The
University

. { £ Of

e  Sheffield.

A
)

This is a repository copy of Digital fingerprints of microstructural variation in titanium alloy
hip joint forgings via machining force feedback analysis.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/230749/

Version: Published Version

Article:

Fernandez Silva, B., Suarez Fernandez, D., Green, I. et al. (1 more author) (2022) Digital
fingerprints of microstructural variation in titanium alloy hip joint forgings via machining
force feedback analysis. Materials Characterization, 192. 112198. ISSN: 1044-5803

https://doi.org/10.1016/j.matchar.2022.112198

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose .
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.matchar.2022.112198
https://eprints.whiterose.ac.uk/id/eprint/230749/
https://eprints.whiterose.ac.uk/

Materials Characterization 192 (2022) 112198

ELSEVIER

Contents lists available at ScienceDirect
Materials Characterization

journal homepage: www.elsevier.com/locate/matchar

MATERIALS

CHARACTERIZATION

Check for

Digital fingerprints of microstructural variation in titanium alloy hip joint  [&&s
forgings via machining force feedback analysis

Beatriz Fernandez Silva®, Daniel Sudrez Fernandez *", Ivan Green ¢, Martin Jackson ®

@ Department of Materials Science and Engineering, University of Sheffield, Sir Robert Hadfield Building, Mappin St, Sheffield S1 3JD, UK
Y Advanced Manufacturing Research Centre, Advanced Manufacturing Park, Catcliffe, Rotherham S60 5TZ, UK

¢ JRI Orthopaedics, 35A Business Park, 18 Churchill Way, Sheffield S35 2PY, UK

ARTICLE INFO ABSTRACT

Keywords: Considering actual trends regarding life expectancy, it is forecast that the total number of hip replacements will
Microstructure increase in the next few decades due to an increasingly ageing population. This situation will require an increase
T?Xt‘{re in component supply and experience of titanium alloy closed-die forging experience in the manufacturing supply
Titanium . . . . . . P .

Forging chain. However, the scrutiny of microstructural evolution during processing for orthopaedic implants is not at
Processing the same level compared to the aerospace industry. This study is focused on understanding the current micro-
Machining structure quality in the international forging supply chain by applying standard characterisation techniques,

currently used in the aerospace industry for safety critical titanium alloy components, as well as a Sheffield
developed machining force feedback technique. Three different manufacturers whose near net shape hip joint
forgings all successfully pass the industry standards were studied. Through digital fingerprint reconstructions,
the microstructural variation has been shown to be linked to the forging process parameters which could help to
determine the individual components’ fatigue performance. Furthermore, significant variations have been
identified in microstructure quality that could compromise the part performance. The study demonstrates that
the materials standards for orthopaedic implants could be more stringent to avoid such large microstructural
variations in the supply chain.

1. Introduction

Titanium orthopaedic parts are manufactured to very high standards
with regard to chemical and biological compatibility for the use of in-
vivo artificial internal implants. The design of such orthopaedic parts
presents an extra set of technical challenges across different disciplines
compared to aerospace titanium alloy components, such as chemical
biocompatibility with the human body, mechanical-elastic compati-
bility with bone tissue, wear compatibility at the implant/tissue inter-
face and ultimately the optimum adhesion of the implant. Good
communication across the manufacturing supply chain is critical for the
correct design, manufacture and service life of orthopaedic titanium
implants.

Compared to Co-Cr and stainless steels, which have historically been
used for biomedical components, titanium alloy implants are reported to
last approximately 20 years with 95% of hip replacements lasting at
least 10 years — making titanium the most suitable metal for implants
[1]. The most common type of failure, accounting for ~42% of revision
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cases, is mechanical (aseptic) loosening with implant failures being far
less common (~6%) [2]. Moreover, most implant failures, such as per-
iprosthetic fractures, infection, dislocation or surgical technique error,
are beyond the influence of the manufacturing process. However, the
ongoing optimization of material and manufacturing processes for sur-
gical implants, such as hip joints, is necessary to reduce or minimize
revision cases. Furthermore, implant stem fracture can be caused by
either poor primary proximal fixation by the surgeon or poor quality
forgings. In 2016, approximately 100,000 primary hip replacement
procedures were carried out in England, Wales and Northern Ireland, of
which +6000 replacements may have been required due to implant
failure [3](NJR, 2016).

The fatigue performance of titanium alloy components is well-
understood to be related to the microstructure and crystallographic
texture defined by the primary manufacturing processes. Although there
are ASTM standards highlighting the microstructure and forging re-
quirements [4,5], the minimum fatigue life requirements [6,7][ISO
7206-4:2010, ISO 7206-6:2013] and material specification [ISO 5832-3]

Received 15 February 2022; Received in revised form 18 July 2022; Accepted 3 August 2022

Available online 6 August 2022

1044-5803/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:martin.jackson@sheffield.ac.uk
www.sciencedirect.com/science/journal/10445803
https://www.elsevier.com/locate/matchar
https://doi.org/10.1016/j.matchar.2022.112198
https://doi.org/10.1016/j.matchar.2022.112198
https://doi.org/10.1016/j.matchar.2022.112198
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchar.2022.112198&domain=pdf
http://creativecommons.org/licenses/by/4.0/

B. Fernandez Silva et al.

[8], currently the manufacturing and shaping route for titanium alloy
hip joints is not specifically defined in the standard, which leads to in-
consistencies in the method of manufacture between forging suppliers.
Furthermore, the effect of crystallographic texture of hip joint compo-
nents has largely been ignored, despite its strong influence on fatigue
performance. In addition, recent research has shown the importance of
the crystallographic texture in biomaterials on cell response [9], which
could enhance osteogenesis and hydroxyapatite adhesion [1] and
therefore, indirectly reduce the cause of revision for non-manufacturing
processing effects.

In this study, the microstructure and crystallographic texture
developed during the near net shape (NNS) hip joint manufacturing
process is characterised for different forging manufacturers. The aim
was to determine the impact of the thermomechanical processing vari-
ables used in the supply chain on the microstructural and crystallo-
graphic texture development that will define the in-service behaviour.
The resolution of characterisation used in this study is usually performed
in critical aerospace titanium alloy components, and therefore this work
aims to highlight the current situation in the supply chain quality of such
forged parts.

Although partial or total hip arthroplasty (THA) is a common inter-
vention with high survival rates and low mortality rates: several issues
can imply a revision and substitution of at least one component of the
implant. These hip joints consist of four main components; the acetab-
ular cup that sits in the acetabulum, the femoral head which can be
ceramic or metallic, the plastic/ceramic liner that sits between the
acetabular cup and the femoral head and finally the femoral stem (hip
stem). The exploded CAD view of the main parts of a complete hip
replacement orthopaedic implant is shown in Fig. 1.

