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This study demonstrates the application of a new experimental technique for laboratory-scale simulation of the
open-die forging process, known as cogging, an intermediate hot-working process necessary to design an opti-
mised microstructure in the advanced engineering titanium alloy Ti-6Al-4V. Small test-bars of Ti-6Al-4V alloy
were subjected to multi-directional cogging operations at elevated temperatures (950-1050 °C). The as-received
material, prior to forging, underwent heat treatments to coarsen the initial grain structure, to better simulate the
industrial-scale intermediate microstructure (i.e., f§ recrystallised) and to help prove the capability of the set-up
to achieve microstructure modification via globularisation (below f-transus), and recrystallisation (dynamic and
static) and recovery mechanisms (above f-transus) within the cogged material. The influences of hot working
parameters on deformation localisation, width of « platelets, and globularisation within the resulting micro-
structure variation have been investigated using light microscopy (LM), Vickers hardness (HV) testing, and
electron backscatter diffraction (EBSD). The cogged Ti-6Al-4V alloy specimens underwent various microstruc-
tural evolution stages after hot forging, thus indicating successful application of the designed miniaturised open-
die forging apparatus for high temperature experimentation and characterisation studies. This will be suitable for
low-cost small-scale trials to determine the key process parameters affecting the onset of microstructure evo-
lution during open-die forging (e.g, ingot-to-billet conversion) of the Ti-6Al-4V alloy, prior to large-scale trials

which are rather more expensive.

1. Introduction

Titanium alloy components play a critical role in the aerospace,
energy, and electric vehicle industries due to their high strength-to-
weight ratio [1], outstanding fracture resistance and fatigue proper-
ties, as well as compatibility with carbon fibre composites [2,3].
Ti-6Al-4V (wt.%), also known as Ti-64, is widely acknowledged as the
most popular titanium alloy. This a + p titanium alloy accounts for
around half of all titanium products used worldwide. Conventional
manufacture of Ti-6Al-4V products requires a series of processing steps
that include casting, open- and closed-die forging, and/or rolling of bulk
feedstock materials [4]. Due to the anisotropic nature of the material,
these processes often result in non-uniform microstructures, and hence
properties, within the interior of the billets. As a consequence, approx-
imately 70% of the processed material is machined away to leave behind
only the desired microstructure for the final part. This is both costly and

wasteful. Consequently, there is a widespread industry push to produce
components with more homogeneous microstructures and evenly
distributed properties while minimising material and energy waste.

The high-value manufacturing sector urgently needs novel tools that
can objectively inform engineers on the most optimal processing route
based on key criteria: cost, volume, energy consumption, resource use,
and in-service properties. This need is evident for both state-of-the-art
and emerging routes, such as FAST-forge [5], as well as for established
open/closed-die forging processes.

The numbers of studies on emerging routes such as precision in-
vestment casting and additive manufacturing (AM) of titanium alloys
have recently increased. These technologies offer advantages over
forging in terms of material and energy usage, and higher speed of
manufacture, as evidenced in the works of Liu et al. [6], Herzog et al.
[7]1, and Huang et al. [8]. However, they still cannot produce the
required mechanical properties for many structure-critical applications,
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such as aero-engine discs. One prevalent issue is that of porosity that is
observed in many cast and AM parts, which makes them unsuitable for
fatigue-sensitive applications. Therefore, there is emerging research
interest in overcoming the efficiency limitations of conventional
thermo-mechanical processing (TMP) routes by dynamically
cross-referencing them against their digital representation. Such ap-
proaches seek to combine constitutive models, forging data, and mate-
rials characterisation to create fully coupled digital-twin platforms and
are at the forefront of current development [9] of future forging
technologies.

Controlling the grain size and phase morphology through TMP is the
current state-of-the-art for achieving desired mechanical properties with
enhanced resistance to different modes of in-service deformation and
failure (e.g, fatigue fracture). The resulting microstructural changes are
attributable to several different mechanisms, such as globularisation,
dynamic, metadynamic, and static recrystallisation, which are active
during hot deformation of Ti-6Al-4V and are strongly dependent on the
processing temperature (i.e., above or below the p-transus).

Due to the costly, resource-intensive, and complex nature of con-
ventional ingot-to-billet conversion processes, finite element (FE) and
combined crystal plasticity finite element (CPFE) modelling, e.g., the FE
work presented in Roters et al.’s work [10], has emerged as a primary
means of research of open die forging operations such as cogging and
upsetting. Such models have been applied successfully to the study of
nickel-based superalloys, e.g. Perez et al. [11], Souza et al. [12] as well
as titanium alloys Souza et al. [13]. This work is the first exploration into
phenomenology of Ti-6Al-4V under multidirectional loading at this
scale, as laboratory tests following the ASTM E209-18 [14] standard
have only ever captured kinetics of the upsetting thermomechanical
process.

There has also been significant attention given to the development of
microstructure evolution models in order to predict the grain size dis-
tributions in components and billets produced by uni-directional (up-
setting) and multi-directional (cogging) open die forging: e.g, 3D
thermo-plastic finite element analysis by Cho et al. [15], numerical
models of cogging by Kukuryk et al. [16], microstructural evolution
simulation during hot forging of Waspaloy by Kang et al. [17], and Bai
et al.’s study on modelling the dominant softening mechanisms in
Ti-6A1-4V during hot forming [18]. However, the validation of such
models and their relevance to industrial manufacturing poses a practical
challenge due to the sheer size and cost of many industrial billets, which,
in many cases, cannot be sacrificed for the purposes of destructive
microstructural characterisation. This factor has been considerably
limiting in the availability of detailed microstructural studies of
ingot-to-billet conversion of high-performance engineering alloys.

Nonetheless, there have been some noteworthy efforts in charac-
terising the phenomenology of microstructure evolution during ingot-to-
billet conversion with respect to the function of the process variables:
forging temperature, strain rate, initial grain size, and the extent of
plastic deformation. Examples of studies which used material sectioned
from commercial triple-melted ingots include the works of Ding et al.
[19] in Ti-6Al-4V and Coyne-Grell et al. [20,21] in superalloy AD730.
The latter studies used material cut from the ends of the ingot that is
normally removed during the manufacturing process. The aforemen-
tioned works have, however, only investigated unidirectional
compression of the test specimens, which does not fully capture the ef-
fects of multi-directional deformation during the industrial process.

Zhang et al. [22] studied the effects of multi-directional isothermal
forging on achieving grain refinement and enhanced mechanical prop-
erties in Ti-6Al-4V alloy, which was successful in achieving a-glob-
ularisation and fragmentation of the p phase, resulting in remarkable
grain refinement. The study was limited to just three deformation
steps/bites and the test-specimens came from a forged alloy bar and
were subjected to super-transus homogenisation and quenching prior to
forging. Nevertheless, the aforementioned works highlight the potential
of reduced-scale experimental approaches for bettering our
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understanding of the microstructural transformation phenomena that
occur during industrial ingot-to-billet conversion.

