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Introduction – TP Composites & challenges

• Why Thermoplastic?
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Price to performance ratio

Increased fracture toughness

Sustainability potential

Presenter Notes
Presentation Notes
- Appealing for lightweight structures -> price/performance ratio- Increased fracture toughness -> good for demanding applicationSustainability potential -> no chemical reaction like TS
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Sustainability potential

In-situ reaction:
• Time consuming
• By-products
• Demanding conditions

• Processing challenges:

Presenter Notes
Presentation Notes
Dealing with fully grown polymers -> new challenges in terms of processing an matrix-fibre interaction.Processing -> High melt viscosity  (TS liquid)  to decrease it:Solvent:  pricy, need a compatible solvent (semi crystalline solvent are nasty), increase environmental impactIn situ: takes hours (not in line), eliminate by products, high T&P
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Price to performance ratio

Increased fracture toughness

Dissolution in solvents:
• Expensive
• Compatibility
• Sustainability

Sustainability potential

In-situ reaction:
• Time consuming
• By-products
• Demanding conditions

Weak link:
• σinterface < Yield
• Sizing not optimized for TP
• No covalent bond – VdW

• Processing challenges:

• Matrix Fibre interaction:

Presenter Notes
Presentation Notes
In terms of interface: - No covelant bond forming like for TS, only physical interactionOften INTERFACE Strength lower than Yield point of polymer -> can not take advantage good polymer mech proprSizing developed for TS and retrofitted to TP which have diff chem -> not optimizedLooked into solving these 2 issues 



Introduction - Technology screen

• What is needed?
o Ease of processing → Low MW ( low ɳ)
o High performance → High MW (high ɳ)

• How do we get that?
o Reactive Processing of Monomers

→ Too slow & demanding conditions
o Particle suspension

→ Complex set up & solvents
o Liquid crystal polymer (LCP) 

→ Still to viscous &/or need solvents
o Solid State Polymerisation 

01.08.2023 7

1. Van Rijswijk, K., and H. E. N. Bersee. "Reactive processing of textile fiber-reinforced thermoplastic composites–An 
overview." Composites Part A: Applied Science and Manufacturing 38.3 (2007): 666-681.

[1]

Presenter Notes
Presentation Notes
Contrasting needsBridge this gap -> tech screen, looked into different options likeIn-situ polymerisation > only few commercially available products (Elium by Arkema, TP (meth)acrylic matrix)Particle suspensions -> Complicated and time consuming to make and still uses solventsLCP -> Thermotropic still to viscous, Lyotropic nasty solventsWhen I was about to lose all my hopes I stumbled on SSP -> eureka moment



What is SSP?

• Polycondensation polymers → PAs, Polyesters (PET)

• MW increase in the Solid State
o Mild conditions Tg < T < Tm

o Between amorphous regions
o By-products: H2O and EG

• Potential advantages for composites?
o Processability & Sustainability
o Interface improvement
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1. Solid State Polymerisation, by C.D. Papaspyrides & S. N. Vouyiouka, Book
2. Handbook of Thermoplastics by Olagoke Olabisi, Kalopo Adewle, Book

[1]

[2]

Presenter Notes
Presentation Notes
Polyamides & polyestersOvercome heat and mass transfer issues related to polyconsensation polymer -> in bulk to low grade, pelletised -> SSPed to reach high gradeIn the solid state  -> more economical and less side reactionSince its below Tm, only the amorphous fraction have enough mobility to react and increase the MWAnd as a byproduct there’s only water and EGFocus on PET



SSP for composite application – processing advantages

• Impregnation speed
o Commercial product η:  400 -3’000 Pa·s
o Our aim 1-10 Pa·s
o Substantial time saved

• Composite quality → practically void-free
• No solvent, nor other chemicals

• Reaction in the solid state 
o Recover & improve mechanical properties
o Off-line & bulk → “drying stage”