Acetabular
Cup

Liner

Femoral
Head

Hip Stem

Fig. 1. Exploded CAD view of the four main components of a total hip
arthroplasty (THA).
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A study centred in more than 2000 THAS, performed in 30 centres in
France, showed the causes of implant revision (implying that at least one
part of the implant had to be replaced), with implant fracture being one
of them [2].

The design and improvement of these orthopaedic implants is chal-
lenging, due to the lack of nationwide clinical databases and registers
where important clinical data (about the failures and revisions) is
collected and centralised. This makes it difficult to have statistical data
at a national and international level regarding the success/failure ratio
and specific data about the failure origin in THA surgical procedures.
However, the creation and distribution of these data sets is challenging
due to the sensitive information included about individual patients and
the rigorous requirements to follow based on the legislation, such as the
data protection laws such as the Data Protection Act 2018 in the UK
[10]. Digitisation efforts are being put in place by government and
healthcare institutions such as the NHS in England, creating a novel
country-wide electronic health record for public research purposes [11].

This work addresses the inconsistencies in microstructure, crystal-
lographic texture development and machining response in the current
supply and manufacturing industry of orthopaedic hip joint femoral ti-
tanium components. A comprehensive characterisation of the material is
performed using a similar approach to that used for critical aerospace
components, presenting the relationship between the analysis results,
the processing variables and ultimately, the component’s performance.

2. Methodology
2.1. Sample description

A set of hip joint forgings originating from three different interna-
tional forging manufacturers (coded A, B and C) were provided by JRI
Orthopaedics Ltd. in Sheffield, UK. The hip joint forgings were taken
from the process route prior to finish machining and coating, and
therefore, the geometry and dimensions of the three forgings are iden-
tical. Importantly, all three hip joint forgings had successfully passed the
standardised requirements, stated in the respective standards for or-
thopaedic implants ISO 7206-4: 2010 (‘Distal fatigue testing of the
femoral stem’) [6] and ISO 7206-6: 2013 (‘Neck fatigue testing of the
femoral stem’) [7]. These implants are intended to be “uncemented” and
therefore they need to be surface prepared and coated in hydroxyapatite
(Cayp(PO4)6(OH),) for optimal bone-implant mechanical interaction. As
the coating is applied via plasma spraying, which is a high energy-low
temperature but highly localised process, the microstructure and crys-
tallographic texture developments of these implants in its pre-coated
state, are considered unaltered during the coating procedure as the ti-
tanium substrate does not exceed 150 °C [12]. Therefore, the results
presented in this work can be extrapolated through to the coated in-vivo
implanted condition.

The three hip joint forgings are made of the same titanium alloy - Ti-
6Al-4 V ELI (grade 23) and referred to as Ti-64. “ELI” refers to Extra Low
Interstitials, which implies a higher purity variant of the more commonly
available Ti-6Al-4 V alloy (grade 5) with lower levels of tramp elements
such as oxygen, iron and carbon. As a result, the Ti-64 ELI variant
provides better ductility, excellent fracture toughness (even down to
cryogenic temperatures) and enhanced corrosion resistance compared to
Ti-64. It is therefore used in orthopaedic implants, surgical instruments,
marine and cryogenic applications.

The chemical composition of the studied hip joint forgings is shown
in Table 1. These forgings have also fulfilled the requirements of ISO
5832-3 (‘Implants for surgery — Metallic materials — Part 3: Wrought ti-
tanium 6-aluminium 4-vanadium alloy’) [8].

Fig. 2 shows the three hip joint forgings in the as-received condition.
All forgings have equivalent geometries.
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Table 1

Ti-6Al-4 V ELI composition limits [weight %](Grade 23) AMS 4981/ Timet Ltd.
Ti-64 ELI Ti Al A N C o Fe H Ru Residual elements (each) Residual elements (total)
MAX Bal 6.5 4.5 0.03 0.08 0.13 0.25 0.0125 - 0.1 0.4
MIN Bal 5.5 3.5 - - - - - - - -

Head

Proximal
Area (stem)

Distal Area
(stem)

(b)

Fig. 2. Hip joint forgings from manufacturers A, B and C in the as-received (pre-finish machining) condition (a) and a schematic illustrating the four sections of a
hip joint.

2.2. Sample manufacturing stages and reference axis between the thin stem and the thicker top section of the final component
(see Fig. 2(b)), the initial hot forming process reduces the diameter of

The current method of manufacturing this type of hip joint compo- the proto-stem part (Fig. 3(b)). The diameter reduction is less prominent
nent (shown in Fig. 3) starts with a round Ti-64 ELI bar stock. In order to at the opposite end, as more material is required for the forging of the

achieve the desired geometry, sequential forging and forming operations head-taper region. This bar with sections of different diameters is then
are applied to the Ti-64 ELI bar. First, due to the differences in geometry hot-formed to the designed angle of the final implant (Fig. 3(c),

(d) (e)

Fig. 3. The shaped profiles at each stage of hip joint forging and shaping route. Initial feedstock bar (a), local cross section reduction in stem region (b), femoral neck-
shaft angle (NSA) (c), closed-die forging stage (d) and workpiece after machining in its pre-coating stage (e). The reference axes are shown at the bottom right.
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preparing the part for the closed die forging process (Fig. 3(d), to form a
final near net shape (NNS) with intricate features.

During these key manufacturing stages, processing parameters such
as temperature, strain, strain rate and geometry determine the micro-
structural development, which ultimately defines the properties and the
final component performance and quality.

The component reference axes used are kept constant for all stages of
the analysis presented in this work: the axis RD is parallel to the longi-
tudinal axis of the initial bar; the ND axis is normal to the plane defined
by the closed-die forging process; and TD is the third spatial axis defined
as the perpendicular direction to RD and ND. An overview of the shape
evolution during the different forming stages of the manufacturing
process, as well as the nomenclature of the reference axis, is represented
in Fig. 3.

As pointed out by Behrens et al. [13], variations in the
manufacturing route for these implants occur in the supply chain,
depending on the optimising variable defined by the manufacturer (i.e.
minimising material usage). As an example, either swaging, rotary
forging or cross wedge rolling manufacturing processes can be used to
achieve the intermediate geometry in step (b) of Fig. 3 from the initial
bar (in step (a)). In this work, the RD axis will be referred to as the rolling
direction, but it is unclear whether the first stage in the manufacturing
process of the hip joints was performed by rolling or any other process,
as highlighted above.