As investments in “close-to-industry scale” experimentation increase
(e.g., the ATI** funded Future Forge project) which is corroborated in
works of Ward et al. [23], Rahimi et al. [24], and Blackwell et al. [25], it
becomes essential to ensure the equivalence, relevance, and applica-
bility of the results to industrially manufactured materials. Effective
identification of trends in thermo-mechanical processing variables and
insights to their effect on the microstructural evolution (and how they
compare to the industrial scale) can be achieved through novel
multi-directional open-die forging experiments, but requires a large
number of tests to be carried out. Thus, there is a need for lower cost,
higher throughput experimental techniques, which can inform (at least
in part) larger scale testing and industrial manufacture. A comprehen-
sive understanding of size and loading effects related to billet geome-
tries, plastic strain levels, grain refinement, and microstructural
evolution is crucial for the effective use of reduced-scale experimental
methods for this purpose.

Titanium alloy TMP (following extraction, sponge generation, and
melting processes) refers to a set of sequential hot working and heat
treatment stages that are performed to transform the as-cast ingots into
final shape products. Two distinct steps at this stage are: (i) primary
working to convert ingots into mill products such as billets, flat rolled
products, or bars [26], and (ii) secondary working that involves forging
(i.e., ring rolling, extrusion, or closed-die forging) and heat treatments (i.
e., to relieve residual stresses or improve strength) during which a
desired shape for the final product is obtained. The primary working for
titanium alloys, which is the focus in this work, is also split into 3 stages:
(i) p hot working, (ii) initial a/p hot working with f recrystallisation heat
treatment, and (iii) final a/p hot working.

This study builds on previous work detailing laboratory-scale cog-
ging apparatus design and its effectiveness in achieving desired micro-
structure evolution (e.g., grain-refinement) in a single-phase alloy [27].
It successfully demonstrates the capability of the said apparatus and
experimental technique to control the microstructural evolution in al-
loys of high research and commercial interest. Specifically, the capa-
bility of hot forging titanium alloys was investigated. This requirement
guided a number of additional design decisions with regard to the load
frame capacity, specimen size with respect to available furnace volume,
as well as the choice and geometry of tooling materials. Among the tests
carried out, was the breakdown of intermediate f recrystallised material
with lamellar structure to a globularised o microstructure, which is an
industrially important microstructural optimisation explored in the
works of Semiatin et al. [28], Souza et al. [29], and Sabban et al. [30].
Globularisation of the o -phase originates from strain localisation on the
grain boundaries of deformed o lamellae within an « + f structure. This
localised strain causes a build-up of micro-defects, i.e., sub-boundary
dislocations, which then creates a channel of dislocations for solute
diffusion which can generate thermal interface grooving in the a pla-
telet/lamellae which leads to globularised o grains, which is described
and visualised well in Zhang et al.’s work [31]. The end result is a
microstructure which imparts superior mechanical performance to the
alloy.

This work aims to demonstrate the opportunity for the use of a new
experimental method to capture multiple levels of microstructure evo-
lution in Ti-6Al-4V alloy through miniaturised multi-directional open-
die forging tests, meanwhile reaching higher temperature capability.
The microstructure evolution is readily detailed through using com-
plementary characterisation techniques, while FE modelling used to
verify the stress and strain states within the specimens, as well as
determine required compressive loads for the micro-cogging (i.e., open-
die forging) operations. Such a systematic combined approach could be
employed for the development of future digital twins of open die forging
of advanced engineering alloys and help inform process optimisation
decisions in industry.

** Aerospace Technology Institute (ATI) creates the technology
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strategy for the UK aerospace sector and funds world-class research and
development.

2. Materials and methods
2.1. Material and open-die forging methods

The commercial o + f alloy Ti-6Al-4V was selected as the specimen
material for the high temperature forging trials. The nominal chemical
composition of the material is provided in Table 1. As an o + B alloy, Ti-
6Al-4V can have differing volume fractions of a and p phases, depending
on heat treatment and the contents of interstitial elements (primarily
oxygen). The procured Ti-6Al-4V average Vickers microhardness was
measured as 364HV across the longitudinal section and 376HV across
the transverse section.

The alloy was procured as a 12 mm hot-rolled round bar. Anti-
oxidising glass coatings were applied to sections of the alloy bar
before being subjected to a heat treatment in a VFE TAV TPHF hori-
zontal vacuum furnace for 2 h at 1100 °C followed by air-cooling. This
heat treatment above the f-transus (about 1000 °C) was to grow the p
grains drastically, to replicate the p recrystallised condition, which is
typically the microstructure processed at industrial-scale by open-die
forging. Henceforth, this material will be referred to as “as-heat-
treated” (AHT). The AHT sections of bar were then machine cut into
shorter test specimens with 28-35 mm length. The effect of heat treat-
ment from the procured material to the AHT state is presented in Fig. 1,
where the initial fully equiaxed microstructure of approximately 85%
globularised o + 15% transformed p (i.e., secondary-a) transitioned
through a p recrystallised microstructure to an o lamellar structure with
an average prior-p grain size of 700 pm. The billet (BD) and the cogging
(CD) directions are denoted to highlight the directions at which the
open-die forging was conducted.

The open-die forging was carried out on a 250 kN Zwick/Roell™
Amsler 7250 load frame equipped with a Severn Thermal Solutions
SF2113 Split Furnace (SF) using a CU2113 Eurotherm™ temperature
control system, and the Zwick™ testXpert III software. The manipula-
tion of the specimens was carried out using an in-house developed
miniaturised open-die forging manipulator, integrated into the tensile
test machine, details of which are explained elsewhere [27]. Specimens
were first mounted into the manipulator coupling and then aligned
through the extensometer slot of the SF. Specimen positioning was then
adjusted remotely prior to heating and the remaining gaps in the SF
extensometer slot were filled with ceramic wool for thermal insulation.
This set-up can be seen in Fig. 2.

The specimens were then heated to 950 °C within the SF and
“soaked” thermally for 10 min to ensure a homogeneous and stable
temperature distribution. A pre-load of 20 N was applied at the end of
the soak time, to aid against specimen slipping. The specimens were then
repeatedly deformed in 5% cross-section height reduction increments (i.
e., in the CD) using a controlled step program. To simulate the cogging (i.
e., open-die forging) operation, the specimen was rotated 90° (except
where specified otherwise) between each compression (or “bite”).
0° indicator markings were added to the manipulator rods in vision of
the operator so that specimen rotation could be tracked between bites,
an example of this is presented in Fig. 2(b). The test matrix for all the
cogging operations conducted on the Ti-6A1-4V specimens is provided in
Table 2.

The final cogged geometry target for the most deformed specimen,
SP7, was for a reduction of 25% in nominal cross-section in CD, corre-
sponding to a macroscopic true strain(em,) of 0.22, with a measured

Table 1

Nominal chemical composition of the Ti-6Al-4V alloy.
Element Ti Al v C Fe o N H
Weight % Bal. 5.80 4.00 0.08 0.30 0.20 0.05 0.01
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crosshead displacement rate of 0.12 mms '. The specimen was then
withdrawn from the split furnace and allowed to air cool. A schematic
diagram of the thermomechanical procedure for the forging tests is
shown in Fig. 3(a).

