoplastic composites. In 1985, Dara and Loos [7] first considered the initial roughness of a unidi-
rectional tape as a succession of non-uniform rectangles representing the tows of a unidirectional tape.
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This first model was then simplified two years later by Lee and Springer [8], who replaced the rectan-
gles of different shapes with evenly spaced and uniform rectangles. This model is the most commonly
used in the literature due to the low number of input parameters required for it to give an estimation
of the degree of intimate contact. The model was then updated by Mantell and Springer [15] to con-
sider time-dependency of pressure, temperature, and viscosity. In order to describe the geometry of
squeezed asperities more precisely, Yang and Pitchumani [9] developed a new rectangle model based
on a Cantor set fractal description of roughness. Although these models are widely used in the field
of thermoplastic polymers, they are based on strong hypotheses:

» The asperities are rectangles, wider than they are tall, in order to comply with the lubrication
assumption. Squeezed rectangles are thus supposed to remain rectangles at every time.

 The rheological behavior of the thermoplastic polymer fluid is considered to be Newtonian, but
its real behavior tends to be non-Newtonian (shear-thinning fluid), depending on the interface
squeezing velocity.

* Other physical and chemical aspects such as wetting and air-trapping are not taken into account
while modeling the phenomenon.

Governing equations of squeeze flow. In order to describe the evolution of intimate contact, asperi-
ties are modeled as rectangles, as schematized in Fig. 2. An incompressible two-dimensional fluid is
considered. Instead of working with the roughness of the two surfaces, only the asperity of a single
surface is represented. This equivalent asperity is squeezed onto a flat rigid surface. This assumption is
common in the literature and is based on Greenwood and Williamson’s work [16]. The asperity is as-
sumed to be composed only of resin, an assumption made based on the fact that studied substrates have
a polymer film at their surface in order to enhance adhesion when welded. It is supposed that the body
and gravitational forces are neglected, with the prevalence of viscous forces. With a Reynold number,
Re, much smaller than unity, inertia effects can also be neglected. No-slip boundary conditions on the
upper and lower sides of the rectangle is considered. Additionally, the lubrication assumption is ex-
pressed, hence, the height h(t) of the rectangle is supposed to be smaller than the width L(t), at every
time. The Navier-Stokes equations (i.e. the momentum and incompressibility equations) are written

Cor =
e o .

I I, h(t)

y=Y---

L(t)
Fig. 2: Schematic of the squeeze flow problem for intimate contact. The domain of the problem is (2.

in this case as

on 2 (3)
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with ¢ = 2 D—pl the two-dimensional stress tensor of the fluid, where D is the strain rate tensor,
w is the viscosity modeled by the Ostwald-de Waele power law ;1 = K5"~!, where K and n are the
flow consistency and behavior indices, respectively. p and U are the pressure and the velocity vector
of the studied fluid. The third equation is used to consider the constant lineic load P,,, applied onto
the substrate. The upper boundary I', moves at h velocity and is obtained thanks to the lineic load Papp-
The solutions of this Stokes problem for a Newtonian and a power law fluid can be found and are
summarized in Fig. 3 with free-slip and no-slip boundary conditions.
Analytical solutions for intimate contact. In the case of the squeeze flow models, the degree of
intimate contact D, is defined as

Dic - (4)

where L, is the spatial period between asperities. For simple compression and squeeze flow, if the
lubrication assumption is considered, mass conservation gives L = L"Tho, where L and hy are the initial
height and width of the rectangle, respectively. L can thus be replaced in Eq. 4:
o L()h()

D = —
" hLy

&)
From Eq. 5 and the solutions expressed in Fig. 3, it is possible to find an evolution law for the degree
of intimate contact for each case. For non-isothermal processes, it is more convenient to adopt an
instantaneous approach. The rate of intimate contact D;. is expressed as a function of the degree of
intimate contact D;, along with the geometrical and process parameters. The corresponding expression
of D; is
: Loho h hL D2
Die = — 72 = -2k

L, h? Lohy ©)

The evolution law of the simple compression of a rectangle with a shear-thinning fluid is

1 1
‘ =3 —Papp )" Papp \ " 14
Dic = D;, ( L2k “\Tk D, (7

If the fluid is Newtonian, the flow behavior index n is equal to 1 and D,. does not depend on D;.
Similarly, the evolution law of the degree of intimate contact for the squeeze flow of a rectangle with
a shear-thinning fluid is

14+2n

Loho n 1 — n
2L 1+ 2n

(n+ 1)Pypp 1 )
— (8)
( 2w ()" (L)
—(n+3)

. 1
In this case, Dy is proportional to (P, /K)» D,, " and when n = 1, the result is the same as reported

: —t3) L 2
DiC - Dic " "
L()h() n+1

in the literature [8], with Dj. o (Papp/ K)% D;.*. For both simple compression and squeeze flow con-

figurations, Dj. appears to be proportional to a power of D;, and (Papp/ K)%. A generalized evolution
model is thus suggested with

i (72 (D ©)

where « is an evolution index that may vary with asperity geometry and boundary conditions.
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Fig. 3: Solutions of the Stokes problem for a rectangle with free-slip (1) and no-slip (2) boundary
conditions for Newtonian and non-Newtonian fluids. The velocity of the upper boundary is h.

