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Abstract: The aim of this paper is to compare the mechanical property and machinability of
Polyetheretherketone (PEEK) and 30 wt% carbon-fibers reinforced Polyetheretherketone
(PEEK CF 30). The method of nano-indentation is used to investigate the microscopic
mechanical property. The evolution of load with displacement, Young’s modulus curves
and hardness curves are analyzed. The results illustrate that the load-displacement curves
of PEEK present better uniformity, and the variation of Young’s modulus and hardness of
PEEK both change smaller at the experimental depth. The machinability between PEEK
and PEEK CF 30 are also compared by the method of single-point diamond turning
(SPDT), and the peak-to-valley value (PV) and surface roughness (Ra) are obtained to
evaluate machinability of the materials after machining. The machining results show that
PEEK has smaller PV and Ra, which means PEEK has superior machinability.

Keywords: polyetheretherketone; 30% carbon-fiber reinforced polyetheretherketone;
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1. Introduction

Polyetheretherketone (PEEK) materials belong to a group of high-performance thermoplastic
polymers [1]. Among various polymers, polyetheretherketone (PEEK) is a representative increasingly
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used in tribological components because of its excellent performance such as high mechanical
properties, good wear-resistance and heat-resistance, and excellent chemical resistance, etc. [2—6].
PEEK has also many applications in engineering and medicine because of its high strength and high
melting point relative to other polymers, as well as its resistance to chemical and biological action [7-9].

Carbon fiber (CF) is a widely-used filler because of its excellent performance such as high strength
and modulus, low thermal expansion, good creep-resistance and corrosion-resistance, etc. [10-15].
Carbon fibers are invariably used in advanced composites for special applications such as in
automobile and aviation industries [16,17]. Carbon Fiber Reinforced Plastics (CFRPs) are gaining
wide acceptance in the aeronautic sector, for the excellent strength to weight ratio offered by the
laminates. Among all polymers used as matrixes, polyetheretherkethone (PEEK) is an advanced
thermoplastic resin that provides higher toughness and better resistance to abrasive wear with respect
to thermoset resins [18,19]. CF/PEEK laminates also show a useful increasement in service
temperature since the thermoplastic matrix offers excellent mechanical and chemical resistance and
keeps these properties up to remarkably high service temperature [1,18]. Molazemhosseini A. [20]
found that the local nanomechanical properties of the composites highly depend on the type of the
existing phase which is indented and the incorporation of short carbon fibers into neat PEEK results in
a remarkable enhancement in the reduced elastic modulus and hardness of the material (143% increase
in reduced elastic modulus).

In nano-indentation, the probe and loads are very small, so as to produce indentations a few
micrometers to a few hundred nanometers in size [21]. Therefore, nano-indentation is commonly used
for the study of mechanical properties of materials on the nanoscale [22]. The single-point diamond
turning process is capable of producing components with micrometer to submicrometer form accuracy
and surface roughness in the nanometer range [23]. Thus, it can be used to measure the machinability of
materials in micro scale.

In this paper, the microscopic mechanical property and machinability are compared between PEEK
and PEEK CF 30 to better understand their characteristic. The focus of the paper is the differences
between the microscopic mechanical property and machinability for pure PEEK and 30% of carbon
fibers reinforced PEEK; the study can make a better spread of utilization for the materials.
Nano-indentation is used to investigate the mechanical property, and the single-point diamond turning
(SPDT) is chosen to study the machinability.

2. Materials and Experimental Procedure

The experiments are carried out with several cylindrical samples which are produced by the method
of extrusion. The brief process of manufacturing the cylindrical samples is introduced below.
The powders of PEEK and carbon fibers in a specified proportion were mixed mechanically for
10 min. A mold was prepared to hold the mixture. Then, the mold was heated to 360 °C at the rate of
10 °C/min, and the pressure was kept at 3 MPa; after 10 min, the mixtures were cooled below 100 °C.
Finally, the diameter of 10 mm for PEEK and the diameter of 16 mm for PEEK CF 30 are obtained.
The tensile strength for PEEK and PEEK CF 30 are about 94 MPa and 212 MPa at the experimental
temperature, respectively. The experiments performed on a cross section of the samples, and the
samples can be seen in Figure 1.
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PEEK CF 30

Figure 1. Composite materials.

Nano-indentation is a powerful and advanced way to measure mechanical properties such as
Young’s modulus and hardness of various materials. This method has been widely used to study the
mechanical properties of polymers and nano-composites [24-29].

