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Abstract

A novel technique to manufacture porous Poly-Ether-Ether-Ketone (PEEK)

scaffolds via a tapped-packing route of fabrication incorporating rounded salt

beads had been investigated. The conventional salt leaching technique has been

improved via the tapping-route in manufacturing porous PEEK structure that

possesses adequate structural and mechanical properties. Three types of

PEEK, Vicote, LT3 and LT1 were used as main material and rounded salt as a

porogen. PEEK powder and the rounded salt were mixed in 6:1 mass ratio by

applying tapping to 22 mm cylindrical die. 5 g of PEEK/salt beads mixture was

packed through 8000 taps. Alternative mixing techniques also involved wet

(using sprayed water) and dry mixing routes prior to the compaction. To

solidify the PEEK and to obtain free-salt PEEK scaffolds, then sintering,

dissolving and drying were applied. The results show that only a combination

of the tapping route and the LT1 PEEK could secure porous PEEK scaffolds

with acceptable and required characteristics in associated with the pore size

range (main pores of (560 + 180) µm and windows of (204 + 41) µm) and

shape, good interconnectivity, and homogenous and high porosity > 80%. It

was also successfully integrated into a viable spinal PEEK cage implant via

injection moulding.
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1 Chapter 1: Introduction

1.1 Problems and motivation for the study

1.1.1 The progress of PEEK studies in the area of spinal cages

Since 1998, Poly-Ether-Ether-Ketone (PEEK) has been commercially offered

as a biomaterial for implants as a candidate to replace metals [1, 2] owing to

PEEK’s advantageous properties such as transparency to X-rays, leading to no

artefacts blocking inspection of the bone growth when CT scanning [2, 5], easy

surface modification and great flexibility in design and shape [2].

Furthermore, the elastic moduli of PEEK cages are close to that of bone, which

helps to decrease the stress shielding [5].

The development and use of PEEK are in progress for implants in spine

surgery, especially for cages used in vertebral fusion [1-5]. A PEEK cage as an

implant device in vertebral fusion surgery could be in the form of an interbody

lumbar fusion cage [2, 3, 6]. The PEEK cage, which is inserted between the

vertebrae, replaces the damaged disc and is commonly made from solid PEEK

with a hollow core in the center [3, 7, 8] and the standard sizes of cage vary

from 11 to 15 mm in height [8].

Cho (2002) used a PEEK cage for the correction of cervical kyphosis [9] and in

another study, his team found that PEEK cages for interbody fusion increased

graft fusion rate and caused fewer surgical complications [10]. PEEK cages

were found to be safe and efficient for anterior cervical fusion [11] and for

degenerative lumbar spine disorders. PEEK cages provided good clinical

results and fusion rates [12, 13], but Spruit (2005) found that PEEK cages



2

without porosity did not have a beneficial effect on the construct stability and

led to the risk of failed fusion as a result of reduced segmental stability [14].

Thus, there is a desire to produce porous PEEK implants in order to enhance

osteointegration for improved mechanical stability and longevity [15] and also

for better interaction with the surrounding tissue and for bone ingrowth [1, 15-

17]. However, to date, only a limited number of studies have focused on

porous PEEK scaffolds such as those by Evans (2015), Wang (2013), Tan

(2005) and Abu Bakar et al (2003) and their studies were limited to structures

with low porosities of 24% - 70% [18-20] and were found to have poor inter-

pore connectivity [21].

1.1.2 The development of techniques to fabricate porous PEEK

scaffolds

One of the key issues in producing porous scaffolds is the limitation in

technology to address specific requirements for architectural features and

mechanical strength of the porous part [23]. The architectural features vary

from the size of the pores, pore shape uniformity, porosity and

interconnectivity between pores in the open network [22, 23]. In terms of

mechanical strength, the porous scaffolds are expected to be strong enough to

allow surgical handling during implantation and capable of supporting the

structure under the service load during cell ingrowth and migration [23-28].

Since retaining high porosity with good mechanical properties has become one

problem [23], finding a suitable technique to provide a balance between

mechanical properties and porous architecture sufficient to allow cell growth
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has attracted many researchers to introduce more manufacturing routes.

However, in the area of PEEK, which is relatively new, these investigations are

still limited but cover methods such as selective laser sintering [29, 30],

injection moulding [18, 31]. The laser sintering has limited to the resolution

due to the laser beam diameter to produce micron-scale pores of the scaffold,

whilst the injection moulding has difficulty in producing a good connectivity

for the scaffolds. On the other hand, other techniques [32, 33] incorporating

extrusion and nanofiber-reinforced foam have some drawbacks such as non-

flexible scaffold designs, non-uniform porosity and fragile structure issues.

Comparing with those technologies, a common and simple approach to porous

polymer scaffold fabrication is particulate leaching, or salt leaching when using

salt as porogen [34-36]. The route is simple and potentially cost-effective but

limitations include difficulty in salt removal and poor connectivity in the

resulting porous structures [37].

Current developments and studies are attempting to improve this technique and

combine it with injection moulding [38] [39]. They incorporated 150 – 300 µm

of the salt size merely obtained from sieve shaker to control the pore size and

the connectivity. However, problems still persist with a lack of control of the

pore morphology and the residual NaCl content, especially when using salt

particles with a cubic shape, in addition to creating structures in which the

pores are only interconnected through small (<20 µm) windows. It has been

investigated that spherical pore shapes evidently offer better pore

interconnectivity [35]. Coupled with vibration, according to techniques

developed by Jinnapat and Kennedy (2010), [40] spherical salt beads and

enhanced packing can also increase salt removal rates from the scaffolds.
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1.2 The aims and objectives

1.2.1 Aims of the study

This study aims to address the challenges in improving the salt leaching

fabrication technique, to make porous PEEK structures with adequate structural

and mechanical properties, with the potential to be integrated into a viable

spinal PEEK cage implant.

1.2.2 Objectives of the study

The objectives of study are to address the aims and are achieved through a

series of investigations described as follows;

1. To develop a new technique to manufacture porous PEEK scaffolds

with structures that are consistent with those which will permit bone

ingrowth. Three routes of fabrication, based on PEEK powder and a salt

(NaCl) porogen, will be investigated, the optimum route being selected

based on meeting the structural requirements and achieving good

repeatability of the process and structure obtained.

2. To investigate in more detail the important processing factors which

control the structural features and reproducibility for the processing

method chosen.

3. To examine the potential for integrating a porous part into a solid PEEK

structure using injection moulding using appropriate inserts and pre-

treatments thereof.
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4. To determine the mechanical properties of porous PEEK scaffolds and

the integrated porous-solid PEEK parts produced by injection

moulding.

5. To provide samples and transfer the accumulated “know-how” to

industrial partners (Invibio Ltd) so that they might produce a prototype

porous-solid PEEK spinal cage.

1.3 The structure of thesis

This thesis consists of seven chapters to cover (1) Introduction; (2) Literature

review; (3) Materials and methods; (4) The comparison of porous PEEK

scaffolds made by wet, dry and tapping routes; (5) Process development for the

tapping route; (6) Integrating porous PEEK structures into injection moulded

parts; and (7) Conclusions and future work.
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2 Chapter 2: Literature Review

This section is aimed to review devices for spinal implants or spinal cages,

particularly the use of Poly-Ether-Ether-Ketone (PEEK), critical aspects of

porous structure for implants and the fabrication techniques used to produce

porous parts using PEEK. The literature review also identifies the knowledge

gap and some background theories related to the proposed fabrication

technique using NaCl beads as a porogen.

2.1 Devices for spinal implants

2.1.1 Spinal implant materials

An implant is an object or instrument fabricated with the purpose of

substituting, supporting or enhancing a structure of bones. The implant is

placed into the human bones through surgery allowing cells to grow [41]. In

medical practice, there are a number of different types of implant devices used

by the surgeon to replace parts of the human bones. Examples including pins,

rods, screws and plates, are commonly used to stabilise fractures while a

healing process occurs [7, 42, 43]. The devices have been developed to address

different purposes in; controlling the amount of motion between adjacent

vertebrae; removing and replacing the suffering disc with an artificial disc or to

the correct the acquired spinal deformities [44, 45] and providing rigid internal

vertebral cages have been developed in order to act as a replacement for whole

or multiple vertebral bodies [7]. A vertebral cage, also referred as a spinal cage,

shown in Figure 2.1 allows the bone to grow through a columnar fenestration
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in the device. The functionality of cages alone is a spacer, restoring disc space

and at the same time preventing the unstable motion segment. Biologically,

these cages enable two adjacent vertebrae to develop bony fusion by building a

bridge in between them [7].

(a) (b)

Figure 2.1: 6 stand-alone spinal cages (a) viewed from above and (b) from the
lateral side. The cages in the upper row made out of titanium and the lower row
are from carbon fibre reinforced polymer [7].

In many cases, a spinal device may be composed of two or more materials.

When one material is inappropriate, the entire device may not fit the host tissue

either from adverse biological reactions or material failure [46]. Therefore, the

selection of materials must be made with an understanding of these complex

interactions. Spinal devices with or without porosity may be made from

titanium, stainless steel, or non-metallic, but only limited metallic-based

materials are allowed as implant materials [47]. For examples, stainless steel

and titanium, they are easy to be machined and can be applied in different work

conditions, but in many cases, metal implants can cause erosion of bone and

loosening the implant, leading to the generation of particulate debris that might

stimulate adverse biological responses [41]. They may also subside into

adjacent bone and be susceptible to corrosion and be difficult to monitor using

medical imaging technologies [48]. The drawbacks of cages made from
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titanium and carbon fibre reinforced polymer materials are, firstly, related to

the stiffness of the device [41] which might promote stress shielding (reduction

in bone density as a result of the introduction of the implant that reduces the

stress to the bone) and inhibit bone growth, and secondly the radiopacity of the

device, which hinders diagnostic assessment of the bone growth [49].

Meanwhile, ceramics tend to be brittle, to have unpredictable degradation

profiles in vivo and to have limited mechanical strength [16]. The limitations

of metal and ceramic materials have brought researchers to engineer polymers

as potential porous materials and, in particular, Poly Ether-Ether Ketone

(PEEK) has been recommended by Kurtz (2012) as a potential spinal device

material [1].

2.1.2 Poly Ether-Ether Ketone (PEEK) as implant material

PEEK is a linear homopolymer possessing a single monomer. This chain may

contain 100 monomer units with 80,000 – 120,000 g/mol of molecular weight

on average [50]. Its basic formula is (–C6H4–O–C6H4–O–C6H4–CO–)n as

shown in Figure 2.2. The glass transition temperature is 143oC.

Poly-Ether-Ether-Ketone (PEEK) is derived from the reaction of a potassium

salt of hydroquinone with difluorobenzophenone in the solvent diphenylsulfone

at high temperatures between 280 – 340oC. This polymer is categorised as

semi-crystalline and has a melting point at 335oC (although some literature

suggests 343o) [51, 52].
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Figure 2.2: PEEK chemical structure

In particular, PEEK has some advantages such as its stability at high

temperatures (exceeding 300oC), resistance to chemical and radiation damage,

compatibility with many reinforcing agents (glass and carbon fibres), and

greater strength than many metals [1]. As it has been examined that the flexural

modulus of the PEEK is around 4 GPa (Table 2.1 and Invibio Ltd). These

properties have attracted many industries to invest in this polymer.

Furthermore, aside its stability and biocompatibility, the radiolucency and the

mechanical properties of PEEK make it a suitable biomaterial for spinal

implants [50].

According to Invibio Ltd, the manufacturer of PEEK-OPTIMA® (the

biomedical formulation of the PEEK material), this polymer can be processed

by conventional techniques including injection moulding, extrusion or

machining, allowing medical device manufacturers broad design and

manufacturing flexibility. From the fabrication perspective, this particular type

of polymer has great versatility in processing; melting, moulding and extrusion

processing using the conventional equipment.

PEEK has very low water absorption with a water solubility of 0.5% w/w

(Table 2.1, [52]), it is long-term water resistant to 260oC, and withstands a

wide pH range, 60% sulphuric acid to 40% sodium hydroxide, at elevated

temperature. Indeed, PEEK can only be completely dissolved using fairly

unusual solvents, such as diaryl sulfones [53]. Its outstanding performance
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includes resistance to both abrasion and dynamic fatigue. Furthermore, low

flammability, excellent resistance to gamma radiation, and good resistance to

environmental stress cracking are other specific features of PEEK, [54] [52,

55]. PEEK has been classified as safe for medical implantation, withstanding

long term human bone, blood and tissue contact [42] and has strength at 138

MPa, 3.45 GPa of compressive modulus and 4.1 GPa of flexural modulus [52] ;

and it has become an option for long-term medical implants [1]. A summary of

some of the key properties of PEEK are shown in Table 2.1 [52].

Table 2.1: Properties of PEEK [52]

Property Units PEEK

Density* g/cc 1.30

Water absorption 24 h % 0.5

Glass transition temperature
o
C 145

Melting point
o
C 334

Elongation % 20 – 40

Flexural modulus GPa 4.1

Compressive modulus GPa 3.45

Compressive strength MPa 138

Processing temperature
o
C 345 – 390

2.1.3 PEEK spinal cage

Since 1989, PEEK has been evaluated in a clinical study of the spinal cage and

due to the radiolucency of the PEEK cage; the inter-body fusion could be

identified in 100% of the cage levels [56] and resulted in extensive growth of

trabecular bone into the cages and the absence of an inflammatory reaction

[57]. These cages were fabricated by injection moulding of CFR-PEEK

OPTIMA with a composition of 70% of PEEK and 30% of chopped carbon

fibre [49]. The studies also focused on the use of PEEK for both cervical and

lumbar spinal cages [58-62] and using PEEK cages to provide good clinical
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results and fusion rate [12, 13]. The polymeric biomaterial PEEK has been

considered to be a useful biomaterial for inter-body fusion cages due to the

polymer’s increased radiolucency and decreased stiffness [1]. Figure 2.3 shows

an example of inter-body fusion cages made from PEEK implanted in the

lumbar spine. The use of PEEK in spinal surgery is relatively recent [49] and

further modification of spinal PEEK cages is still needed to support osseo-

integration [63] since only incorporating non-porous PEEK material.

Reportedly, the use of PEEK in spinal cage by Toth et al (2006) showed no

device degradation or wear debris, indicating the polymeric biomaterial PEEK

may be a useful biomaterial for spinal cages

(a) (b)

Figure 2.3: (a) Spinal interbody fusion - examples of devices made from PEEK-
OPTIMA from UK PEEK manufacturer Invibio implanted in the lumbar spine; (b) a
PEEK-titanium lumbar cage.

2.1.4 Porous PEEK for spinal implants

Potential new implant designs for solid implants, porous scaffolds and various

combinations have been investigated [64] and porosity has been employed in

implant applications through various routes (such as laser sintering, injection

moulding and salt leaching) to provide porous structural materials, cell support

scaffolds and osteo-conductive filler materials [1, 16]. The osteo-conductive
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refers to a property of a biomaterial that encourages bone repair. Regardless of

where the implants will be used, materials with porosity allow them to better

interact with the surrounding tissue and incorporating porosity into an implant

may enable better integration of the implant with the body, prevent device

movement which would cause abrasive damage to adjacent tissue, and allow

cell infiltration and direct tissue repair [1, 16].

Studies associated with the use of polymers as porous scaffold materials have

been developed in many areas of interest, referring to materials [41, 65],

structures [35, 36, 66-68] and mechanical properties [69-72]. According to the

cited studies in Figure 2.4, scaffolds with porosity had been obtained ranging

from 40 – 93% porosity and also with a range of pore sizes (15 – 600 µm).

However, only a few studies investigate porous PEEK scaffolds. For instance,

studies on PEEK by laser sintering [20, 29] were able to produce a PEEK

scaffold with high porosity (>80%), but their technology only allowed to

fabricate a limited size of parts, i.e a strut length of 1.5 mm and 600 µm pore

size with filament size of 0.10 mm using around 25 µm of PEEK particle size.

In addition to that, it was also reported the trapped powder inside the pores of

the made scaffold caused the structure less interconnected than that of the

structure from the original design.

In a recent development, some other studies on spinal PEEK devices have tried

to engineer the device with porosity, for instance, Jarman Smith (2012), and

Landy (2013). However, their studies at that time still had limitation in

providing open structures and high porosity and they only had closed structures

with <50% porosity and limited pore diameters of < 100 µm [16] [32]. A

different structure of scaffolds using PEEK was investigated by Edwards et al
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(2012), the woven PEEK scaffolds. They used PEEK monofilament (10.2

g/km) and multifilament (7.5 tex/ 15 filament) yarns to create woven structures

by repeating the same woven patterns of warp and weft threads. It was reported

that the pore sizes of < 280 µm were in the scaffolds at 93% of porosity, but

with poor cell adhesion due to the pattern creating curvature angles [73].
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Figure 2.4: Studies on porous scaffolds using PEEK and other polymers. The black
arrows represent studies employing salt leaching; the blue arrows represent
studies using PEEK without porosity; the green arrows represent studies using PEEK
as implants.
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2.2 Critical aspects of the porous structure of implants

2.2.1 Scaffold design requirements

A scaffold, known as a cellular solid or solid matrix consisting of some

interconnected networks of solid struts forming the edges and faces of cells

[74], is required to provide the appropriate environment for the regeneration of

tissues and organs [23] and to provide the structural support for cell attachment

and subsequent tissue development [75]. Specifically, the scaffold design

should provide high porosity and a suitable pore size [76, 77] and good

mechanical strength to support the tissue structure [25-28] in order to be able to

satisfy form and function needs [78].

2.2.2 Pore size, porosity and pore interconnectivity

The pore size distribution, porosity and pore interconnectivity can describe the

physical characteristics of a scaffold [37, 79, 80]. It is reported that human

trabecular bone has macro pore diameters of 300 – 600 µm and interconnected

diameters in excess of 100 µm [81]. To allow cell migration, there is a certain

range of sizes that is appropriate and a minimum pore size of 100 – 150 µm

was suggested by many researchers [28, 42, 82-84] and as large as 700 µm to

enable cell attachment [1]. This fact supports that the pore size plays an

important role for bone integration [76, 85-88]. Furthermore, some other

studies examining bone growth reported various evidence of pore effects [89-

92]. For example, a pore size of about 325 µm enables optimal bone growth

[85]. Tsuruga et al (1997) confirmed 300 – 400 µm was the optimum pore size

for bone growth [84], whilst Bobyn et al (1980) concluded that optimum
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fixation was for a 50 – 400 µm pore size [86]. Pore morphology influences the

rate of fibro-vascular ingrowth into a scaffold in terms of the pore size. The

growing cells, after sometime of post implantation, might occupy surface of

scaffolds [93]. This indicates providing porous scaffolds could stimulate cells

to grow.