Following forging, the 3D geometries of the specimens were captured
using the GOM ATOS TripleScan III non-contact rotary table scanner.
GOM Suite software was used to measure the cross-section reduction for
each sample using section areas taken every 1 mm along the sample. The
average cross-section reduction was then calculated from the difference
in area between sections in the stub zone against the cogged zone.

A pair of custom-manufactured platens were used as compression
dies at elevated temperature. The cylindrical platens, 20 mm in diameter
15 mm in height, were manufactured by wire electric discharge
machining (EDM) from Nimonic®-90 nickel-based superalloy. The in-
ternal volume of the vertical split-tube furnace determined the
maximum platen size used in these experiments. The inner diameter of
the furnace was 80 mm, and the platen size had to allow for adequate
space for the specimen coupling at the end of the manipulator rod,
allowing the placement of specimens over the entire span of the die
surface to protect tooling from uneven loading.

Two manipulator rods, 6 mm in diameter, were manufactured for
high temperature testing. Cylindrical couplings were used to transmit
the rotational motion from the stepper motor to the manipulator rods
and, hence, test specimens. The manipulator rods were manufactured
from Nimonic®-90 superalloy exclusively for these tests.

Cylindrical coupling sets were created and attached on opposite ends
of the manipulator rods for holding of the specimens during the cogging
operations. These 8 mm-12 mm bore diameter cylinders were machined
from Nimonic®-90 superalloy using wire EDM. All couplings were
designed and manufactured with threaded grub screw holes for the
manipulator rod and test specimen assembly. All grub screws for high
temperature experimentation were also manufactured from Nimonic®-
90 superalloy.

The high temperature testing in this study was completed at 950 and
1050 °C. To extend the longevity of the Nimonic®-90 superalloy platens,
boron nitride suspension was used as a lubricant and anti-stick agent.
Images showing the tooling dies, rods, and couplings after testing are
shown in Fig. 2(f)-(h), demonstrating the effect of repeated compres-
sions on the lubricant across the dies and specimens. Additionally,
thermal images captured during and after testing of the tooling are
presented in Fig. 2(d)-(e), showing minimal conduction along the length
of the manipulator rod. This demonstrates that there is sufficient dis-
tance between the SF and electrical components of the cogging
apparatus.

2.2. Finite element analysis

A 3D finite element method (FEM) model of the cogging tests,
including the preliminary heating and soaking stages, was performed
using DEFORM™ software to predict the stress and strain distributions
along the samples at different locations, as well as generate the load vs.
time plots. Material data for the respective forging strain rates and
temperatures was captured in the lab through standard compression
testing. The flow stress was calculated for validation using the 0.2%
proof stress method and was found to align closely with the flow stress
data available within DEFORM™ and published works [32].

A thermal conductivity range of 6.9-18.0 Wm ™K for Ti-6Al-4V was
used as a function of temperature for heating operations of the work-
piece as suggested by DEFORM™ which are values corroborated in the
work of Kim & Lee [33], with a convection coefficient of 0.02
Ns~'mm~!°C™L. A friction coefficient of 0.3 between the dies and the
workpiece was utilised based on values for lubricated hot forging sug-
gested by DEFORM. The simulations were set up with isothermal con-
ditions with no heat transfer between the workpiece, die, and
environment. A Taylor-Quinney factor of 0.9 was used [34,35], which is
a good estimate of the fraction of heat converted from mechanical work
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during deformation [36-38]. A mesh with 120,000 tetrahedral elements
was created for the geometry of the workpiece. Throughout the exper-
imental compression tests, the movement speed of the lower die was
recorded before being entered into the FEM simulation.

The model for this study was first set up for nominal cogging con-
ditions, assuming all rotations and compressions were perfect 5% in-
cremental bites throughout with no slippage or sticking, shown in Fig. 4
(a). A second model was set up post experimentation for Specimen SP7,
which had a sticking complication during testing. This sticking was due
to numerous factors, including the large number of bites, which resulted
in the final rotation being interrupted. The final compression was
repeated in the first compression direction. Therefore, this element was
carried forward into the model and the simulation repeated, these re-
sults can be seen in Fig. 5.

The specimens’ dimensions predicted from the simulation were
compared by the real dimensions of the deformed specimens after
testing. The simulation was set up to replicate the same compression
measurements of the specimen range up to a macroscopic true strain(ep,)
of 0.26. The results of FE simulation match the geometry of the cogged
specimens, and for Specimen SP7 the simulations predicted a final cross-
section of 8.5 mm in one direction, which was within 2% of the
measured diameter of 8.3 mm. This suggests that the strain distribution
is reasonably accurate and validates the chosen heat transfer coefficient
and friction coefficient values, as well as the chosen plasticity model.

2.3. Microstructure characterisation methods

The deformed specimens were cut along the longitudinal axis using
EDM. They were then cold-mounted in non-conductive epoxy resin and
ground using silicon carbide abrasive papers. This was followed by
polishing with 0.02 pm colloidal silica suspension to a mirror finish. The
specimens were subjected to a final etching by Kroll’s reagent (i.e., 100
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Fig. 1. (a) Backscatter electron images of procured Ti-6Al-4V material prior to heat treatment showing a fine microstructure, a higher magnification image high-
lighted in red, and an image showing the transverse microstructure highlighted in yellow (b) Backscatter image of AHT microstructure, showing o colonies within
prior f grain boundaries, (c) EBSD IPF-CD map (out-of-page) of procured Ti-6Al-4V material prior to heat treatment, highlighting a fine hot-rolled microstructure
with clear texture observed in pole figures, (d) EBSD IPF-CD map (out-of-page) of AHT Ti-6Al-4V material, highlighting a microstructure of « lath colonies within

prior p grain boundaries with no discernible texture observed in the pole figures. Orientation directions are the same unless highlighted in blue, IPF-CD (out-of-page)
key is the same for (c¢) and (d).

mL water, 1-3 mL hydrofluoric acid, and 2-6 mL nitric acid). A Leica™
DM12000 microscope with a motorised stage was then used to acquire
light micrographs of the specimens. A macro image of the entire sample
was captured, and then higher magnification micrographs were
captured in three zones: stub, transition, and cogged regions. The mean
linear intercept method [39,40] was used within ImageJ software to
measure the average grain size in the stub and cogged zones.

Following this, the specimens were also hot-mounted in conductive
Bakelite, then ground and polished to a mirror finish, before being
subjected to a vibratory polish for 16h using 0.02 pm colloidal silica
suspension diluted to 20% with deionised water. A Thermo Fisher Sci-
entific™ Quanta 250 field emission gun scanning electron microscope
(FEG-SEM), with an Oxford Instruments™ Nordlys EBSD detector, and
the Oxford Instruments™ AztecHKL 4.1 software was used to acquire
EBSD data maps. This allowed qualitative evaluation of the micro-
structural changes in the Ti-6Al-4V alloy.

