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Abstract   
 

We present a new approach of surface functionalization of 

PEEK that is carried out during the molding step. Thin films of 

polymers with different functional groups were applied to the 

surface of a mold and brought in close contact with a PEEK 

melt during injection molding. The surfaces of the produced 

parts were characterized after solidification. Only those PEEK 

surfaces that were in contact with polymers bearing primary 

amino groups exhibited a wettability for water. Obviously, the 

thin polymer film was grafted to the surface by a chemical 

reaction initiated by the high melt temperature. The formation 

of azomethine bonds between PEEK and the polyamine by 

coupling to the ketone groups was proposed. The other amino 

groups in the molecule were still in function after the molding 

process. They adsorbed different anionic molecules and anionic 

charged nanoparticles from aqueous solutions. The surfaces 

could be chemically plated by copper and nickel with high 

adhesion.  

 

Keywords    
PEEK; Adhesion; Surface Modification; Injection Molding; 

Plating; Hydrogel Layers 
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Introduction  
 

PEEK is a high performance thermoplastic polymer that 

features a high modulus and mechanical strength even at high 

temperature and a high chemical stability. It is flame resistant, 

and the combustion is self-quenching. Moreover, it is 

physiologically harmless. Therefore, it is used in medical 

devices and artificial replacements, e.g. for bone and dental 

implants. The chemical stability is used in devices for chemical 

industry and food industry. Its high mechanical strength at 

relatively low density and its flame resistance are advantageous 

for aviation and for the construction of vehicles. Its stiffness is 

a result of the high content of aromatic hydrocarbon rings in the 

molecule. Unfortunately, this makes PEEK sensitive to ultra 

violet radiation. That is one reason, why a coating of PEEK 

parts is often required. Design aspects are another reason. 

However, PEEK surfaces are rather non-polar, and a surface 

modification is required for high adhesion of coatings [1,2]. 

The polymerization of dopamine results in a modified surface, 

which is able to immobilize proteins, but the mechanical 

adhesion of the poly dopamine would not be sufficient for 

bonding a thick metal layer [3]. A direct grafting method was 

developed that takes advantage of the reactivity of the ketone 

group [4]. Here polyvinyl alcohol was attached via the 

formation of acetals. Then, glycidyl groups were attached to the 

hydroxyl groups of polyvinyl alcohol, and finally a diamine 

was attached via the glycidyl groups. Thus, this way is rather 

expensive, and the modification effect was not stable over a 

long period of time. Treatment with different types of plasma is 

often used for modifying the surfaces of polymers. An efficient 

method with high industrial relevance is the flame 

impingement. Treatment with defined plasmas, e.g. low 

pressure plasma, atmospheric plasma, or corona, in the 

presence of different gases gives a better control of the 

chemical modification [5-17]. However, only the PEEK 

segments on the outermost surface layer are converted to 

functional groups like carboxyl, hydroxyl, carbonyl, and amide. 

Control of composition is difficult. Since PEEK absorbs 

ultraviolet irradiation, it was used for chemical surface 

modification and grafting [18-20]. Due to the high-energy 
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treatments a high diversity of different functional groups are 

formed on the surface, but the effect is usually not permanent 

[21,22]. The combination of plasma treatment and grafting a 

functional polymer layer from the PEEK surface results in 

reliable surface modification, but with high operating expense 

[23]. A high adhesion of a metal layer is supported by a micro 

structure on the surface. This can be realized by plasma 

etching, chemical etching, laser etching or mechanical etching, 

e.g. with sandblast [24,26]. There are other processes in use, 

but all of them require an additional processing step. Any pre-

treatment step require production space, investment, and 

running costs, e.g. for materials, energy, and labor expense. 

Integrating the surface modification with the molding step 

would be very efficient. This was demonstrated, e.g. by 

structuring the part surface using a micro structured mold 

surface [27].  

 

In our paper, we present an approach for the chemical surface 

modification that is carried out during injection molding of the 

part. It is based on the deposition of a thin film of a functional 

and reactive polymer, the so-called modifier, on the mold 

surface of an injection molding machine. The high temperature 

of the melt is used to initiate a coupling reaction. Treatment in 

melt state features additional advantages over part treatments. 

e.g. a high mobility of chain segments and a higher excluded 

volume. Side reactions are minimized due to the rapid cooling 

and the small reaction time. The effect is much larger compared 

to the pre-treated surfaces due to grafting of a relatively thick 

functional polymer layer to the thermoplastic surface. The 

reaction proceeds in only one step and is integrated in the 

molding step of the part. The important issue is to identify a 

reactant and a suitable reaction pathway for the thermoplastic 

under consideration. Solutions for polycarbonate (PC), 

polypropylene (PP), grafted PP, Polystyrene (PS), and 

polyamide (PA) were already published [28-33]. The carbonate 

group in PC was reacted with polyethylene imine during 

molding under formation of a urethane bond, resulting in a 

relatively thick layer of a functional polymer on the PC surface. 