2.3. Sample extraction

The materials characterisation of these three components was car-
ried out in two different locations. The microstructural and texture
analysis was performed in the stem region, specifically at 80 mm from
the end of the stem (Fig. 4). This location was selected as it is considered
as a critical location in the standards applied for manufacturing and
testing the validity of these biomedical implants (JRI Standards). The

Head/Neck
(Machining
Sample)

Stem Slice
(Characterisation
Sample)

RD

80 mm

ND D

(a) (b)

Fig. 4. Sample extraction from each workpiece characterisation slice and
machining sample (a) and detail of the location of the stem characterisation
slice, 80 mm from the end of the stem (b).
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machining analysis was performed in the neck because it is an axisym-
metric component that can be easily turned into a cylindrical piece.

The workpieces were sectioned in a Struers Secotom-50 with a 10S20
cut-off wheel of 200 mm diameter. The sectioning plan of each implant
is depicted in Fig. 4.

From the slice extracted at 80 mm from the end of the stem, samples
for light microscopy, microstructural analysis, hardness indentation and
texture analysis were subsequently sectioned and metallographically
prepared for microscopy.

2.4. Materials metallographic characterisation

The three Ti-64 stem slices were prepared using standard metallo-
graphic procedures to obtain a mirror-like finished surface suitable for
microstructure and texture analysis. The specimens were ground with
SiC paper from 400 to 4000 grit size and polished for 15 min with
colloidal silica 0.05 pm and 10% H30; followed by cleaning in an ul-
trasonic bath with isopropanol. For light microscopy and micro hardness
measurements, the samples were etched using Kroll’s reagent for 20 s.
For scanning electron microscopy (SEM) and electron backscatter
diffraction (EBSD), samples were analysed in the as-polished condition.

Light microscopy (LM) was performed under a Nikon LV150 light
microscope and Clemex automated image analysis (Olympus Bx51 with
Clemex Vision PE image software analysis system) for microstructure
analysis. The crystallographic texture was obtained by EBSD in a JEOL
JSM-7900F SEM equipped with a Symmetry detector coupled with
AZtecHKL software for data collection and post processing was per-
formed using MTEX [14]. Low resolution orientation maps were ob-
tained covering areas of 300 x 1000 pm? using 1 pm step size. The
analysis was performed on the TD-ND plane perpendicular to RD of the
specimens as shown in Fig. 5. Two different locations were chosen: at the
centre and at the edge.

The Vickers hardness was measured at each sample in the cross
section from edge-to-edge at room temperature on as-polished and
mounted specimens in a DuraScan microhardness tester. Tests were
performed in accordance to the ASTM-E384 [15] specification under a
force of 1 kg (HV1) for 15 s.

2.5. Machining force feedback analysis

The finish machining process is a dynamic interaction between the
tool insert and the workpiece and it is used to remove material from the
near-net shape forging until the final design geometry and tolerances are
achieved.

The force feedback characterisation technique takes advantage of
this dynamic interaction, providing an in-process analysis of the com-
ponent’s microstructure during the machining operation. This analysis
is carried out using the machining forces exerted on the tool insert
during the operation. These signals are subsequently evaluated and
linked to the manufacturing process variables, material characteristics
and ultimately with the unique quality of each machined component -
and the basis of a “digital passport” of the hip joint. This is possible

Forging Plane

Fig. 5. Hip stem cross section representing the centre and edge locations in the
TD-ND plane.
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because machining can be considered a dynamic process, whereby se-
vere plastic deformation exerted by a tool insert leads to intense shear
banding and a controlled fracture at a specific subsurface depth (depth of
cut), at a defined speed (cutting speed), and a fixed width (feed rate). As
the material is being removed as chip/swarf through the machining
process, the new surface created is representative of the final component
material condition. Therefore, the data captured through this in-situ
characterisation technique provides unique information about the spe-
cific component that is being machined.

The in-situ characterisation approach uses the forces exerted on a
tool insert to determine the local material characteristics and the process
dynamics. In order to capture such small variations in local machining
forces, high precision piezoelectric sensors are housed inside a metallic
plate (known as a dynamometer) that is mechanically attached between
the tool holder and the CNC machine tool turret. The small capacitance
variations are then amplified in a charge amplifier, discretised and then
transferred via a USB link to a computer for further analysis.

The CNC centre used for this analysis was a DMG Mori NLX2500 at
the University of Sheffield’s Advanced Manufacturing Research Centre
with Boeing, Rotherham, UK. The tool insert type used was a Sandvik
VNGG 16 04 01-SGF H13A, uncoated with a tool corner radius of 0.0992
mm. The selection of an insert with a very small tool radius was because
of the implicit reduction in surface contact area between the workpiece
and the insert itself. This combined with very conservative machining
parameters, drastically reduces the interaction volume in the subsurface
layers and increases the number of points per unit area captured during
the operation.

The main spindle chuck of the CNC centre is a SMW AUTOBLOK
KNCS-M-210-52 and was equipped with three soft jaws model SMW
AUTOBLOK WAK 200-10, providing the necessary clamping support for
these small components. Soft jaws (of case hardened steel - 16MnCr5)
were selected to avoid damage on the workpiece.

The dynamometer set up consists of a plate dynamometer (Kistler
9129AA) with eight piezoelectric sensors that measure the machining
forces in the three spatial axes with two sensors measuring the forces in
the X and Y axis respectively, and four separate sensors that combined
measure the force in the Z axis.

The signal captured by the piezoelectric sensors [pC] is then trans-
ferred to the multichannel charge amplifier (Kistler Type 5070) through
a Kistler 1677A high impedance reinforced cable connection and
translated into Newtons of force. The multichannel charge amplifier
output is then digitised and transferred to the computer using a data
acquisition box (Kistler 5697A) and captured and exported using
DynoWare software. The data gathered in each machining test was

Tool
Shank

) -

\

\ Dynamometer

Cutting Insert Plate

(a)

Back
Plate

Materials Characterization 192 (2022) 112198

captured at an acquisition rate of 30 kHz.

A schematic of the dynamometer plate connected to the tool holder/
insert and back plate, as well as the sensor position within the dyna-
mometer plate, is shown in Fig. 6.

In order to perform the force feedback material analysis, the
machining forces captured have to be transferred from the time domain
to the 3D space. This is performed by parameterising the tool path in the
time domain which creates 4D diagrams, where the fourth axis repre-
sents the local machining response using a colour scale. These diagrams
were previously referenced as fingerprint diagrams [16,17]. The use of
these diagrams presents a unique response per component that can be
linked to the upstream manufacturing stages as well as, the individual
components’ performance and information about the process stability.