In the use of PEEK, only a few studies have tried to produce porous scaffolds,

such as Jarman-Smith (2012) comparing small pores of 70 µm and big pores of

636 µm from porous PEEK applying salt leaching [16], Tan et. al (2005) with

600 µm pore diameter [20], Conrad et al (2013) with 200 – 300 µm pore

diameter [94] and Landy et al (2013) with 100 µm pore diameter. The cited

studies were only able to produce limited pore size ranges, random pore shapes

and low porosity.

Ideally, the scaffold must have an open-pore geometry, with a highly porous

surface to enable cell distribution, cell proliferation and migration [22] and also

improved efficacy in enhancing the cellular response to the material [16]. It

has been reported that a high porosity (> 60%) and high interconnectivity allow

bone in-growth and tissue differentiation [63, 95]. Interconnectivity is

important. When the pores are not connected, cell migration will be hindered

even if the overall porosity is high [80]. In relation to the use of PEEK,

Jarman-Smith, Landy, Conrad and Tan reported obtaining 45 – 75% [16], 50%

[32], 75% [94] and 80% [20] porosities, respectively. Controlling the pore size

and enhancing interconnectivity has been major problems in these studies. In

this study, a rational porosity of about 80% has been set as an initial target to

achieve for the PEEK porous scaffold.
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Micro-CT analysis is a common technique to measure the pore size and

porosity [96, 97]. A characteristic of the structure volume fraction (BV/TV,

the ratio of the segmented bone volume to the total volume of the region of

interest) is generated and the porosity then can be measured. The measurement

also gives information about pore size and its distribution [98]. The CT

measurement also generates the anisotropy of the specimens to produce a

degree of orientation showing the majority orientation of the pores in a porous

structure [99], which refers to length of longest divided by shortest axis

(vector) fitted in a measured object shape based on volume orientation [102].

A local volume orientation is defined for any point within a trabecula as the

orientation of the longest intercept through the point TM (see Figure 2.5). The

local volume orientation is in 2D space a semi-circular orientation, in 3D space

a hemispherical orientation, and it is assumed that the main orientation of the

volume orientation distribution must be known.

Figure 2.5: Volume orientation (VO) measurement. A randomly translated point
grid is placed on the structure. For each point hitting the phase of interest (bone)
the orientation of the longest intercept through the point is determined, and this
orientation is the local volume orientation for the point. In the figure, five local
volume orientations are sampled and depicted by the compass needles [102].
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The degree of anisotropy can be obtained via microCT scanning result and also

ImageJ software (imaging processing). Furthermore, CT also used by Kinney

(1998) and Paukalova (2010) and other researchers, to investigate the

connectivity density of vertebrae bone which is in the region of 2 – 15/mm3

[100-103]. The connectivity density is one of parameter measured by microCT

that informs a measure of the degree of connectivity of trabeculae normalized

by total volume (TV) and it has been suggested that stiffness decreases when

connectivity density increases and the higher the value, the more connections

are present in the object [102, 103].

The connectivity density is based on the Euler characteristics reporting the

number of particles of a structure plus the number of enclosed cavities minus

the connectivity [102]. Pre knowledge is required that one should know

volumetric pixel or voxel, which means the three-dimensional (3D) equivalent

of a pixel and the tiniest distinguishable element of a 3D object. Thus a 1-voxel

will be surrounded by 26 neighbouring voxels (Figure 2.6).
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Figure 2.6: An illustration of neighbouring voxel (the 26 black cubes) and a
surrounded voxel (one red cube). A voxel contains faces, edges and corners.

The Euler characteristics is defined as

χ(X) = ଴݊− �݊ ଵ + �݊ ଶ− ଷ݊;

with ଴݊ (the number of voxel corners), ଵ݊ (the number of voxel edges), ଶ݊ (the

number of voxel faces) and ଷ݊�(the number of voxels) as counted parameters.

Combined with Euler-Poincare formula with Betti numbers, the expression is

also expressed as χ(X) = ߚ଴−ߚ�ଵ ଶߚ�+ with ଴ߚ reports the number of separate

particles of the structure, ଵreportsߚ the number of handles (connectivity) and

ଶߚ reports the number of cavities enclosed within the structure. By the

assumption that bone does not complete encapsulate marrow space, then this

equation may be reformulated as

ଵߚ = 1 − χ(X) or as a normalised connectivity density  
ఉభ

்௏
.
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2.2.3 Mechanical properties of porous scaffolds

Porous scaffolds are expected to have adequate mechanical strength to perform

its supporting function to enable cells to adhere and to proliferate [24]. The

strength required depends on the target application. In many cases, the in-

service load may not need to be supported by the porous implant and is instead

supported by solid material surrounding it. It should, in any case, have

sufficient strength to be handled and implanted without fragmentation and the

generation of debris. Whilst the structure of bone is mechanically efficient

using a lightweight material, there is no requirement that the porous support

has to resemble bone, simply that it provides the cell morphology and

interconnectivity required for cell migration and proliferation. The strength of

bone could be a sensible target for the desired properties, but because bone

may be from different parts of the body, then they may have different strengths

[105]. As an illustration, the lumbar spine has cancellous parts in their five

vertebrae; the so-called L1 – L5. Some researchers reported that the tensile

strength of cancellous bone was 2 MPa [106], 2.06 MPa [107], and 5 – 10 MPa

[108] and the elastic modulus 0.39 GPa [106, 109], 0.96 – 2.17 GPa [110], 0.2

– 0.5 GPa [111] and 0.05 – 0.1 GPa [108, 112]. Whilst the compressive

strength of the lumbar may vary from 0.3 – 2.3 MPa according to Dreischarf

[113], and 8 MPa [112] to 36 MPa [16] for the cancellous bone. For

comparison, it was reported that the yield strength is 90 - 107 MPa and the 3.6

- 4.1 GPa Young Modulus is for PEEK [42, 72, 114, 115], while porous PEEK

scaffolds have been reported to have a modulus of elastic of 42 – 86 MPa and a

compressive strength of 12 – 30 MPa [16, 94]. Although it has been suggested

that the mechanical properties should be as close as possible to the replaced
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tissue to prevent stress shielding [80], it is still difficult to set an ideal target for

the scaffold as there will be a large variation in the mechanical properties of

“bone”.

2.2.4 Biocompatibility of the device material

Biocompatibility refers to the ability of a material to perform with an

appropriate host response in a specific application [41]. However, many

materials are only biocompatible under one or more defined conditions not

under all conditions and not capable of long-term success as an implant in the

body. Some complications relate to metal implants, failure to heal the bone,

bone resorption, and some cases of loosening of implants, bending of implants,

and breakage or disintegration of implants, indicate metals do not always

interact with body tissue in a synergistic way [41]. Compared to the substituted

materials, polymer-based materials offer wide versatility in properties and

processing [41].

In the use of PEEK, it was reported that PEEK cages resulted in good clinical

outcomes [116, 117] and was proved as a suitable biomaterial for spinal

implants [3, 50, 118-120]. More examples of careful and relevant studies

associated with the use of PEEK reported that patients with PEEK cages had

significantly better fusion rates and clinical outcome scores than those with

poly-L-lactide-co-D,L-lactide cages [13]. Girasole (2013) also found that

titanium cages achieved similar fusion rates to PEEK ones [121].
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2.3 Fabrication techniques for porous PEEK scaffolds

One of the early uses of PEEK was in solid form as a solid posterior lumbar

interbody fusion by machining to build the part [3, 56]. More recent studies

have been trying to include porosity in the PEEK cages, by selective laser

sintering [29, 30] and injection moulding [18, 31] to melt-extrusion [19].

Technologies of rapid prototyping and selective laser sintering are only capable

of creating porosity in PEEK in limited circumstances (i.e certain heating

temperatures, resulting in limited sizes of pore and strut, at low production

rates) [29, 30]. Achieving high porosity is one of the current problems faced by

researchers in providing adequate porous PEEK scaffolds. Existing techniques

are only able to produce porous PEEK scaffolds with < 50% of porosity. For

instance, Werner et al (2005) tried to produce porous PEEK using supercritical

CO2 and only obtained low porosity of 40% with a small pore size range of 45

– 175 µm [33] and Landy et al (2013) used a porogen and extrusion to produce

porous PEEK and was only able to obtain 50% porosity and a 100 µm pore size

[32]. Wang (2013) used a micro-porogen (NaCl) and was only able to produce

low porosity (Figure 2.7a) [31]. Thus, the existing techniques only allow the

production of, in some cases no pores [31], low porosity [18, 32] and limited

pore sizes [18, 30, 31, 122].

Werner et al (2005) tried to produce carbon Nanofibers-reinforced PEEK foam

by an injection moulding process and a chemical blowing agent, but the

porosity formed is still closed cell (Figure 2.7b), due to of poor melt stability.

With that technology, the pore diameters were limited up to 175 µm [33]

although injection molding has successfully produced porous PEEK ( Figure

2.8a and b). To overcome this limitation, some other authors tried to combine
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the salt leaching technique with other techniques to achieve interconnected

porosity [38, 39] although still with a lack of control of the morphology and the

residual NaCl content (Figure 2.9a and b).

(a) (b)

Figure 2.7: PEEK foams from (a) incorporating micro-porogen (NaCl) [18]; (b) pure
PEEK by injection moulding [33].

(a) (b)

Figure 2.8: (a) 10% Carbo Nano Fibers – PEEK foams by injection moulding and (b)
SEM images of the fracture surface of the PEEK foams showing the scaffold
structure [33].



24

(a) (b)

Figure 2.9: (a) Cross-section of the scaffold using injection moulding with salt
leaching; (b) the pores left behind by NaCl particles providing the interconnected
network [38].

The conventional salt leaching technique is very simple but is limited in the

variety of pore shape, as the pore shapes are dictated by the salt particles and

are typically angular [37, 38] (see Figure 2.10). Even so, any porous scaffold

fabrication technique adopted should be easy to conduct and address the

minimum requirements for the scaffolds i.e high porosity, good pore

interconnectivity and good mechanical properties [25-28, 76, 77]. These

criteria may direct researchers to the particulate leaching technique for which

the technique does not need complex technology and is easy to carry out. An

interesting fact of the particulate leaching technique showed that a former

study by Mikos et al [36] could control porosity and for salt weight fractions of

0.7-0.9, the structures were homogeneous with interconnected pores [34].

Another complementary finding by Zhang (2005) observed that spherical pore

scaffolds exhibited better pore interconnectivity than ones with cubic pores

[35]. Although the studies by Mikos and Zhang were not using PEEK, their

findings could be a barometer of future research using PEEK as a porous

material via a modified salt leaching technique.



25

(a) (b)

Figure 2.10: (a) The pores left by direct leaching of the NaCl particles and (b) typical
sieved NaCl particles [38].

Since PEEK is relatively new to porous scaffold studies and conventional

particulate leaching has been applied in only a limited number of studies to

produce porous PEEK scaffolds, with variable degrees of success, there is a

drive to modify the existing technique in order to be able to produce adequate

porous PEEK scaffolds. Some reported works related to porous PEEK

incorporating NaCl as porogen as follows;

 Jarman-Smith et al (2012) tried to combine a moulding process with

particulate leaching using salt (70 wt% and 100 -1000 µm size range)

as a porogen. The made scaffolds had been reported to have 50%

porosity with a small pore size of 70 µm and not perfectly porous [16]

indicating a residual salt problem (Figure 2.11a).

 Wang et al (2013) tried to produce porous PEEK by mould-leaching

and vacuum melting under high temperature using NaCl (30 wt%) as a

porogen. The moulding-leaching process involved a pressing mould,

followed by sintering at 360 °C for 2 h and via leaching out the porogen

in an 80 °C deionized water bath. Whilst the vacuum melting is filling
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process of the porous structure with lithium-base grease at 150 °C for 2

h under vacuum condition of 0.01–0.2 bar. However, the technique only

produced low porosity of 24% [18] (Figure 2.12a).

 Evans et al (2015) tried injection moulding incorporating NaCl (200 –

312 µm in size range) to produce a layer of porous PEEK scaffold with

high interconnectivity, but was only able to obtain porosity less than

70% [19] (Figure 2.12b).

Figure 2.11: The surface of porous PEEK from injection moulding/particulate
leaching [16].

(a) (b)

Figure 2.12: (a) PEEK structure at 24% porosity [18] and (b) a pore layer –section of
injection-moulded PEEK with < 70% porosity [19].

2.4 The use of spherical NaCl as a porogen

The manufacture of spherical salt beads and their use as dissolvable templates

for the production of scaffolds was initiated by Jinnapat and Kennedy (2010)
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[40]. The salt beads were made by disintegrating a flour-salt-water paste in oil

(Figure 2.13a) and the manufacture of the porous Al scaffolds was affected by

vibration-assisted packing [40].

Salt the beads were tapped to increase the packing fraction and then an Al alloy

powder of 116µm size was poured on top of the salt bed and further tapped

until it completely percolated into the gaps between the salt beads. The tapped

composite was then cold compacted and sintered before salt removal in warm

water. The structures of the resulting parts are shown in Figure 2.13b. Their

findings demonstrated a repeatable fabrication technique with spherical salt

beads in the size range of 0.5 – 3.0 mm [40] producing Al scaffolds with 79%

porosity and good interconnectivity. The advantages of the technique,

according to Jinnapat and Kennedy (2010) are salt separation from the

scaffolds is relatively fast and by vibration, the gaps between the salt beads are

sufficiently well filled for a continuous network of Al to act as a scaffold

frame. Vibration or tapping thus appears to be an attractive process to produce

porous structures with good inter-connection. However, this technique has not

been applied to different materials such as polymers.
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(a) (b)

(c)

Figure 2.13: (a) Typical structure of a spherical salt beads, (b) an example of salt
beads and (c) the morphology of the Al scaffolds produced in [40] showing porous

network after salt removal.

2.5 Vibrated packing studies

Sphere packing and effect of vibration or tapped packing has been studied by

different researchers such as [123], [124], [125] and [126]. They investigated

key parameters to provide optimum packing such as flow phenomenon [123,

127], coordination number and packing density [124, 126, 128, 129] and radial

porosity [125, 130]. The coordination number refers to the number of contact

points of a particle with its adjacent particles, whilst the radial porosity

represents a structural characteristic of confined fixed packed beds due to the

container wall effect and could inform an average porosity as a function of the

radial direction. There would be different flow phenomenon due to the imposed

vibration resulting in small and big surface waves [123] and an increasing
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frequency of vibration may cause the packing density to increase to reach the

maximum and then decreases. Furthermore, a smaller coordination number is

found on a looser packing [124]. An analytical equation had been used to

predict the radial porosity in the near and far wall regions [125], and Discrete

Element Method, DEM, was applied to estimate the densification of the

packing structure of equal spheres under mechanical vibration that of obtaining

maximum packing densities of 0.64 [126]. A DEM approach is a numerical

method for computing the motion and effect of a large number of small

particles. In terms of the packing structure, it was also confirmed that the wall

or floor of a container affects the packing structure of spherical particles and

the packing structure [131-135], or local voidage surrounding the wall is

different from that at the center of a container [136], or the packing of particles

being denser at the centre (as shown in Figure 2.14) [132].

Distance from the wall

Figure 2.14: the radial porosity distribution for pipe (D) to particle diameter (d)
ratio of 20 [132]. Porosity is referred as y-axis and distance the distance from the
wall as x-axis.

More advanced modelling studies via the Discrete Element Method (DEM)

also have been conducted by Zhang (2001), Remond (2010) and Jain (2012) to

predict the flow of particles during vibration [137-139]. It is also said that the
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wall effect will be less observable after few spheres away from the wall [125]

depending the bulk density of the particles. Vibration or tapping of different

particles will cause the smaller particles to sift toward the bottom and lead the

large particles to the top [139-141]. Jain et al (2012) stated that if the particle

is adjacent to the same-sized other particles, segregation is unlikely to occur

and segregation is likely to occur when the particle is surrounded by different

particle sizes [139], and when small and large particles are in the cylinder,

when tapped, the large particles accumulate at the top [142, 143]. The

convection flow in a vertically vibrated system of bi-modal particle sizes had

been studied by [127, 139, 144] and showed that the convection at the wall and

in the centre flows downward and upward, respectively [139] and vertical

vibrations can result in symmetric and asymmetric convection rolls [144]. This

is shown in Figure 2.15.

(a) (b)

Figure 2.15: Examples of symmetric and asymmetric of convection flows observed
in the vibrated granular bed. The arrows show the directions of granular flow [144].

2.6 Knowledge gap

The critical reasons for PEEK development are the capability for imaging bony

in-growth visualisation and a porous version could make the accepted

biomaterial osseoconductive (encouraging bony in-growth) [1]. The challenge
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is to produce porous PEEK via a novel method where previous attempts have

been limited to the technology and the resultant geometries have had limited

their ability to fulfil the key end-user requirements [20].

Based on the cited studies in previous sections, it was shown that the salt

leaching technique has great potential to produce porous scaffolds, but further

improvements are still needed to address issues of a more controlled pore size

range, improved interconnectivity and increasing the porosity without clogging

the pores.

The use of spherical salt beads and vibration, demonstrated by Jinnapat and

Kennedy (2010) produces promising-looking structures but has not been

applied to polymers. Yet, some shortcomings of this process are still observed

such as structural inhomogeneity from incomplete cell walls, fragile struts due

to the incomplete filling of the gaps between the salt particles during the

tapping stage and excessive solid material on either the top or bottom surfaces

[104]. Since no researchers have reported the manufacture of porous PEEK

scaffold via salt-leaching and vibration, this has the potential and form the

basis of a novel approach to producing scaffolds with good porosity and

connectivity.
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3 Chapter 3: Materials and Methods

This chapter introduces the materials used in this research, rounded salt beads

based on the work of [40] used as a porogen and three types of Poly-Ether-

Ether Ketone (PEEK) powder used as the scaffold material including Vicote

701 PEEK, PEEK -OPTIMA® LT1 and PEEK -OPTIMA® LT3. These three

types of PEEK have been potentially used by the manufacturer to produce

implant parts. They had different behaviour through the proposed route of

fabrication due to their particle size ranges. Hence, these three PEEK powder

types were then engaged to seek the best material for a suitable fabrication

technique. It also details the procedure for scaffold fabrication, using the

established technique of porogen leaching, involving the steps of; material

preparation; blending; compaction; sintering; dissolution and drying. Finally,

the characterisation methods used to determine key morphological parameters

for the materials and the porous PEEK are explained, as are methods for

mechanical testing.