Parts rinsed in water did not dewet due to the high 

hydrophilicity. PP was modified by radical grafting of acrylic 
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acid. The high reactivity of a cyclic carboxylic anhydride was 

used to graft a maleic anhydride-ethylene copolymer to PA 6. 

PS contains electron-rich phenyl rings. Here, we applied 

Friedel-Crafts acylation using mixed anhydrides to attach a 

polycarboxylic acid on the melt surface during 3D printing. In 

this paper, we tested different functional groups for chemical 

coupling onto PEEK surfaces. A reaction pathway is proposed. 

Finally, chemical plating was carried out, which demonstrates 

the effect of surface modification for industrial use. This 

application is of high impact, as a metal composite with PEEK 

would support its usage for lightweight construction parts in 

vehicles, aircrafts and spacecraft. Moreover, this type of surface 

modification of PEEK may also be used for other applications.  

Experimental    

The different types of polymer modifiers (polyallyl amine, 

PAAm, Mw 65 kg mol
-1

; hyper branched polyethylene imine, 

PEI, Mw 700 kg mol
-1

; polyvinyl alcohol, PVA, Mw 23 kg mol
-

1
, degree of hydrolysis 89%; polyacrylic acid, PAc, Mw 450 kg 

mol
-1

) and CuSO4• 5 H2O were supplied by SigmaAldrich, 

Germany. PEEK (Vestakeep 3300, Evonik Industries AG, 

Germany) was used as thermoplastic material. It was dried at 

160 °C for 4 hours in vacuum.   Melt and mold temperatures 

were 360 and 160 °C, respectively. Typical molding conditions 

as suggested by the manufacturer were used.  

 

The general processing steps are explained in figure 1. 

Fundamental molding investigations were carried out in the 

first stage with a small Boy injection molding machine (BOY 

22 A HV, Dr. Boy GmbH & Co. KG, Germany). The L/D ratio 

of the screw, screw speed, and pressure were 20, 60 min
-1

, 400 

MPa, respectively. It was equipped with an in-house build mold 

having an inlay with a magnetic substrate holder in which 

mirror-polished steel substrates with a diameter of 50 mm were 

mounted before each injection cycle [34]. The substrates were 

covered with a layer of the appropriate modifier by spin-coating 

in advance. This approach had the advantage that the applied 

modifier layer on the substrate can be characterized. The layer 

thickness on the substrate was measured by ellipsometry using 



Surfaces, Interfaces and Coatings Technology 

6                                                                              www.videleaf.com 

a Multiskop 8.8 ellipsometer (Optrel GbR, Germany). After 

injection of PEEK and solidification, the substrate was 

separated from the formed part. Both surfaces were 

characterized. Dynamic contact angles against water were 

measured using an OCA35 XL (DataPhysics Instruments 

GmbH, Germany). The zeta potential of the polymer surfaces 

was measured with an electro kinetic analyzer EKA (Anton 

Paar GmbH, Austria). Some samples were dipped into a 10
-3

 M 

solution of eosin Y in water at pH 9 for 10 minutes to test the 

dye adsorption. 

 

SEM-EDX investigations were made with an Ultra Plus Gemini 

microscope (Carl Zeiss SMT GmbH, Germany) using an 

XFlash 5060 F EDX detector (Bruker Nano GmbH, Germany). 

Prior to the characterization, the parts were rinsed in copper 

sulfate solution for marking the amino groups, exploiting the 

complex formation between amino groups and the copper ions. 

After rinsing in water to remove excess copper ions and drying, 

they were coated with a Pt layer of 3 nm thickness by 

sputtering using a Leica EM SCD 050 (Leica Microsysteme 

GmbH, Germany).  