In order to compare the mechanical property between PEEK and PEEK CF 30 from a micro view,
Agilent G200 is used to perform the nano-indentation experiments at room temperature. The main
parameters of Agilent G200 can be seen in Table 1. An indenter with triangular pyramid tip is adopted
and the apex angle for the indenter is 120° and the diameter of the indenter is about 1.2 mm.
To compare the property of the materials at different depth, three sets of the indentation depth are
designed, which are 4 um, 6 pm, 8§ pum, respectively. To ensure that the data of the experiment is
reliable, four points in different site on the samples are conducted during the tests for each indentation
depth. The indentations were conducted in the velocity-control mode with the surface approach
velocity being 10 nm/s. When approaching the designed depth, 2 s peak hold time is controlled.
The morphologies of the indentation can be obtained in Figure 2.

Table 1. Main parameters of nano indenter G200.

Technical Index Standard XP Indentation Head
Maximum indentation depth >500 pm
Total indenter travel 1.5 mm
Displacement resolution <0.01 nm
Maximum load (standard) 500 mN
Load resolution 50 nN
Contact force <1.0 uN

The technology of single-point diamond turning (SPDT) is used to turn the prepared samples to
measure the machinability for PEEK and PEEK CF 30. The tests were performed in ultra-precision
lathe NANOFORM 250 and the workpieces are fixed on the spindle, which are presented in Figure 3.

Due to two planes of the cylinder being machined, X-axis and Z-axis are enough in the cutting
process. Considering the characteristic of the workpieces, parameters of the machining process are set
as F = 1.0 mm/min (feed rate), S = 1500 rpm (spindle speed). The parameters of the adopted cutting
tool are 120° included angle, 10° clearance angle, 0.5 mm nose radius and 0° rake angle. To meet the
demand of the turning, the cutting fluid is used.
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(b)

Figure 2. Indentation points (a) Polyetheretherketone (PEEK); (b) 30 wt% carbon-fibers
reinforced Polyetheretherketone (PEEK CF 30).

(b)
Figure 3. Main sections of the cutting process (a) PEEK; (b) PEEK CF 30.

The form accuracy and surface roughness of the machined materials was tested using TAYLOR
HOBSON which measures the materials through the mechanism of contact probe. The measuring
process is given in Figure 4.

L TAYLOR
{ HoBSON

Figure 4. Measuring process (a) PEEK; (b) PEEK CF 30.
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3. Results and Discussion

3.1. Results Analysis for Mechanical Property

4122

PEEK just owns one material while PEEK CF 30 has two kinds of materials. The components of

the materials may have great influence on the mechanical properties. During the indentation, load and

indentation depth can be continuously recorded, leading to curves of load in function of displacement,

as shown in Figure 5, which will help better understand the mechanical properties of the materials.
The nano-indentation data of the three tests at the max displacement are shown in Table 2.
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Figure 5. Load as function of indentation depths for both materials (a) 4 um; (b) 6 um; (¢) 8 pm.

Table 2. Nano-indentation data at max load.

Nano-Indentation Depth

PEEK

PEEK CF 30

Designed depth Average max load  Average max depth  Average maxload Average max depth
(nm) (mN) (nm) (mN) (nm)
4000 96.218 4107.389 147.523 4146.987
6000 211.964 6203.548 396.228 6228.519
8000 390.710 8256.962 451.449 8223.992
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From the three groups of curves shown in Figure 5, it can be seen that the fluctuation of PEEK CF
30 materials is significant. For the same depth, the variation of loads changes a lot for PEEK CF 30.
With the increase of the indentation depth, the trend of the mean maximum load for PEEK and PEEK
CF 30 materials both becomes bigger. It also can be seen that the coincidence of the curves in the same
depth for PEEK is very good. However, the curves of PEEK CF 30 change a lot, even at the same depth.
The variation trend of the curves may contribute to the components of the materials. Since the PEEK
CF 30 materials are composed of two kinds of materials, the inhomogeneous distribution of the
carbon-fiber reinforcements is the main reason leading the phenomenon, which can be seen from Figure 6.

Lens:X 1000,

13um

(a)
Figure 6. Material surface magnified a thousand times (a) PEEK; (b) PEEK CF 30.

From Figure Sa, it can be seen that the peak load of PEEK CF 30 even smaller than that of PEEK,
which may be caused by the defects of the materials. It can be seen from Figure 6 that the surface for
pure PEEK is good. However, the distribution of carbon fibers is inconsistent and the size of carbon
fibers is different. Further, there are some black spots which are defects on PEEK CF 30 surface and the
size of the defects can significantly affect the nano-indentation results. Thus, if the nano-indentation
points are just carried out on the defective area, the smaller load may be caused for PEEK CF 30
materials. But from Table 2, it can be observed that the mean max load of PEEK CF 30 is much larger
than that of PEEK at similar depth. The maximum load grows with the increase of nano-indentation
depth. However, it is not a linear increase, because plastic deformation occurs, which can be seen from
loading-unloading curves. During the 2 s peak hold time, the displacement at different nano-indentation
depth keeps increasing, which means creep deformation occurs.

