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Abstract
[bookmark: _GoBack]Thermally induced phase separation (TIPS) of polymer solutions at low temperatures is a common method to produced polymer foams. However, so far it has not been adopted for manufacturing monolithic PEEK and PEKK foams. Here we present our first high porosity PEEK and PEKK foams obtained by a modified TIPS process, which is based on the temperature dependent solubility of PEEK and PEKK in specific aprotic high boiling point solvents like diphenylketone. After dissolving various amount of polymer, we adjust the morphology of the resulting PEEK or PEKK foams by changing process parameters like the cooling rate; homogeneous networks of highly interconnected pores with pore sizes of approx. 1-3 µm have been achieved. Most importantly, however, for the first time, we have been able to produce mechanically strong, macroporous PEEK and PEKK monoliths with porosities of up to 90%.    

1.	Introduction

Polyetherketoneketone (PEKK) and polyetheretherketone (PEEK) are semi-crystalline thermoplastic polymers from polyaryletherketones family, with outstanding mechanical properties (with Young’s modulus approx. 4.0 GPa), a melting point higher than +340°C and low flammability[1]. Furthermore, PEEK and PEKK have a high resistance to most of the common solvents but at temperatures above the glass transition temperature PEKK can be dissolved in high boiling point aprotic solvents [2]-[4]. Furthermore, PEKK shows good bio-compatibility and can be effectively reinforced by nano particles and carbon fibres [5]. Such high-performing polymers have a high market price and it would be beneficial to use them as polymer foams rather the bulk polymer in order to reduce material and, therefore, costs. Porous polymers are commonly used in various applications e.g. as membrane [6], catalyst support[7] and construction materials[8] as well as in fuel cells [9], in biomedical application [10] etc.. 
However, producing porous PEKK and PEEK is a significant challenge as these polymers are intrinsically difficult to foam, because of the low melting strength. Commonly, porous PEKK and PEEK is produced by gas blowing [11] or use of porogens like sodium chloride to create porous structure [12]. These processes have some disadvantages like high energy consumption. Furthermore the resulting materials have an inhomogeneous close-cells structure and a porosity of only 50-60%.
The question is how can we push more air into PEKK and PEEK and improve the morphology of the macroporous polymers?

  

A common technique to produce macroporous polymers is thermally induced phase separation (TIPS) [13], which is based on solubility differences of polymers in a solvent at high and low temperatures. Thereby, a polymer is dissolved in a solvent and the temperature of the obtained, homogeneous solution is decreased below the cloud point, at which demixing occurs. The structure of the polymer-rich phase determines the morphology of resulting macroporous polymer [14]. 
Here we will present evidence that the TIPS process can be used to manufacture macroporous PEKK and PEEK. The morphology of such polymer foams can be adjusted by modifying the polymer concentration and process parameter such as the cooling rate. 

2.	Experimental Section

2.1. 	Materials

Polyetherketoneketone (PEKK) and polyetheretherketone (PEEK) were kindly supplied by Victrex plc. Diphenyl sulfone, benzophenone and ethanol were purchased from Sigma-Aldrich.

2.2. 	Methods
2.2.1. Thermally induced phase separation

PEKK or PEEK and varying amounts of a high boiling point aprotic solvents were transferred into a small glass vial equipped with a glass covered magnetic stirring bar and covered with aluminium foil. The vial was then placed in a 250mL jacketed round bottom glass vessel (Fig. 1), which was connected to the high temperature thermostat Huber Unistat T305W HT (Huber AG, Germany; max temperature +300 °C , programmable heating and cooling system), and a thermocouple (Labor Thermometer TFX 410-1) was immerged into the sample. Furthermore, a IKA RCT Classic heating plate was placed underneath the vessel. 
[image: ]
Figure 1. Glass vessel with a homogeneous PEKK solution in 25mL glass vial.

The vessel`s temperature was gradually increased until the solution became transparent and the mixture was stirred for 20 min at 200 rpm to insure its homogeneity. Afterwards the temperature was decreased to 120 °C at specific cooling rate thereby passing the cloud point; the cooling rate was varied in order to investigate its influence on the structure of the resulting polymer foam. The solidified sample was taken out of the vial and purified by Soxhlet extraction with ethanol for 24 hours. Afterwards, the samples were dried in a freeze dryer for at least 20 h. 
2.2.3. Determination of the Density and Porosity of the Macroporous Polymers
The skeletal density (ρs) of the PEKK and PEEK foams was determined by helium replacement pycnometry (in a Accupyc 1330, Micrometrics, Dunstable, U.K.) using the 1 cm3 sample chamber while the foam density (ρf) of the macroporous polymers was measured with the envelope density analyser Geopyc 1360 (Micrometrics, Dunstable, U.K.). This instrument also calculated the sample’s porosity (P) using the equation given below. 

                                                  P (%) = ( 1- ρf / ρs ) · 100                                                 ( Eq.1)
2.2.4. Morphology of the Macroporous Polymers 
To determine the morphology of the porous polymer scanning electron microscopy (JEOL JCM-6000, JEOL Ltd, Japan) was used. Therefore, each sample was cut or broken in the lateral direction and fixed onto a sample holder with black carbon tape. Afterwards, the samples were gold coated in an argon atmosphere using JFC-1200 (JEOL GmbH, Eching, Germany) to guarantee sufficient electrical conductivity. 

3. Results and Discussion

We synthesised macroporous PEKK by an adapted temperature induced liquid/solid phase separation process. Therefore, various amounts of PEKK were dissolved in a high boiling point solvent at temperatures exceeding the polymer’s glass transition temperature. Afterwards, the temperature of the polymer solution was decreased at set cooling rates below the cloud-point. At this point, the homogeneous solution separated into two phases, polymer poor and polymer rich phase, resulting after solvent extraction in porous polymers.
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Figure 2. Photographs (A1-D1) and SEM images (A2-D2) taken at x500 magnification of PEKK foams having a porosity of approx. 90%: The cooling rate during preparation was increased from A to D.  

Figure 2 shows photographs of the cross section of samples obtained at increasing cooling rates and their SEM images. All samples have similar skeletal densities of approx. 1.4 g/cm3 as well as porosities of about 90% as in this case the concentration of the polymer solution used to produce the polymer foams was kept constant while the cooling rate was successively increased. One can see that the structures of A and B, which were produced with the lowest cooling rates, are rather inhomogeneous; large voids can be observed in the centre of the samples and on a micrometre scale vertically elongated pores are visible. Samples C and D (obtained at ever increasing cooling rates) have a more homogeneous structure with only a few very large pores. Their SEM images reveal that the elongated pores become smaller in diameter. These findings demonstrate that the polymer concentration determined the porosity of the polymer foams while the cooling rate defined the pore structure. 

[image: ]
Figure 3. SEM image of 80% porous PEKK

This synthesis route was adapted to the fabrication of macroporous PEEK (Figure 3). This demonstrates the TIPS process is a universal method for the fabrication of macroporous high performance polymers. It was also demonstrated that the used polymer solvents can be recovered and reused, rendering this method into a cost-effective process.

3.	Conclusions

We have shown that high porosity PEKK and PEEK samples can be prepared using TIPS. Furthermore, we proved that the cooling rate influences the sample’s morphology. We conclude that TIPS can be used as a simple and promising method for the production of macroporous high performance polymers. 
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