The globularised fraction in each sample was measured using a
manual point counting method (i.e., following ASTM E562). A rectan-
gular grid of 100 points was superimposed onto the electron back-
scattered images obtained at 800x magnification. The thickness and
length of the grains intersecting the grid points were measured using
ImageJ software. The aspect ratio of each grain was then calculated, and
a ratio of 2 was taken as a limit to consider grains as globularised.

A range of map areas was captured for every sample at locations
within the cogged zone. In all cases, at least 80% of the points were
successfully indexed. The captured EBSD data was analysed using the
MTEX Toolbox [41] developed in the MATLAB® software package. High
angle grain boundaries (HAGBs) were identified based on misorienta-
tion angles of >10°. The low angle grain boundaries (LAGBs) were
classified if the misorientations lay in the range between 3° and 5°,
whereas medium angle grain boundaries (MAGBs) had misorientation
angles between 5° and 10°.
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Fig. 2. Details of the experimental setup for the reduced-scale cogging trials: (a) the test apparatus during alignment within Zwick/Roell™ Z250 load frame prior to
testing, (b) a close-up of sample in coupling, highlighting a 0° rotation marker, (c) close-up of the apparatus manipulator during high temperature testing. Thermal
camera image of split-tube furnace taken; (d) during testing highlighting heat escaping through insulated extensometer slot and, (e) after testing and during cooling,
highlighting the effective heat dissipation from the sample and coupling along the manipulator rod. Captured using the Uni-T UTi690B Professional Thermal Imager
(—20-550 °C). Images showing test specimen mounted within the manipulator coupling, highlighting removal of lubricant during specimen deformation; (f)
immediately after removal from furnace after forging and, (g) after air cooling, (h) Nimonic®-90 superalloy custom dies after testing.

Table 2

Test matrix for Ti-6Al-4V alloy, deformed at hot temperatures, detailing the number of bites, targets for cross-sectional height reduction, and specimen geometries.
Specimen No. SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9 SP10 SP11
Target Reduction in Cross-CD (%) 5 10 10 10 15 20 25 5 10 10 15-30
Target Geometry Square Square Square Square Square Square Square Oct Oct Square Square
Total No. of Bites 2 4 4 6 6 8 10 4 8 4 12
Temperature (°C) 950 950 950 950 950 950 950 950 950 950 950 & 1050

A DuraScan® 70 G5 hardness tester was used to capture micro- 3. Results

hardness maps. For this, a load of 1 kg (HV1) was used over a dwell time
of 10s in accordance with the Vickers BS EN ISO 6507 [42] standard for
all specimens. The obtained hardness maps were superimposed over the
light micrographs to facilitate comparison of the grain structure against
hardness. Indentations were made every 1.7 mm for maps and 0.7 mm
for line series measurements.

3626

3.1. Miniaturised open-die forging results

Table 3 presents the geometric results from the open-die forging of
the mini-billets, highlighting the differences in cross-section reduction
targets against the measured cross-section reductions in the lab and
using 3D GOM scan data. The deformation of all cogging trials followed
a similar overall trend. This can be seen from the load graph data pre-
sented in Fig. 6(a). The post-analysis load graph simulated using
DEFORM™ for the material under idealised conditions is provided in
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Fig. 3. a) Schematic representation of the sub-transus (950 °C) processing and the super-transus (1050 °C) processing used in this study. 3D GOM photogrammetry
scans of the specimen range highlighting the final forged geometries, showing (b) plan (blue) and, (c) elevation views (grey). All specimens are presented to the

same scale.

Fig. 6(1). The predicted test time for the FE load graph in Fig. 6(b) is
much shorter, and the load increases more uniformly for each set of
bites. N.B. Specimen SP3 was off-centre during alignment (due to new
methods being tested for in-situ alignment) which led to it slipping
relative to the dies during compression, this is reflected in Fig. 6(c). A
final observation is the large decrease in required load seen in Fig. 6(j)
due to the temperature increase from 950 to 1050 °C for cogging above
the p-transus, the period of cooling and reheating has been removed
from this load graph.

3.2. Microstructure characterisation results

GOM 3D scan results for each of the Ti-6Al-4V specimens are
compared in Fig. 3(b)-(c). It can be seen that the final billet geometries
are representative of billet geometries seen in industrial processes [43].
N.B. A thin layer of boron nitride lubricant can be seen on the 3D GOM
scans across the samples, which has caused observed ridges.

A noticeable increase in the Vickers hardness was observed for all
samples at the edges that have been exposed to air during forging, e.g.,
an average increase of 10-20% across all samples. This increase in
Vickers hardness is due to the formation of oxygen-rich alpha-case layer
at the surface of the specimens cogged at high temperature. It is evident
from the captured Vickers hardness maps and lines that overall, there is
no clear change from the forging itself. This could be indicative of an
increase in strength with no measurable change in ductility within the
more highly strained specimens, as the grain size decreases while the
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hardness values remain the same.

The FE simulation results shown in Figs. 4 and 5 highlight the strain
distributions expected over the specimen’s range. The 30% target was
selected as this is just beyond the upper limit of the current Ti-6A1-4V
dataset and is typically the upper limit of cross-section reduction seen
in industrial cogged billets.

Fig. 7 presents electron-backscatter micrographs from the three
separate zones within specimen SP7 where changes in morphology are
observed. These observations are shown at three separate magnifica-
tions, where the original lamellar/a-platelet structure of the AHT ma-
terial in the stub zone is seen to break down and form rounded
globularised a grains. Internal localised strain is observed within the
larger o lamellae seen at the transition zone edges of the specimen,
indicating lamella breakdown i.e., the first stage of globularisation.

Fig. 8 presents results from specimen SP10, which was used as an
exploratory sample to investigate the level of adiabatic heating released
in the centre of the sample during compression. This was achieved by
machining a small hole in the end of the sample to place a thermocouple
into the end of the specimen that was to be forged. Fig. 8(c) shows a light
micrograph of the specimen with the thermocouple hole visible in the
cogged zone, with an overlaid Vickers microhardness map. A noticeable
increase in hardness is observed at the edge of the specimen, where the
a-case has formed through diffusion with the hot air of the furnace. The
band contrast map seen in Fig. 8(a) is also presented. The band contrast
reveals another example of the large volume of a-case generated at the
edges of the sample exposed to air during forging, as well as the
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Fig. 4. The results of FE simulation presenting (a) the nominal strain distributions on the radial cross-section after each 5% cogging pass up to 6 passes (i.e., 30%
cross-section reduction), (b) the strain distributions on both the longitudinal and transverse cross sections of Ti-6Al-4V specimen following cogging testing to 30%
cross-section reduction and, (c) effective strain distribution in 3D isometric view. The effective strain scale bar is the same for all plots.

numerous fine a-lamellae that formed from the initial p recrystallisation
heat treatment. Lastly, Fig. 8(b) shows the plot of temperature (°C)
against time (ms) which highlights the small increase in temperature
(~3 °C) which is about double the increase measured by the set of
thermocouples elsewhere in the furnace.