The reduced elastic modulus was calculated by the Oliver and Pharr method, which the
loading-unloading curve was also used such as that illustrated in Figure 7 [30]. Taking account of the
stiffness of the indenter being much higher than the indented materials, the hardness is defined as:

H== (1)

where Pmax 1s the peak force of the indentation and A. is the contact area at the maximum force.
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The slope at the beginning of the unloading curve is defined as the contact stiffness S, which is given
by the following equation:

_dp

S=— (2)

where P is the load exerted on the materials and 4 is the indentation depth. S can also be given by a power law:

(L),
=7 (EJ V4. )

r

where [ is a parameter which depends on the geometry of the indenter, E; is the reduced modulus which
considers the deformation of the specimen and the indenter. The elastic modulus, E, of the indented
specimen can be calculated by the followed equation:

= & @

where E; is the elastic modulus of the indenter and v; is the Poisson’s ratio of the indenter, v is the
Poisson’s ratio of the text sample.

Unloading

Loading

>

 —

Indentation depth(h)
Figure 7. Typical loading-unloading curve of a nano-indentation test.

Based on the theory mentioned above, the Agilent G200 can automatically get the data of hardness
and modulus at different depth. Then the hardness and the modulus for PEEK and its composition at
max load in different depth are illustrated in Figure 8.

It can be seen from Figure 8 that the hardness and modulus for PEEK show good consistency and for
each depth the variation is small. For PEEK CF 30, the fluctuation of hardness and modulus is huge,
but the variation changes smaller with the nano-indentation depth becomes deeper, which may be caused by
the influence of the defects of materials becoming smaller. The defects were caused by the dispersion of
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carbon fibers being inconsistent, which can be seen from Figure 6. At different depths, both the hardness
and modulus for PEEK CF 30 are larger than that for PEEK, which means that PEEK CF 30 has superior

mechanical properties.
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Figure 8. Hardness and Modulus at max load in
(b) the modulus for PEEK.

3.2. Results Analysis for Machinability of the Materials
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Since roughness can largely affect the performance of a mechanical component, it was chosen to
measure the machinability of the materials. Moreover, Ra is the most widely-used roughness parameter,
which means arithmetic average roughness. Thus, Ra is used to characterize the surface roughness.

Raw profiles are gotten after machining which are indicated in Figure 9. The modified profiles for
corresponding raw profiles are given in Figure 10 and Figure 11, which are form accuracy and surface
roughness, respectively. The meaning of the ordinate for the measuring results is the error (unit: pm),
and meanwhile the abscissa represents the measuring distance (unit: mm).
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Micrometres

Figure 9. Raw profiles of machined surface (a) PEEK; (b) PEEK CF 30.
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The peak-to-valley value (PV) is used to evaluate the form accuracy. The PV value of machined
PEEK is shown in Figure 10a, and the PV value of machined PEEK CF 30 is shown Figure 10b,
respectively. Figure 10a shows that the PV value is about 0.38 um for machined PEEK, while about
0.78 um for machined PEEK CF 30 can be obtained from Figure 10b. It is evident that PEEK materials
provide better form accuracy with respect to PEEK CF 30 materials.

wnl
(]
E
(]
g
)
$—
R R
= -0.04]
1205 130.5 1315 1325 1335 1345 135.5 136.5
Millimetres
2.0 2.0
1.5 F1.5
1.04 £1.0
@ 057 ;—05
% 0.0 :00
g * o,
g £
5 0.5 F.05
= 1.0 E-1.0
1.5 F-15
2.0 F-20
2 i “meﬂmmmnmmmmwmﬂnmﬂﬂwmmﬂmmmﬂﬂmmmmmmwﬁmmmmﬂr;z5
105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123
Millimetres

Figure 11. The surface roughness of machined surface (a) PEEK; (b) PEEK CF 30.

It can be observed from Figure 11 that the machined surface roughness (Ra) for PEEK materials is
0.0134 um and for PEEK CF 30 materials is 0.3555 um, which means PEEK materials present superior
surface roughness in comparison to PEEK CF 30 materials. In a word, it can be concluded that the PEEK
materials have better machinability than PEEK CF 30 materials.