• Literature:
o Feasibility on pure polymer proved
o All reached commercial grade quality
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2. Duh, Ben. "Reaction kinetics for solid‐state polymerization of poly (ethylene terephthalate)." Journal of applied polymer science 81.7 (2001): 1748-1761.
3. Yan, Weixia, et al. "Study on long fiber–reinforced thermoplastic composites prepared by in situ solid‐state polycondensation." Journal of applied polymer science 91.6 (2004): 3959-3965.
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Impregnate TP like TS → Efficient & high-quality  
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Presenter Notes
Presentation Notes
High impregnation time is a common issue of TPdarcys law time scales linearly with viscosity.By decreasing it of few orders of magnitude -> achieve substantial time savingsWith such low viscosity very good composite quality will be reached in no timeThen the reaction is carried outTo bring back the MW therefor the mechanical propertiesAnd its done in the solid state, almost like a drying stage, so it can be carried out on bulk material and off lineThe power of this reaction has already been proved in literature for pure polymer -> there are few pub with our delta MW all reached commercial grades values



SSP for composite application – interface advantages

• Chemical groups involved in SSP can react with GF surface
o Covalent bond between GF-PET
o Stronger interface

11

1. Achilias, D.S., Bikiaris, D.N., Karavelidis, V. and Karayannidis, G.P., 2008. Effect of silica nanoparticles on solid 
state polymerization of poly (ethylene terephthalate). European polymer journal, 44(10), pp.3096-3107.

Presenter Notes
Presentation Notes
Hydroxy x2 – transesterificationCarboxy and hydroxy - esterificationIncrease MW increase mechanical properties of the polymerEsterification with SilanolIn literature with Silica nanoparticle
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1. Achilias, D.S., Bikiaris, D.N., Karavelidis, V. and Karayannidis, G.P., 2008. Effect of silica nanoparticles on solid 
state polymerization of poly (ethylene terephthalate). European polymer journal, 44(10), pp.3096-3107.

Matrix-fiber form a covalent link → Stronger bonds than with sizing solution

Presenter Notes
Presentation Notes
Hydroxy x2 – transesterificationCarboxy and hydroxy - esterificationIncrease MW increase mechanical properties of the polymerEsterification with SilanolIn literature with Silica nanoparticle



Polymer Characterization methods 

• Processing → Melt viscosity (η)
o Rheology, measure complex shear → get ɳ0

o At processing Temperature (> TM)
o Measured in [Pa*s]
o Only on pure polymer

16
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• Shear viscosity:    𝐾𝐾 = 3.2 ∗ 10−14,α = 3.5

• Intrinsic viscosity :𝐾𝐾 = 7.4 ∗ 10−4,α = 0.648
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IV 
[dL/g]

Melt ɳ
[Pa*s]

MWw
[kg/mol]

High-end 
Commercial 
grade

1.1 – 1.2 3’500 – 6’000 78 – 90

Average 
Commercial 
grade

0.7 – 0.73 350 – 450 39 – 41 

Our initial 
grade aim 0.25 – 0.35 1 – 10 8 – 13,5
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TP-GF Composite Manufacturing via SSP- Workflow
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Low MW 
pre-polymer

• Oligomer
• Low η < 10 Pa·s
• No solvent
• Obtained via 

Reactive 
extrusion

Impregnation

• With low η oligomer
• Fast
• Low P required

PET-GF Low 
η Composite

Post processing 
via in-situ SSP

• Improve polymer 
properties

• Improve interface 
properties 

Presenter Notes
Presentation Notes
Interfacial properties characterization will not be addressed in this presentation, the focus will be on the polymer properties



Reactive extrusion - Process

• Need lower η than commercially available
• Many depolymerization options → Glycolysis
• PET + EG (co-monomer) → Oligomer
• Tune ratio EG/PET to achieve different η
• Heat & Mixing → Twin screw extruder
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1. SoftMAT Lab, ETH Zürich

Condition VPET HIGH 
η

MEDIUM 
η

LOW 
η

EG:PET ratio 0 0.0036 0.01 0.04

η [Pa*s] 195 36 16 2

[1]

Presenter Notes
Presentation Notes
-  Lowest available 200 Pa*s -> synthetize or depolymerizeAminolysis, Methanolysis and hydrolysis -> but glycolysis highest reaction constant -> only need co monomerTune ratio -> easy to change viscosityTo provide heat and efficient mixing use a TSE



Reactive extrusion - Results

• <10 min of reaction time for all the grades
• No further degradation within 30 min

• Easy to produce a wide range of viscosities
• Low η → Newtonian fluid behavior
• Homogeneous reaction → no high MW chains