The initial lamellar structure of the AHT material that was created
during the p recrystallisation heat treatment has been retained in the
cogged zone of specimen SP1, shown in Fig. 9(a). The local strain
induced in the billet is too low to have had significant impact on the
microstructure. Fig. 9(b)-(d) reveals two stages of globularisation in
each micrograph, where both long platelets with grooving and fully
globularised equiaxed grains are observed, suggesting that the operating
globularisation mechanisms are orientation dependent. It is also indic-
ative that at low strain level, a high degree of globularisation can be
achieved through the activation of different slip systems by the multi-
directional compression. Fig. 9(e) and (f) demonstrate some fully glob-
ularised/equiaxed grains as the strain level has reached a sufficient level
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so that a large fraction of the grains have been broken down and glob-
ularised. The observed globularisation mechanisms comprise shearing
of o laths and boundary splitting. The strain path has been reported to
have various effects on the kinetics of globularisation. In the present
study we observed similar kinetics as those during uniaxial testing re-
ported by Shell and Semiatin [44].

A final exploratory test was the forging of specimen SP11. This
specimen was the first advancement into forging above 1000 °C using
the miniaturised cogging setup. Testing the temperature limitations of
the tooling was one key output from this test. However, it also allowed
the investigation into the § cogging of the Ti-6Al-4V alloy at this scale.

Fig. 10 presents three magnification levels of EBSD IPF-CD (out-of-
page) map data that show a Widmanstatten (or basketweave) structure,
in Fig. 10(d) this structure is observed along the centre of the specimen
in the BD, understandably where some diffusion was allowed to occur
due to the higher temperature retention of the core, and thus slower
cooling rate. On the other hand, the outer regions of the specimen are
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Fig. 5. Results of FE simulation of Specimen SP7; (a) an illustration of the FE mesh for the workpiece and dies at 25% reduction with repeated final compression in
the CD at 0° rotation, also highlighting representative thermocouple placements for reference in Fig. 8, (b) strain distributions on the longitudinal cross-section
following cogging to 25% reduction with repeated final compression in the CD at 0° rotation, (c) strain distributions on the transverse end, including mesh on
the specimen and dies.

Geometric assessments for all Ti-6Al-4V specimens cogged at elevated temperatures, comparing the target cross-sectional height reduction, lab measured cross-
sectional height reduction measured with Vernier calipers, and the maximum and average cross-sectional area reductions calculated using sectioned areas from
the stub and cogged zones of the 3D GOM scans. Also detailing the geometry, total number of bites, and calculated elongation percentage.

Specimen No. SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9 SP10 SP11
Target Reduction (%) 5 10 10 10 15 20 25 5 10 10 15/30
Measured Reduction (%) 3.8 6.2 0.6 10.8 12.9 145 13.4 2.4 8.9 9.0 18.3

Avg. Area Reduction (%) 1.3 2.3 0.2 4.2 8.1 10.8 12.2 0.1 7.3 3.6 13.1

Max. Area Reduction (%) 1.4 3.9 0.3 4.8 8.1 11.0 15.4 0.4 7.4 3.9 15.1
Geometry Square Square Square Square Square Square Square Oct. Oct. Square Square
Total No. of Bites 2 4 4 6 6 8 10 4 8 4 12
Elongation (%) 0.7 1.3 0.5 4.1 2.2 5.0 7.1 0.6 5.9 4.0 10.3
Temperature (°C) 950 950 950 950 950 950 950 950 950 950 950 & 1050

observed to be martensitic, where the water-quenching did not allow
time for diffusion, which aligns with Bignon et al.’s study on martensite
formation in titanium alloys [45]. This was due to the rapid cooling from
above the p-transus after forging, which inhibited the growth and
recrystallisation of secondary o grains. It is also clear within the pre-
sented pole figures that no discernible texture can still be observed after
deformation. The prior p grain structure is also visible within Fig. 10(c),
where the a-colonies would nucleate from the grain boundaries.

For all samples examined in this work, the extent of microstructural
transformation becomes more pronounced with increasing levels of
deformation and local effective strain. After two orthogonal deformation
steps of 5%, i.e., in specimen SP1, the initial microstructure of the AHT
material that was created during the p-recrystallisation heat treatment
remains largely unaffected, as shown in Fig. 9(a). At higher levels of
deformation, for example in specimens SP4, SP5, and SP6, where the
effective strain in the cogged zone reaches between 0.25 and 0.9, some
deformed o laths and segmentation are observed, as shown in Fig. 9(b)—
(d); but these occurrences remain isolated. Sample SP7 underwent the
highest amount of deformation, i.e., effective strain of 1.37 in the cogged
zone, and displayed the most deformed microstructure. Many alpha
laths are broken up into smaller equiaxed grains, observed in Fig. 9(e);
and as a result, the globularised a fraction rose to 28%. However, full
globularisation was not achieved in this sample and some initial alpha
lamellae remained.

PBGR, provided in Fig. 11, was carried out using the MTEX Toolbox
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which recovers the parent grains from the measured child grains using
the Burgers orientation relationship [46]. This aligns the (110) plane of
the p phase (i.e., BCC crystal structure) with the (0001) plane of the
a-phase (i.e., HCP crystal structure) and the [111] direction of the p phase
with the [2110] direction of the a phase. It can be observed that the
success of the software in recovering the parent grains is influenced by
both the temperature and localised strain in the material. Fig. 11(a)-(b)
display that a clear reconstruction is obtained if there is no plastic strain,
or if there is deformation above the p-transus, whereas in Fig. 11 (c)—(e),
the reconstruction becomes increasingly interrupted with a-platelets
whose orientations differ significantly from their neighbours within the
same a-colonies. These interruptions become more frequent as the
cross-section reduction, and hence level of strain, increases. This trend
continued with specimen SP7, although the prior-p grains could be
discerned visually from EBSD IPF maps, the computation of the PBGR
was less effective at discerning some parent grains, with a greater failure
rate observed, i.e., more white pixels in Fig. 11(f).