3.1 Materials and equipment

3.1.1 Rounded (NaCl) salt beads

Sodium chloride (NaCl or salt) powder with 99.5% purity, supplied by Fisher

Scientific, was processed into rounded beads, using a method outlined in [40]

and [145]. In brief, this method produces porous salt beads via the mechanical

disintegration, in oil, of a paste containing fine (53 – 106 µm) salt powder,
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flour and water. Before use the beads are cleaned, to remove the oil, and the

flour is burnt out at 500°C for 24 hours.

Beads of three diameter ranges; 1.0 - 1.4 mm, 1.4 – 2.0 mm, and 2.0 – 2.5 mm

were selected by sieving and stored in separate, sealed in plastic bags to keep

them dry. The density of the salt beads (ρsb) of 1.0 – 1.4 mm was 1.65 ± 0.05 g

cc− 1 for the (23% porous) NaCl beads and 1.61 ± 0.10 g cc-1 and 1.57 ± 0.09 g

cc-1 for the 1.4 – 2.0 mm and 2.0 – 2.4 mm salt beads, respectively, as

measured in [40]. The morphologies of the salt beads were observed using

optical microscopy and scanning electron microscopy (see section 4.1.1). The

23% porous of the salt beads was based on the density of salt at 2.15 g/cc(ρs).

Thus, the porosity of the salt beads was calculated by 1 - (ρsb)/ (ρs) in respect to

each salt bead size ranges. Whereas the porosity of the 1.0 – 1.4 mm would be

1 −
ଵ.଺ହ

ଶ.ଵହ
or 0.23.

3.1.2 PEEK powder

Initially, three types of PEEK powder were compared; Vicote 701 PEEK,

PEEK -OPTIMA® LT1 and PEEK -OPTIMA® LT3, all supplied by Invibio

Ltd. The detailed characteristics of these materials are provided in Appendix 1.

The distribution of PEEK particle size for each type was measured using a

Malvern Mastersizer 2000 which uses a light scattering method for measuring

the particle size. 0.5 g samples were analysed and measured three times to

obtain an average, giving a frequency curve and a set of values for D10, D50,

and D90 (the sizes of particle below which 10, 50, and 90% of the volume

respectively lies) to describe the size distribution of the particles. The



34

morphologies of the PEEK powder were observed by scanning electron

microscopy (see section 4.1.1).

The apparent and packing densities for these powders were determined by

measuring the volume taken up by a known mass of powder (approximately

40g of beads, 10g of PEEK). The apparent density refers to the mass per unit

volume of loose material when the material is poured through a specific funnel

into a cylinder of known volume and was calculated as the mass of material

divided by the volume of the material in the cylinder. While the packing

density in this thesis was associated with the tap density determined after

defined compaction of the powder. This was performed by loading the powders

into a 100 ml transparent graduated cylinder (of 3 cm diameter), lightly tapping

the vessel, to level the powder off, and recording the fill volume from which

the apparent density was calculated. The tapped density was measured by

automated tapping using a Quantachrome Autotap machine (Figure 3.1),

tapping up to 4000 times. The volume of the tapped powder was recorded at

10, 1000, 2000, 3000 and 4000 tap intervals. The specifications of the machine

as follows; the tap height at 5 mm, tapping rate at 260 per minute without

loading more than 900 g on the top (with the existing die set, the tapping rate

was 215 per minute).
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1: main body of the
machine

2: on/off button
3: platfom rotation
4: counter reset
5: start and stop buttons
6: cyclindrical container

Figure 3.1: The schematic of Quantachrome Autotap machine.

3.2 Fabrication of porous PEEK scaffold

Figure 3.2 shows a schematic of the manufacturing steps required to produce

porous PEEK specimens. Boxes with a dashed line contain brief descriptions of

each step, and the circled numbers next to boxes show, step-by-step, the

experimental procedure in fabricating the porous PEEK specimens. The

detailed explanation is included in the following sections.

3.2.1 Material preparation

An initial target porosity of 80% was set (see 2.2.2), giving a volume ratio of

PEEK/salt beads of 20/80. From the densities of the beads and PEEK powder,

this gives rise to an approximate 1/6 mass ratio of PEEK/salt beads, which was

set as the norm for the majority of the experimental trials. Appropriate

quantities of 0.7 g of the PEEK powder and 4.2 g of the as-made rounded salt
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beads were weighed out into a weighing dish using the same digital milligram

scale, A&D-GF200, used in section 3.2.2. Prior to all weighing and

subsequent blending processes, to prevent moisture uptake from humidity, the

PEEK powder was dried in a drying cabinet at 90oC for 15 minutes.

Figure 3.2: Schematic of the experimental method for fabricating specimen of
porous PEEK

3.2.2 Blending

In this study, three methods of blending the PEEK and salt beads were

explored using wet, dry and tapping methods.
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3.2.2.1 Wet mixing

The wet mixture was aimed to force PEEK to attach to the slat bead surface in

order to be able to create thin layers of PEEK onto the salt bead surface. The

PEEK layers were expected to create continuous PEEK network along with the

pores from the salt bead shapes after the mixture of PEEK and salt beads was

compacted, sintered, dissolved and dried. In this method, to develop a batch of

wet-mixed powders, 7 g of PEEK powder and 42 g of salt beads were weighed

out separately and then the beads were first poured into the 500 ml beaker. A

spraying bottle filled with water was already prepared prior to the mixing

process. The salt beads in the beaker were then sprayed with roughly 0.6-0.7cc

of water (5 sprays), producing a fine mist 100 mm away from the beads to aid

their even coating with water, followed by adding 0.5 g of PEEK powder and

subsequent stirring. This spraying-pouring-stirring cycle was performed in the

beaker about 15 times, in total consuming 9-10 cc of water, and was conducted

for 10 minutes until the PEEK coating appeared even. After this; the wet

mixture was transferred to a flat tray for drying at 90oC for 3 hours in a drying

cabinet to evaporate the water. The dried mixture was then weighed into 4.9 g

batches for subsequent compaction. The resulting mixture is shown in Figure

3.3.
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(a) (b)

(c)
Figure 3.3: The salt beads after the wet mixture process with (a) too much water

sprayed, (b) The salt beads with the right amount of water sprayed and (c) The
PEEK covered salt beads viewed under SEM

3.2.2.2 Dry mixing

In a dry mixing container, 42 g of salt beads were mixed with 7 g of PEEK

powder and placed in a Turbula mixer (Figure 3.4), for 15 min. 4.9 g of the

mixed powders were then weighed out for subsequent compaction.
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Figure 3.4: Turbula mixer used for dry mixing.

3.2.2.3 Tapping

In this process, 4.2 g of salt beads were first poured into the cavity of a 22 mm

diameter tool steel die (with the bottom punch in place) as seen in Figure 3.5.

The upper punch weighs 246 g, and the bottom, 163 g, along with the main die

which weighs 1252 g. The bed of salt beads in the cavity was levelled off by 10

taps to disperse the beads evenly in the cavity. 9 g of dried PEEK powder was

added to the salt beads and distributed evenly onto the salt bead surface. After

the PEEK/salt bead mixture layer was developed in the die cavity then it was

transported to the same Autotap machine that was reported in section 3.2.2 and

the die tools filled with the mixture were setup firmly on the tapping plate with

the upper punch was inserted. The whole assembly was tapped by the
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machine, which employs a simple lifting and dropping action (dropping

through a height of 5 mm), stopping after a pre-determined number of cycles

(as many as 10,000 taps, tapping at 215 taps per minute).

(a) (b)

Figure 3.5: (a) The cylindrical metal die set; (b) The assembly of the die set. The
arrows show the position of the punches in the die cavity.

The tapping tools consist of a cylindrical metal die and punches with the

dimensional lengths depicted in Figure 3.6a. The die set consists of the

cylindrical die of 22 mm inner diameter (Figure 3.6b) with 55 mm height along

with its upper punch and the lower punch (Figure 3.6c). Inside of the die

cavity die are salt beads (the green shading) and PEEK powder (the yellow

shading).

In several cases, the progression of tapping was investigated by measuring the

thickness changes of the materials in the cavity as a function of the number of

taps. In order to follow the progression of packing of the beds, digital Vernier

callipers were used to measure the thickness of the mixed bed indirectly, by
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placing the upper punch in the die on top of the bed and measuring the distance

it protruded from the die and repeating the process at set tapping intervals.

Part A (Lower punch) – A1 (22 mm); A2 (28 mm); A3 (50 mm); A4 (30 mm); 163 g
Part B (upper punch) - B1 (28 mm); B2 ( 22 mm); B3 (80 mm); B4 (17 mm); 246 g

Part C (die) – D1 (22 mm); C1 (20 mm); C2 (26 mm); C3 (55 mm); C4 ( 10 mm); 1,252 g

Figure 3.6: (a) Schematic of the powder layers including the dimensions of the
upper punch, (b) the dimensional lengths of the die and (c) the lower punch
dimension. The arrow shows the tapping direction; A, B, and C are the lower and
upper punch and die respectively.

3.2.3 Compaction

When compacting wet or dry mixtures, the same 22 mm cylindrical die set as

was used for tapping (see 3.2.2.3) was cleaned with Industrial Industrial

Methylated Spirit (IMS), a solvent for the cleaning of the tools. 4.9 g of the

mixtures were poured into the die cavity with the bottom-punch in place. The

upper punch was then inserted into the die and then compacted using a 40 Ton

mechanical press, loading using pre-sets of 30, 70, 140 and 190 kN. Only one
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loading set was then applied (70 kN set) throughout the experiment which was

considered to give good compact samples based on their density. The actual

loads, corresponding stresses and the height, diameter and mass of the

compacted samples (after ejection from the die) were recorded. Compaction

resulted in a robust “composite” pellet of PEEK/salt beads. Tapped structures

were transferred from the Autotap machine and compacted in the same way.

3.2.4 Sintering

This step is to alter the solid PEEK pellets from compaction by heat without

melting them to the point of liquefaction. Before the pellets were introduced

into the chamber of the furnace; they were placed on a tray (Figure 3.7) which

was already coated with an aluminium foil covered with a spray coating of a

boron nitride spray supplied in an easy-to-use aerosol can - HeBoCoat 401E

(details in Appendix 2). The coating was used to prevent the pellets from

sticking to the aluminium foil covered-tray surface at high temperature.

Sintering (or more correctly melting) of the PEEK was performed in a furnace

using the following schedule. The heating cycle was started at room

temperature and was raised at 5oC/min up to 300oC, dwelling for 30 min, and

then was raised at 5oC/min to 380oC dwelling for another 30 min. The furnace

was then switched off and although set to cool at 5oC/min, cooling to room

temperature took up to 6 hours. The programmed heating and cooling profile is

shown in Figure 3.8.
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Figure 3.7: Pellets on a tray covered with a boron nitride- coated aluminium foil.

Figure 3.8: Heating profile for the “sintering” process

3.2.5 Dissolution and drying

The sintered “composite” pellets were immersed in water to remove the salt.

An ultrasonic bath (James Sonic 3000) with a capacity of 2l was used, setting

the water temperature to 50oC. The pellets were immersed for periods of up to

3 days, changing the water every 30 - 60 minutes in the first 2 hours and

subsequently twice a day. After water changes several times (or day 3), clear

water and floating pellets indicated sufficient leaching time that the leaving salt

had created cavity and the density of samples reduced (lower than water

density). The PEEK scaffolds were finally dried in a drying cabinet at 90oC for

3 hours, weighed and their dimensions were measured.
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3.3 Material characterisation

3.3.1 Materials, pore and window morphology

PEEK powder, salt beads and coated salt beads were prepared separately, dried

at 90oC for 30 minutes, and stored in different sealed plastic bags prior to

mounting. For SEM examination, specimens were mounted by dispersing and

distributing powders and particles evenly on a stub which was already covered

with a double-sided sticky carbon tape.

Prior to SEM imaging, all specimens were coated with platinum using a sputter

coater, applying 2.0 V and 2.0 – 4.0 mA plasma current in an argon gas

atmosphere for 90 seconds. After that, samples were observed through a

Philips XL 30 SEM, operated at 15 – 20 kV in Secondary Electron (SE) mode.

For the case of wet mixture, Energy Dispersive X-ray (EDX) Spectroscopy was

conducted in order to be able to distinguish between PEEK and salt elements

from the black and white image of the SEM. The point analysis of EDX was

chosen since the surface of the sample observed not completely flat.

The observation of the porous PEEK was firstly performed by using a

stereoscopic microscope, Nikon SMZ-10A, coupled to a Nikon Digital camera

DXM1200F, using a dedicated image capture software of ACT-1. The

preparation of some porous PEEK fragments was facilitated by either simply

scoring and snapping large pieces or sectioning using a cut-off disc to reveal

the internal structure. Before examination, an air spray was used to remove

any debris from the fracture surfaces.



45

To image the surface and internal structure of porous PEEK at higher

magnification, SEM images were also produced. Samples were sectioned in the

same way as for preparation for optical microscopy and mounted and coated in

the same way as for particulate materials (described in section 3.4.1.1). The

observation was performed by using the same Phillips XL 30 SEM and

imaging conditions to those reported earlier.

Image analysis software, ImageJ was used to quantify structural parameters

using imported images from optical and scanning electron microscopy. The

digital (tiff) images were rescaled in ImageJ to match the resolution and then

transformed into an 8-bit format and thresholded in order to apply

measurements.

3.3.2 X-ray computed tomography

Detailed structural quantification was performed using micro computed X-ray

tomography using a Scanco MicroCT 40 unit. Porous PEEK samples were

dried and cleaned using an air spray and placed securely in a 36 mm diameter

sample holder (limitation of the available equipment). For the purpose of

obtaining actual porosity, an intact sample was simply placed at bottom of

sample holder base. The position of the sample was with the top surface facing

up. The MicroCT 40 was operated at a voltage of 70 kVp and a current of 145

mA.  Samples were scanned at 30 μm voxel (3D pixel) resolution (machine 

capability) with an integration time of 300 ms to produce the 2D and 3D tiff

files using the same threshold value (35). Parameters, such as the 2D and 3D
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scaffold porosity, mean pore size, strut thickness and other key parameters,

were then generated by the dedicated Scanco software.

In some cases, 2D images from the MicroCT 40 were analysed using ImageJ

(see section 3.4.2) but, owing to the limiting resolution, only features larger

than 30 µm were analysed. Image analysis was used to identify and quantify

the levels of residual salt particles in the porous PEEK from image stacks by

adjusting the brightness to enable a clear distinction between the salt particles

and PEEK structure. Alternatively, the observation of salt residue were

conducted by sample observation under SEM and optical microscopy.

3.3.3 Mechanical testing

Porous PEEK pellets were prepared before testing by grinding (with the salt in

place) to produce parallel faces. The grinding process was also applied when

preparing for moulding integration between porous and solid part in 6.1.1. The

resulting specimens were disc shaped with typical thicknesses of 5-6 mm and

22 mm in diameter and a minimum of 5 samples was prepared. A mechanical

testing machine, Instron 5969 was used to compress the samples at a speed of

0.5 mm/min, up to 80% strain or a 5 kN load limit and two flat metal plates

were used to hold the pellets. The compressive load and the displacement were

recorded to define the compressive yield strength (the first peak of the

compressive stress–strain curve). In this test the twin linear variable

differential transducers (LVDTs) were used to accurately measure the strain.
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4 Chapter 4: The Comparison of
Porous PEEK Scaffolds Made by

Wet, Dry and Tapping Routes

4.1 Observations of the rounded salt beads and the PEEK

powder

4.1.1 Rounded sodium chloride beads

The rounded salt beads were produced using a method explained in section

3.2.1. The structure of the beads is shown in Figure 4.1 for rounded salt beads

of 1.0 – 1.4 mm diameter, where it can be seen that the bead shapes appear

rounded with a few appearing slightly elongated. Quantitative analysis of

images such as that presented in Figure 4.1a shows the degree of anisotropy to

be between 1.15 and 1.19. The structure of the beads was also observed by

SEM as seen in Figure 4.1b, showing that the beads are comprised of an

agglomerate of fine salt grains.

(a) (b)
Figure 4.1: (a) Rounded salt beads of 1.0 – 1.4 mm diameter; (b) An example of a
typical rounded salt bead of 1.0 – 1.4 mm diameter accompanied with a zoomed
area marked with a red squared line.
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Figure 4.2 shows a 2D CT image of the salt beads, where it is clear that they

contain (black) pores. The density of salt is 2.15 g/cc, and the rounded salt

beads in the diameter range of 1.0 – 1.4 mm have a density of 1.65 g/cm3 [40],

thus containing 23% porosity (see section 3.1.1).

Figure 4.2: CT image of the salt beads. Pores are shown as black spots within the
white beads

4.1.2 PEEK powder

Three types of PEEK were used in the early experiments; Vicote, LT1 and LT3

PEEK. They are compared in Figure 4.3a, b and c. The PEEK powders of

Vicote, LT1 and LT3 generally appear similar in shape, rounded but irregular.

(a) (b) (c)

Figure 4.3: SEM images of (a) LT1 PEEK; (b) LT3 PEEK; and (c) Vicote PEEK.

The size distribution of the PEEK particles is presented in Table 4.1. The table

shows that the LT1 PEEK has a largest particle size and that the Vicote type
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has the smallest size and narrowest particle distribution among the three.

Typical plots of the PEEK particle size distributions are plotted together in

Figure 4.4, with the volume average particle size (D50 - the volume median) of

each type of PEEK at 11.4, 54.2 and 42.1 µm for Vicote, LT1 and LT3,

respectively. Since the plots of the distribution of particle size are not fully

symmetrical, median and mean values could be slightly different. Thus, D50 is

more effective to explain the distribution of the particles. The complete outputs

from the Mastersizer 2000 are included in appendix 3.