 

Samples for plating experiments were prepared on the injection 

molding machine Ergotech 100/420-310 (Sumitomo-Demag 

Plastics Machinery GmbH, Germany). The L/D ratio of the 

screw, injection pressure, rate, holding pressure and time and 

cooling time were 20, 600 MPa, 35 mm s
-1

, 350 bar, 1 s, 25 s, 

respectively. The modifier films were directly spray-coated 

from aqueous solutions on one side of the mold using an air 

brush at each cycle. The amount of dry modifier on the mold 

surface was calculated by volume and concentration of used 

solution per injection. It was about 250 mg m
2
. The prepared 

plates used for metallization experiments were rinsed in water 

for 6 hours under stirring to remove unbound modifier. The 

plates were shaken first in a colloidal solution of gold 

nanoparticles (AuNP) for 30 minutes. The synthesis of the 

AuNP was made using a classical approach [34]. After rinsing 

with water and drying, the plates were dipped in a copper bath, 

consisting of a solution of 6.25 g l
-1

 CuSO4•5 H2O, 8 g l
-1
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EDTA, and 0.11 g l
-1

 NaBH4 at room temperature. The pH of 

this solution was adjusted to 12 by adding NaOH. Plating with 

nickel was realized using a commercial nickel bath (SurTec 

International GmbH, Germany) 

The metal layer thickness was measured by x-ray fluorescence 

analysis (XFA) using a Fischerscope Xray Xan 220 (Helmut 

Fischer GmbH + Co KG, Germany). The metallized plates 

were cut with a cross-hatch (Erichsen Mehrschneidegerät 295/I 

with 6 blades, Erichsen GmbH & Co. KG). An adhesive tape 

was fixed on the metal layer and then pulled off at an angle of 

90 degrees. 
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Step:   1.                       2.                      3.                        4.

 
Figure 1: Processing steps of surface modification during molding. 1. 

Formation of thin film (10-100 nm) of modifier by either (i) spray-coating or 

(ii) spin-coating; 2. Modifier layer on mounted substrate or directly on mold 

surface; 3. Injection of the PEEK melt while initiating a coupling reaction, see 

also graphical abstract figure; 4. Demolding with transfer of the modifier layer 

to the part. 

 

Results and Discussion 

 
The thicknesses of the modifier layers on the substrates prior to 

molding are listed in table 1. The modifier layer thickness was 

measured again after injection molding and removing of the 

PEEK part. The comparison with the thicknesses before 

molding revealed, that they did not change significantly in the 

case of PAc. Obviously, no transfer of PAc from the substrate 

to the PEEK surface took place during molding. Thus, PAc did 

not interact with the PEEK melt. The same behavior was 

observed for the PVA layer. Obviously, no interaction between 
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PEEK and PVA did occur either. On the other hand, the 

thickness of the PEI layer was reduced very much during 

molding. The PAAm layer was transferred almost completely. 

Obviously, only thin layers of polymers bearing primary amino 

groups were transferred to the PEEK surface during molding.  

Table 1: Characteristics of the PEEK part surfaces. 

Sample type Layer thickness / nm a Contact angle / degrees b 

after 

preparation 

after  

molding 

advancing receding 

PEEK - - 80 52 

PEEK-PAc 36 34 83 52 

PEEK-PVA 18 18 83 53 

PEEK-PEI  115 14 68 <10 

PEEK-PAAm 79 2 84 <10 

 
a on substrate, after deposition; b of molded part, after extraction in ethanol, 

details in Table S-1 

 

Eosin Y was adsorbed only on surfaces modified with PAAm 

or PEI using the described process, but neither on samples 

without such modification nor on plain PEEK. This suggests 

the formation of a cationic surface on PEEK. Obviously, the 

polyamine-modified surface is charged positively by adsorption 

of protons from water and formation of ammonium functions. 

Thus the negatively charged dye adsorbed on this surface due 

to electrostatic interactions. The adsorbed dye could not be 

removed by rinsing with water, see also figure S-1. 

 

The EDX spectrum of plain PEEK shows only signals for C,O 

in figure 2. It did not show any copper signal. The spectra of 

parts modified with PEI exhibited intense peaks of Cu (L) as 

well as S (K) after dipping in copper sulfate solution, pointing 

to chemisorption of copper due to formation of a very stable 

chelate complex with amino groups. This is an indication, that 

the amino groups were still functional and accessible, despite 

the thermal treatment during molding. The copper was evenly 

distributed on the PEEK surface, as shown in figure S-2.   
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Figure 2: EDX spectra of PEEK samples, treated with CuSO4 solution. A) 

Plain PEEK; b) PEEK surface modified with PEI during molding; c) after 

extraction in ethanol; d) after extraction in water at pH 3. The signals are 

marked with assigned elements. The Pt signals stem from the preparation 

procedure.  