In this work, standard turning and face turning operations were
performed in the sectioned hip joint necks from the three manufacturers
under different machining conditions. The set of machining conditions
used in these tests are summarised in Table 2.

The neck parts sectioned from the as-received hip joint forgings were
pre-machined when fixed to the main spindle of the CNC machining
centre, to ensure that the rotational axis of the machine and workpiece
were parallel. Also, the smaller diameter region was extended to be able
to maximise the outer diameter machining area. A schematic of the pre-
machining operations carried out prior to testing is shown in Fig. 7.

3. Results
3.1. Microstructural characterisation of the Ti-64 hip joint forgings

The microstructural characterisation was performed in the three
different hip joints from suppliers A, B and C in the plane perpendicular
to rolling direction (RD) of the forgings, both at the centre and at the
edge, as shown in Fig. 5. High magnification SEM images are shown in
Fig. 8 for all specimens from the centre. Representative micrographs

Table 2
Summary of the machining parameters used for the force feedback analysis
during the face turning and standard turning operations, respectively.

Face ap Feed RPM  Standard ap Feed Ve
turning [mm] [mm/ turning [mm] [mm/ [m/
rev] rev] min]
Test 1 0.05 0.01 605 Test 1 0.05 0.01 38
Test 2 0.1 0.01 605 Test 2 0.1 0.01 38
Test 3 0.05 0.08 605 Test 3 0.05 0.08 38
Test 4 0.2 0.08 605 Test 4 0.2 0.08 38
Z3
Z1
Coro Capto
Connection

(b)

Fig. 6. Exploded 3D Schematic of the Kistler 9129AA dynamometer assembly (a) and sensor location within the dynamometer plate (b).
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Fig. 7. Pre-machining operations applied to the sectioned neck region to ensure
the workpiece surfaces were parallel with the machine axes.

from each sample are shown at both locations in Fig. 9. All specimens
show a bimodal microstructure with a relatively high-volume fraction of
primary alpha grains (o) within a transformed beta matrix of secondary
alpha (o). Hip stem B has the lowest volume fraction of «, with 51%
(Fig. 8 (b)), while stems A and C have 63% and 69% of a), grains,
respectively (Fig. 8 (a, c)). Evidence of an alpha colony-lath micro-
structure is only observed in stem B (Fig. 9(b)) due to its lower volume
fraction of oy, grains, while stem A (Fig. 9 (a)) followed by stem C (Fig. 9
(c)), reveal a microstructure consisting mainly of heavily interconnected
ap grains.

The average grain size diameter in all specimens is 6 pm with a
mainly equiaxed morphology, creating agglomerates of several o,
grains, particularly in locations close to the edge. However, for stem B
(Fig. 9 (b, e)) and stem C (Fig. 9 (c, f)), the microstructure is homoge-
neous with no major differences in morphology between the edge and
centre locations. A heavily deformed microstructure was observed at the
centre of stem A, shown in Fig. 9 (d).

The microstructure was also analysed throughout the whole cross-
section in the RD plane. Stems B and C (Fig. 10 (b,c)) have an

Materials Characterization 192 (2022) 112198

homogeneous distribution of grain size and morphology across the
whole section - this was observed during the higher magnification
analysis (Fig. 9 (b, e) and (c, f)). However, stem A shows stronger
microstructural differences between the edge and the centre of the
sample, Fig. 9 (a, d). The microstructure at the centre consists of heavily
deformed and agglomerated o, grains which create a band parallel to the
TD direction and perpendicular to the closed-die forging axis, as shown
in Fig. 10 (a). The microstructure of the centre region of stem A with
elongated grains is shown in Fig. 9 (d).

3.2. Hardness analysis

The average hardness values for specimens A, B and C are shown in
Fig. 11. These were obtained by averaging a total of 27 indentations
obtained across the RD plane in the ND direction, being 320.6 + 16.3
HV1, 339.0 + 12.0 HV1 and 331.9 + 11.8 HV1, respectively. Fig. 11
shows the value of each single indentation and its relative position along
the stem cross-section. Despite the similarities in the average values
between the three stems, stem A presents a significant variation in the
measurement within the edge-to-centre section from 300HV1 to
362HV1, with the highest value coinciding with the plastic instability
feature at the centre of the stem in Fig. 10(a). Stems B and C, however,
showed relatively consistent hardness levels from edge-to-edge.

3.3. Texture analysis

The inverse pole figure (IPF) orientation maps regarding RD are
shown in Fig. 12. These were obtained from the centre and the edge
locations of each stem (Fig. 5). The basal and prismatic pole figures from
the {0002} basal plane, the {1010} prismatic plane and the {1210}
plane are shown in Fig. 13. Note that for stem A, the position of the
orientation map was captured at a centre location where the intense
plastic instability (observed in Fig. 10) was not present. This is evi-
denced by the lack of deformation in the microstructure, Fig. 12 (a)
compared to the microstructure observed in Fig. 9 (d). Furthermore, the
intense plastic instability defect is not a straight line from parallel to the
TD.

The orientation maps show a relatively strong texture with signifi-
cant variation between the centre and the edge locations. A strong
prismatic texture is present at the edge locations with respect to RD (as
shown in Fig. 12 (b, d, f)) where the c-axis of the HCP crystal is strongly
aligned with ND (Fig. 13 (b, d, f)) being the main texture component
{0002}(1010) for stems A and B, and a stronger {0002} basal texture is

Fig. 8. Scanning Electron Microscopy micrographs of the Ti-64 microstructures of the stems from manufacturers (a) A, (b) B and (c) C.
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Fig. 9. Light micrographs of the Ti-64 microstructures at the edge (a—c) and centre (d—f) locations of the stems (from manufacturers A, B and C) cross-section in the

RD plane.

RD - ND

5 mm

Fig. 10. Microstructure of the whole stem cross section in the RD plane from suppliers (a) A, (b) B and (c) C.

measured for stem C with even distribution of the prismatic planes
around the RD-TD plane. This can be observed in the pole figures which
represent the distribution of orientations of the crystallographic planes
in a stereographic projection considering the projection axis of the
sample TD, ND and RD. The pole figures at the edge of each stem (Fig. 13
(b, d, f)) show the conventional rolling texture in HCP crystals, where
the c-axis is aligned with ND ({0002} //ND), displayed by the strong pole
at the centre. Stems B (Fig. 13 (d)) and C (Fig. 13(f)) also show a weak
pole in the RD, as a result of a higher volume fraction of transformed
beta phase. This was not present in stem A where only the alpha phase
belongs uniquely to the a;, grains. The strength of the rolling texture is
described by the mrd (multiples of random distribution) values of

approximately 4 times for stems A and B and more than double for stem
C.