Table 4.1: Statistics of PEEK particle size distribution measured using a Malvern
Mastersizer 2000 (3 times of measurement).

PEEK Type Vicote LT3 LT1

D10 (µm) 6.092 15.418 21.349

D50 (µm) 11.402 42.137 54.228

D90 (µm) 19.728 81.839 109.758

Figure 4.4: The comparison of the particle size distribution for the Vicote, LT1 and
LT3 PEEK powder. Inserted images represent each type of PEEK used.
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4.1.3 Apparent density and tapped density

The apparent and tapped densities for the PEEK powder and the 1.0 – 1.4 mm

salt beads were measured and are shown in Figure 4.5 and Figure 4.6 along

with the packing fraction (relative density) estimated from the bulk density of

the beads and powders. The packing fraction here is associated with the value

of relative density and is calculated by the bulk density divided by the density

of the material. The packing fraction of the salt beads increased from 0.53 to

0.56, achieving a constant packing fraction after fewer than 500 taps. The

initial packing fraction (of loose packing) for the PEEK was much lower

(between 0.22 – 0.24) and was highest for the LT1 powder (Figure 4.5). The

packing density increased with tapping (to between 0.26 and 0.32) with the

densest packing again for the LT1 powder. Achieving a stable packed structure

took much longer for the smaller PEEK powder than the large beads, taking

between 1000 and 2000 taps (Figure 4.6).
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Based on 3 times of measurement using 40.4 g of the salt beads and 10.06 g of each PEEK
type. *Relative density is compared to its material density whereas 1.65 g/cc for the 1.0 – 1.4
mm salt beads and 1.3 g/cc for the PEEK.

Figure 4.5: The comparison of the relative density of salt beads, Vicote, LT3 and LT1
PEEK with loose packing (no tapping involved).

Figure 4.6: The progression of relative density (packing fraction) between 10 and
4000 cycle of taps (shown by different colour bars) for the salt beads and PEEK

powder.

0.05

0.15

0.25

0.35

0.45

0.55

0.65

0.75

0.85

Beads Vicote LT3 LT1
Material

Apparent density (g/cc)

Relative density prior to tapping

Relative density after 4000 taps

0.05

0.15

0.25

0.35

0.45

0.55

0.65

Beads Vicote LT3 LT1

R
e

la
ti

ve
d

e
n

si
ty

b
e

tw
e

e
n

1
0

an
d

4
0

0
0

ta
p

s

Material

10 500 1000 2000 3000 4000 taps



52

4.2 The Fabrication of porous PEEK scaffolds using wet, dry

and tapping routes

4.2.1 Wet mixing route for porous PEEK scaffold fabrication

A batch of wet mixed powders was produced using 7 g of PEEK powder, 42 g

of salt beads and 9-10 cc of water. The production was repeated four times to

determine the consistency of the technique, relating it to the final yield of the

mixture and that was left over after sieving, prior to compaction. Some key

data were collected such as the mass of the beads and PEEK, water volume,

mass of the mixture and the mass of PEEK lost after sieving (separated from

NaCl beads) as shown in Table 4.2. Using the Vicote PEEK, the standard

deviation in the average percentage yield was 0.5% indicating the process is

repeatable.

Table 4.2 compares the efficiency of the wet-mixing route using Vicote, LT1

and LT3 in a 1/6 weight ratio of PEEK to the salt beads. Although Vicote

PEEK appeared to stick better to the salt bead surface due to its smaller particle

size, the recorded data, however, showed that using LT1 is more efficient, with

the highest percentage of sieved mass for this mixture (90.76%) compared to

the other two which were at 88% and 84% for LT3 and Vicote respectively.
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Table 4.2: Comparison of the wet mixture from Vicote, LT1 and LT3 PEEK materials
in 1/6 weight ratio of the PEEK to the salt beads.

No Parameter/Sample type Vicote 1L3 1L1

1 Mass of Beads (g) 42.00 42.00 42.00

2 Mass of PEEK (g) 7.00 7.00 7.00

3 Water (cc) 9.40 + 0.05 9.44 + 0.15 9.4 + 0.13

4
Mass after mixing and drying
(PEEK +Beads) (g)

48.73 + 0.13 48.81 + 0.02 48.72 + 0.01

5 Sieved mass (g) 41.32 + 0.20 43.22 + 0.13 44.22 + 0.12

6 The remainder of mixture sieved
(<500µm) (g)

7.16 + 0.27 5.14 + 0.25 4.14 + 0.23

Table 4.3: Data of the wet mixture prior to the compaction on the Vicote PEEK
material in 1/6 weight ratio of the PEEK to the salt beads

PEEK type Vicote Aver
age

STD
No Parameter/Batch no 1 2 3 4

1 Mass of Beads (g) 42.00 42.00 42.00 42.00 42.00 0.00

2 Mass of PEEK (g) 7.00 7.00 7.00 7.00 7.00 0.00

3 Water (cc) 9.36 9.46 9.37 9.42 9.40 0.05

4
Mass after mixing and drying
(PEEK +Beads) (g)

48.88 48.74 48.57 48.71 48.73 0.13

5 Sieved mass (g) 41.27 41.12 41.30 41.60 41.32 0.20

6
The remainder of mixture
sieved (<500µm) (g)

7.42 7.33 7.10 6.80 7.16 0.27

STD : standard deviation (n = 4)

PEEK-covered salt beads were observed in the SEM as seen in Figure 4.7. The

PEEK adhered to the surface of the salt beads (Figure 4.7a, b and c) and the

shape of the beads changed, making the surfaces rougher. Figure 4.7d shows 4

analysis points used for Energy Dispersive X-Ray (EDX) analysis, used for the

elemental analysis of the sample. The dark regions at points 1 and 4 are oxygen

and carbon-rich, and are thus PEEK and regions 2 and 3 are high in sodium and

chlorine and are thus the salt beads. As the Vicote is the finest powder, this

PEEK type coats the beads better than the other two in terms of the covered

area.
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(a) (b)

(c) (d)

Figure 4.7: Typical salt beads covered by (a) LT1, (b) LT3, and Vicote (c) PEEKs after
wet-mixing and drying and (d) Point locations identified by red numbers on the
surface of Vicote/salt bead sample via the EDX attached SEM instrument.

EDX attaches to the SEM instrument of which specimen images of interest

could be identified. The EDX generates some spectra showing peaks

corresponding to the elements making up the true composition of the sample.

Table 4.4 shows the quantification of chlorine element as a substance of NaCl.

It was predicted that point 2 and 3 were dominantly salt as the quantification

had more Cl element for both points than those of point 1 and 4.

Table 4.4: EDX analysis on the Vicote PEEK/Salt beads surface quantifying Chlorine
(Cl) element to distinguish between NaCl and PEEK

No of point 1 2 3 4

Cl quantity (%) 13.87 41.8 54.5 6.17
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In general, the wet-mixing based scaffolds appeared similar for all three

powder types, shown in Figure 4.8, with the pore shapes replicating the bead

shapes. Figure 4.9 presents a typical porous PEEK scaffold made from the wet

mixture.

(a) (b) (c)

Figure 4.8: Examples of the (a) Vicote, (b) LT1 and (c) LT3 based samples made
through the wet-mixing fabrication route. Each scale bar represents a 5 mm length.

(a) (b)

Figure 4.9: Typical porous PEEK samples manufactured by wet mixing (a) digital
photo; (b) MicroCT 3D construction

The porosity of these scaffolds was targeted at around 83% associated with a

1/6 weight ratio of the PEEK to salt beads. Measurements showed that the

porosities were close to these targets, with 81.43 (+0.94)%, 82.23 (+0.48)%

and 83.26 (+0.56)% porosity for the Vicote, LT1 and LT3 scaffolds,
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respectively. Although similar, the smallest deviation in the porosity of these

scaffolds was obtained using the LT1 powder.

The scaffold morphologies are shown in Figure 4.10. The structure is typified

by large pores from the salt surrounded by small pores in the cell walls. Porous

PEEK scaffolds made by wet mixing using all powder types exhibited similar

structures in terms of the pore (Figure 4.10a, b and c) and strut shapes (Figure

4.10d, e and f) and pore walls (Figure 4.10g, h and i). The images show the

pores of the scaffolds tend to be elongated perpendicular to the compaction

direction.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.10: The cross-sections of porous scaffolds made by wet mixing using (a, d
and g) Vicote, (b, e and h) LT1, and (c, f and i) LT3 at the same 1/6 weight ratio of
the PEEK to the salt beads. The scale bars represent 200 µm length.

Figure 4.11 shows a coloured map of the pore size distribution created from CT

data for the Vicote, LT1 and LT3 PEEK samples. The dark blue colouring
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represents small pores (<100 µm) and the orange-red areas represent larger

pores. The colour bar gives information of the range of the pore size

distribution. The structure contains many small pores throughout the structure.

(a) (b)

(c) (d)

Figure 4.11: Colour maps of pores for the wet mixing based scaffolds from (a)
Vicote; (b) LT3; and (c) LT1 PEEK shown as a cut part; the red square represents an
area of interest; (d) the zoom version of (a); visualisation of the dark blue regions
indicates fine pores of <100 µm.

The existence of small pores in the wet-mixing based scaffolds is also seen in

the pore size distributions generated by the 3D evaluation. Figure 4.12 shows

the distribution of the pore size for each scaffold type, measured by CT. The

wet mixing based scaffolds show bimodal distributions of the pore sizes and

they show a similar tendency. The red square represents the first mode of the

pore size at around 120 µm, and this tendency occurs for all PEEK types

processed through the wet-mixture route. The small pores are distributed

throughout the scaffolds (as was shown in Figure 9). The black square defines

the size of the second mode of the pore size distribution at around 630µm.
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Figure 4.12: Typical pore size distributions of the wet mixed samples (n= 2) showing
bimodal peaks of around 120 (red square) and 630 (black square) micron sizes.

Figure 4.13 shows the distribution of strut thickness for each scaffold type. The

mean strut thickness ranges from 100 to 130 µm which is near the modal value.

The maximum thickness of the struts was around 390 µm for each type of

scaffold. Key structural parameters are clearly summarised for each PEEK type

in Table 4.5 and include the degree of anisotropy (see 2.2.2 for a brief

explanation), which increases compared with the original anisotropy of the as-

received beads (see 4.1.1), and the connectivity density, referring to the

trabecular number per mm3. The target and actual densities are also shown.

Scaffolds made from the wet-based route had broadly similar characteristics for

the three PEEK types used.
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Figure 4.13: Strut thickness distribution for the wet-mixing based scaffolds (n=2);
the red circle represents the location of the mean size of the strut thickness
identified.

Table 4.5: Structural parameters for the PEEK scaffolds made by wet mixing

Parameter Vicote LT3 LT1

1st mode of pore size (µm) 120 90 90

2nd mode of pore size (µm) 630 690 690

Mean pore size (µm)(STD) - - -

Maximum pore size (µm) 1,020 1,110 1,230

Mean strut thickness (µm) (STD) 100 (+ 40) 120 (+ 50) 130(+ 50)

Strut thickness mode (µm) 120 120 120

Degree of anisotropy (DA) (1) 1.30 1.36 1.37

Connectivity density (1/mm
3
) 72.72 68.75 78.49

Target porosity (%)* 82.76 82.54 82.54

Average actual porosity (%) (STD)* 81.43 (+ 0.94) 83.26 (+ 0.56) 82.23 (+ 0.48)

Relative density (STD)* 0.186(+ 0.009) 0.167(+ 0.006) 0.177(+ 0.005)

*non microCT measurement with standard deviation (STD) based on n = 10.

Figure 4.14 shows the distributions of 2D (areal) porosity over the thickness of

the scaffolds. Between 25 and 75% of the thickness, LT1 and LT3 had higher

porosity than their average 2D porosities and show low porosity regions at the
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surfaces. The deviations of porosity over the thickness by this wet-mixing route

are relatively large for the LT1 and LT3 PEEK, 8.8% and 11.4% deviation

from the mean, respectively. The Vicote has a relatively small deviation, 2.5%

of the average 2D porosity.

Figure 4.14: Normalised 2D porosity over the thickness of scaffolds (n = 2) made by
wet Vicote PEEK mixture.

Figure 4.15 presents “transparent” CT images showing the residual salt through

the whole thickness of scaffolds made by wet-mixing. The white spots are the

residual salt particles and enlarged views of the areas marked by red boxes are

also shown. The scaffolds made from LT1 (Figure 4.15c) and LT3 (Figure

4.15e) tend to show more salt particles around the edges as opposed to the

internal regions.
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Figure 4.15: (a, c and e): The transparent 3D reconstructions of the residual salt in
the wet-mixing based scaffolds viewed from the top. The salt particles are shown
as white spots. (b, d and f): The red boxes represent zoomed areas.

The quantification of the volume fraction of the residual salt confirms that the

Vicote had less residual salt with less than 0.1% by volume. While LT1 and

LT3 scaffolds had more salt left in the structures, 0.2 and 0.9% by volume,

respectively.
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4.2.2 Dry mixing route for porous PEEK scaffold fabrication

Macroscopically, the porous PEEK scaffolds made by the dry-mixing

fabrication route appeared similar irrespective of the powder used, as seen in

Figure 4.16 and in Figure 4.17. The porosity of these scaffolds was again

targeted at around 83% but the obtained porosity, for all PEEK types, was less

than 81% (80.41 (+0.72)%, 79.25 (+0.75)% and 73.37 (+2.46)%, for Vicote,

LT1 and LT3 scaffolds respectively).

(a) (b) (c)

Figure 4.16: Examples of (a) Vicote, (b) LT1 and (c) LT3 based PEEK scaffolds made
through the dry-mixing fabrication route. The scale bar is 5 mm.

(a) (b)

Figure 4.17: Porous PEEK samples manufactured by dry mixing shown in (a) digital
photo; (b) MicroCT 3D construction

Figure 4.18 shows scaffold morphologies typified by large pores from the salt

with solid cell walls in between them. Similar structures were found in terms of
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the pore (Figure 4.18a, b and c) and strut shapes (Figure 4.18d, e and f) and

pore walls (Figure 4.18g, h and i). The images show the pores of the scaffolds

tend to be elongated perpendicular to the compaction direction.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.18: The cross-sections of porous scaffolds made by dry mixing using (a, d
and g) Vicote, (b, e and h) LT1, and (c, f and i) LT3 at the same 1/6 weight ratio of
the PEEK to the salt beads.

Figure 4.19 shows a coloured map of the pore size distribution created from CT

data for the Vicote, LT1 and LT3 PEEK samples. The structure contains

mostly large pores with a few small pores. The existence of larger pores in the

dry-mixing based scaffolds is also seen in the pore size distributions generated

by the 3D evaluation. Figure 4.20 shows the distribution of the pore size of

each scaffold type, measured by CT. More, larger pores are indicated by the
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skewed distribution where the modal size of the pores (shown by the red square

representing a size of 600 – 690 µm) is larger than the mean size (450 – 600

µm). This tendency occurs for all PEEK types used through the dry-mixing

route, with the tendency for the Vicote based scaffolds to have slightly larger

pores.

(a) (b)

(c) (d)

Figure 4.19: Colour maps of pore size for the dry mixing based scaffolds from (a)
LT1; (b) LT3; and (c) Vicote PEEK as a cut part; the red square represents an area of
interest; (d) The zoom version of (a); The visualisation of the dark blue spheres
indicate pores < 100 µm.
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Figure 4.20: The pore size distribution for the dry mixing based-samples (n = 2)
showing the mode position by the red square and the mean pore size by the red
ellipse.

The distributions of strut thickness of each scaffold type are depicted in Figure

4.21. The mean strut thickness is larger than the modal size. The red square

represents the modal size at around 120 – 150 µm and the red circle defines the

mean size at around 170 – 180 µm.

Figure 4.21: Strut thickness distribution for the dry-mixing based scaffolds (n = 2);
the red box represents the location of average strut thickness. The red circle
represents the location of the mean size of the strut thickness.
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Table 4.6 presents key structural parameters, collected from measurement via

microCT and other measurement methods, and includes the degree of

anisotropy, again larger than the value for the as-received beads, and the

connectivity density, which is considerably lower than for the wet-route.

Table 4.6: Values for experimental parameters and statistical results of microCT on
the PEEK scaffold from dry mixtures

Parameter Vicote LT3 LT1

1st mode of pore size (µm) 690 600 630

Mean pore size (µm)(STD) 600 (+210) 530(+200) 450 (+190)

Maximum pore size (µm) 1,080 930 960

Mean strut thickness (µm) (STD) 170(+80) 180(+90) 180(+80)

Strut thickness mode (µm) 120 150 150

Degree of anisotropy (DA) (1) 1.57 1.62 1.64

Connectivity density (1/mm3) 9.82 11.61 7.66

Target porosity (%)* 82.76 82.54 82.54

Average actual porosity (%) (STD)* 80.41(+ 0.72) 73.37(+ 2.46) 79.25(+ 0.75)

Relative density (STD)* 0.19(+ 0.007) 0.26(+ 0.002) 0.20 (+ 0.008)

*non microCT measurement with standard deviation (STD) based on n = 10.

Figure 4.22 shows the distribution of 2D porosity over the thickness of the

scaffolds. The Vicote sample has a higher porosity than the average 2D

porosity between 15 and 70% of the thickness and shows low porosity regions

at the surfaces. For about a half of the thickness, the LT1 sample has a lower

porosity than the average, tending to increase towards the upper surface with a

large increase between 60 and 70% of the thickness. Between 20 and 60% of

the thickness, the LT3 sample has a higher porosity than the average 2D

porosity and shows an unclear porosity tendency for the remaining area. The

deviations in porosity over the thickness by this dry-mixing route are relatively

large, 4.7%, 7.0% and 5.8% using Vicote, LT1 and LT3, respectively.
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Compared to the wet-mixing route, the dry-mixing route has a significantly

higher variation in porosity with position within the scaffold structure.

Figure 4.22: Normalised 2D porosity over the thickness of scaffolds (n = 2) for dry
mixtures.

