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In this investigation, the effect of the novel nano-Al3Mg2 particles addition on the microstructure of 

polyetheretherketone (PEEK) polymer matrix nanocomposite was studied. Bulk nanocomposite samples 

were fabricated by consolidation of ball milled composite powders through hot pressing method. The struc-

tural evolutions of mechanically milled powders as well as consolidated nanocomposites were examined by 

X-ray diffraction (XRD) and scanning electron microscopy (SEM) equipped with an energy dispersive X-ray 

analyzer (EDX). The results showed that, although increasing the amount of β-Al3Mg2 nanoparticles up to 

5 vol. % results in no chemical interaction, a low degree of PEEK crystallization, reduction in powder par-

ticle size, homogeneous distribution and well bonding of nanoparticles in the PEEK matrix but the tenden-

cy for agglomeration and porosity formation increases in comparison with 3 vol% of β-Al3Mg2. 
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1. INTERODUCTION 
 

Polyetheretherketone (PEEK) is among the high 

performance semi-crystalline thermoplastics with re-

markable physical and mechanical properties namely 

high strength, modulus, toughness, and wear resistivi-

ty. Furthermore, PEEK exhibits significant thermal 

stability and chemical resistivity which makes it ap-

propriate for industrial and biological applications [1], 

in addition to its high melting temperature of 350 °C 

and glass transition temperature of about 143 °C [2].  

In recent years, various inorganic nanoparticles, e.g., 

Si3N4 [3] modified and unmodified surface SiO2 [4-6], 

Al2O3 [7] SiC [8] were used as a  nano filler in PEEK resin 

or powder in order to achieve significant enhancement in 

physical and mechanical properties of nanocomposites. 

Nano fillers have much higher surface area to volume 

ratio in comparison with micro fillers, which results in 

more extended interfaces between filler and matrix. 

Complex metallic Alloys (CMAs) are a new category 

of intermetallics which are characterized by their giant 

unit cells comprising tens up to thousands of atoms, 

high structural complexity and large lattice parameters 

[9,10]. CMAs can be novel candidates for reinforcing 

metal matrix and polymer matrix composites. Scudino 

et al. [11] propound an idea for applying CMA materi-

als as a new reinforcement in aluminum matrix compo-

sites (AMCs). There is a little work on the effects of 

these novel reinforcements on the structural and me-

chanical behavior of metal matrix nanocomposites 

(MMNCs) and specifically using CMA nanoparticles in 

the field of PMNCs is completely new. β-Al3Mg2 has a 

complex structure with lattice parameter of 2.8 nm 

containing approximately 1168 atoms arrange in a 

cluster substructure [12,13]. This unique structure 

leads to exclusive physical and mechanical behaviors. 

β-Al3Mg2 with the low density of 2.25 g.cm-3, the low 

surface energy and the high strength [14,15] represents 

satisfying  technological potential as reinforcing agent 

in polymer matrix nanocomposites. 

Agglomeration tendency of nanoparticles particular-

ly in a polymeric matrix is one of the inevitable draw-

backs to nanocomposites which impair composite prop-

erties. Different technical methods were used for 

achieving a homogeneous dispersion and distribution of 

the nano-fillers in the matrix such as solution interca-

lation [16] and latex precompounding [17, 18]. These 

routes are mostly based on solving or melting the pol-

ymeric matrix and dispersion of the filler in the liquid, 

but PEEK has poor solubility in solvents and has good 

resistance to most organic solvents [19]. Furthermore 

PEEK has relatively high melting temperature (340°C) 

and it is difficult to fabricate its composites in the mol-

ten or solution states. Hence, solid state processing 

such as ball milling techniques is an appropriate route 

for improving the dispersion state of nano filler in the 

PEEK matrix. Recently, researchers have been co-

milled SiO2 [20,21] nanoparticles with PEEK powder 

through ball milling technique to progress and modify 

the microstructure and the mechanical properties of 

PEEK matrix nanocomposites. 

In our previous works [22, 23] synthesizing of alu-

minum matrix nanocomposites reinforced with β-

Al3Mg2 nanoparticles has been done through the ball 

milling technique and the results have been proved 

that mechanical behavior is improved continuously by 

adding nanoparticles due to the uniform distribution of 

nanoparticles which  can been achieved thorough a 

mechanical milling process. The low melting tempera-

ture of β-Al3Mg2 (about 452°C) can be considered as a 

demerit for high temperature applications such as 

aluminum matrix composites, but for polymer matrix 

and particularly PEEK matrix composite these light-

weight fillers can be appropriate selections. 

The main purpose of the present study is to synthe-

sis novel PEEK/β-Al3Mg2 nanocomposite by planetary 

ball milling and hot pressing and then characterization 

of the effects on the microstructure. 
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2. EXPERIMENTAL 
 

PEEK powders with an average particle size of 2 

µm and spherical morphology were used as the matrix 

material as shown in Fig. 1a. β-Al3Mg2 nanoparticles 

with average particle size of 25 nm were used as rein-

forcement agent. β-Al3Mg2 nanoparticles were produced 

by 100 h mechanical milling of the crushed and pulver-

ized pre-alloyed Al-37.6wt.%Mg intermetallic ingot. A 

bright-field TEM micrograph of the β-Al3Mg2 nanopar-

ticles with corresponding selected area electron diffrac-

tion pattern is presented in Fig. 1b. As it can be seen, 

the size of the nanoparticles is in the range of 15 to 30 

nm. Fig. 2 shows X-ray diffraction pattern of the nano-

particles representing nanostructured model of β-

Al3Mg2 intermetallic.  
 