Finite Element Model for Intimate Contact

In order to determine the missing constant «v in the evolution law given by Eq. 9, a finite element study

of the flow is investigated.

Resolution domain and numerical implementation. An updated Lagrangian approach is consid-
ered. The Stokes problem in Eq. 3 is solved with an explicit iterative time integration scheme for
U, u on domain 2 and h. Space integration is handled with standard P2/P1 finite element method in
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FreeFEM++. The mesh is then moved explicitly according to the displacement field uét where ¢t ful-
fills the Courant-Friedrichs-Lewy convergence condition. Fig. 4a illustrates the initial full shape of
an example geometry, in this case a triangle asperity. Fig. 4b presents the computed symmetry that is
solved numerically. The mesh is composed of triangular elements.

SR S SR SR S S S S S
yT_ef‘ yux I,

(a) (b)

Fig. 4: (a) Resolution domain for a triangular asperity with a central axis of symmetry represented by
I'1. (b) Simplification of the domain using symmetrical considerations. The effective length of I is
twice as small even if the visual ratio is conserved in this schematic.

Contact between the asperity and the origin surface y = 0 is handled by implicit penalization over
I', with the penalization force vector f;,., defined as
frn =0 ify +u,dt > 0 (10)
fron = A(y +u,dt)? - §  otherwise

A is a penalization constant that needs to be chosen wisely in order to reach convergence. The problem
becomes nonlinear with penalization. An iterative Newton-Raphson method is used to solve for u, p,
and h.

Numerical model validation. The FEM model is validated on two test cases with existing analytical
solutions. The first one is a case of simple compression for a Newtonian and a shear-thinning fluid.
The second test case is a Newtonian squeeze flow of a rectangular asperity. The numerical degree of
intimate contact is calculated from the evaluation of the length in contact with the surface at y = 0.
For these two test cases, it is considered that L, = 2L, thus D;.(t = 0) = %

For the simple compression case, the asperity geometry is a square (hy = Ly). Fig. 5 shows agree-
ment between the analytical and numerical solutions of D;. and h for simple compression whether the
fluid is considered Newtonian or non-Newtonian. For the second test case, in order to compare the
numerical solution with Lee and Springer’s analytical solution, the dimensions of the rectangle must
comply with the lubrication assumption. This implies that the aspect ratio h(t)/L(t) is smaller than
unity at each timestep. In this example, the initial width of the rectangle L is equal to 5 and the initial
height hy is equal to 1. Fig. 6 shows the results for D;. and h.

In addition, it is possible to determine the numerical evolution index a of Eq. 9 by identifying
the slope of the curve of Dy, as a function of Dj. in a log-log graph, represented in Fig. 7a. In order
to find the numerical D;., the curve of Dy, is first fitted with a polynomial regression. The order of
the polynomial fit is determined with the minimization of the residual sum of squares (RSS). The
polynomial fit is then differentiated to get the numerical D;.

In Fig. 7a, the first part of the logarithm curve represents only a few computed points. These points
represent the initial contact-and-penalization phase and thus differ from the expected slope. The slope
of the main part of the fitted curve is close to the analytical one (o« = —4), validating this test case.
The decrease of the slope at the end of the graph stems from fitting artifacts. By considering that
the beginning of the squeeze flow takes place when the evolution index gets close to a« = —4, at
log(D;.) = —0.25, which means at D;. = 0.56, the curve of D is closer to the analytical solution, as
presented in Fig. 7b.
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Fig. 5: (a) Simple compression test case: evolution of Dj. as a function of time for different flow
behavior index. (b) Simple compression test case: evolution of h as a function of time for different
flow behavior index.
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Fig. 6: (a) Squeeze flow test case: evolution of D;; as a function of time for a Newtonian fluid. (b)
Squeeze flow test case: evolution of h as a function of time for a Newtonian fluid.

Results and Discussion

Impact of the aspect ratio of a rectangular shape on the prediction of the degree of intimate
contact. To describe the material roughness as rectangles, geometrical parameters representing a sta-
tistical height and width have to be measured, commonly by profilometry analyses [17, 18, 19]. This
section investigates the impact of the aspect ratio (i.e. the ratio between height and width of the sta-
tistical rectangle) on the predicted value of D;. compared to analytical solution based on lubrication
assumption. It has been observed that for high aspect ratios (hy & L), the solved velocity h differs
from the analytical solution, as presented in Fig. 8a. Consequently, D;. will also vary. They differ at
the start of the squeeze flow: when the rectangle get squeezed, the aspect ratio decreases and the nu-
merical solution thus tends toward the analytical solution. The comparison of numerical and analytical
his done by calculating the average relative error, &, for multiple aspect ratios. The average relative
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Fig. 7: (a) Evolution of the logarithm of D, as a function of the logarithm of Dj.. (b) Adjusted evo-
lution of D, as a function of time for a Newtonian fluid.
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where tg;,, is the time reached at the end of the simulation for each case. The results are presented in
Fig. 8b.
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Fig. 8: (a) Evolution of h as a function of time for a rectangular Newtonian squeeze flow with an
aspect ratio of 1 : Ly = hy = 1. (b) Average relative error with corresponding analytical solutions for
aspect ratios between 0.2 (Ly = Shy) and 1 (Ly = hy).