Figure 2.1 presents “transparent” CT images showing the residual salt through

the whole thickness of scaffolds made by dry-mixing. The white spots are the

residual salt particles and enlarged views of the areas marked by red boxes are

also shown. Large, undissolved salt particles are clearly observed in samples

made using LT1 and LT3 PEEK powder.
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Figure 4.23: (a, c and e): The transparent 3D reconstructions of the residual salt in
the dry-mixing based scaffolds viewed from the top. The salt particles are shown as
white spots. (b, d and f): The red boxes represent zoomed areas.

The quantification of the volume fraction of the residual salt indicates that

Vicote, LT1 and LT3 had 3.5, 4.8 and 15.30% by volume, respectively. In

comparison to the wet fabrication route, the dry fabrication route retains

significantly more salt in the scaffolds. The salt residue in the dry-mixture

based scaffolds appeared agglomerated and concentrated in certain areas.

While the salt residue in the wet-mixture based scaffold appeared distributed

through the scaffolds in a smaller size.
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4.2.3 Tapped mixing route for porous PEEK scaffold

fabrication

Porous scaffolds made from all PEEK types generally had a similar structure

regarding the regularity of the pore network, as shown in Figure 4.24, with

open pores replicating the beads on the surface. Figure 4.25 presents a typical

porous PEEK scaffold made by the tapping route.

(a) (b) (c)

Figure 4.24: Examples of the (a) Vicote, (b) LT1 and (c) LT3 based samples made
through the tapped-mixture fabrication route. Each scale bar represents a 5 mm
length.

(a) (b)

Figure 4.25: Porous PEEK samples manufactured by tapping mixing shown in (a)
digital photo; (b) MicroCT 3D construction.

The porosity of these scaffolds was targeted around 83%. High porosity,

> 80%, was obtained by scaffolds fabricated through the tapping route. Vicote
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and LT1 powders produced scaffolds with porosity slightly higher than the

target (roughly 83%). LT3 had a lower porosity of close to 80%.

Figure 4.26 shows the scaffold morphologies. The structure is typified by large

pores and dense struts. Porous PEEK scaffolds made by the tapping route

resulted in similar structures relating to pore (Figure 4.26a, b and c) and strut

shapes (Figure 4.26d, e and f) and pore walls (Figure 4.26g, h and i)

irrespective of the powder used. The images show the pores of the scaffolds

tend to be elongated perpendicular to the compaction direction and contain

connecting small pores or “windows”. These large windows of this process

could provide between 2 and 6 windows visible in sectioned pores. For the

LT1 powder a mean window size of roughly (204 + 41) µm was estimated,

with minimum and maximum window sizes of 105 and 451 µm using 5 SEM

images evaluated by ImageJ. For the Vicote scaffolds, windows were less

commonly observed.

(a) (b) (c)

(d) (e) (f)

Figure 4.26: The cross-sections of the porous scaffolds from the tapped mixtures
using (a, d and g) Vicote, (b, e and h) LT1, and (c, f and i) LT3 at the same 1/6 weight
ratio of the PEEK to the salt beads. The red arrows indicate the compaction
direction.
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(g) (h) (i)

Figure 4.24 (continued): The cross-sections of the porous scaffolds from the tapped
mixtures using (a, d and g) Vicote, (b, e and h) LT1, and (c, f and i) LT3 at the same
1/6 weight ratio of the PEEK to the salt beads. The red arrows indicate the
compaction direction.

Figure 4.27 shows coloured maps of the pore size distribution created from CT

data for the Vicote, LT1 and LT3 PEEK samples. The colour scale shows that

the structure contains regular and large pores throughout the bulk of the

structure, with small pores generally only on the surfaces where pores have

been sectioned.

(a) (b)

(c) (d)

Figure 4.27: Colour maps of pore for the dry mixing based scaffolds from (a) LT1; (b)
LT3; and (c) Vicote PEEK as a cut part; the red square represents an area of interest;
(d) The zoom version of the (a); The visualisation of the dark blue spheres indicate
pores < 100 µm
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The more uniform distribution of pore sizes in the tapping-route based

scaffolds is also seen in the pore size distributions generated by the 3D

evaluation.Figure 4.28 shows the distribution of the pore size for each scaffold

type, measured by CT. The tapping route based scaffolds show near-

symmetrical distributions, indicated by close values between the mean (560 –

630 µm) and modal size (630 µm), and they show a similar tendency for each

powder type.

Figure 4.28: The pore size distributions for PEEK scaffolds (n = 2) made from tapped
mixtures. The red circle represents the mean size of the pores.

Figure 4.29 shows the distribution of strut thickness for each scaffold type. The

mean strut thickness ranges from 150 – 180 µm which is slightly larger than

the modal value. Key structural parameters are clearly summarised for each

PEEK type in Table 4.7. The degree of anisotropy (DA) for the scaffolds

fabricated by the tapping route ranged from 1.53 – 1.62 which was close to the
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DA for the scaffolds from the dry route (1.57 – 1.64) and higher than those of

scaffolds from the wet route (1.30 – 1.37). The degree of anisotropy is one of

parameter generated by microCT, which refers to length of longest divided by

shortest axis (vector) fitted in a measured object shape. The connectivity

density for scaffolds made by the tapping route was between 7 and 10/mm3,

similar to that for the dry mixture based scaffolds (7 – 12/mm3) and well

below those from the wet route (68 – 79/mm3).

Figure 4.29: Strut thickness distribution for scaffolds (n = 2) from tapped mixtures.
The red circle shows the mean strut thickness.
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Table 4.7: Values of experimental parameters and statistical results of microCT on
the PEEK scaffold made from tapped mixture

Parameter\PEEK scaffold Vicote LT3 LT1

1st mode of pore size (µm) 630 630 630

2nd mode of pore size (µm) - - -

Mean pore size (µm)(STD) 630 (+190) 580(+ 160) 560 (+ 180)

Maximum pore size (µm) 1350 960 960

Mean strut thickness (µm) (STD) 150(+ 70) 170(+ 80) 180(+ 80)

Strut thickness mode (µm) 120 120 150

Degree of anisotropy (DA) 1.62 1.62 1.53

Connectivity density (1/mm
3
) 7.6 9.04 9.39

Target porosity (%)* 82.76 82.54 82.54

Average actual porosity (%) (STD)* 84.24(+ 2.59) 80.26(+ 0.58) 83.54(+ 0.74)

Relative density* 0.16 (+ 0.003) 0.20(+ 0.006) 0.179(+ 0.007)

*non microCT measurement with standard deviation (STD) based on n = 10.

Figure 4.30 shows the distributions of 2D porosity over the thickness of the

scaffolds. Between 25 and 65% of the thickness, all the samples tend to have a

higher porosity than their average and all samples tend to show a lower

porosity at the top surface.

Figure 4.30: Normalised 2D porosity over the thickness of scaffolds (n = 2) for
tapped mixtures.
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Figure 4.31 presents “transparent” CT images showing the residual salt through

the whole thickness of scaffolds made by tapping-mixing. The scaffolds made

from LT1 (Figure 4.31 c) and LT3 (Figure 4.31 e) tend to show salt scattered

evenly throughout the structure in small size.

Figure 4.31: (a, c and e): The transparent 3D reconstructions of the residual salt in
the tapping-mixing based scaffolds viewed from the top. The salt particles are
shown as white spots. (b, d and f): The red boxes represent the zoomed areas.
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The residual salt of the scaffolds was quantified using the same method applied

to previous fabrication techniques. The LT1 had less residual salt, around

0.5% by volume, Vicote and LT3 had more salt left in the structures, but still

less than 1%. These levels are similar to those in scaffolds made by the wet

route, and much lower than those made by the dry mixing route.

4.3 Discussion of the influence of production route

4.3.1 Structural characteristics of the porous PEEK scaffolds

In theory, the porosity of the scaffolds can be controlled by the addition of

varying amounts of NaCl beads to the mixture. Scaffolds were produced at

theoretical values of 83% of porosity, however upon analysis, the actual

porosities do vary from this target. The samples from the wet route and the

tapping route were close enough, within scatter and experimental variation to

the porosity target, ranging from 80 to 84% (Table 4.8). The samples from the

wet route, when taking error into account, appear to have closer values to the

targeted porosity (Ellipse A in Figure 4.32) indicating that the wet route is very

good for producing scaffolds of specified porosities. One reason for this could

be the generation of PEEK-coated salt beads which allows good control of the

composition of the mixture.

It was difficult to the dry route to produce scaffolds with porosities close to the

target and they appear to be below the target (70 – 80%, Ellipse B in Figure

4.32). In the case of LT3 PEEK, the dry route based scaffolds exhibit the

highest deviation in porosity. The lower porosity (or more accurately higher

density) obtained by samples from the dry route is likely to be due to the
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retention of unleached NaCl in the porous structures. Poor mixing of the dry

powders results in isolation of the NaCl beads from their neighbours and thus

they are unable to be leached from the structure during immersion. This leads

to a high density which can be falsely interpreted as a low porosity. Measured

values for salt residue are shown in Table 4.8. It can be seen that the wet and

tapping routes have similar residual salt levels and that the level of residual salt

is much higher for the dry route.

It should be noted that since samples with high porosity were prepared, the

porosity must be interconnected, on some level, in order for the salt to be

dissolved from the structure. It was noted that salt removal took three days

from the wet-route samples and only a few hours for the tapping route.

Figure 4.32: The distribution of actual porosity for the PEEK samples made from
wet, dry and tapping techniques represented by black ellipse lines of A, B and C,
respectively. The dashed line at 82 is the target porosity. The blue, red and light
green dashed lines present the standard deviation of the actual porosity for Vicote,
LT1 and LT3, respectively.
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Table 4.8: Salt residue in the samples made from the wet, the dry and the tapping
routes and the range of actual porosity achieved.

Fabrication route Wet Dry Tapping

Salt residue range(%) 0.1 – 0.9 3.5 – 15.3 0.5 – 0.7

Actual porosity range (%) 80 - 84 70 - 82 80 - 87

Some researchers, by combining the salt leaching technique with injection

moulding to fabricate PEEK scaffolds, achieved low porosities of < 70% [16]

[21] [18] [19] due to the limitation of the production techniques. The wet and

dry routes are able to obtain high porosity close to 80% and for the tapping

route, the porosities of the samples were close and slightly higher than the

target value, from 80 to 87%. Higher porosities via the tapping route are likely

to be a result of requiring the PEEK powder to flow into and then pack in the

spaces between the salt beads. Although this packing is increased during

consolidation, there is likely to be less powder present in the inter-particle gaps

than is the case for the other two methods. This is supported by the presence of

excess powder on the surface of the tapped samples. Especially high porosities

for the Vicote powder may then be a result of a lower packing density for this

finer powder (as was shown in Table 4.2). Less complete penetration of PEEK

into the structure also contributes to the formation of incomplete scaffolds

(Figure 4.33a) and excessive PEEK at the top surface (Figure 4.33b) or fragile

structures with thin struts (Figure 4.33c) and frequently appears on Vicote

samples although the same tapping treatment is applied.
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(a) (b)

(c) (d)
Figure 4.33: (a) An incomplete scaffold, (b) the excessive layer of PEEK at the top
region, (c) a fragile structure and (d) good network of the compacted PEEK/salt
beads.

2D porosity distributions comparisons (in Figure 4.34) show that samples from

the wet and dry routes exhibit a wider deviation, 12% and 11%, respectively, in

comparison with 8% standard deviation for the tapping route samples.

Although only measured for a single sample, less uniform porosity

distributions in the wet mixed powders are surprising given the prior

attachment of the PEEK powder to the beads (affected by a “glueing effect”

due to partial, surface dissolution of the salt in the water and then

recrystallization of the salt). Non-uniform coating might give a small

difference, but low porosity at the surfaces might be a result of compaction

effects.

Reduced uniformity of porosity in the sample produced from the dry mixture is

expected due to the mixing and die filling process allowing the beads and

PEEK to be freely distributed in the die cavity. As poor mixing is expected for

large and small powder mixes, an uneven distribution of porosity is expected.
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In most cases the finer PEEK powder was seen to accumulate at the top surface

of the dry mixed samples. The local level of porosity in the dry mixed samples

is also highly influenced by trapped salt in the structure. Unleached salt (as a

result of the poor mixing) yields lower levels of recorded porosity.

Figure 4.34: Porosity comparison for the samples using LT1 PEEK made by different
routes.

More uniform porosity exists in the structure made by a tapping route although

there is a decrease in porosity at the top region due to a slight excess of PEEK

remaining at the top due to the a saturation of PEEK in the voids between the

beads (Figure 4.35).
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Figure 4.35: The remaining PEEK at the top region of tapped samples after
compaction with appearing salt beads.

Figure 4.36 presents CT images clarifying the difference in the packing

behaviour of the salt beads by the different routes. Figure 4.36a shows that the

wet-route sample has evenly distributed beads, reasonably densely packed, but

that the spaces between the beads contain dispersed porosity. This is a result of

the PEEK being attached to the salt bead surfaces, preventing salt-to-salt

contact but also because the PEEK is not free to move, not producing dense

PEEK struts. Figure 4.36b, for the dry-route, shows more irregular packing

with regions rich in beads and others rich in PEEK, resulting from poor

mixing. Bead-to-bead contact is apparent in some regions and they appear (at

least in 2D) to be isolated in other regions. The inter-bead region is, however,

dense. An area is also shown which contains unleached salt which will raise

the locally measured density. Figure 4.36c, for the tapped-route, shows dense

and uniform packing of the salt beads (achieved prior to addition of the PEEK

powder). Connections between salt particles are more numerous due to the

pre-established interconnected salt bed prior to tapping. Tapping fills the gaps

with PEEK but does not displace the contacting beads. The filling with PEEK

is even and the struts (after consolidation) are dense.
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The pore sizes for the different processes are compared in Table 4.9 and in

Figure 4.37. It is clear that the modal pore sizes are broadly similar and that is

to be expected as the same porogen was used to make all the scaffolds. What

is apparent is, however, that the modal pore size of around 600 – 690 µm is in

contrast to the original size of the beads, 1.0 – 1.4 mm.

(a) (b) (c)

Figure 4.36: Typical 2D structure showing porosities for (a) wet-sample (b) dry-
sample and (c) tapped-sample. The red boxes are the zoomed are provided bellow
the structure images.

This discrepancy is a result of the measurement method. The CT software

calculates the pore size by attempting to place a sphere into the pore space,

regardless of its shape. Since compression of the porous beads changes their

morphology, from rounded to elongated perpendicular to the compaction

direction (as was shown in Figure 4.39), the measured diameter is actually a

more accurate representation of the minor (Z) axis of the pores. Nevertheless,

CT measurements do highlight the existence of small pores in the scaffold
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made by the wet-route. Based on SEM measurement from cross-sections of

each sample, the measured ‘primary’ pores are in the range of 645 – 1270 µm

(Table 4.9) confirming that the measured pore sizes are still consistent with the

real pore size range. It should be understood that the pore measurements on

cross-sections are likely to underestimate the pore sizes.

Table 4.9: Summary for pore size PEEK scaffolds from wet, dry and tapping
techniques

Manufacturing method Wet Dry Tapping

Mean pore size (µm) 567 – 595
a

450 - 600 560 - 630

Standard deviation of the mean pore size (µm) 163 – 173 190 – 210 160 – 190

Standard deviation of the mean pore size (%) 28 – 30 35 – 42 27 – 32

Mode of pore size (µm) 630 – 690 600 - 690 630

Minimum pore size measured by SEM analysis (µm) 739 645 669

Maximum pore size measured by SEM analysis (µm) 1270 934 1175

Figure 4.37: Typical pore size distributions of the PEEK scaffolds made by the wet,
dry and tapping route techniques shown by the volume percentage.

The existence of very small pores in the sample structure from the wet route,

also visible from the 2D image in Figure 4.36a, is most likely due to the way

that the coated beads pack together, preventing close contact between the salt
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particles and the formation of a dense PEEK strut. The small pores are

manifested as fine porosity in the cell walls and struts (as was shown in Figure

4.39a and b). It was thought that the wet processing route might lead to

fracture of the beads and hence the creation of a fine fraction of coated salt

particles. Whilst there is some evidence of particle fracture when sieving to

remove all particles below 500 µm was performed, although reduced (shown in

Figure 4.38), a significant fraction of < 100 µm porosity remained.

Figure 4.38: Distribution of pore size for the sample from the sieved wet mixture
before and after screening with a 500 µm sieve.

The Degree of Anisotropy (DA) varies in the PEEK samples, it is noted that

samples from the wet route (1.3 – 1.36) are lower than those from the dry (1.57

– 1.64) and tapping (1.53 – 1.62) routes. It is possible that the coated salt

beads made by the wet route are more resistant to deformation when

compacted and hence deform less, giving a lower DA value. However, it must

also be considered that the overall measurement of the DA in the wet-route
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sample also considers the significant fraction of small pores in the cell walls

which have a much-reduced elongation.

As was stated earlier, the structures must have a high degree of connectivity in

order that the salt escapes during dissolution. Simple observations of long

immersion times being required for samples made by the wet and dry routes

suggests a lower degree of connectivity in these structures.

Good connectivity is demonstrated by the sample made by the tapping route

which shows large windows connecting neighbouring pores. Figure 4.39

highlights the difference in connectivity for the three processing routes.

Connecting windows are rarely seen in the structure from samples of the wet

route, as the result of covering the salt beads with PEEK which prevents salt-

to-salt contact (previously highlighted in Figure 4.36). Instead, pore to pore

connection is achieved through the fine porosity of the pore walls. The fine

scale of this porosity accounts for slow salt dissolution rates. Connections in

the sample made by the dry-route are more frequent but irregular (as was also

shown in Figure 4.36) due to occasional but less regular contacts between

neighbouring salt beads.

During the tapping route, the salt beads in the die form a dense, well-connected

bead bed. Salt beads are supported by their contacting neighbours and when the

PEEK is tapped through the structure it cannot disrupt these connections. The

size of the windows is dictated by how well the PEEK can penetrate the contact

area with smaller windows expected (and observed) for finer Vicote powder.

The average window size is estimated at about 204 (+41) µm (the blue arrows
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in Figure 4.39e) and is within the acceptable range for bone ingrowth [28, 89-

92].