A stronger basal texture is generated towards the centre of the stems
(Fig. 12 (a, ¢, e)). The strong rolling texture previously observed at the
edge is weakened towards the centre of stems A and B, leading to a TD-
split basal texture (Fig. 13 (a, c)). In stem C, the material texture un-
dergoes a 90° lattice rotation (Fig. 13 (e)) leading to the c-axis of the
HCP crystal being preferentially aligned with RD developing a texture

component {1120}(1010) in ND.
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Fig. 11. (a) Hardness indentation line parallel to ND in relation to the cross-section position and the main axes and (b) Vickers Hardness indentations values on the

RD plane from each specimen regarding its location from edge to edge.

1100)

RD

(0001 [1210]

™

RD

Fig. 12. IPF orientation maps regarding RD from stem A (a, b), stem B (c, d) and stem C (e, f) from centre (left) and edge (right) locations respectively. Note that the
orientation map at the centre location in stem A is not in the plastic instability region.

3.4. Machining force feedback analysis sample is machined and a standard turning operation on the outer
diameter. This was conducted in order to maximise the surface area that

Two different machining operations were performed on the hip joint can be characterised and to analyse the machining response of the ma-
neck workpieces: a face turning operation, where the cross section of the terial in different orientations. In addition, these two machining
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Fig. 13. Basal {0002}, Prismatic {1010} and {1210} planes pole figures from each map represented in Fig. 12 for stem A(a, b), stem B(c, d) and stem C(e, f) from centre (top) and edge (bottom) locations respectively.

The compression direction during closed die forging (ND) is in the centre.
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operations present their own characteristics. A standard turning opera-
tion is performed at a constant distance from the rotational axis of the
component, and therefore a constant cutting speed and feed is main-
tained during the complete machining operation. This implies that the
cutting behaviour of the material will be more homogeneous during the
test. On the contrary, during a face turning operation, the distance be-
tween the point that is being machined and the rotational axis di-
minishes with time. In the set up used, a fixed RPM value was
established during the complete test, to avoid a consistent movement of
the tool towards the centre and to avoid an accelerating spindle speed.
An accelerating spindle presents a challenge for force synchronisation in
the spatial domain, due to the reaction time of the controller-kinematic
system of the machining CNC centre.

3.4.1. Statistical analysis of machining force data

A statistical analysis was carried out on the three spatial axes
measured per machining test and manufacturer. The signal from the
standard turning trials was selected for this statistical analysis due to the
consistency of the machining conditions during the operation. In this
statistical analysis, the average machining force per axis was measured
as well as the coefficient of variation. The average cutting force is a key
factor to evaluate the machinability of a component and it is clearly
linked to the (1) tool life; (2) machining conditions and (3) workpiece
microstructure [18,19]. The coefficient of variation is a variable that
benchmarks the stability of the cutting process under a common refer-
ence frame.

The coefficient of variation is calculated as the ratio between the
standard deviation and the average value of the signal. This variable
simplifies the comparison between the signals, understanding their
differences and linking such differences to the material properties of the
workpiece. The data used for the statistical analysis consists of the
steady state cutting region of the signal, to avoid abrupt changes in the
machining forces signal arising from the engagement and disengage-
ment regions of the machining operation. The three forces captured by
the 8 dynamometer channels are labelled as FF (feed force) as the force
parallel to the feed axis, FL (longitudinal force) as the force parallel to
the rotation axis of the sample, and FC (cutting force) as the force
exerted on the insert in the cutting direction.

Fig. 14 shows the average signal value, and coefficient of variation
per machining parameters used and axis. In the case of the average
machining force, regardless of the machining parameters, specimen B
presents a consistent higher average value. The largest difference be-
tween specimen B and the other suppliers, is shown when the uncut chip
area is the smallest (Fig. 14 (a)). However, when the material removal
rate increases, the differences between the three manufacturers are
reduced.

However, when calculating the coefficient of variation, it is easier to
compare how the signals fluctuate with respect to the average
machining force measured per set of machining parameters and manu-
facturer. Specimen A presents the highest value of all three suppliers,
where the values for the depth of cut and feed are the smallest, followed
by specimens C and B. This trend is then inverted when the machining
parameters are closer to the standard finishing operations for Ti-64
(Fig. 14(d)). These results are influenced by the chip that is generated,
pinning down the insert through its rake face towards the material,
reducing vibration and enhancing the stability of the process [20]. The
authors consider that this is the reason behind the reduction in coeffi-
cient of variation when increasing the uncut chip area.

3.4.2. Outer diameter (OD) machining force analysis and fingerprint
reconstruction

A fingerprint reconstruction of the machined surfaces was carried
out using the longitudinal force signal (FL) captured by the dynamom-
eter. Fig. 15 shows the 3D reconstruction of the machining force feed-
back maps for the standard turning (OD) operation of the sectioned head
for all three forging manufacturers. The coordinates of all the
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Fig. 14. Statistical analysis results presenting the average measured forces and coefficient of variation for the three forging manufacturers, machining conditions and
analysed axes (feed (FF), longitudinal (FL) and cutting (FC)).

10



B. Fernandez Silva et al.

n Comparison ap=0.2[mm] feed=0.08[mm/rev] Vc=38[m/min]

N (]
(&3] o

Average Force [N]
nN
(=]

B
Sample Manufacturer

d)

Coefficient of Variation

Materials Characterization 192 (2022) 112198

Comparison ap=0.2[mm] feed=0.08[mm/rev] Vc=38[m/min]

0.12
L
I FC
o1h [FF | |
0.08 - :
0.06 — 8
0.04 |
0.02 .

B
Sample Manufacturer

ap=0.2 [mm], feed=0.08 [mm/rev] and Vc=38 [m/min].

Fig. 14. (continued).

reconstructed fingerprint plots in Fig. 15 are the relative position of the
tool insert during the machining operation at any given time: the colour
scale added to the diagrams is proportional to the FL signal in Newtons
measured at those given points. For all the machining trials, the acqui-
sition rate was set to 30 kHz, which means that the spatial resolution of
these maps considering the machining parameters used (ap = 0.05
[mm], feed = 0.01 [mm/rev] and Vc = 38 [m/min]) is approximately
1785 pts./rev or 47 pts./mm.

The dark region that appears in the three diagrams is a notch that
was scribed into the workpieces (using a hand file), as a reference for the
forging plane: this is the reason behind the lower machining forces at the
notch location (displayed as dark blue). Moreover, dynamic effects
induced by this notch in the first few rotations are also noticeable. This is
represented in these diagrams as a distinctive fluctuation in the cutting
forces, immediately after the tool crosses the notch. This induced vi-
bration is rooted in the intermittent cutting occurring at this location,
however, it quickly dissipates and a steady-state cutting condition is
achieved shortly after. Once the notch region is cleared, a complete
steady state cutting operation is achieved for the remainder of the
machining operation.