 

The parts were then extracted in ethanol for 6 hours in a 

Soxhlet apparatus. The extraction was intended to remove any 

unbound material. Ethanol is a good solvent for PAAm but do 

not swell or dissolve PEEK. Water was avoided as solvent 

because it could result in charging the PEEK surface, which 

would enhance the adsorption of PAAm due to electrostatic 

attraction, which was not intended. Moreover, water could 

result in hydrolyzation of some bonds. These samples were 

characterized by the following experiments.  

 

The EDX spectrum of the sample modified with PEI after 

marking with copper exhibited a strong signal of copper that 

was only slightly smaller than that of the surface before 

extraction. Consequently, only a low amount of the polyamine 

was removed. This pointed to a covalent coupling of the 

polyamine layer according to figure 3.   
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Figure 3: Schema of chemical coupling of a primary amino compound (the 

modifier M) to PEEK. 

 

The dynamic contact angles were measured. The advancing 

angles of the differently prepared samples in table 1 equaled 

almost those of the plain PEEK. The same relation was 

observed for the receding angles of samples treated with PAc 

and PVA. Thus, these polymers did not modify the PEEK 

surface during the proposed approach. However, the samples 

modified with PAAm or PEI exhibited receding angles lower 

than 10 degrees and in a range that could not be reliably 

measured. In addition, parts dipped into water did not dewet 

after drawing off the water. Swelling of a hydrophilic polymer 

layer may be an explanation for the high hysteresis [35]. A 

similar behavior was already studied at the surface modification 

of PC with polyamines during molding [29]. There, the amino 

groups were coupled onto the PC backbone by formation of an 

urethane bond.  

 

Some of the parts modified with PAAm or PEI and extracted in 

ethanol were additionally extracted for four hours in a Soxhlet 

apparatus in aqueous hydrochloride acid solution of pH 3. The 

surfaces of these parts did not show any of the properties and 

behavior of that of those surfaces without this treatment. No 

staining, no wetting by water, almost no shift of the isoelectric 

point (see figure S-3) and no adsorption of copper did occur, as 

the EDX spectrum in figure 2 revealed. Obviously, the 

polyamines were completely removed by acid catalyzed 

hydrolysis in aqueous environment as suggested in figure 3. 

Such a reaction is typical for azomethine bonds. Thus, the 

assumption of chemical grafting of the polyamines during 

molding by the primary amino groups according to figure 3 is 

supported by this experiment. 

 



Surfaces, Interfaces and Coatings Technology 

11                                                                              www.videleaf.com 

Since the PAAm and PEI layers could not be removed by 

extraction in ethanol, chemical coupling of primary amino 

groups to ketone groups of the PEEK surface by formation of 

azomethine bonds was assumed. This assumption is supported 

by the fact that compounds with other functional groups 

(hydroxyl, carboxylic acid) were not transferred. The reactions 

between PEEK and primary amino compounds in solution at 

high temperature were studied extensively under different 

conditions in the literature [36-39]. Alternatively, the surfaces 

of PEEK plates were reacted in solutions of different 

components at elevated temperature [40,41]. Reasonable 

conversion was achieved there after many hours reaction time.  

 

In contrast to the proposed reactions, our experiments were 

carried out under different conditions. The reaction temperature 

on melt-mold contact was high, i.e. about 300 °C. However, the 

reaction time during injection molding was much smaller due to 

the rapid cooling than in the solution experiments, and the 

concentration of reactive groups (ketone and amino) was much 

higher. Thermal simulations revealed a reaction time at high 

temperature of about 1 µs [42]. Hence, a reaction takes place 

only in a very small layer along the melt-modifier interface 

with a thickness of about 1 nm [43]. Interdiffusion is limited 

also by the immiscibility of the two materials. Thus, only 

molecular groups that come into close contact immediately 

after the melt hits the modifier layer on the mold can take part 

in a reaction. Therefore, the concentrations of those reactive 

groups in the interphase have to be high. In the case of PEEK, 

PEI and PAAm the concentrations of ketone groups and 

primary amino groups, respectively, are very high because not 

only the end groups but every repeating unit carries a reactive 

group. The reactivity of the components, the high 

concentrations and the high temperature on the one hand and 

the transferred layer and its stability against solvent extraction 

on the other hand pointed to a reactive coupling of the 

modifiers over the primary amino groups. However, a direct 

proof of the reaction product will not be possible due to the low 

amount of products formed in the small interface layer. 