The number of windows present in the tapped structure is defined by the

geometry of the packing. The tapping creates a bed of salt beads with a dense

random packed arrangement (refer to table 4.1-3). Dense random packing

results in an average co-ordination number (the number of touching

neighbouring particles) between 6 and 7 [40, 124] and this corresponds well

with the typical number of windows per pore.

Wet

(a) (b)

Dry

(c) (d)

Tapping

(e) (f)

Figure 4.39: Pore structure and windows in the sample from (a, b) wet, (c, d) dry
and (e, f) tapping routes. The red arrows show the compaction direction and the
green ellipses show the windows.
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The scaffolds from the wet route had values of connectivity density between 68

and 79/mm3, much larger than samples from the wet and tapping routes (as

seen in Table 4.10). It has been reported that vertebrae bone has a connectivity

density around 2 – 15/mm3 [100, 101]. Since the connectivity reports the

number of redundant separations in a porous structure [102] the high value for

the wet-route is most likely due to the small pores present in the cell wall

structure. In normal cancellous bone, it has been suggested that the

connectivity density may be a useful assessment of the elastic properties, where

stiffness decreases with increasing connectivity [103].

Table 4.10: Summary of connectivity density for porous PEEK scaffolds from wet,
dry and tapping techniques

Manufacturing method Wet Dry Tapping

Connectivity density (1/mm
3
) 68.75 - 78.49 7.66 - 11.61 7.6 - 9.39

4.3.2 Selection of the optimum processing route

In order to progress with the study, a single powder and process needed to be

selected. The process of selection involved matching the observations made in

this chapter to some key indicators. It was required that;

1. The process be repeatable with low deviation in porosity from part to

part.

2. That an even distribution of porosity be present through the structure.

3. A good level of pore connectivity be achieved.

4. Appropriate sizes of pores and connecting pores are created to suit bone

in-growth.
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5. A low level of residual salt is present after a reasonable dissolution

period.

From the five key indicators, a simple assessment could be performed by

comparing the properties of the final porous samples through the processing

routes. Table 4.11 shows a summary of the assessment by using Poor, Fair,

Good and Excellent rating scales which are associated with quantitative

numbers of 0, 1, 2 and 3, respectively along with a weighing factor of

importance from 1 (least important) to 3 (most important). The assessment

score is the sum of all multiplied ratings and weightings for the key indicators.

From the assessment in Table 4.11 it is clear that the tapping route is the only

possible route to meet the requirements.

Table 4.11: Assessment of the optimum processing route based on 5 key indicators

Weighting
factor

Key indicators/Route of
fabrication

Wet Dry Tapped

3 (most
important)

Sizes of pores and
connecting pores which
suit to bone- ingrowth

Fair (1) Poor (0) Good (2)

2 (important) Even distribution of
porosity through the
structure

Fair (1) Poor (0) Good (2)

2 (important) Level of pore connectivity Good (2) Fair (1) Excellent (3)

2 (important) Repeatable process with
low deviation in porosity

Good (2) Poor (0) Good (2)

1 (least
important)

Level of residual salt Good (2) Poor (0) Excellent (3)

Assessment score 15 2 23

For the favoured (tapping) production route, scaffolds made using the slightly

larger LT1 PEEK, showed the optimum size and number of connecting

windows between the primary pores and thus the tapping process using LT1

PEEK has been developed further in this study.
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4.3.3 Comparison of tapped structures with other porous

PEEK structures

The original inspiration for this work was a prior study by Jinnapat and

Kennedy (2010) who produced cellular solids via salt bead tapping but using

aluminium powder. Figure 4.40 shows that, as expected, Al and PEEK porous

structures made by the same route show very similar characteristics in regard to

the pore shape, porosity and connectivity.

(a) (b)

Figure 4.40: Porous scaffolds made by tapping using (a) Al powder [104] and (b)
PEEK powder.

Porous PEEK scaffolds have been made by a number of researchers and the

processes used were summarised in the literature review in section 2.4. Table

4.12 summarises the shortcomings in the structural features (for example non-

uniform or low porosity, poor pore connectivity, insufficient pore size and high

residual salt) resulting from the methods used and re-presents images of the

structures for comparison.

Considering these limitations, the technique presented in this thesis goes a long

way to addressing the previous problems observed and results in porous PEEK

scaffolds with excellent structural characteristics for medical devices.
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5 Chapter 5: Process Development
For the Tapping Route

As the tapping route was identified as the most suitable route for producing

porous scaffolds, this chapter looks in more detail at the tapping process with

an aim to understanding and optimising the process.

5.1 Observations of the tapping process

There are essentially 3 stages to the tapping process; PEEK levelling, tapping

and then achieving a stable state. Subsequent compaction follows the tapping

process to obtain a compacted disc of the “composite”. These stages are shown

schematically in Figure 5.1.

First, the NaCL beads are poured into the cavity and levelled off by 10 taps in

order to be easier to measure the height of the beads. The tapped NaCl bed

height is measured using a Vernier gauge, with an estimated accuracy of +0.05

mm (parameter S1 in Figure 5.1) and then PEEK powder is loaded on top of

the NaCl bed, and levelled off by light tapping. In the same way, the PEEK

powder bed thickness can also be measured (parameter P1 in Figure 5.1).

After the upper punch is inserted into the assembly, tapping is then started and

then stopped at pre-determined points to measure the change in the height of

the punch, from which the “composite” bed height can be determined (m1 and

m2 in Figure 5.1). A stable condition is achieved when two or more

consecutive measurements of the punch height differ by less than 0.3 mm.
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Figure 5.1: The tapping cycle to produce a tapped and compacted sample.
Parameters S1 and P1 are the heights of the bed of spherical NaCl beads and PEEK
powder in the cavity, respectively. Parameters m1 and m2 are the displacements
of the punch during the tapping process. D1 and h1 are the diameter and the
height of the compacted sample. Black, red and green arrows indicate tapping
direction, compaction direction and cycle flow, respectively.

5.2 Tapping behaviour

5.2.1 The effect of different NaCl / PEEK ratios

Salt bead/PEEK composites were prepared in three ratios; 6/1, 8/1 and 10/1 by

mass, using 1.0 – 1.4 mm salt beads. The mass and thickness of the salt bead

bed were kept constant. Figure 5.2 shows the progressive change in height of

the PEEK layer on top of the salt bead bed with the number of taps applied. In

all cases, in the first 1000 taps the PEEK migrates quickly, but continually

slowing down until reaching a stable height. The 10/1 mass ratio required 6000
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taps to pack to a stable height while the 8/1 and 6/1 mass ratios required 7000

and 8000 taps respectively (Table 5.1).

Figure 5.2: The change of PEEK bed height through tapping for salt beads of the size
range of 1.0 – 1.4 mm for the salt beads/PEEK mass ratio of 6/1, 8/1 and 10/1 (The
experiment was conducted 3 times).

Since the total mass of the salt beads in the composite remained the same, the

6/1, 8/1, and 10/1 ratio composites had the same thickness of salt bead bed

(11.92 mm) and with different initial thickness of PEEK, 6.16, 5.00 and 4.03

mm for the initial PEEK bed corresponding to the 6/1, 8/1 and 10/1 ratios.

After applying tapping and reaching their steady or stagnant height, the

estimated thickness of PEEK on the composite surface was 0.30, 0.15 and 0

mm in respect to the increasing salt bead/PEEK ratio (Table 5.1). It should be

noted that these values were calculated using the assumption that the salt bead

bed height was not changing.

The validation of the measurement was conducted by observing the surface

after tapping. Figure 5.3 depicts the conditions of the remaining PEEK on the
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surface for each ratio. Figure 5.3a visualises some PEEK on the surface along

with few salt beads for the 6/1 composite. This 6/1 composite has a predicted

PEEK layer about 0.30 mm thick. For the 8/1 composite in Figure 5.3b, the

measurement for the PEEK layer on the surface was 0.15 mm, and the tops of

the beads were more visible, while the 10/1 composite (Figure 5.3c) exhibited

beads on the top surface and very little PEEK (considered as 0.0 mm of PEEK

on the top) indicating that the 10/1 ratio composite had insufficient PEEK.

(a) (b) (c)

Figure 5.3: The top surface of mixtures from (a) 6/1, (b) 8/1 and (c) 10/1 ratios of
the salt beads to the PEEK.

Table 5.1: The thickness of PEEK on the surface in the die cavity before and after
tapping using different ratios.

Mass Ratio 6/1 8/1 10/1

Tapping Before After Before After Before After

PEEK bed on the surface (mm) 6.16 0.30 5.00 0.15 4.03 0.00

Required number of taps 8000 7000 6000

PEEK (g) 0.71 0.54 0.43

Salt beads (g) 4.29
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5.2.2 The effect of different bead sizes

For a constant mass ratio of 6/1, different bead sizes, of 1.0 - 1.4 mm, 1.4 – 2.0

mm and 2.0 – 2.5 mm were used at constant bead mass. Figure 5.4 depicts, as

before, that PEEK migration is initially rapid but that a steady height of the

PEEK layer takes longer to achieve as the bead size decreases (1.0 – 1.4 mm

salt beads requires 8000 taps, 1.4 – 2.0 mm 7000 and 2.0 – 2.5 mm beads only

5000 taps). Figure 5.5 shows the surface of the tapped composite using

different bead sizes. The 1.0 – 1.4 mm composite still contains PEEK on the

top surface after tapping and very few beads were visible. More beads appear

on the surface for the composite using a bigger bead size. The measurement of

the PEEK layer after tapping shows that the 1.0 – 1.4 mm composite contains

0.30 mm of PEEK remaining on the top surface, while for the other composites

using larger salt bead sizes, the PEEK layer thickness was very thin and close

to zero (Table 5.2). No composite suffers from a lack of PEEK. For the 1.0 –

1.4 mm beads the rate of PEEK movement was slower than the rate for the 1.4

– 2.0 and the 2.0 – 2.5 mm (Figure 5.4). It was observed from the PEEK bed

using 1.0 – 1.4 mm beads, that after 1000 taps, the PEEK layer thickness

reduced by 56%, while for the 1.4 – 2.0 mm beads the change was 88% and

93% of the 2.0 – 2.5 mm beads.
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Figure 5.4: The change of PEEK bed height through tapping of a 6/1 ratio of salt
beads to PEEK and NaCl beads of 1.0 – 1.4 mm, 1.4 – 2.0 mm and 2.0 – 2.5 mm. (The
experiment was conducted 3 times).

(a) (b) (c)

Figure 5.5: Typical surface of the PEEK layer on the top of salt beads for a 6/1 ratio
and using (a) 1.0 – 1.4 mm, (b) 1.4 – 2.0 mm and (c) 2.0 – 2.5 mm beads, after
10,000 taps.

Table 5.2: The thickness of PEEK on the surface in the die cavity before and after
tapping using different bead sizes.

Bead size 1.0 – 1.4 mm 1.4 – 2.0 mm 2.0 – 2.5 mm

Tapping Before After Before After Before After

PEEK bed on the surface (mm) 6.16 0.30 6.16 0 6.16 0

Salt bead bed (mm) 11.92 12.84 13.17

Required number of taps 8000 7000 5000

PEEK (g) 0.71

Salt beads (g) 4.29
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5.2.3 MicroCT study of tapping

A complementary experiment using a 20 mm diameter microCT sample holder

was performed to see how the PEEK powder/salt beads packed during tapping.

Due to the sample holder capacity, only 4 g of 6/1 NaCl/PEEK (1.0 – 1.4 mm

bead size) was tapped. The progression of the PEEK powder height was

studied by taking 2D radiographs of an interrupted tapping experiment

measured from images such as those in Figure 5.6 and plotted in Figure 5.7.

The graph shows that the tapped composite started with a PEEK thickness of

around 5 mm and gradually decreased until it reached a steady thickness of

0.02 mm after 8000 taps. The trend is similar to that observed in Figure 5.2 for

the metal die, but it is expected that the measurements of the various bed

heights in this experiment are more accurate. The very small PEEK layer

thickness indicates that there was little to no excess PEEK.

(a) (b)

(c) (d)

Figure 5.6: X-ray radiographs showing the progression of the PEEK bed (the black
region in the middle and marked by green line bars) in the 20 mm microCT sample
holder; (a) at 0, (b) 50, (c) 1000 and (d) 10000 cycles of taps.
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Figure 5.7: The change in PEEK layer height for salt beads of the size range of 1.0 –
1.4 mm for the salt bead/PEEK mass ratio of 6/1, using a 20 mm microCT sample
holder (1 measurement).

5.2.4 Powder migration

To see the flow of the fine powder through the salt bead network in the

cylindrical die, Ti powder of size <45 μm was used so that it could be more 

readily imaged through microCT scanning. From the 2D CT images inFigure

5.8, the packing of salt beads is clear. The observable depth of salt bead bed

changed after tapping from 15 mm to 14.58 mm. According to 3D ImageJ

measurements (threshold 94), the volume fraction of salt bead bed is 0.53 +

0.02 for loose packing and 0.56+0.03 after tapping, agreeing well with

previous bulk measurements.

Concentric circles were constructed to measure the radial packing fraction

(Figure 5.9, Table 5.3). The radial packing fractions were measured for each

bead size, in each track and for increasing radii expanding from the centre,

summed over the full height of the sample. The results in the table show that

for all particle sizes the packing fraction near the wall is slightly higher than it

is closer to the centre.
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Bottom – top depth
1 mm 3 mm 6 mm 9 mm 12 mm 15 mm

Packing fraction 0.53 Packing fraction 0.52 Packing fraction 0.53 Packing fraction 0.53 Packing fraction 0.52 Packing fraction 0.51
(a) Loose salt bead bed - 15 mm

Bottom – top depth
1 mm 3 mm 6 mm 9 mm 12 mm 14.58 mm

Packing fraction 0.59 Packing fraction 0.57 Packing fraction 0.56 Packing fraction 0.56 Packing fraction 0.53 Packing fraction 0.45
(b) Tapped salt bead bed - 14.58 mm

Figure 5.8: 2D slices of the salt bead network from tapped and loose packing in a 20 mm cylindrical microCT sample holder (distance from the bottom is
shown).
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(a) Radial fraction of loose packing (b) Radial fraction of tapped packing

Figure 5.9: Radial tracks used to determine local variation in salt bead packing using
(a) loose packing and (b) tapped packing of the salt beads.

Table 5.3: Packing fraction with radial position for tapped salt beads in a cylindrical
vessel for different size ranges.

Packing fraction based on circle region

Radius
(mm)

1.0 - 1.4
mm

1.4 – 2.0
mm

2.0 - 2.5
mm

0.0 - 2.75 0.55 0.46 0.48

0.0 – 5.50 0.55 0.50 0.49

0.0 – 8.25 0.55 0.53 0.53

0.0 – 11.0 0.56 0.52 0.53

Packing fraction based on circle circuit

Radius
(mm)

1.0 - 1.4
mm

1.4 – 2.0
mm

2.0 - 2.5
mm

0.0 - 2.75 0.54 0.46 0.47

2.75 - 5.50 0.54 0.51 0.50

5.50 - 8.25 0.54 0.55 0.56

8.25 - 11.0 0.57 0.53 0.54

The initial loading of Ti powder prior to tapping is captured in Figure 5.10.

Unlike for the PEEK, the small Ti particles penetrate the bead bed through the
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accessible voids on the wall side, even before tapping starts, while in the

middle area (yellow shading) unfilled voids are observed. Figure 5.11 shows

the structure after 400 taps showing unfilled areas in the upper region of the

salt bead bed (red shading).

Figure 5.10: Cross section of a 3D image of salt beads/Ti composite coupled with
top, bottom and cross-sectional regions prior to tapping. The top surface is covered
by titanium powder. The yellow shading represents empty salt bead gaps before
tapping and the red shading presents empty salt beads after tapping. The black
region between salt beads and titanium in the cycle indicates voids.
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Top surface

Cross-sectional
region

Ti + salt beads

Salt beads + voids
(black regions)

Bottom surface

Solid 3D viewed
by cross-
sectional
regions

Figure 5.11: Cross section of a 3D image of salt beads/Ti composite coupled with
top, bottom and cross-sectional regions after 400 taps. The red shading represents
empty salt beads after tapping. The voids (black region in the cycle) only appear on
the top surface.

The filling process can be seen in more detail in Figure 5.12 by comparing 2D

slices taken from top to bottom after a different number of taps (0, 10, 100,

200, 400 and 1000). Figure 5.12 shows the progress of the Ti particles through

the salt bead bed. When loading in the container, powder percolates through

the bead bed by filling the wall area (loaded composite, in Figure 5.12) while

the rest remained on the top. The bottom region was densely filled after 200

taps and the centre of the bead bed was filled after 400 taps. Excessive tapping

(1000 taps) leads to the disaggregation of the salt beads on the top surface. It

should be noted that as the Ti powder has heavier particles (larger and higher
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density than PEEK), the Ti/NaCl bead composite was fully packed in fewer

taps that for the equivalent PEEK sample.
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5.2.5 Effects of inadequate tapping

Observations show that inadequate tapping results in less dense network of

PEEK (not melted as it was prior to sintering process) in the NaCl bead gaps,

indicating that the filling is not optimum, leaving bead gaps with a sparse

network of PEEK (Figure 5.13a and c). In Figure 5.13c marked in a red circle,

the PEEK network (shown by white region) is not even due to only few PEEK

flow to that region. On the other hand, adequate tapping provides adequate

dense network of PEEK appearing to separate the adjacent salt beads (Figure

5.13b and d). In Figure 5.13d marked in a red circle, the PEEK network

appears to surround the beads.

View Inadequate tapped packing Adequate tapped packing

The
top

(a) (b)

The
red

circled
area

(c) (d)

Figure 5.13: The comparison of tapped samples with a lack of required number of
taps (a and c) with less dense PEEK between salt bead gaps compared to of the
adequate tapping (b and f) as shown from the bottom surface. The red circles
represents the area of interest to be compared.
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Insufficient tapping also leads to an incomplete PEEK network as seen from

the side wall where PEEK is only able to partially penetrate the bead bed

(Figure 5.14a) causing a thick layer of excess PEEK at the top. Adequate

tapping allows PEEK to uniformly percolate the bead gaps from the top to

bottom areas (Figure 5.14b). In the figure, it appears sphere against the wall as

a result of the compaction and also indicates that the salt beads are not fully

spherical.