3.3. Discussions

From the analysis above, it can be concluded that the mechanical property of materials has a great
influence on machinability. The results of nano-indentation experiment can get the load with indentation
depths curves, hardness and modulus, which can infer the distribution and defect of the materials. In the
nano-indentation experiment, the large fluctuation of load with indentation depths curves shown in
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Figure 5 and the huge variation of the standard deviation of hardness and modulus for PEEK CF 30
materials shown in Figure 8 may be caused by inconsistent distribution of carbon fiber, which can be
proved by Figure 6. Moreover, this phenomenon will lead to a poor machinability for PEEK CF 30
materials, which is demonstrated by SPDT experiment. However, because of the homogeneity for PEEK
materials, which can be seen from Figure 6, it can be inferred that the force of each cutting point is
relatively stable during the machining process, which results in a lower PV value and Ra, as proved by
SPDT experiment.

4. Conclusions

Mechanical property and machinability for PEEK materials and PEEK CF 30 materials are
investigated. The evolutions of load with displacement are obtained to analyze the mechanical property,
and form accuracy and surface roughness are used to evaluate the machinability of the materials.
This investigation leads to the following conclusions:

(1) The load-displacement curves of pure PEEK show superior uniformity at different
nano-indentation depth, but the curves of PEEK CF 30 show poor repeatability and consistency.

(2) The dates of form accuracy gained form SPDT experiments illustrate that PEEK materials have
smaller PV values in comparison to PEEK CF 30 materials after cutting, and the results of surface
roughness about two machined surfaces show that PEEK materials has smaller Ra value. This means
that PEEK has better machinability.

(3) Owing to the homogeneity for PEEK materials, the force of each cutting points presents good
consistency, and the deformation and fracture property of the removal materials show little discrepancy
during the removal of the materials, which leads to a lower PV value and Ra. However, poor consistency
of PEEK CF30 materials results in large fluctuation of the cutting force and a big change of the
deformation and fracture property for each cutting points, which leads to a higher PV value and Ra.
So the machinability for PEEK CF 30 materials is poor.

(4) Based on the investigation of nano-indentation experiments, the distribution characteristics of the
materials can be studied, which will help to predict and infer the machinability of the materials.

Acknowledgments

This work is supported by the National Key Basic Research and Development Program (973 Program)
of China (grant no. 2011CB706702), Natural Science Foundation of China (grant no. 51305161 and
51135006), Jilin province science and technology development plan item (grant no. 20130101042JC).

Author Contributions

Shijun Ji developed the numerical model, analyzed the data. Changrui Sun write the initial draft of the
manuscript. Shijun Ji and Ji Zhao designed the project and modified the final manuscript. Shijun Ji,
Fusheng Liang and Changrui Sun did the experiments. All authors read the final paper.

Conflicts of Interest

The authors declare no conflict of interest.



Materials 2015, 8 4129

References

10.

11.

12.

13.

14.

15.

16.

17.
18.

Mate, F.; Gaitonde, V.N.; Karnik, S.R.; Davim, J.P. Influence of cutting conditions on
machinability aspects of PEEK, PEEK CF 30 and PEEK GF 30 composites using PCD tools.
J. Mater. Process. Technol. 2009, 209, 1980—-1987.

Chen, B.B.; Wang, J.Z.; Yan, F.Y. Comparative investigation on the tribological behaviors of
CF/PEEK composites under sea water lubrication. 7ribol. Int. 2012, 52, 170-177.

Zhang, G.; Liao, H.; Cherigui, M.; Davim, J.P.; Coddet, C. Effect of crystalline structure on the
hardness and interfacial adherence of poly (ether-ether-ketone) coating. Eur. Polym. J. 2007, 43,
1077-1082.

Jacobs, O.; Jaskulka, R.; Yan, C.; Wu, W. On the effect of counterface material and aqueous
environment on the sliding wear of various PEEK compounds. Tribol. Lett. 2005, 18, 359-372.
Xie, G.Y.; Zhuang, G.S.; Sui, G.X.; Yang, R. Tribological behavior of PEEK/PTFE composites
reinforced with potassium titanate whiskers. Wear 2010, 268, 424—430.

Yamamoto, Y.; Takashima, T. Friction and wear of water lubricated PEEK and PPS sliding contacts.
Wear 2001, 253, 820-826.

Li, E.Z.; Guo, W.L.; Wang, H.D.; Xu, B.S.; Liu, X.T. Research on tribological behavior of PEEK
and glass fiber reinforced PEEK composite. Phys. Proced. 2013, 50, 453—460.

Patel, P.; Hull, T.R.; Lyon, R.E.; Stoliarov, S.I.; Walters, R.N.; Crowley, S.; Safronava, N.
Investigation of the thermal decomposition and flammability of PEEK and its carbon and
glass-fiber composites. Polym. Degrad. Stab. 2011, 96, 12-22.