22

Presenter Notes
Presentation Notes
Residence time optimization -> to figure out how long the reaction needs- Only 10 min -> consumed all the monomer, reaction overNo degradation cause the viscosity doesn’t further decrease within 30 minWide range of viscosity -> simply tuning EG/PET So short that behaves like a Newtonian fluid -> viscosity is shear rate independent Since it is constant -> the reaction proceeded homogeneously not leaving behind any long chain molecules



Impregnation – Process

• High temp. compression molding under vacuum
o Process temperature: 270°C
o Process pressure: 2 – 4 Bar

• On single ply → not diffusion limited

• GF textile: UD 200 gsm

• Composite with ~ 50% FVF
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Presenter Notes
Presentation Notes
carried out in a hot press -> 270C with 2-4 Bar, under vacuum -> to avoid degradationrxn is diffusion limited -> having one dimension of only 200 um speeds up the processUD textile of 200 gsmAiming for a 50 % FVF



Impregnation – Results

• Very low pressure required 

• Low viscosity → opposite problem of TP

• Practically voidless

• Textile structure maintained 
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EG:PET = 
0.0036 (w/w)

EG:PET = 
0.04 (w/w)

Presenter Notes
Presentation Notes
Cross section of 2 grades with zoomed in picture of the GF bundle and the 90° weft between the bundlesAchieve Full impregnation with very low pressureOpposite problem -> oligomer leaks out -> need a large excess when preparing the single ply to get 50% FVFNo voids and even impregnationEven the fibres within the bundle are surrounded by matrix Left picAnd the weft structure is maintained Right pic



Solid State Polymerisation - Process

• Flushing N2 oven → to remove by-products

• Up to 20h of reaction → to monitor η vs t

• Single ply & powder → shortest path for diffusion

• Powder → correlation η & IV & GPC

• Correlation:
o Process variable → η
o All correlated via MW
o IV ↔ η most precise & easy to measure
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Presenter Notes
Presentation Notes
Carried out in a flowing N2 oven -> to physically remove the by productjust below Tm -> ensure enough mobility for the reaction to happen but still in the solid stateOn single ply and powder -> to carry out the correlation between shear, IV and GPCCorrelations:Interested variable is shear viscosity but it can not be measured on compositeMeasure IV & GPC and correlate it back to IV via MWCorrelation table shear vs timeMost precise IV to shear viscosityGPC -> constant overestimation -> though still useful for polymer quality



Solid State Polymerisation - Results

• < 5h starting material IV reached & exceeded

• < 20h IV of highest commercial grade exceeded

• Presence of fibre does not inhibit the reaction

• Due to the favorable geometry thin ply even faster
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High-end 
Commercial 
grade

[1]

Presenter Notes
Presentation Notes
Plot of IV versus SSP time for both grades of composite and polymer



Solid State Polymerisation - Results

• η has a stronger dependency to MW (3.5 vs 0.65)

• The reaction may further advance post 20h

• Virtually un-processable >40’000 Pa·s

• Polymer quality increase with time (PD decrease)
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[1]

1. In collaboration with Dr. Daniel Lester, Haddleton Group, Warwick University

Presenter Notes
Presentation Notes
Plot of Viscosity values calculated from IV (left axis) and the PD values from GPC (right axis)- PEEK which is already problematic to process, has a melt viscosity of 5k -> here we reach even 40k, though its already fully impregnated- Highest viscosity roughly 1% of the weight is lost during the reaction (EG or H2O to be removed)



Conclusions

• Step 1) Reactive extrusion

 Fast and effective – in 10 minutes the reaction is over
 Can easily modify polymer viscosity w/o degradation – from 2 to 40 Pa*s

• Step 2) Impregnation

 Can impregnate GF with minimal pressure maintaining textile shape and no voids

• Step 3) Composite level SSP

 The presence of fibre does not inhibit or slow down the reaction
 Quickly reach initial polymer quality and with longer time exceed highest commercial grades
 Produce an improved quality polymer
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Presenter Notes
Presentation Notes
TSE fast and efficient depolymerisation, easy to tune the viscosityMinimal time and pressure for a good quality compositeIt works well on composites due to the favorable shape and we can reach the highest commercial grade polymer and go further.



Work in progress & Outlook

• Mechanical testing to identify
o Influence of the process on the polymer
o Influence of the process on the interface

• Even if the reaction is proceeding, is the 
interface improving too? I.e. when do we 
saturate the interface bonds?

• How much thicker can we manufacture plies 
via SSP while maintaining constant MW? 

• What happens if GF is substituted with CF?
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