Inadequate tapped packing Adequate tapped packing

(a) (b)

Figure 5.14: Sidewall views of samples made with a) insufficient tapping indicated
by the excessive PEEK on the top but lower region with very little PEEK exist and b)
adequate tapping indicated by distribution of PEEK between the salt beads and thin
layer of PEEK on top surface. The 1 mm white scale bars in the right bottom are
shown in the figures.

Figure 5.15: Salt beads and PEEK powder in a transparent container after the same
tapping given. The wall of container also looks similar with bead composition after
the compaction indicating that PEEK prevent a salt bead from experiencing in full
contact with surrounding beads which could lead to deformation while being
compaction.



107

Another indication of a good sample is a thin PEEK layer on the surface.

Figure 5.16 shows typical good samples, at the bottom and on the wall side, the

salt bead/PEEK arrangement is clear along with an acceptable skin thickness of

PEEK at the surface where the salt beads are visible.

(a) (b) (c)

Figure 5.16: An example of a typical good sample after compaction applied to the
salt bead/PEEK tapped mixture incorporating 1.0 - 1.4 mm bead size range. The
sample are pictured from its (a) bottom, (b) side and (c) top surfaces.

Visualisation of compacted samples made using 1.0 – 1.4 mm beads is

presented in Figure 5.17 showing a series of samples made with 4000, 6000

and 8000 taps. It can be seen that a thin and sparse PEEK network appears on

the bottom of the sample after 4000 taps indicating the gaps were partially

filled. The PEEK network at the bottom region becomes more established with

the number of taps applied, and the salt beads appear clearly at the surface after

8000 taps (Figure 5.18).
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(a) 4000 (b) 6000 (c) 8000
Figure 5.17: Views on the base of tapped samples after 4000 – 8000 taps using 1.0 –
1.4 mm beads showing the dense of PEEK between the salt beads after (a) 4000, (b)
6000 and (c) 8000 cycles of taps. For the 4000-tapped sample, PEEK was not
adequately filling the salt bead gaps indicated by less dense PEEK appear compared
to the 6000 or 8000-tapped samples.

(a) 4000 (b) 6000 (c) 8000
Figure 5.18: Views on the top of tapped samples after 4000 – 8000 taps using 1.0 –
1.4 mm beads showing the dense of PEEK on the top surface after (a) 4000, (b) 6000
and (c) 8000 cycles of taps. For the 400-tapped sample, PEEK still remains on the
surface and the salt beads are not as visible as the salt beads in other samples
applied 6000 and 8000 taps.

After sintering and dissolution, the resulting salt-free samples obtained are

shown in Figure 5.19 and Figure 5.20. Samples made with < 7000 taps are

likely to contain voids or broken struts in the middle, edge, or surface areas

(Figure 5.19 and Figure 5.20 shown by red lines). From the broken structure,

linked pores are clear (dark spots). Rigid structures can be produced by

applying 8000 to 10000 taps (Figure 5.20 e and f) and the pores of structure are

clearer shaped with denser surrounding struts.
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(a) (b) (c)
Figure 5.19: Some porous PEEK samples showing defects due to the lack of
sufficient tapping. The red surrounding lines depict incomplete structures (broken
struts) as a result of insufficient tapping process after (a) 4000, (b) 5000 and (c)
6000 cycles of tapping using 1.0 – 1.4 mm beads in the 6:1 ratio of the salt beads to
the PEEK powder. The top images are the magnifications of the marked regions of
the bottom images.

(a)7000 (b)8000 (c)10000
Figure 5.20: (a) A PEEK sample with broken struts made with 7000 cycles of tapping,
and acceptable structures are obtained from the production applying (b) 8000 and
(c) 10000 cycles of tapping using 1.0 – 1.4 mm beads in the 6:1 ratio of the salt
beads to the PEEK powder. The top images are the magnifications of the marked
regions of the bottom images.
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5.3 Discussion

5.3.1 Particle packing

It was shown that for a 10/1 mass ratio there was insufficient PEEK added to

fill all the inter-bead spaces. Experimental measurements (Table 4.3) showed

the salt beads to have a packing fraction of 0.56, providing a void fraction of

0.44. Using PEEK (packing at a fraction of 0.32) to fill the salt bead gaps, the

mixture could be depicted as in Figure 5.21. This idealised, maximum, packing

fraction would be 0.70. From their packing volume and density, the “optimum”

mass ratio can be estimated and is 5/1. Thus for all the ratios explored in this

study, there should be insufficient PEEK.

Figure 5.21: Illustration of packing fraction of salt beads and PEEK to meet an
optimum composition.

An illustration of the packing condition is shown in Figure 5.22, assuming that

the salt beads, grey objects, are fixed, while the PEEK quantity changes with

the ratios. From the illustration, a 5/1 ratio should pack the PEEK into the salt

bead gaps with 0 mm of PEEK on the surface, for the higher ratios, the level of
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PEEK should reduce to lower levels in the salt bead bed (shown by black

lines).

However, in practice, samples using 6/1 ratio (Figure 5.3a) still showed a thin

layer of PEEK on the surface. This condition indicates that the PEEK packing

fails to achieve the packing fraction for an “infinite” vessel owing to the

constrictions of the shape and size of the spaces between the salt beads relative

to the size of the PEEK powder. Assuming that the 6/1 ratio is optimum, (it

was observed that higher ratios led to a noticeable increase in defects) and

representing the fullest possible packing of PEEK between the salt beads (for

the 1.0-1.4 mm bead size) the PEEK packing fraction is estimated to be 0.27.

Figure 5.22: Illustration of mass ratio comparison using the same mass of salt beads
and. The yellow regions show remaining voids in the packing.

According to [145], the 1.4 – 2.0 mm beads have a density of 1.61 g.cm-3 and

the 2.0 – 2.5 mm beads have a density of 1.57 g.cm-3. The packing fractions

for the 1.4 – 2.0 mm and 2.0 – 2.5 mm beads were close to 0.53 and lower than

the packing fraction for the 1.0 – 1.4 mm (0.56). This observation agrees with
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that of Zou (1995) [131] who saw that the packing fraction increases for a

given vessel size as the particle size decreased, most likely due to a reduced

influence of friction against the vessel walls, an effect also observed by Suzuki

(2008) [131, 132].

The density for the salt bead/PEEK composite using the 1.4 – 2.0 mm and 2.0 –

2.5 mm beads can be estimated based on “perfect” packing of PEEK and are

expected to be 1.04 and 1.02 g.cm-3, respectively (shown in Table 5.4). The

larger beads provide more void space after tapping and hence the optimum

mass ratios for the 1.4 – 2.0 mm and 2.0 – 2.5 mm beads are 4.3/1 and 4.2/1,

respectively (Table 5.4). This suggests the more completed filling for structures

with large beads, albeit for a mass ratio of 6/1.

The model fits to spherical particles which is not the case in this thesis due to

the rounded shape of the salt beads instead of being fully spherical. As a side

not, the actual optimum packing would be different since not all PEEK was

able to penetrate and fit the salt bead gaps perfectly and also, the salt beads are

not fully spherical.

Table 5.4: Packing fractions and estimated densities for the salt beads, PEEK and
their composite.

Estimated/material PEEK
salt beads

1.0 - 1.4 mm 1.4 - 2.0 mm 2.0 - 2.5 mm

Packing fraction 0.32 0.56 0.53 0.53

Density (g.cm
-3

) 1.30 1.65 1.61 1.57

Packing fraction of the composite- 0.70 0.68 0.68

Density of the composite(g.cm
-3

) 1.11 1.04 1.02

Optimum mass ratio of beads to the PEEK 5.0/1 4.3/1 4.2/1

It is also possible that the PEEK can be packed more efficiently into the larger

spaces between larger particles. A simple illustration to show this is given in
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Figure 5.23, where the gap between the salt beads for small (yellow) and big

beads (green) are shown. Larger particles present fewer, larger inter-bead

spaces. The size of these spaces controls the ability for the PEEK to pack in

the contacting regions between the beads. The contact points between beads

create inaccessible areas which increase as a fraction of the inter-bead size as

the bead size decreases and as the powder size increases. Thus, for a fixed

powder size, as is the case here, they will be able to make more efficient use of

the inter-bead space for larger beads. It is worth noting that the size of the

inaccessible region near the contact points will be what defines the size of the

windows which interconnect the pores.

(a) small gap model (b) Big gap model

Figure 5.23: Illustration of the salt bead/PEEK packing for different bead sizes.
Yellow, green and black circles are associated with (a) 1.0 – 1.4 mm beads and (b)
1.4 – 2.0 mm beads and PEEK particles as represented by yellow and green adjacent
circles, respectively.

5.3.2 Particle migration

The rate of migration of the powder was influenced by the mass ratio and the

salt bead size. The influence of different mass ratios on the number of taps

required to reach the steady height (Figure 5.2) is principally due to the
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different quantities of PEEK needed to be migrated. The more PEEK, the

longer the time needed. With increasing bead size, not only does the void

fraction increase slightly but we expect the size of the interconnecting channels

to also increase.

A simple comparative model presenting three circle group sizes (1.0 - 1.4, 1.4 -

2.0 and 2.0 - 2.5 mm) is used to show the relationship between the salt bead

size and the gap between them (Figure 5.24). The red circles fitting to the gap

can be calculated either using simple geometry or ImageJ measurement. The

diameters of circles fitting the gap are 216, 310 and 387 µm for circles of 1.4,

2.0 and 2.5 mm diameter, respectively. The simple model informs that larger

beads will create a less restricted flow of fine particles trying to migrate

through the gaps between them. This, in addition to lower packing fractions for

larger beads (which pack less well into the same sized container [131]) leads to

faster rates of PEEK permeation through beds of larger particles.

Figure 5.24: A circle model presenting 1.0 – 1.4 mm beads (yellow circles), 1.4 – 2.0
mm beads (green circles) and 2.0 – 2.5 mm beads (blue circles) with gap filled with
small red circles.

It is well known that segregation or separation of different materials can be

affected by vibration or tapping [141], which causes the smaller particles sift

toward the bottom and the larger particles to rise to the top [139, 140]. More
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detailed analysis of the process of particle migration when tapping fine powder

through a bed of larger particles is, however, examined through the series of

CT images in Figure 5.25. The images indicate that migration is not “plug”

type flow with a horizontal migration front but that initial, rapid filling starts

along and down the vessel walls (Figure 5.25a). It might be expected that this

is due to lower packing densities in the wall regions. Although no such

measurement was made to substantiate this in this study, it is expected that in

the outer bead layers that packing, owing to the presence of the container wall,

is poorer than in the central regions. The further percolation of the Ti powder

can be speculated from void filling (in Figures 5.25b, c and d) where the flux

of fine powder tends to be more strongly from the outside to the centre (at the

base) and centre to the outside (at the top) than it does from the top to the base.

(a) 10 taps (b) 100 taps

(c) 200 taps (d) 400 taps

Figure 5.25: Cross sections showing powder migration after (a) 10 taps, (b) 100
taps, (d) 200 taps and (d) 400 taps. Red arrows present the tendency for Titanium
migration (white objects) at different stages and salt beads are shown as rounded
grey objects.
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The convective nature of the flow is similar to the flow patterns predicted by

Zhang (2001), Remond (2010) and Jain (2012) using the Discrete Element

Method [137-139]. Their models showed that there is a circular motion of

small particles during tapping [139] and this motion moves particles down the

sides of the vessel and then up through the centre [143] which support to the

estimated flow resulted in this thesis (Figure 5.25b and c). It shows that the

strongest convection of powder from the outside to the inside tends to occur in

the middle regions and the top rather than at the base. Despite rather

speculative deductions about the flow from the CT images, the migration of the

fine powder does seem to proceed in much the same way as predicted by DEM

of similar processes. The effects are, however, expected to differ and be

stronger for the much larger size differences used in this study.

5.3.3 Limitations of the tapping process

It has been seen that the tapping process can produce structures with the

necessary features. Although it is a fairly simple process there are some

limitations. These are highlighted below.

 The process in its current form is slow (215 cycles of tapping per

minute based on the default machine set) and limited in production

volume. There is a necessity to tap within a die and to tap for several

thousand cycles.

 The porosity level is limited. Achieving good pore inter-connectivity

requires the formation of a continuous network of beads. This can only

be achieved in a narrow window of bead packing fraction. The quantity
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of PEEK added must exceed (slightly) that required filling the network

of voids.

 The filling process is not uniform from top to bottom and hence

stopping the process before reaching the “steady state” is likely to

produce defective samples with unfilled regions. A reduced number of

taps cannot be used to increase the porosity in a “uniform” fashion.

The tapping cycle must be completed to obtain a defect-free sample.

 There is a limit to the minimum pore size. The PEEK powder must be

considerably smaller than the beads and the inter-bead spaces. As the

size difference decreases, the rate of migration reduces, at some point

the spaces will be too small to be filled efficiently with the PEEK

powder. The use of finer PEEK can, in part, solve this problem but is

likely to exhibit poor flow characteristics.

 The window size cannot be widely varied. The size of the windows

connecting the pores is dictated by the packing of the PEEK into the

spaces between the beads. This is a function of the sizes of the two

particles and is not affected by processing.
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6 Chapter 6: Integrating Porous
PEEK Structures Into Injection

Moulded Parts

This section aims to advance the technology for the use of porous PEEK in

spinal applications (spinal cage). The investigation involves developing

methods for integrating porous parts into supporting structures. The integrated

parts were produced in order to be able to examine the potential for porous

PEEK integration, to assess the strength of the resulting parts and to determine

the feasibility of this route for the production of a spinal cage implant.

6.1 Processing methodology

The overall strategy was to prepare PEEK/NaCl “composite” inserts to be

housed within the cavity of an injection moulding tool. Molten PEEK would

then be over-moulded around the insert, using holes and partial dissolution of

the salt within the insert to enhance the bonding between the insert and

moulding. The details of the process are presented in the schematic in Figure

6.1. The key processes are described in the following section.

6.1.1 PEEK/NaCl “composite” insert preparation

The materials used were LT1 PEEK and 1.0 – 1.4 mm salt beads in the mass

ratio of 6/1. The materials and their combination were examined in section 4

and it was shown that this could produce porosity higher than 80%, adequately

meeting the requirement for cell growth [63, 95] and an acceptable pore size
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range of 100 – 700 µm [1, 81] and pore window size at range of 70 – 150 µm

[16, 28, 42]. The preparation process was explained in section 3.3.1.

22 mm die set applied at
6/1 ratioTapping

Compression at 200 MPa

Sintering at 380oC for 30 minutes

Spherical salt beads
1.0 – 1.4 mm
PEEK mean size of 54 µm

Compaction

Sintering

Fully leach

Drying

1

2

3

4

Machine insert /
Cage design

Partial leach

Over mould

Machine finish
and deburr

Drilling holes in the porous discs
5

Surface immersion6

Injection moulding7

Surface polish8

Immersion in a water
at 400 - 50oC > 4 hours

9

3 hours at 90oC in drying cabinet10

Material preparation:
Salt beads

PEEK powders

Specimens

Figure 6.1: The fabrication process for the integrated porous PEEK parts.

Using similar processes to section 3.2.2.3, tapping was conducted using a 22

mm diameter die set applying 8000 taps. Due to the target disc thickness of 6

mm, the total mass of PEEK/salt beads composite was set at 5 g for the 22 mm
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die along with compaction at 80 kN was applied after tapping, at a pressure of

200 MPa for the die. Sintering was performed as detailed in section 3.3.4.

In preparation for moulding, any excess PEEK on the sample surface was

removed by grinding to give a final height of 6.00 mm. In order to provide

shielding of the load to the porous PEEK sample, a number of through-holes

were drilled into the PEEK/NaCl composites. The hole diameters were either

3.5 mm parallel holes or 6 mm tapered, countersunk holes and different

numbers of holes were drilled in different samples. The countersunk holes

were later to allow the molten PEEK to flow through the holes and turn into

solid pillars as support. Examples of drilled inserts are shown in Figure 6.2.

Figure 6.2: 22mm diameter PEEK/NaCl composite samples with assorted drilled
holes

To improve adhesion between the injection moulded PEEK and the insert,

NaCl was partially removed from the surfaces of the inserts by brief insertion

into water. An example of progressive salt removal, after 0, 2, 10 and 20

minutes in static water of 1 mm depth at room temperature is captured in
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Figure 6.3. For the mouldings, the inserts were completely immersed in water

at room temperature for 2 min with the target being to remove salt from at least

one pore diameter from all surfaces.

(a) (b)

(c) (d)
Figure 6.3: Images of (a) the structure prior to salt leaching, (b) 2 minute partial
leaching, (c) 10 minute partial leaching and (d) 20 minute partial leaching (source:
Invibio)

6.1.2 Moulding process

The moulding was performed using an Arburg injection moulding machine

with constant injection temperature at 375 – 378o C and injection pressure of

50 bar, performed at Smithers Rapra, Shawbury, UK.

The mould cavity was originally 52 x 52 x 10.5 mm and was used to make

colour test plaques. This was modified using a close-fitting tool steel insert,

5.2 mm thick with a 22 mm diameter, 2 mm deep hole in the centre, placed on
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the back face of the mould cavity in order to create a fixture for the PEEK

composite inserts. The mould cavity is shown schematically in Figure 6.4. A

“blank” moulding is shown in Figure 6.5 and the sprue and runner are labelled.
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Figure 6.4: The schematic of mould cavity. The grey region presents the injected
PEEK and the porous part is the orange region.

(a) (b) (c)
Figure 6.5: (a) A blank moulding showing the runner, (b)sprue, tab gate and (c)
back of the moulding.

Inserts were preheated to 150o C in an oven and transferred to the mould

cavity. Figure 6.6 shows the injection moulder and a sample insert in the

mould cavity. The depth of the hole to locate the insert meant that the insert

Sprue

Runner
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would protrude into the moulding by 4 mm and be encapsulated by a 1.3 mm

PEEK layer below it.

(a) (b)

Figure 6.6: (a) Moulding machine used to integrate the porous and solid part and
(b) the mould cavity with PEEK/NaCl “composite” insert

6.1.3 Mouldings

Mouldings are shown in Figure 6.7 where it is shown that without dissolution

of salt from the surface of the preform, adhesion between the moulding and the

preform insert is poor and leads to falling out during ejection from the mould.