The main highlight of these diagrams is the consistent lower forces
measured at the forging plane (ND). This is represented as two regions
depicted in blue, parallel to the rotational axis of the component and
separated by 180 degrees (Fig. 15). Although this is presented in all
three (hip joint neck) workpieces, specimen A exhibits a more distinctive
banding pattern at the forging plane (Fig. 15 (a)). Specimen C (Fig. 15
(c)) also displays a less prominent change in cutting behaviour at this
same location, however, specimen B (Fig. 15 (b)) shows a gentler
reduction in force at these locations.

The prominence of these lower cutting force bands, aligned with the
ND plane are hypothesized to be influenced by the manufacturer’s
closed-die forging process, as the symmetry and location of such local
machining heterogeneities can only be produced by a manufacturing
process whose symmetry axis is in the ND plane.

The effect that is observed in the reconstructed fingerprint plots,
where lower cutting forces are found at the ND plane, also correlates
with the microstructural plastic instability found in specimen A’s stem
cross section (Fig. 10a). These local machining heterogeneities are key
to understanding the local fatigue performance (and service behaviour)
of the hip joint. It is crucial to consider machining as a dynamic process
where a crack is purposely created at a given location, mandated by the
desired final geometry (depth of cut) at a certain rate (feed) and at a
certain speed (cutting speed). This means that the reactions captured by
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the dynamometer can provide important information about the level of
resistance of any specific machining area, and furthermore, infer the
local fatigue performance of the machined component. This correlation
has been shown by Suarez Fernandez (2020) [21] in titanium alloy
forged aerospace components.

3.4.3. Face turning force analysis and fingerprint reconstruction

A fingerprint reconstruction was also performed with the longitudi-
nal force captured during the face turning operation of the three ana-
lysed hip-joint sectioned heads. A notch was also scribed in the cross
section to mark the forging plane and is noticeable in specimens A and B.
However, the notch in specimen C was not deep enough to be recon-
structed into the fingerprint diagram.

The fingerprint reconstruction using the FL signal captured during
the face turning operation for all three manufacturers is shown in
Fig. 16. The ND axis is shown parallel to the horizontal axis of the
fingerprint graphs, this means that the forging plane is parallel to the Y
axis and centred at the origin.

It is important to note, that in the face turning operation, the scribed
notch also presents a small disturbance due to the intermittent cut: this is
visible to the right of the notch right after the tool edge contacts material
again. Moreover, in specimen C, a concentric ring of consistent higher
cutting forces is shown. The authors attribute this to a machining dy-
namic effect, such as chip nesting, rather than a materials effect. This is
believed to be the case due to the combination of an extremely thin
uncut chip and the continuous change in surface speed, inherent to a
face turning operation process at constant RPM.

In this case, the region aligned with the forging plane also shows
distinctive cutting behaviour (larger cutting forces) with respect to the
rest of the material. This is clear on specimen A, followed by specimen B
but is not present in specimen C. Specimen A presents a clear line,
however, specimen B shows a cross pattern with two regions in the cross-
section of the neck, intersecting at the centre and separated by 10-15°.
The authors correlate the prominence of these effects to the lower
temperature of the workpiece during the forging operation. Moreover,
the geometry of the pattern found could be also attributed to the number
of forging blows applied to the component. Specimen B presents a cross
pattern, as opposed to a clear distinctive line (similar to specimen A),
that could be attributed to a two-blow forging process, in which the
workpiece was rotated slightly between forging blows. This is likely to
be the case, as the handling of hot preforms is manually performed.
However, this hypothesis cannot be validated as the forging parameters
were undisclosed by the manufacturers. Finally, the plastic instability
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Fig. 15. OD turning fingerprint reconstruction (FL) of the neck for all forging manufacturers A, B and C, ap = 0.05 [mm], feed = 0.01 [mm/rev] and Vc = 38 [m/
min] test conditions. 3D fingerprint reconstruction of the machined surface is depicted. The longitudinal axis of the cylinders is aligned with the RD axis.

found in specimen A’s cross-section (Fig. 10 (a)) also appears to be
affecting the machinability during the face turning operation, resulting
in this machining orientation in consistently higher feedback forces.

4. Discussion
4.1. Microstructure vs fatigue performance

The ASTM F136-13 standard states that a bimodal microstructure
with non-interconnected «;, grains is required for hip joint applications.
Interconnected o, grains offer low resistance to crack propagation, and
therefore, the fatigue performance is reduced [22]. A bimodal micro-
structure reduces the likelihood of developing interconnected a, grains,
particularly as the volume fraction of o grains decreases [23]. In
bimodal microstructures, it is generally required to obtain an optimum
percentage of «, grains in order to meet the optimum fatigue perfor-
mance, since it will also define the ag colony size, as the smaller the
colony size the more resistance to crack propagation [24]. Although a
specific volume fraction of «;, grains is not stated by the standard, the
processing temperature is stipulated. Titanium alloys, such as Ti-64, are
very sensitive to slight variations in the temperature, which leads to a
significant effect on the final volume fraction of the a and B phases at
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room temperature [25]. Therefore, during the NNS forging of hip joints,
the importance of temperature control is apparent in order to control the
volume fraction of «, grains and ultimately the fatigue performance.
From the microstructures analysed in this study, it is clear that sig-
nificant differences occurred during the forging process of these three
hip joints, despite the manufacturers A, B and C abiding to the ASTM
F136-13 standard [4]. However, no further details are provided
regarding the specific thermomechanical processing conditions of these
forgings. This provides freedom for each manufacturer to establish their
own processing route, which can cause significant differences in the
microstructure and final mechanical properties of the component. As
previously stated, the processing parameters are temperature, total
strain and final geometry for this type of component. Firstly, although
the processing temperature is established by the manufacturer, there are
several factors that might affect the forging temperature of the compo-
nent, such as; the temperature of the forging dies; workpiece tempera-
ture (for example, the component temperature can reduce significantly
if there is a lengthy transfer time from furnace to dies); and the type of
furnace and corresponding temperature/time control. Interestingly,
none of these factors are considered in the standard. Secondly, the
amount of strain applied will depend on the initial preform dimensions,
as well as the processing methods utilised during thermomechanical
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processing. Closed-die forging is generally used for the last stage to
obtain the final near-net shape before machining, as schematically
shown in Fig. 3 (d). However, initial stages involving work on the pre-
form (commonly in bar form), Fig. 3 (a)) prior to closed-die forging, in
order to reduce the diameter and bend the bar profile to fit in the closed-
die tooling are likely to vary between manufacturers. The initial billet/
bar modification process, the number of blows during closed-die forging
and the initial preform size will dictate the total amount of strain
imparted into the final component. This will determine the final size and
morphology of the «;, grains and ultimately the component’s behaviour
in service. This demonstrates the imperative requirement of considering
material quality as the main design variable, as well as the interde-
pendence of the manufacturing process variables on the final compo-
nent’s service integrity.