 
 

Fig. 1 –  a) SEM micrograph of the PEEK powder used as 

matrix of nanocomposite powder mixtures. b) TEM micro-

graph of the β-Al3Mg2 nanoparticles used as nano-filler pro-

duced by 100 h milling of pre-alloyed intermetallic ingot. 
 

 
 

Fig. 2 – X-ray diffraction pattern of the β-Al3Mg2 nanoparti-

cles used as nano-filler 
 

The mixtures of PEEK powder with different 

amounts (0, 1, 3 and 5 vol. %) of pre-alloyed β-Al3Mg2 

nanoparticles were milled in planetary ball mill 

(Fritsch pulverisette-6) for 15 h. About 10 g of each 

mixture was charged in a stainless steel vial containing 

eight 30mm balls. The milling vial was sealed and filled 

with Argon gas before milling. The ball to powder ratio 

used for milling was 26:1 and a rotating speed of 300 

rpm had been employed. Consolidation of milling prod-

ucts and pure PEEK powders was done by a laboratory 

hot pressing at 350 °C and 20 MPa for 10 min in a cy-

lindrical mould. Afterwards, mould was cooled to under 

glass transition temperature of PEEK in air. The mold-

ed samples were about 10 mm in diameter and 20 ± 0.5 

mm in height. 

XRD patterns of nanoparticles, as-received, milled 

and molded pure PEEK and nanocomposites were rec-

orded on Philips XPert PANalytical PW 3040/60 in order 

to qualitatively investigate the phases and the structure 

evaluations. XRD data were obtained by using CuKα 

radiation of wavelength 1.54 A, operating at 40 kV and 

30 mA. Microstructure characterizations of initial pow-

ders, ball milled mixtures and polished cross-section of 

consolidated samples were carried out using scanning 

electron microscopy (SEM) equipped with an energy dis-

persive X-ray (EDX) Vega II Tescan analysis and trans-

mission electron microscopy (TEM) ZEISS. 

 

3. RESULTS AND DISCUSSION 
 

X-ray diffraction was performed in order to study 

phase and structural evaluations during milling and 

hot pressing of PEEK powder and PEEK matrix nano-

composite powders. As shown in Fig.3a the as-received 

PEEK has an amorphous structure and after milling 

for 15 h the crystallinity decreases which corresponds 

to reduction of peak intensity (Fig.3b). Since semi-

crystalline PEEK suffers from strong shear defor-

mation during mechanical milling, the change in width 

and height of peak with milling could be related to 

change toward lower crystallinity of semi-crystalline 

PEEK. In fact a higher degree of amorphization can 

form in semi-crystalline PEEK with mechanical mill-

ing. Similar studies have been reported that the milling 

process leads to decreasing of crystalline order [24, 25]. 
 

 
 

Fig. 3 – X-ray diffraction patterns of the a) as-received and b) 

millied PEEK powder for 15 h, c) as-milled and d) hot pressed 

PEEK nanocomposites powder filled with 5 vol. % β-Al3Mg2 
 

With the addition of 5 vol.% of β-Al3Mg2 nanoparti-

cles, no detectable extra peak was created or disap-

peared in comparison with those of the pure milled 

PEEK, which can obviously be seen in Fig.3c .The β-

Al3Mg2 diffractions are too low to be resolved in XRD. 

There are only four low intensity diffraction peaks of β-

Al3Mg2 and there is no extra peak created or disap-

peared in comparison with those of the pure PEEK and 

it reveals that there is no apparent interaction that 

would result in appreciable new interfacial phases, as 

well as the nanofillers did not change the crystal struc-

ture of PEEK. 

According to Fig. 3d, after hot pressing of nanocom-

posite powder, crystallization occurred in PEEK matrix 
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since some small peak of PEEK crystallites such as 

(110), (200) and (211) forms in diffraction. It was re-

ported that the crystal structure of the PEEK polymer 

is orthorhombic structure, and there are four main dif-

fraction peaks appeared in the XRD patterns at about 

18.7°, 20.8°, 22.9° and 28.9° corresponding to diffrac-

tion planes of (110), (111), (200) and (211) [7]. For the 

nanocomposites with 5 vol.% fraction of nanoparticles, 

a lower degree of crystallization is probable to occur, 

since the PEEK matrix filled with abundant nanofillers  

may decrease the mobility of the polymer chain seg-

ments during the period of crystallization [19]. 

Fig.4. shows SEM micrographs of the as-received 

(Fig.4a) and mechanically milled (Fig.4b) PEEK pow-

ders after 15 h of milling times. SEM micrograph of as-

received PEEK powder illustrates the spherical parti-

cles and as it is expectable, after mechanical milling 

the PEEK powders severely deformed and the mor-

phology of particles has been changed into flake shape. 