This section shows that the error on h, and thus on D;, increases with respect to the aspect ratio,
compared to the analytical solution of Lee and Springer’s model. When using this analytical model,
one must choose a small aspect ratio. Additionally, high incertitude is present when measuring exper-
imentally hy and L, which may also lead to errors in the prediction of the degree of intimate contact
if the aspect ratio is too high, typically above 0.3.
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Influence of asperity geometry on the establishment of the degree of intimate contact. Rectangles
may not be representative of the real roughness of molten polymers. The finite element model enables
to evaluate the establishment of the degree of intimate contact for different asperity geometries, such
as trapeze, triangle, half-circle, or even real roughness extracted from profilometry.

In this section, the influence of the asperity geometry is studied by comparing the evolution in-
dex « found for a circular shape to the theoretical analytical evolution index given for a rectangular
shape, which can be found using Eq. 7 and Eq. 8. Fig. 9a shows the variation of D, for different flow
behaviors. The same procedure as described above in the model validation part is used to fit and find
the numerical D;.. The log-log graph is presented in Fig. 9b. The evolution index is equal to the slope
in the log-log graph.
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~~~~~ — n=038
hbi —— n=06
===linear fits

0.2

0.81 0.0 1

9 0.6 1

0.4 14
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Fig. 9: (a) Evolution of D;, as a function of time for different flow behavior indices. The geometry
considered is a half-circle. (b) Evolution of the logarithm of D, as a function of the logarithm of D;c.
The linear fits are plotted as a reference forn = 1.

For this particular case, three stages are identified for each curve, based on Fig. 9b. Only the slopes
with negative values will be considered; the third one, at the end of the plot, is due to fitting artifacts.
Two evolution indices are then identified for each curve. Table 1 summarizes the obtained evolution
indices compared to analytical theory for a rectangle. During the first stage, half-circle flow tends
to behave closer to a rectangular simple compression (a; index). During the second stage, the flow
behavior changes to reach an evolution index () closer to rectangular squeeze flow.

For each type of asperity geometry, the variation of the evolution index enables to estimate a
critical transition time, t., at which flow behavior changes. This change is accompanied by a switch
of morphology for the geometry: from its nearly initial form to a quasi-rectangular constrained shape,
as shown for a Newtonian squeeze flow of a triangle in Fig. 10.

In this section, results show that asperities with non-rectangular geometry behave differently than
the analytical models. For the two non-rectangular geometries (half-circle and triangle) studied, it is
possible to see that the evolution index decreases during the flow. This can be interpreted as a transition
from a behavior similar to rectangular simple compression to an intermediate rectangular squeeze flow
behavior.

Conclusion

This paper has focused on the study of the intimate contact phenomenon in fast manufacturing pro-
cesses of thermoplastic composites. Typically, strong hypotheses are made to obtain rectangular sque-
eze flow analytical models for intimate contact. A more realistic finite element model has been devel-
oped based on Stokes flow for Newtonian and shear-thinning fluids in 2D. This numerical model was
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Table 1: Evolution indices for rectangular analytical simple compression and squeeze flow. These
indices are compared to those from numerical results of the flow of a semi-circular geometry. The
field displayed for the semi-circular asperity is the horizontal velocity of the fluid.

SRS RIRRRY! Phidd bbbl
flow index : : g h '
rectangular simple compression rectangular squeeze flow semi-circular flow
= _ _ a1 = —056
n=1 a=0 a=—4 = —1.14
- _ . a; = —0.63
n=0.8 a=—0.25 a=—4.75 g = —1.32
= _ _ a1 = —0.82
n=0.6 a = —0.67 a=—06 = —1.77
—0.2-
704.
—0.6
;g’ ~0.8
0
2 10
~1.2-
-149 —— n =1 - triangular shape
---- linear fits
~1.6 4 : i . ; ; ; ;
-14  -12  -10 -08 —06 —04 02 00

log(Dc)

Fig. 10: Transition of the evolution index for a Newtonian triangular flow. A visual representation of
the triangle is presented for each evolution index. Similar to the semi-circular flow, the two phases
describe two different behaviors during the flow. The field displayed for the triangular asperity is the
horizontal velocity of the fluid.

validated on test cases. The first section presents the impact of the asperity aspect ratio on the final
degree of intimate contact. As the aspect ratio increases, the error with the uniform rectangle model
also grows. Geometrical dependency was shown by comparison of theoretical and numerical evolu-
tion indices. This approach appears useful to analyze the flow behavior and could potentially help
build a metamodel. Future work will focus on the addition of other physical and chemical phenom-
ena, such as air trapping and wetting. The influence of shear-thinning fluid behavior and the impact
of real geometries must be studied further. The intimate contact model must also be experimentally
validated.
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