Fig. 12 shows a comparison of the different shape parameters seen
between low strain specimen SP2 (2.3% cross-section reduction) and the
most highly deformed (12.2% cross-section reduction) specimen SP7
EBSD data. It can be clearly seen that the difference in « grain shape, also
displayed in Fig. 12(g)-(h) is the grain size distributions between the
low strain and high strain material. The equivalent perimeter is defined
as the perimeter of a circle with the same area as the grain and is always
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Fig. 6. Measured load (N) against test time (s) during cogging tests for specimens; (a) SP1 (5%), (b) SP2 (10%), (c) SP3 (10%), (d) SP4 (10%), (e) SP5 (15%), (f) SP6
(20%), (g) SP7 (25%), (h) SP8 (5%), (i) SP9 (10%), (j) SP10 (10%), (k) SP11 (15/30%). Data was taken from Zwick/Roell™ load cell during testing, recorded in
Zwick™ testXpert III software. The values on the plots are the measured deformation (%), compared to the target deformation (%) stated in brackets in the caption
for each specimen, (1) The FE predicted graph for load (N) against number of steps for Ti-6Al-4V alloy to the same number of bites. All plots are to the same y-axis

scale and visualised using LabPlot by KDE®.

smaller than the actual perimeter of the grain. Therefore, the ratio be-
tween grain perimeter and equivalent perimeter, known as the shape
factor, is always greater than one. Fig. 12(c)—(d) shows the shape factor,
i.e,, how different each grain is from a circle.

Similarly, Fig. 12 (e)—(f) displays the discrepancy between the actual
grain shape again a circle using the perimeter (P) and equivalent
perimeter (P,) in a simple calculation:

P-P,
P

)

this plots symmetric grains as values close to zero and oblong or
irregular convex grains will get values up to 0.5.

Investigations on the modelling of o globularisation in titanium al-
loys have received significant attention; however, few models available
in the literature are practical for use in industrial applications. Some
robust physical models based on mechanisms like boundary splitting or
termination migration yield appropriate predictions [47,48]. However,
these models require knowledge of the length and thickness of o laths
and produce a time for the completion of the microstructural mecha-
nisms rather than a globularised fraction, so they are not the most
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practical. Avrami’s equation is often present in the modelling of
recrystallisation and globularisation [49-52] but it is often based on
uniaxial testing trials and not transferable to the industrial cogging
process that includes changes in strain path. Dislocation density models
are also used for microstructural modelling [53-55] with reasonable
accuracy during uniaxial testing.

An in-house model was developed based on the dislocation density
model from Sun et al. [56], compiled in the formats presented in
equations (1)-(4). The dislocation rate takes into consideration work
hardening, dynamic recovery, static recovery, and dynamic globular-
isation, and these mechanisms are represented by the four terms in
equation (2). The globularisation rate is dependent on the dislocation
density, temperature, grain size, and a parameter y that varies with
dislocation density and level of globularisation. Globularisation occurs
only when the dislocation density is higher than a critical value
depending on these process parameters.

The parameters of this globularisation model were determined from
experimental data [57] using a genetic algorithm optimisation approach
in Microsoft Excel and are presented in Table 4. The experimental data
used for calibration is from multiaxial forging trials on large samples, so
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Fig. 8. (a) A band contrast micrograph of Specimen SP10 from internal face edge of the thermocouple hole showing large o lamellae, (b) Temperature(°C) against
time(ms) from thermocouples in the sample and top and bottom dies during compression (representative thermocouple placements shown in Fig. 5) and, (c) light
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Fig. 9. Microstructure appearances of the Ti-6Al-4V specimens underwent different levels of globularisation with increased average cross-section reduction (i.e.,
strain), denoted in caption brackets, (a) SP1 (1.3%), (b) SP4 (4.2%), (c) SP5 (8.1%), (d) SP6 (10.8%), (e) SP7 (12.2%), and (f) EBSD IPF-CD (out-of-page) map
showing segmented a and equiaxed grain orientations of Specimen SP7 (12.2%).

the prediction should be more accurate for trials similar to an industrial
cogging process scale.

It was then implemented as a user subroutine into Finite Element
software DEFORM™ and executed alongside the process modelling
simulations. Predictions from this model for the experimental conditions
in this work are presented in Fig. 13. The predicted values are on trend
with the experimental levels of globularisation. N.B. The first two
experimental data points are >0% globularisation due to the measure-
ment method, where a-laths orientated in the out-of-page image plane
result in a grain aspect ratio of <2, meaning the true % globularisation is
closer in correlation with the model results for <0.3 effective strain.

i /pé — lopi™ exp (== AN
p = kiy/pé — kpe” exp (R_g) —ksp" exp( Rg ) C = s) )
g:w .
— & QZ l‘
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cr

Where p is the dislocation density (m’z), Qs, Qp, Qs are activation en-
ergies (J/mol/K), pcr is the critical dislocation density (m_z), S is the
globularised fraction, y is the mobile fraction of grain boundaries, R is
the ideal gas constant (8.314 J/mol), ky, ko, ks, k4, n, m, p, q B1, B2, and
A are constants.

4. Discussion

The presented pilot studies using the described new apparatus have
successfully demonstrated the ability to characterise and control
microstructural evolution during small scale open-die forging (ie.,
micro-cogging) of Ti-6Al-4V dual-phase alloy, as previously demon-
strated with copper C101 [27] alloy (i.e., at lower temperatures).
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Notably, the studies have proven and assessed the capability of this
small-scale set-up to achieve a high degree of a-globularisation. This is
exciting, as globularisation kinetics in Ti-6Al-4V remain of high research
interest, as seen in the work of Ouyang et al. with the experimental and
numerical simulation study of lamellar globularisation for titanium
TC21 alloy [58], and also seen in the work of Jin et al. with additively
manufactured Ti-6Al-4V [59]. With the increased throughput of testing
that this apparatus can offer, this means research on this topic could be
accelerated.

While it must be acknowledged that a 1:1 scale comparison with
industrial ingot-to-billet conversion is impossible to replicate at this
scale, i.e., due to the industrial billet grains being centimetres in scale
[60], the developed apparatus and methodology can still provide a
useful tool for the simulation and testing of industrial scale processing
parameters and the measuring of their impact on the existing material
and structures. Specifically, the apparatus is capable of replicating the
conditions and microstructural evolution during the later stages of
ingot-to-billet conversion when some degree of microstructure refine-
ment has already been achieved, e.g, multi-directional forging of
Ti-6Al-4V by Zhang et al.[22] Furthermore, the comparative simplicity
and low-cost of the equipment, assuming existing access to suitable load
frame/press and furnace, the methodology and tooling can be upscaled
and modified to allow testing of larger specimens with coarser micro-
structures. Overall, the parameters that can be assessed with this
equipment offer attractive benefits to industrial ingot-to-billet manu-
facturers as they can save largely on cost, material, labour, and time.

This method can also offer researchers an avenue for metallurgical
processing studies. To date, especially in Ti-6A1-4V, ingot-to-billet con-
version has been limited due to the large costs involved in producing
specimens for characterisation and study. The high degree of control
under isothermal conditions on offer with this method is significant, as it
is distinctly relevant to the high thermal mass ingots found in industrial
ingot-to-billet conversion. The low strain rate (0.01s™Y) used in this
study is also representative of industrial ingot-to-billet conversion, as
low strain rates are typical due to the large size of the ingots. Typically,
higher strain rates are only observed in closed-die operations. However,
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Fig. 10. EBSD IPF-CD (out-of-page) maps for Specimen SP11, which underwent 2-stage cogging operations (below and above p-transus), including (a)97.5 x 66.6,
(b) 487.2 x 334.8 and, (c)1826.0 x 504.0 pm map sizes all within the cogged zone, also showing pole figures that demonstrate no clear texture (c). IPF-CD (out-of-
page) key is the same for all EBSD images. (d) Light macrograph of Specimen SP11 showing the macro-structure of martensite towards the specimen edges with a

central Widmanstatten (basketweave) structure.

strain rate is not a limitation of the present equipment or method. Higher
bites per minute, and strain rates can be explored in future studies with
the employment of the apparatus with various load frames, similar to the
study by Niu et al. [60] where the strain rate of 0.01s~! was used, but
trials at up to 1s~* have also been demonstrated.