Xie, G.Y.; Sui, G.X.; Yang, R. Effects of potassium titanate whiskers and carbon fibers on the
wear behavior of polyetheretherketone composite under water lubricated condition. Compos. Sci.
Technol. 2011, 71, 828—835.

Okabe, T.; Takeda, N. Size effect on tensile strength of unidirectional CFRP
composites-experiment and simulation. Sci. Technol. 2002, 62, 2053-2064.

Sumer, M.; Unal, H.; Mimaroglu, A. Evaluation of tribological behaviour of PEEK and glass fibre
reinforced PEEK composite under dry sliding and water lubricated conditions. Wear 2008, 265,
1061-1065.

Davim, J.P.; Marques, N.; Baptista, A.M. Effect of carbon fibre reinforcement in the frictional
behaviour of PEEK in a water lubricated environment. Wear 2001, 251, 1100-1104.

Prehn, R.; Haupert, F.; Friedrich, K. Sliding wear performance of polymer composites under
abrasive and water lubricated conditions for pump applications. Wear 2005, 259, 693—696.

Davim, J.P.; Cardoso, R. Effect of the reinforcement (carbon or glass fibres) on friction and wear
behaviour of the PEEK against steel surface at long dry sliding. Wear 2009, 266, 795-799.

Davim, J.P.; Cardoso, R. Tribological behaviour of the composite PEEK-CF30 when dry sliding
against steel using statistical techniques. Mater. Des. 2006, 27, 338—-342.

Sharma, M.; Bijwe, J.; Mader, E.; Kunze, K. Strengthening of CF/PEEK interface to improve the
tribological performance in low amplitude oscillating wear mode. Wear 2013, 301, 735-739.
Soutis, C.; Fibre reinforced composites in aircraft construction. Prog. Aerosp. Sci. 2005, 41, 143-151.
Romoli, L.; Fischer, F.; Kling, R. A study on UV laser drilling of PEEK reinforced with carbon
fibers. Opt. Laser. Eng. 2012, 50, 449-457.



Materials 2015, 8 4130

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Flock, J.; Friedrich, K.; Yuan, Q. On the friction and wear behaviour of PAN-and pitch-carbon
fiber reinforced PEEK composites. Wear 1999, 225-229, 304-311.

Molazemhosseini, A.; Tourani, H.; Naimi-Jamal, M.R.; Khavandi, A. Nanoindentation and
nanoscratching responses of PEEK based hybrid composites reinforced with short carbon fibers
and nano-silica. Polym. Test. 2013, 32, 525-534

Lee, S.H.; Wang, S.; Pharr, G.M.; Xu, H. Evaluation of interphase properties in a cellulose
fiber-reinforced polypropylene composite by nanoindentation and finite element analysis.
Compos. Part A Appl. Sci. Manuf. 2007, 38, 1517-1524.

Li, X.; Bhushan, B. A review of nanoindentation continuous stiffness measurement technique and
its applications. Mater Charact. 2002, 48, 11-36.

Cheung, C.F.; Lee, W.B. Characterisation of nanosurface generation in single-point diamond
turning. Int. J. Mach. Tool Manuf. 2001, 41, 851-875.

Ferencz, R.; Sanchez, J.; Bliimich, B.; Herrmann, W. AFM nanoindentation to determine Young’s
modulus for different EPDM elastomers. Polym. Test. 2012, 31, 425-432.

Jee, A.Y.; Lee, M. Comparative analysis on the nanoindentation of polymers using atomic force
microscopy. Polym. Test. 2010, 29, 95-99.

Liao, Q.; Huang, J.; Zhu, T.; Xiong, C.; Fang, J. A hybrid model to determine mechanical
properties of soft polymers by nanoindentation. Mech. Mater. 2010, 42, 1043—1047.

Aldousiri, B.; Dhakal, H.; Onuh, S.; Zhang, Z.; Bennett, N. Nanoindentation behavior of layered
silicate filled spent polyamide-12 nanocomposites. Polym. Test. 2011, 30, 688—692.

Shen, L.; Tjiu, W.C.; Liu, T. Nanoindentation and morphological studies on injection-molded
nylon-6 nanocomposites. Polymer 2005, 46, 11969—11977.

Shen, L.; Wang, L.; Liu, T.; He, C. Nanoindentation and morphological studies of epoxy
nanocomposites, Macromol. Mater. Eng. 2006, 291, 1358—1366.

Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic modulus
using load and displacement sensing indentation experiments. J. Mater. Res. 1992, 7, 1564—1583.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