4.2. Microstructure vs manufacturing process

The microstructure analysis revealed a higher volume fraction of
a-phase in specimens A and C which suggests that these forgings were
processed at a lower temperature than specimen B. This together with
the heavily deformed microstructure at the centre of specimen A, sug-
gests that forging A was processed at the lowest temperature of the three
hip joint forgings. Furthermore, the observed defect in specimen A,
Fig. 10 (a), is an area of localised deformation commonly identified in
forgings as plastic instability which is susceptible to the generation of
shear bands. Such features are commonly observed in titanium alloys
[26] when high deformation and strain levels are applied at low tem-
peratures. These instabilities are likely to generate intense shear and
decohesion in the material due to microvoid formation [27] and hence,
lead to premature failure. These defects can occur during isothermal and
non-isothermal conditions and are directly related to strain rate and
temperature gradients which can lead to further heating and local
softening of the material in a positive feedback loop, called ‘flow
localization’ [26]. This effect is rooted in heat that cannot be dissipated
during the forging process (due to the poor thermal conductivity of ti-
tanium) [28]. Suppressing the formation of such plastic instability fea-
tures is key, especially when designing hip joints where premature
failure implies extra surgical interventions and a severe negative impact
on the patient’s quality of life.

4.3. Texture vs manufacturing process

The significant similarities of the crystallographic texture found at
the edge of the specimens resembles the conventional rolling texture
developed in HCP metals [29,30], and can be directly linked to the first
stage of the thermomechanical process for these forgings. Even though
the exact manufacturing variables and processes for these components
cannot be disclosed, it is known that the starting preform materials is
generally a bar/cylinder form (as described in section 3.2). This bar
undergoes further processing to reduce the diameter via swaging or
rotary forging which can theoretically be compared to a standard rolling
process, as the forces are applied and the material flows in a specific
direction. During this first process, the level of strain applied will play a
critical role in the rolling texture strength found in the final component.
Therefore, results from the texture analysis suggest that a higher level of
strain was applied to specimen C (Fig. 13(f)), compared to A and B,
evidenced by the basal {0002} pole figures and corresponding mrd
values (Fig. 13(b, d)). Such differences in the texture strength, and
therefore in the applied strain, may be caused by variations in the pro-
cessing temperature, the manufacturing process itself or the starting
preform sizes.

The closed-die forging process is used for the second stage during the
manufacture of hip joints. This deforms the metal obtaining a NNS
component and inducing a strain profile that, for this type of geometry in
closed-die forging, normally decreases from centre to edge with respect
to the ND axis (Figs. 12 and 13). The area of the component adjacent to
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the die experiences the least amount of strain, and therefore, it is likely
that the texture present in the preform generated during the first stages
during processing, will persist after closed-die forging. Such observa-
tions were also found in closed-die forgings for compressor disc manu-
facture in the aerospace industry at which the texture incoming from
billet was still present after closed-die forging at low strain locations
[31]. Therefore, the texture at the edge locations is inherited from the
first stage during hip joint manufacturing which is weakened or anni-
hilated as strain increases towards the centre of the stem region of the
hip forging. The texture analysis revealed an evolution from a prismatic
texture with respect to the RD (with most of the c-axis aligned with ND)
to a relatively strong basal texture, due to an increase of c-axis crystal
aligned with RD (Fig. 12 and Fig. 13). This is the case for the three
analysed specimens: specimen C shows the greatest change with most of
its HCP crystals rotating 90° evolving from a basal texture (0002)//ND
to a (0002)//RD with few low intensity peaks (Fig. 13(e, f)). Conse-
quently, the subtle differences between the edge and the centre, pre-
sented in specimens A and B compared to specimen C, suggest some
similarities in the manufacturing process of A and B while the processing
of C is significantly different. As previously mentioned, for the initial
stage such differences can be related to differences in processing tem-
perature, preform size (i.e. initial bar diameter) or the design of the
closed-die forging process itself.

The texture analysis performed on the entire half-cross section of the
stems from centre to edge revealed that the overall component texture is
governed by the texture found at the edge locations: a prismatic texture
{1010}//RD for specimens A and B, and the plane {1210}//RD for
specimen C. Assuming that the texture found at the edge locations is
inherited from the first stage of the manufacturing process, these results
suggest that the texture generated from the initial process will be pre-
served, regardless of the nature of the downstream processing variables
used during the closed-die forging manufacturing stage. This is due to
the fact that during the closed-die forging process only a relatively high
amount of strain is achieved at a narrow area in the centre of the stem
which is high enough to promote the texture transition mentioned
previously. Again, the differences in texture nature as well as in texture
evolution between Specimen A, and specimens B and C suggest that: (1)
specimen C was processed at the initial stage differently from A and B
based on the different prismatic textures found, and (2) specimen C
undertakes a higher amount of strain during closed die forging which is
revealed by the larger area governed by a basal {0002}//RD texture at
the centre. These findings imply that there is a strain threshold at which
there is transition in texture (Fig. 17).

4.4. Statistical analysis of machining forces signal (OD turning)

The statistical analysis carried out with data from the steady state,
outer diameter (OD) turning operation presents key trends that can be
linked to the microstructural developments derived from the prior
thermomechanical processing of these workpieces.

It has been shown in previous studies that the differences in
machinability response of different forgings can be rooted not only in
the chemistry of the workpiece, but also the microstructure condition.
This was demonstrated through machining and materials science
research carried out by Armendia et al. (2012) [32]. where the

Strain
Threshold
ND Line
RD TD

Fig. 17. Theoretical strain threshold line defining potential location of texture
transition based on the IPF map with respect to RD of Specimen C.
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machinability of Ti-64, Ti-54M and Ti-6246 was studied by Denkena and
Grove [33] with different microstructural variation effects in the
response to high precision machining Ti-64 being analysed. Moreover,
Telrandhe et al. [34] combined different cutting speeds and Ti-64 mi-
crostructures to understand the effects on machinability.