The influence of prior-f processing on the evolution of microstruc-
ture during a + f forging was examined by Lahiri et al. [61] Air cooling
the heat-treated f§ phase resulted in lamellar structures with a homo-
geneous morphology and distribution of crystallographic orientations.
However, deformation above the B-transus temperature led to the for-
mation of elongated f grains, which affected the nucleation and growth
of the a-phase during cooling [61,53]. Consequently, this alteration
modified the morphology and orientation distribution of the lamellae
and had an impact on the globularisation process. The presence of
shorter and non-randomly oriented lamellae within the deformed pri-
or-p grains led to higher rates of spheroidisation. Additionally, the di-
rection of o + P forging in relation to p upsetting was found to be
significant, as seen evidenced in Zhao et al.’s work [53]. It was observed
in Zhao et al.’s work that higher rates of globularisation were achieved
when two perpendicular directions were applied. This method could be
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applied to examine these phenomena closely with low cost.

Dyja et al. [62] studied the optimal angles of tilt in cogging through
FEM and a series of upsetting and cogging trials. Another strength of this
new set-up is that it could be directly applied to validating and opti-
mising compression angles such as these. This inclusion of
micro-upsetting with the apparatus, alongside micro-cogging, could be a
major benefit of the apparatus that can lead to an overall increase in
future material and open-die forging schedule optimisation studies.
Similarly, in Zhang et al.’s [22] work a similar style of 60% upsetting
between 90° rotations was employed for the multi-directional
isothermal forging, the new set-up method will allow for the geometry
of the forged components to be more akin to those in industrial
ingot-to-billet conversion.

B-Processing cogging is an important stage of the thermomechanical
processing of Ti-6Al-4V. More specifically, reducing the f grain size from
the coarse as-cast structure is a critical process requirement. Fig. 14
presents fixed bin width histograms from an example dataset (i.e., AHT,
SP1, SP7, and SP11) of how the presented set-up can be used to study the
control and measurement of p grain size reduction. It can be observed
from Fig. 14, that the mean P grain equivalent circular diameter
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Fig. 11. Parent f grain reconstruction (PBGR) obtained from EBSD map data of (a) the AHT material, (b) Specimen SP11, (cogged to 13.1% cross-section reduction)
above f-transus, (c) Specimen SP5 (cogged to 8.1% cross-section reduction) at 950 °C, (d) Specimen SP6 (cogged to 10.8% cross-section reduction) at 950 °C, (e)
Specimen SP9 (7.3% cross-section reduction) to an octagonal geometry at 950 °C and, (f) Specimen SP7 (12.2% cross-section reduction) at 950 °C. IPF-CD (out-of-

page) key is the same for all maps.

decreased from 0.58 mm in the AHT material to 0.45 mm and 0.39 mm
in Specimens SP1 and SP7 respectively. The mean B grain equivalent
circular diameter in Specimen SP11, presented in Fig. 14(d) increased to
0.61 mm, this was influenced by the large Widmanstatten grain struc-
ture in the centre of the specimen, implying that the specific tempera-
ture and overall time at temperature allowed for significant diffusion
within the test specimen.

During cogging processes, it is often necessary to conduct reheating
steps to maintain the desired temperature distribution throughout the
specimen. In the studies reviewed, short reheating times were used due
to the small size of the specimens. For instance, Ari-Gur and Semiatin
[63] and Kim et al. [64] used annealing times of 3 min and 10 min
respectively between forging steps. Although these short annealing
times had minimal impact on the microstructure, a slight grain coars-
ening was observed after multiple deformation and reheating cycles
[64]. However, in industrial cogging operations, the reheating time for a
billet is significantly longer, often lasting several hours. This prolonged
reheating period has the potential to induce microstructural changes
that can influence subsequent process steps. Nevertheless, these poten-
tial effects have not been thoroughly investigated. Cooling rates from
temperatures above the f-transus can also have an overall effect on the
level of globularisation that can be achieved after o + f§ processing. Due
to the isothermal nature of the present study, the reheating of the
component was not investigated, but could play a role in future work
using the described apparatus and methodology.

One outcome from this work is the small-scale reproducibility and
inexpensive set-up that could be easily standardised and used in mate-
rials testing labs across the globe to accelerate data capture and un-
derstanding of materials evolution. This study has aimed to prove the
applicability of this new method at a higher temperature and demon-
strate the potential research value for forged materials of high com-
mercial interest. Design iteration for further improvement of this
method could yield highly beneficial rewards for materials engineers,
due to the higher test rates and lower cost of materials and energy that
facilitates the testing of larger batches and simultaneous exploration of
more process parameters (degrees of freedom).

Another advantage that small-scale open-die forging can offer is the
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ability to target the study of specific microstructural phenomena. As an
example, this study showed that the cogging of small samples using the
described new apparatus, with increments of 5% deformation was suc-
cessful in inducing globularisation in Ti-6Al-4V material with lamellar
initial microstructure. The specimens displayed an increasing level of
microstructural transformation with deformation increments. Mecha-
nisms of globularisation at high temperature involve the formation of
o/ boundaries within the prior laths due to localised shear and buck-
ling, and continuous dynamic recrystallisation. These are followed by
the penetration of beta phase along these a/a boundaries ultimately
leading to fragmentation of o laths into smaller globular grains [47,
65-69]. The progressive breaking up of « laths into smaller grains with
increasing deformation (Fig. 9), observed in the present study, agrees
with these mechanisms.

Globularisation kinetics are known to be dependent on the process-
ing route and strain path [70-72]; and slower kinetics have been
observed during multi-axial forging compared to uniaxial compression
trials [73,74]. However, the mechanisms of microstructural evolution
related to the strain path during cogging are not well understood. The
described new apparatus was successfully used to introduce some level
of globularisation (28%) in a small-scale Ti-6Al-4V sample via a cogging
schedule; and it can be utilised to further explore the effect of process
parameters such as strain increment and angle between deformation
directions on globularisation.

