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ABSTRACT

The influence of crystallization and degradation on diffusion in PEEK is investigated experimentally
in this work. The evolution of reptation time during degradation at temperatures above the melting point
is evaluated from creep-recovery tests. Fast scanning calorimetry is used to quantify the evolution of
crystallization kinetics with degradation, while the impact of crystallization on diffusion is described
using literature data. A coupled model is proposed, based on a multiplicative decoupling of the effects
of crystallization and degradation, and can be used to derive process diagrams to predict the degree of
healing from a given temperature cycle.

1 INTRODUCTION

Welding of thermoplastic composites allows for the manufacturing of large structural parts without
fasteners, which presents a clear advantage in the aerospace industry. During welding, the molten
thermoplastic molecular chains can diffuse across the interface to form new entanglements. This
diffusion process is classically described according to the reputation theory [1] as follows, where Dy, is
the degree of healing and t,, the welding time required to reach the maximum mechanical strength of
the interface.

dpp) 1 1)

dt ty

In the case of PAEK composites, recent experimental work [2] has shown a strong influence of
crystallinity development on adhesion, as the formation of crystals restricts the mobility of molecular
chains.

Polymer degradation, which in the case of PAEK occurs in the same temperature range as processing,
is also detrimental to the weld strength. In this context, this work presents the development of an
adhesion model taking into account the thermal history (degradation and crystallinity) of the material
before welding, based on experimental characterization of rheological behavior, crystallization and
degradation kinetics.

2 MATERIALS AND METHODS
2 Materials and methods

The material used for this study is a low viscosity poly(ether-ether-ketone) (PEEK) grade supplied
by Solvay.

2.1 Rheometry
Rheological tests have been performed at temperatures between 360°C and 400°C using a Haake
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Mars rheometer with plate-plate geometry. Initial tests have shown that the terminal regime is not
accessible with frequency sweep tests down to 10-1 rad/s. Consequently, successive creep-relaxation
tests have been used to determine the long relaxation times (equivalent to t,,) as a function of the dwell
time during isothermal degradation. The results of these successive tests is shown in Figure 1 for various
degradation times at 380°C. The material behaves initially as a viscous fluid ; as the degradation times
increases, crosslinking leads to a more viscoelastic behavior with noticeable recovery.
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Figure 1 - Creep-relaxation tests at 380°C

The relaxation times are evaluated directly from the creep recovery tests using the Cox-Merz
equation (2).

Tw =]377 2

A marked increase of the relaxation time is observed with degradation, from 0.3s in the virgin
material to approximately 100s after 20min at 400°C under air, because of the crosslinking of the
polymer which restricts the movement of the macromolecules [3]. As expected from the literature,
higher test temperatures lead to faster degradation kinetics. The relaxation time also increases faster for
tests conducted under air compared to nitrogen.



23" International Conference on Composite Materials
Belfast, 1- 6th August 2021

360°C - nitrogen
360°C - air
380°C - nitrogen
380°C - air
400°C - nitrogen
400°C - air

Relaxation time (s)

-
o
=]

107!
10° 10*
Time (s)

Figure 2 : Evolution of relaxation time with degradation

2.1 Fast scanning calorimetry

The crystallization kinetics of the polymer has been studied using fast scanning calorimetry (FSC).
The high heating and cooling rates achievable (up to 5000K/s) allows decoupling of crystallization and
degradation at high temperatures. A stepwise method presented in previous work [5] is used to
characterize the isothermal crystallization kinetics of the material between 160°C and 320°C. The
analysis is repeated after the material has been subjected to isothermal degradation at 400°C for various
times.

The results are presented in Figure 3, which shows time-temperature-transformation (TTT)
diagrams as a function of the dwell time at 400°C. It is evident from this graph that degradation affects
the ability of the material to crystallize as crosslinking limits the mobility of the molecular chains : the
TTT diagrams appear to be shifted towards the longer times.
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Figure 3: TTT diagram as a function of degradation time at 400°C

3 MODELLING

The experimental work has highlighted the impact of degradation on both molecular diffusion and
crystallization kinetics. A multiplicative coupling between the effects of crystallization and degradation
on welding time is assumed, via the use of shift factors, such that:

tw = f(T) x g1(a(®)) X g2¥) @)

With a the crystallinity, y a dimensionless parameter related to degradation, f an Arrhenius based
function describing the temperature dependence of rheological properties, and g, and g, shift factors
describing the couplings with crystallization and degradation respectively.

3.1 Diffusion-crystallization coupling

The crystallization kinetics is described with a modified Nakamura model to take into account
secondary crystallization from lamellar thickening. The shape of the shift factor g, is obtained from
literature [5] with an exponential increase of the welding time with «.

3.2 Degradation kinetics

The main degradation mechanism of PEEK at high temperature under an oxidative atmosphere is
branching, which affects chain diffusion and thus both the ability to crystallize and mobility through the
interface. The influence of degradation on the welding time is described with a double exponential form
[3] with parameters identified from the experimental rheological tests.
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The modelled evolution of relaxation time as a function of degration time at different temperatures
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is presented in Figure 4. A good agreement between the experimental measurements and the model is
observed with the exception of long degradation times where the model appears to overpredict the
relaxation time. This is due to limitations in the experimental determination of the reptation time from
the rheology tests : as the material degrades, longer recovery times should have been used to ensure full
recovery. As a consequence, the relaxation times computed with the Cox-Merz relation are lower than
reality for the highly crosslinked material.
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Figure 4 : Modelled diffusion-degradation coupling

In addition, the dependence of crystallization on degradation is taken into account through the
evolution of the Nakamura parameter Ky g

4 PROCESS DIAGRAMS

The model developed can be used to generate process diagrams that allow for the prediction of
welding quality as a function of the temperature cycle used. As an example, Figure 5 presents the process
diagram corresponding to isothermal welding of the virgin (non-degraded) material in the following
conditions :

Melting at 380°C

Ballistic cooling to the isothermal weld temperature
Hold time before contact of 10s

Contact & isothermal welding.

We can observe that for isothermal welding temperatures above 280°C, the welding time is
unaffected by crystallization as the hold time is not sufficient for the material to start crystallizing : i.e.
the chain diffusion through the interface and crystallization are decoupled. For temperatures between
260°C and 160°C, chain diffusion at the interface and crystallization are coupled, and the advancement
of crystallization leads to a much slower diffusion kinetics with maximal adhesion attained
approximately 100s after contact (compared to ~1s in the uncoupled case).
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Figure 5 : Predicted evolution of Dh and cristallinity for isothermal welding after 10s hold time

5 CONCLUSIONS & PERSPECTIVES

Rheometry and FSC have been used to characterize the influence of degradation and crystallization
on macromolecular diffusion of PEEK. A multiplicative coupling based model has been proposed to
describe the change in welding time due to chain branching and crystallization, and would allow for a
more accurate simulation of welding processes for PAEK. Experimental validation of this model, using
an in-house welding apparatus is under way.
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