In this work, the larger average cutting forces are presented by
specimen B compared to specimens C and A, respectively. This is
because specimen B’s microstructure has a higher volume fraction of
transformed beta (or secondary alpha) at room temperature compared
to the other manufacturers. A higher volume fraction of transformed
beta implies higher cutting forces due to an increased chemical inter-
action between the tool insert and the workpiece, leading to poorer
machinability levels [17,32] and enhanced tool wear mechanisms [32].
On the contrary, a larger volume fraction of primary alpha, like that of
microstructure in specimen A, results in consistently lower machining
forces in comparison, regardless of the machining parameters.

In the case of the coefficient of variation, the lowest variation, and
therefore more stable cutting conditions was observed in specimen A:
this effect is attributed to its larger alpha content compared to other
manufacturers, as well as to its more continuous alpha structure which is
a more homogeneous material to cut. On the other hand, specimen B -
with lower primary alpha content (due to a higher forging temperature)
- presented the largest coefficient of variation. This was reported by
Suarez Fernandez et al. [17] when comparing the machinability
response of different microstructural developments of Ti-6246: micro-
structures with higher beta content reported larger coefficients of vari-
ation. This demonstrates that small percentage changes in the volume
fraction of primary alpha and transformed beta (due to the different
forging temperatures) can present noticeable differences in the
machining response.

However, it is important to note that the relationship between the
different manufacturers with respect to the coefficient of variation is
inverted when the material removal rate (MMR) is increased. The au-
thors consider that the root of higher coefficient of variation values at
low MMRs is the instability in the cutting process due to an extremely
thin chip. When the machining variables are in the range of a standard
finishing operation for titanium, such instability is suppressed by the
thicker chip forming, and therefore the results are more representative
of the material that is being machined, rather than being affected by the
process.

4.5. Fingerprint reconstruction from machining forces

The force feedback analysis and the fingerprint reconstruction per-
formed in the head region of the implant reveals a localised zone with a
distinctive cutting performance with respect to the rest of the machined
surface. This region is aligned with the forging plane (ND) and the local
material characteristics, texture level and machinability response are
believed to be linked to the variables selected during the closed-die
forging process.

Moreover, these local machinability fluctuations can be linked to the
final local fatigue performance of the component. This is because
machining is a dynamic process where a crack is purposely created to
achieve a certain geometry. This means that the local response to
machining, quantified in this study as the machining forces captured via
piezoelectric sensors, can be used to locally infer the material’s resis-
tance to develop a crack that can lead to failure [16].

This local heterogeneity found in the local machinability response is
in accordance with the results presented in Fig. 12. The local texture
developed in the ND plane region during the closed-die forging process
presented in specimens A and B consists of a strong basal texture parallel
to the longitudinal axis of the head (c-axis // RD // lathe rotation axis).
Moreover, the machining response is also influenced by the local texture
developed, as demonstrated by Lee et al. [35] for copper crystals and by
Lawson et al. [36], in aluminium FCC monocrystals. In the case of ti-
tanium alloys, this arises from the inherent anisotropy of the HCP crystal
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reported by Zarkades and Larson [37] and the nature of its complex slip
system and combinations [38]. This implies a correlation between the
local crystallographic texture of the material, the effective slip length
and slip transmission in the lattice and the local machining response.

It is important to highlight that the machining heterogeneity
measured, that aligns with the ND plane, appears to have the opposite
reaction depending on the machining orientation: larger cutting forces
are measured in the face turning operation and lower machining resis-
tance during the standard OD turning operation. Although this might
seem counterintuitive, it is necessary to consider the crystallographic
orientation analysis performed at the instability region and to consider
the relative orientation of the crystallographic lattice with respect to the
machining forces. Taking this into account and illustrated in Fig. 18, it is
possible to observe that the c-axis alignment can produce significant
differences in machining response. In the case of the instability found in
specimen A (with c-axis // RD), the local machining forces measured at
this location, during the face turning operation, were significantly
higher than the forces recorded during the standard turning operation.
This implies that when the c-axis is parallel to the machining plane, and
thus the activation of the slip systems requires more energy resulting in
higher forces to remove material.

4.6. Ranking of the forgings from manufacturers from machining response

Based on the materials characterisation analysis presented in this
study, manufacturer A is the one that shows the worst forging quality.
The large instability found in the ND plane throughout the complete hip
joint forging (stem and head) can be linked to premature failure
compared to the other two manufacturers. This instability is a defect that
can be directly traced to the closed-die forging process. Such instability
is derived from a lower than expected forging temperature. Manufac-
turers B and C do not show any instability at the forging plane (ND) in
the microstructural analysis of the cross section of the stem. However,
manufacturer B’s specimen presents consistently higher cutting forces in
the ND plane during the face turning operation. This is not the case with
manufacturer C’s specimen, where no machining heterogeneities are
found in the ND plane. However, during the standard turning operation,
all three manufacturers present different levels of lower cutting forces in
the ND plane. This is an interesting result, as the microstructural analysis
does not reveal such heterogeneity in specimens B and C.
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5. Conclusions

This study presents the materials characterisation and response of
three hip joints forged by three different manufacturers using a
machining force feedback analysis and electron backscatter diffraction.
All the analysed specimens were certified and followed all the re-
quirements stated in the previously mentioned standards. This analysis
reveals significant heterogeneities and variability between the three
manufacturers in microstructure, crystallographic texture development
and machinability response - including a case of a plastic instability
across the forging plane (ND plane). These types of microstructural
features could have significant deleterious effects on the implant’s fa-
tigue performance. This implies that the current material and
manufacturing standards (and testing) for titanium alloy orthopaedic
implants are perhaps not stringent enough, as forgings with severe
plastic instability regions can still pass the certified standards.

The authors suggest that additional improvements in process control
at manufacturers should be put in place to avoid such microstructural
features that could compromise components’ performance (and ulti-
mately a patient quality of life) and that research should be focused in
minimising microstructure and textural heterogeneities.

Finally, this work has also shown the capabilities of the force feed-
back analysis to generate microstructural and textural footprints by
investigating the cutting forces during machining. The results obtained
from standard OD turning and face turning operation indicating a hy-
pothetical orientation of the HCP crystal structure are in agreement with
the result from texture analysis using conventional characterisation
techniques such as EBSD. Hence, the force feedback technology has
shown capabilities to become a promising technique to implement as
non-destructive method for qualitative texture analysis on titanium mill
products during routine machining operation within a supply chain.

Data availability statement
The raw/processed data and material required to reproduce these

findings cannot be shared at this time due to technical or time
limitations.
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Fig. 18. Schematic representation of the average crystallographic orientation found at the instability location (specimen A) with respect to the reconstructed
fingerprint maps from the longitudinal force measured during standard OD turning and face turning operations.
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