Moreover, even the plain PEEK is poorly soluble in almost all 
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solvents, preventing the use of standard analytical tools like 

nuclear magnetic resonance spectroscopy. It is somewhat 

soluble in special solvents only at very high temperature (about 

300 °C). The reaction products in the surface layer are even less 

soluble due to the formation of cross-links between many 

ketone groups of PEEK and many amino groups of the 

polyamine. Nevertheless, the solubility and chemical behavior 

point to the formation of a chemical bond according to figure 3 

as suggested by the reaction mechanism taken from literature.  

 

Further investigations were carried out with parts with larger 

surface areas. The plates were cut in small pieces and extracted 

in ethanol in a Soxhlet apparatus for 6 hours to remove 

unbound modifier. The zeta potential of the resulting plain 

PEEK surface was positive at low pH values and decreased 

with the pH value as shown in figure 4. The isoelectric point 

was at pH=4. The zeta potential was constant at high pH with 

values of less than -32 mV, which is typical for a non-polar 

polymer surface. The curve of the PEEK surface modified with 

PAAm was shifted to higher values. The isoelectric point was 

at about pH=5. This suggests a more cationic surface than that 

of plain PEEK. The zeta potential then decreased continuously 

with pH. In contrast to the plain PEEK surface, no constant 

value was approached in the measurement range. This pointed 

to functional groups, e.g. amino groups, within a finite polymer 

layer bound on the surfaces. The isoelectric point shifted even 

more to about 8 for the PEEK surface modified with PEI. The 

maximum potential in the acid range was about 40 mV, which 

was higher than in the case of PAAm. This revealed a complete 

change of the electro kinetic behavior compared to unmodified 

PEEK.  
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Figure 4: Zeta potentials of PEEK plates and plates chemically modified 

during molding with PEI or PAAm, respectively. After extraction in ethanol. 

The arrows point to the isoelectric points.  

 

The plates modified with PAAm or PEI, respectively, were 

rinsed in a solution of gold nanoparticles (AuNP, size about 20 

nm), which were prepared according to the description in a 

previous paper [34]. The red color of the surfaces revealed 

adsorption of AuNP only at the modified surface regions, i.e. 

where a polyamine layer was bound, see also figure S-4.  These 

parts were then rinsed in the copper bath. After 60 minutes at 

room temperature a copper layer had formed. This layer had the 

typical view of massive copper. The thickness was about 0.3 

µm. The adsorbed AuNP were used here as catalytic seeds for 

chemical plating. The cross-hatch test did not show any 

delamination of the copper film, and there was no delamination 

after peeling off an adhesive tape, pointing to a high adhesion, 

see figure 5. The cross-hatch test had a value of zero. Similar 

experiments were carried out using a nickel bath with a rinsing 

time in the nickel solution of 10 minutes, resulting in deposition 

of a nickel layer of 0.1 µm with high adhesion. In contrast, no 

adsorption of AuNP and, consequently, no formation of a metal 

layer took place on a plain PEEK surface. Moreover, the 

covalently grafted polyamine layers can be used for attaching 



Surfaces, Interfaces and Coatings Technology 

14                                                                              www.videleaf.com 

different organic layers, e.g. hydrogel layers, see supplementary 

materials.  

 

 
 
Figure 5: Photograph of a PEEK-copper composite made by chemical 

plating, after cross-hatch and peel test. 

Conclusions  

It was shown that polyamines bearing primary amino groups 

can be grafted to the surface of PEEK parts during molding. 

Grafting took place exploiting the melt temperature for 

initiating a chemical reaction, where the ketone groups of 

PEEK and the primary amino groups were connected under 

formation of azomethine bonds. The chemical properties and 

behavior of these modified PEEK surfaces were dominated by 

the attached polyamines. The polyamine layer adsorbed gold 

seeds. The use of other seeds may also be possible, e.g. Pd or 

Ag. The seeds and the functional surface can then be used for 

chemical plating of PEEK with Cu or Ni, e.g. for protective or 

decorative coatings or for electromagnetic shielding. Those 

metal-PEEK composites will support the application of PEEK 

in light-weight constructions. Moreover, plating only takes 

place at sites, where the modifier was applied to the mold prior 

to injection of the melt. Consequently, site-selective plating and 

the formation of metal structures on surface becomes possible, 

like for the production of molded interconnected devices or 

circuit boards. The thermal stability of PEEK would enable 

soldering of those circuit boards.  

The high adhesion may be a result of the strong attraction of 

copper and nickel ions because the polyamines are strong 
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chelating ligands of these metal ions. Probably, there are also 

strong interactions to metals, which supported high adhesion of 

the metal film [11]. These films are useful for the deposition of 

different metal layers by conventional galvanic plating 

processes.  
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