The particle size fell in the range of 15 and 50 µm due 

to the agglomeration of the deformed PEEK powders. 

An agglomerated particle which consists of several de-

formed PEEK powder is separated in Fig.8b and mag-

nified image is shown in Fig.4c.  
 

 
 

Fig. 4 – SEM images of the a) as-received and b) milled PEEK 

powders for 15 h. c) Magnification of selected area in (b). 
 

At early stages, spherical particles, the ductile 

PEEK particles, undergo deformation due to severe 

load applied by ball collision and milling apparatus.  As 

a result, the powders begin to flatten and results in 

formation of laminated particles. By increasing milling 

time to the maximum of 15 h, laminated particles ag-

glomerated and consequently, the ductile polymer par-

ticles start to weld because of high pressure and locally 

high temperature and leads to formation of semispheri-

cal shape with larger mean particle size[20,26]. 

The SEM microstructure of PEEK matrix nanocom-

posite milled for 15 h with different amount of β-Al3Mg2 

nanoparticle is presented in Fig. 5. By increasing the 

amount of nanofiller, from 3 to 5 vol.%  the mean parti-

cle size decreases and smaller nanocomposite particle 

are formed during mechanical milling.  

 
 

Fig. 5 – SEM micrographs of the PEEK matrix nanocomposite 

powder mixture filled with a) 3 vol.%, and b) 5 vol.% β-Al3Mg2 

nanoparticle after milling for 15 h. 
 

Nanoparticle smears the surface of PEEK particles, 

in this circumstance, matrix particles are surrounded 

by nanoparticles and these phenomena leads to prevent 

the occurrence of cold welding, therefore the nanocom-

posite particles size decreases.  

Fig. 6 represents the SEM microstructures and the 

corresponding X-ray mappings for Mg and Al concen-

trations of the consolidated PEEK matrix nanocompo-

sites containing various amounts (3 and 5 vol.%) of na-

noparticles. Mg and Al concentrations are the evidence 

for presence of β-Al3Mg2 nanoprticles in PEEK matrix.  
 

 
 

Fig. 6 – EDX map analyses of Al and Mg elements from the 

polished surfaces of consolidated samples of PEEK nanocom-

posites containing (a-c) 3 vol.% β-Al3Mg2 and (d-f) 5 vol.% β-

Al3Mg2 nanocomposites. 
 

X-ray mappings show the formation of uniformly dis-

tributed β-Al3Mg2 nanoparticles in the matrix for both 

low and high amounts of nanofillers, but there are some 

micro-sized agglomerates. It can also be concluded from 

Fig.6 that there is a tendency to clustering of filler for 

higher amount of nanoparticle (5 vol.%) (Fig. 6 d-f). On 
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the other hand, more porosity is formed in the samples 

containing higher amounts of reinforcement. Since the 

nanocomposite powder mixtures are hot pressed at con-

stant pressure, therefore it can be concluded that nano-

particles decrease the densification and compressibility 

of powders mixture by strengthening of the nanocompo-

site and augmentation of the powder surface area. 

SEM micrograph of the polished surface of milled 

and hot pressed PEEK/3 vol.% β-Al3Mg2 and PEEK/5 

vol.% β-Al3Mg2 nanocomposites are shown in Fig. 7. As 

indicated from backscattered electron image (BSE) 

which is sensitive to atomic number (Z), nanoparticles 

(indicated by arrows) embedded in PEEK matrix and 

well-bonded to the matrix. Agglomerated nanoparticles 

seems brighter correlates with greater average Z in the 

nanocomposite microstructure and PEEK matrix with 

lower average Z seems as dark areas.  
 

 
 

Fig. 7 – BSE SEM microstructure of the polished surfaces of 

PEEK/β-Al3Mg2 nanocomposites filled with a) 1 vol.%, and b) 5 

vol.%, hot pressed at 350 °C under pressure of 20 MPa 

 

4. CONCLUSION 
 

Based on microstructural characterization of milled 

powder as well as consolidated samples it can be con-

cluded that: 

1. Mechanical milling can lead to severe defor-

mation and morphological change as well as increasing 

the degree of amorphization in semi-crystalline PEEK 

structure. Larger particles, which consist of flakey ag-

glomerated particles formed due to cold welding of de-

formed particles. 

2. The Addition of β-Al3Mg2 nano-filler to the 

PEEK powder results in no chemical interaction during 

but the presence of nanofiller can lead to a low degree 

of PEEK crystallization. 

3. Increasing the amount of β-Al3Mg2 nanoparti-

cles up to 5 vol. % can lead to the reduction in nano-

composite particle size by preventing PEEK particle 

cold welding. 

4. PEEK/3 vol.% β-Al3Mg2 nanocomposite bulk 

sample has a homogenous distribution and well bond-

ing of nanoparticles in the PEEK matrix. The tendency 

for agglomeration and porosity formation increases as 

the volume ratio of nanoparticles (5 vol. %) increases. 
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