The present study has been able to map, in part, the dependence of
the degree of globularisation on the amount of plastic strain imparted to
the specimens. The experimental data points do seem to align to the
initial rising curve of a JMAK-type sigmoid (S-shape). Further studies
could be carried out to verify whether the material behaves according to
the JMAK model, whereby higher levels of strain should be investigated.
The effect of total strain is difficult to separate from the temporal
component however, as to achieve larger deformations more bites are
required with the present setup, which in turn takes more time at tem-
perature to complete. I.e. We have not been able to achieve large single-
bite deformations at the chosen strain rates. If « globularisation can be
modelled as a dynamic recrystallisation (DRX) process, then some
formulation of JMAK equation with suitable values of material
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Fig. 12. Processed EBSD data output from cogged zones of: LEFT Specimen SP2 (2.3% cross-section reduction) in comparison with RIGHT Specimen SP7 (12.2%
cross-section reduction), (a)—(b) band contrast images with grain boundaries, (c)-(d) shape factor plots, (e)-(f) plots of the relative difference between the perimeter
and equivalent perimeter and, (g)-(h) plots of grain size distributions. Calculated and visualised using the MTEX Toolbox in MATLAB®.

Table 4
Geometric material constants for the dislocation density model.
Ky K2 K3 Ks Qs Q, Qb m n B1 3} M q
4.1 x 108 410 0.1 0.01 27,500 150,000 150,000 0.833 1 0.324 45 x 103 0.0398 1.168
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parameters could be used to explain the experimentally observed
behaviour. With accompanying temperature and strain-rate dependent
models of the flow stress behaviour, FE modelling could be used to map
spatially the extent of globularisation across forgings. Such an approach
has been demonstrated successfully for DRX in single and dual phase
alloy forgings by Razali and Joun [75], and Joun et al. [76]. The models
described by the authors could certainly apply to DRX during
super-transus forging, but may need adjustment to the overall formu-
lation for sub-transus deformation due to increased microstructural
complexity and large number of active slip systems.

The discrepancies in results between the current globularisation
model prediction and experimental measurements can be due to model
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calibration and any differences in strain distribution between these two
scales. However, the trend indicates that microstructural changes
observed at a small-scale (from experimentation) in this work correlate
with those experienced at a larger scale (from Fabris’ model [57]), and
that the described apparatus can help accelerate research thanks to its
increased throughput of testing, and lower material requirement.
Additionally, it proves the new apparatus presented in this work may be
used for calibration of future material models, where the user can
capitalise on the advantages of scaled down experimentation.

Another research avenue would be the study of macrozones in o + 8
titanium alloys. Macrozones in o + p titanium are millimetre long
clusters of o grains with nearly, or the same, crystallographic orientation
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[77]. These macrozones are known to have a negative effect on the fa-
tigue performance of the alloy. What remains unknown with these fea-
tures is how to sufficiently break them down on an industrial scale,
owing to the large primary f grain size. Huang et al.’s work [78]
investigated the formation and evolution of macrozones in Ti-6242S
alloy during TMP and found that the formation of macrozones is related
to the evolution of primary « (i.e., ®y) and p grains. The new set-up
presented in this work would allow for further understanding of mac-
rozone evolution using less material.

However, with the novelty of the set-up, some design challenges
remain for high temperature testing (i.e., >950 °C). Firstly, the
isothermal conditions and repeat passes progressively remove lubricant
from the sample during the experiments. This increases the risk and
likelihood that the test-specimen will stick to the dies for longer test runs
that require larger numbers of bites. This problem is exacerbated when
the starting mini-billet geometry is rectilinear rather than cylindrical.
Possible solutions could include a high-temperature lubricant delivery
system or the use of highly sintered ceramic dies.

Another consideration would be the “flying-blind” nature of the
current method at higher forging temperatures (>600 °C) using split
tube furnaces. Lower temperature tests on copper and aluminium alloys
used an environmental chamber, which had an observation window that
facilitated convenient monitoring of the specimen position and its in-situ
adjustment. An improved set up could feature a high-temperature
viewport or fibre-optic imaging of the specimen position.

Tribology is another important consideration. The tool operating life
is crucial in bulk metal forming which can be affected by many factors in
the system including the machine, tool, and workpiece [79]. Hot forging
dies are subjected to a range of cyclic thermal, mechanical, chemical,
and tribological loads. Various parameters during hot forging including
the friction and lubrication conditions can influence the final billet ge-
ometry and microstructure. For these tests a combination of a glass
coating and boron nitride lubricant was used, which due to the
isothermal conditions was found to have an increased sticking effect as
the number of bites increased. It was found as part of a following study
using specimens with square starting cross-sections, that both a higher
cross-section reduction in a single bite as well as the increased surface
area, influenced this sticking factor. Short checks had to be introduced to
ensure that the specimens were free from die sticking before rotation.

This study provides positive evidence that the presented laboratory
equipment can be used to study open die forging/cogging of commercial
alloys which are of high research interest. The desired capability of hot
forging of titanium alloys informed the experiment design decisions: the
load frame capacity, specimen size with respect to available furnace
volume, and the choice and geometry of the tooling materials. Overall,
this study has acted as a reinforcement that miniaturised cogging can be
used to inform upstream to more costly intermediate and larger research
scale testing and help provide data for development of microstructure-
sensitive CPFE models, which could be used to advance digital-twin
development for the next generation of data-driven metallurgical
manufacturing.

5. Conclusions

This study has investigated the capability of a new laboratory-scale
apparatus in the open-die forging/cogging of Ti-6Al-4V alloy below
and above the transus temperature in an effort to simulate ingot-to-billet
conversion of material for high-value component manufacturing. The
following conclusions can be derived.

1. The experimental apparatus and testing methodology were success-
fully applied to forging of a dual-phase aerospace titanium alloy.
Various stages of microstructural evolution in Ti-6Al-4V have been
successfully captured through precise control of multi-directional
compressive deformation.
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. FE modelling has been used to evaluate the stress-state and plastic
strain within the forged specimens, demonstrating apparatus capa-
bility for data generation in future advanced digital-twin develop-
ment. The simulated forgings matched well the 3D geometries and
cross-section reductions measured from the test specimens using
GOM scans.

. The small scale multi-directional open die forging (cogging) experi-
ments have demonstrated the ability to achieve globularisation of the
a phase in Ti-6Al-4V. Manual analyses and EBSD data processing
have shown the degree of globularisation to depend on the overall
level of plastic strain sustained by the specimens. This is consistent
with existing understanding of the phenomenon and its mechanisms.
JMAK type behaviour is evident in the experimental data, but would
need further experimental verification.

. Some correlation has been observed between the evolution of
a-globularisation captured from the new experimental technique and
an o-globularisation model calibrated from larger-scale forging tri-
als. Further calibration of the model parameters could improve the
overall match of the model with the experimental data trend.

. In contrast to our original pilot study using the miniature cogging
apparatus, an increased temperature capability has been successfully
validated. There is good potential for applying the described equip-
ment and techniques to the study of materials with even higher
temperature capabilities, such as namely superalloys, if some of the
outlined limitations are overcome and tooling materials are
upgraded.

. The experimental approach combined with complementary simula-
tions and larger scale experiments could be instrumental in the
development of future digital twins for open die forging, which could
enable data-driven real-time process optimisation in industry.
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