Examples of successfully over-moulded parts are also presented in b) and c)

this figure, where mere PEEK through the pre-drilled holes can be seen.

Figure 6.8 clearly shows the ingress of PEEK into the pre-drilled holes in the

insert and also the infiltration of PEEK into the empty pores around these

holes, created by the partial dissolution of the NaCl during the brief immersion

in water. The penetration of the molten PEEK through the network of inter-

connected porosity is apparent in Figure 6.9, after leaching of the NaCl. The

infiltration direction can be seen from the shape of the PEEK front and there is
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evidence of some compression of the empty pores as a result of the moulding

pressure. It is clear that the ingress of PEEK into the porous surfaces of the

insert will provide a mechanical “key” between the two components. It is

obvious that the NaCl must remain in the bulk of the insert during moulding to

ensure that the molten PEEK does not fill all the porosity, but the presence of

the NaCl also preserves the pore geometry against the infiltration pressure.

(a) unsuccessful injected part (b) successful injected part

Figure 6.7: Examples of over-moulded inserts, a) without surface dissolution and b)
with pre-drilled holes and pre-moulding surface dissolution.

(a) (b)

Figure 6.8: (a) a moulded sample, after surface grinding, showing (b) the ingress of
PEEK into the machined holes.
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(a) (b)

(C) (d)

Figure 6.9: Cross-sections of PEEK disc after leaching showing (a) the injected PEEK
infiltrating the porous sections from the top, (b) the cross-section of the middle
region, (c) the cross-section of the porous-solid insert region and (d) the cross-
section of the porous-solid non-insert region with the red arrows pointing the
region of interest.

A small quantity of residual salt was detected post-leaching using SEM. The

image in Figure 6.10 indicates that the ingress of PEEK into pores that have

had NaCl partially removed from them can result in entrapment of residual salt.

As this cannot be accessed by water, it is retained after leaching. As it is also

unlikely to be removed in-service, so this entrapment might not be of concern.
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Figure 6.10: Entrapped salt caused by the ingress of PEEK into the porous surface

6.1.4 Compression testing of the mouldings

Injected moulded coupons with 22 mm inserts with 3.5 mm parallel drilled

holes were prepared and are seen in Figure 6.11. To ensure parallel testing

surfaces, the insert surfaces were ground flat, removing roughly 0.75 mm. All

the salt was removed by immersion in water at 70oC for 24 - 48 hours,

followed by drying. Compressive testing was conducted on an Instron testing

machine using twin LVDT’s to accurately measure displacement. Samples

were compressed at a speed of 0.6 mm/min. To ensure accurate pressing of the

insert, a small cylindrical disc was placed on top of the insert (Figure 6.12a).

The mechanical performance of the disc was characterised by the compressive

yield strength and Young’s modulus. The mechanical behaviour was also

compared with a conventional porous disc, tapped using methods detailed in

Chapter 3.

salt
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(a) 5 x 3.5 mm hole insert (b) 3 x 3.5 mm hole insert

Figure 6.11: Samples with 22 mm diameter porous inserts containing (a) 5 x 3.5 and
(b) 3 x 3.5 mm holes filled with PEEK.

(a) Metal cylindrical plate for
covering the top of tested
specimen

(b) The disc and the covering base

Figure 6.12: (a) The cylindrical cover plate and (b) schematic of the porous-insert
sample with a covering plate on the top surface used in compressive testing.

6.2 Mechanical behaviour

Figure 6.13 shows a typical stress-strain curve for a porous PEEK scaffold. It

shows characteristic behaviour for a porous material, with a linear-elastic

section to yield, a load drop and then a flat, plateau section before densification

at high strain. Table 6.1 shows the average values for the mechanical

properties for ≥ 7, 22 mm diameter samples, measuring a yield strength of 1.6 

MPa and a Young’s modulus of 40 MPa. This compares with 90 - 107 MPa
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and 3.6 - 4.1 GPa for bulk PEEK [42, 72, 114, 115]. The strength and stiffness

of the porous PEEK scaffold are very low compared with the bulk PEEK and

compared with Evans’ study [19] although scaffolds containing 67% porosity

at top surface (Solid-porous PEEK with only 400 µm thick of porous layer at

the top did not significantly decrease the strength of sample (8 mm in thickness

and 16 mm in diameter) as measured at 71 MPa of the strength and 2.45 GPa

of the Young modulus for the solid PEEK). It is understood that it is a problem

to produce a high porosity part with good mechanical properties [23]. The low

strength and stiffness are, of course due to the high porosity since they scale

with relative density to the approximate power of 1.5 and 2, respectively [25]

but also due to the tapping and sintering route and the weak struts that result

from this [146]. The poor properties highlight the need to “shield” the porous

component from the service load (typically lumbar stresses range from 0.3 –

2.3 MPa [113]).

Table 6.1: Mechanical property data for porous PEEK samples

Bead size
(mm)

Elastic Modulus
(MPa)

Compressive Yield
(MPa)

Porosity (%)

1.0 - 1.4 40.12 + 2.56 1.61 + 0.19 82.75 + 0.17
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Figure 6.13: A typical compressive stress-strain curve for the PEEK scaffolds
employing bead size range 1.0 – 1.4 mm for the first 25% of strain coupled with
whole compressive-strain plot as an insert.

Stress-strain curves for inserts with filled holes which create “pillars” of PEEK

are presented in Figure 6.14. They show clearly that the infiltrated holes greatly

increase the effective compressive strength of the porous PEEK scaffolds, as it

is these “pillars” which take the load. The compressive strength increases with

the number of pillars, as the area of PEEK supporting the load increases. The

effective stiffness of the porous insert increases in the same way. Adding 3.5

mm PEEK “pillars” increases the stiffness of the part from 40 to 255 and 374

MPa with 3 and 5 3.5 mm diameter pillars, respectively and the yield strength

from 1.61 to 10.0 and 23.9 MPa for the 3 and 5 pillars, respectively. For both

properties, the changes are tabulated in Table 6.2,
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Figure 6.14 : Stress – strain curves for porous-solid PEEK parts. The red, black and
blue dotted lines present parts with “pillars” of 5 x 3.5 mm, 3 x 3.5 mm and a
porous part, respectively.

Table 6.2: Mechanical property data for the solid-porous part, porous and bulk
PEEK

Porous-solid PEEK part Modulus (MPa) Yield (MPa)

3 x 3.5 mm insert (n = 1) 255 10.0

5 x 3.5 mm insert (n= 1) 374 23.9

Porous PEEK (n = 7) 40.12 + 2.56 1.61 + 0.19

Bulk PEEK [42, 72, 114, 115] 3 – 4 (GPa) 90 - 107

If it is assumed that the “pillars” are supporting all the applied load, the stress

upon them at yield can be determined from the “global” yield stress and the

ratio of the cross-sectional areas of the insert to the “pillars”. The stiffness of

the pillars can be estimated in the same way. These simple calculations reveal

that the estimated stresses at global yield are 132 and 189 MPa, above those for

yielding of PEEK and that the stiffness of the “pillars” are between roughly 3-
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3.5 GPa. Despite inaccuracies in the exact diameter of the “pillars” this

suggests that the transition to plastic deformation is dictated by yielding of the

PEEK pillars rather than by buckling, a failure during the compression test,

(which might be expected given their relatively low aspect ratio of < 1.5). This

enables suitable geometries and the number of “pillars” to be designed for a

particular application and the forces that go with it.
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6.4 Case study: manufacture of a prototype hybrid porous

PEEK-solid PEEK, spinal cage (Confidential)

PEEK/NaCl discs of 22 mm in diameter were manufactured at Nottingham and

supplied to Invibio Ltd for them to make a demonstration part. 2 pieces per part

were used in an injection moulding process (using the same principles of

partial salt removal, mould inserts and over-moulding) to produce a prototype

spinal cage with dimensions of 22 x 10 x 13 mm3, shown in Figure 6.15. Post-

moulding, and before removal of the salt, the saw-tooth fins were machined

into the sample.

(a) (b)

(c) (d)

Figure 6.15: Prototype spinal cage employing porous and moulded PEEK showing
(a) its dimension, (b) the lateral view, (c) the 60o angle view and (d) the head view.

The moulding technique successfully integrated the insert and moulded PEEK

and the salt was able to be removed after machining to produce a hybrid part

Head

Tail

Finlet
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containing both solid and porous PEEK sections. Figure 6.16a shows the

porous part facing to the top and the red arrow points to adjacent sides of two

inserts in the cage. Figures 6.16b-d show the outer surfaces of the insert and

that molten PEEK has filled partially-cleared pores created by brief leaching.

(a) Front view (b) bonding region

(c) Corner bonding (d) pores
Figure 6.16: Pores and bonding regions in the porous PEEK insert in a prototype
spinal cage showing the (a) front view, (b) solid-porous PEEK bonding, (c) corner
bonding and (d) the integrated porous discs in solid PEEK with the red arrows
pointing border or bonding between porous and solid PEEK.

6.5 Summary

This section successfully demonstrates the capability to integrate porous and

solid sections of PEEK via injection moulding. The use of partial leaching

before moulding offers the possibility to lock the two components together,

whilst retaining the pore structure in the original insert. Mechanical tests have
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shown that porous PEEK structures are barely capable of supporting in-service

loads but that they can be protected by suitable designs to ensure the applied

load is borne by “pillars” of PEEK, within the porous insert.
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7 Chapter 7: Conclusions and
Future Work

This thesis reports the fabrication of porous Poly-Ether-Ether Ketone (PEEK)

scaffolds using rounded sodium chloride (NaCl, salt) as a porogen. It

introduces a novel fabrication technique resulting in porous PEEK scaffolds

with acceptable structural characteristics that can be integrated into solid PEEK

mouldings.

The objectives of the study were to:

 develop a new manufacturing technique, based on meeting the

structural requirements and achieving good repeatability of the process

and structure obtained

 understand the important processing factors which control the structural

features and reproducibility for the processing method chosen.

 determine the potential for porous – solid PEEK integration using

injection moulding with appropriate inserts and pre-treatments thereof.

 quantify the mechanical properties of porous PEEK scaffolds and

integrated porous-solid PEEK parts produced by injection moulding.

Based on the findings and discussion, the conclusions of the study as follows,

organised according to the objectives.
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A new manufacturing technique based on meeting the

structural requirements

 Porous PEEK scaffolds were fabricated via wet, dry and tapping mixing

routes, producing their own unique structures based on the

characteristics corresponding to the route of fabrication.

 In general, the structures contained porosity in the range between 70 to

87% (by comparing all samples), with rounded pores, dictated by the

size of the salt beads used, but which were slightly elongated

perpendicular to the compaction direction in the step used to

consolidate the mixtures.

 Three types of PEEK were used, Vicote, LT1 and LT3, but despite their

different sizes, they had little influence on the morphology of the

porous structures, irrespective of the processing route used.

 The wet-mixing route coats the salt beads with PEEK powder. This led

to porosities that were close to the target, uniform throughout the

structure and from part-to-part. The coating, however, prevented bead-

to-bead contact resulting in connectivity that was affected by dispersed,

small porosity (< 150 µm) in the cell wall. This poor interconnectivity

led to long salt removal times and would be unacceptable for cell

migration.

 When dry-mixing it is difficult to achieve uniform mixing of the two

components which have a very large size difference. Inhomogeneous

mixing leads to PEEK-rich and salt-rich regions. As a result, the

porosities were highly variable and deviated highly through the sample,
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most likely due to the occurrence of high levels of trapped, residual salt.

Pore interconnections were highly variable, owing to irregular mixing,

which coupled with the high variability in porosity and high levels of

residual make structures made in this way unacceptable for use in

medical devices.

 The tapping route pre-establishes good and regular bead packing and

bead-to-bead contact before the inter-bead spaces are filled with the

fine PEEK powder. The porosity obtained is uniform and highly

repeatable and pore interconnections are good, with relatively large

“windows”, (204 + 41) µm, being developed between the pores, (560 +

180) µm.

 The tapping route was the only technique one capable of producing

porous structures that meet the key requirements, namely; a pore size

suitable for bone in-growth; an even distribution of porosity through the

structure; a high level of pore interconnectivity; a repeatable process

with low deviation in porosity and a low level of residual salt (based on

microCT scanning result),

 The tapping process, using LT1 PEEK, was further studied and

developed as a novel route for the fabrication porous PEEK scaffolds.

Important processing factors which control the structural

features

 For a fixed bead size, increasing the mass of PEEK (for bead to salt

ratios of 10/1, 8/1 and 6/1) required longer tapping to produce a stable
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condition and produced thicker layers of excess PEEK on top of the salt

bead bed. For 1.0 – 1.4 mm diameter beads, the optimum ratio for no

excess PEEK was estimated to be between 5/1 and 6/1. This optimum

condition arises from the packing densities of the two components.

 For a constant mass ratio of 6/1 and different bead sizes (1.0 - 1.4 mm,

1.4 – 2.0 mm and 2.0 – 2.5 mm), reaching a steady height of the PEEK

layer takes longer using small beads owing to both the smaller inter-

bead spaces provided by smaller particles but also the less dense

packing of large particles in a vessel of fixed size.

 The optimum mass ratio of salt beads to PEEK also differs for different

sized particles (4.3/1 for the 1.4 – 2.0 mm and 4.2/1 for the 2.0 – 2.5

mm), with a more efficient filling of the larger inter-bead spaces and

higher porosity for larger salt beads.

 Filling of the inter-bead spaces did not occur with a horizontal

migration front. Instead, filling was observed to occur preferentially

down the side walls of the vessel, following modelling predictions in

the literature for segregation of different sized particles.

 The tapping process has some limitations namely; it is slow (depending

on the tapping machine capability, the current machine requires 5

minutes per 1000 cycles of tapping, producing one good compacted

sample of the 6:1 ratio of the salt beads to the PEEK of 5 g is restricted

to 8000 taps), with the necessity to tap within a die for several thousand

cycles; the porosity level is limited as it is defined by the dense random

packing structure for the beads used; the filling process is not uniform

from top to bottom and thus a reduced number of taps cannot be used to
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increase the porosity in a “uniform” fashion; there is a limit to the

minimum pore size as the PEEK powder must be considerably smaller

than the beads whilst still exhibiting good flow characteristics and the

window size cannot be widely varied as it is dictated by the packing of

the PEEK into the spaces between the beads, a function of their sizes

and not of processing.

The potential for porous – solid PEEK integration using

injection moulding

 Salt / PEEK inserts manufactured by the tapping route can be integrated

into injection moulded parts by supporting them within the mould

cavity and over-moulding with molten PEEK. After integration, the

salt is removed to produce a hybrid porous-solid PEEK part.

 Adhesion between the insert and the moulding is affected by partial

leaching of the salt from the surface of the insert (see 6.1.3), to create 1

layer of pore (as a result of partial leaching prior to the moulding by

leaching 1 mm sample surface about 2 minutes, see section 6.1.1), such

that molten PEEK can infiltrate into these empty spaces and provide a

mechanical interlock.

 Successful integration of porous PEEK structures into a generic

prototype porous–solid PEEK spinal cage, shows evidence of the

feasibility of this process to make hybrid medical devices.
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Mechanical properties of porous PEEK scaffolds and

integrated porous-solid PEEK parts produced by injection

moulding.

 Porous PEEK discs, with 1.0 – 1.4 mm pores and a porosity of roughly

(82.75 + 0.17)% were compression tested and showed a Young’s

Modulus of (40.12 + 2.56) MPa and a compressive yield stress of (1.61

+ 0.19 MPa. At these high porosities, the structure is barely capable of

supporting typical lumbar loadings (a few MPa).

 Salt / PEEK inserts were prepared with pre-drilled holes which filled

with solid PEEK during the moulding process, creating “pillars” to

support the applied load and protect the porous surface. For a 22 mm

diameter porous insert with 3 x 3.5 mm diameter pillars, the

compressive strength increased from 1.6 to 10 MPa and the stiffness

increased from 40 to 255 MPa.

 The strength and stiffness of the mouldings containing pillars were

considerably contributed by the load-bearing areas of the solid PEEK

pillars, enabling the appropriate design of the number and size of the

pillars required to support the service load.
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Future work

Due to the limitations of the study in terms of the equipment and materials

available, future work can be directed to some other areas;

 The rate of production is restricted to the default tapping machine

causing slow and limited production volumes due to the necessity to tap

within a die and to tap for several thousand cycles. This could be

addressed through a study looking at the effect of vibration frequency

and amplitude on the filling rate of the PEEK powder. The effect of die

diameter could also be investigated. The tapping assembly could also

be modified into a matrix of cylindrical cavities to accommodate

simultaneous production. In terms of the die dimensions; a lighter

weight die set could be trialled in an effort to improve the rate of

production (due to the limitation of the machine to only hold the load

up to 900 g without affecting the tapping rate and could affect the

production rate at the same time).

 The porosity level is limited and achieving good pore inter-connectivity

requires the formation of a continuous network of beads in a condition

of a narrow window of bead packing fraction. To enhance the bead

packing fraction, the ratio of the bead size to the vessel size could be

varied more widely to achieve more uniform packing.

 The filling process is not uniform from top to bottom and hence

stopping the process before reaching the “steady state” is likely to

produce defective samples with unfilled regions. Due to this drawback,

future studies could investigate a new loading technique whereby the



142

salt beads and PEEK are mixed prior to tapping in an effort to reach a

steady packing condition faster.

 There is a limit to the minimum pore size due to the salt bead size used

and the flow rate of fine PEEK depends on the size of the inter-bead

spaces. Changing the morphology of the PEEK to rounded might

improve the flow rate even at lower particle sizes. Compounding the

powder with an additive to increase the density might accelerate the

migration too.

 The window size cannot be widely varied since it is dictated by the

packing of the PEEK into the spaces between the beads as a function of

the sizes of the two particles. Using a wider range of salt beads such as

0.5 – 1.4 mm or more beads with slightly flatter faces could increase

the contact areas and the window size. Additionally, chemical methods

to increase the window size, through the dissolution of the PEEK, could

be applied.

 The effectiveness of bone in-growth remains to be determined as part of

a wider series of future studies to look at the biological interactions

with these structures.
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Appendix 1: Data sheets for PEEK powder
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Appendix 2: Data sheets of Boron Nitride Aerosol
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Appendix 3: Mastersizer 2000 particle analysis
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