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Abstract: The objective of this research was to improve the forging outcome of peritectic solidifying
cast titanium aluminide (TiAl) 4822 alloy (Ti-48Al-2Nb-2Cr at.%) in hot isostatic pressed and ho-
mogenised (HH) condition using cyclic induction heat treatment (CHT). This study adds to research
around CHT for TiAl alloys by applying industrially relevant induction heating to conduct five
heating cycles at the single αphase temperatures (1370 ◦C) necessary for grain refinement. Two
cooling rates were explored in each cycle, air cooling (ACCHT) and controlled furnace-like cooling
(FCCHT), without returning to room temperature. Samples were assessed at each stage in terms
of their morphologies, lamellar grain size and content, as well as phase and dynamic recrystallised
fraction, and subsequent primary and secondary compression behaviour with uniaxial isothermal
compression. The FCCHT process resulted in a homogeneously refined fully lamellar microstructure,
and ACCHT, in a heterogeneous microstructure consisting of lamellar and feathery γ (γf) at differing
fractions across the piece, depending on the cooling rate compared with HH. The results show that
CHT improved forging outcomes for both compression stages investigated, resulting in uniform
compression samples with higher volumes of dynamic recrystallised material compared with the
instability seen with the compression of HH material.

Keywords: intermetallics; titanium aluminides; heat treatment; induction heating

1. Introduction

Titanium aluminides (TiAl) compare favourably to nickel-based superalloys in terms
of their high elastic modulus and low density, and to titanium alloys in terms of high-
temperature stability and oxidation resistance. This is particularly attractive when consid-
ering high-temperature applications as may be found in some automotive and aerospace
engine components. The difficulty, as with most intermetallics, is in the processing and
application of a material with an inherent brittle nature, arising from the long-range or-
dered phases present and large casting grain sizes. This leads to the wrought processing of
cast TiAl material being largely avoided due to the high processing and equipment costs
involved in working at elevated temperatures, which are necessary to achieve acceptable
workability [1].

Peritectic TiAl alloys, such as as-cast 4822 (Ti-48Al-2Nb-2Cr at.%), solidify through the
single α phase, as shown in the calculated phase diagram (CALPHAD) in Figure 1. Grain
growth is unrestricted and rapid at high temperatures, with this problem being exaggerated
by scaling up to ingot production [2]. With further cooling, the crystallographic relationship
between long-range ordered α2 and γ follows a Blackburn orientation relationship to form a
single lamellar colony from each α grain, due to the single set of basal planes in αmatching
that of γ (α→ α + γ→ α2 + γ) [3,4].
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lamellar microstructure derived from casting. This makes some alloys difficult to forge 
with multiple steps at industrially viable temperatures, i.e., up to 1150 °C, with TZM 
(titanium, zirconium, molybdenum alloy) dies [8,9].  
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Figure 1. (a) HIP and homogenised microstructure of 4822 under OM. y + a lamellar = γ + α2 lamellar 
grain. Eq y = equiaxed γ. (b) Phase fraction diagram for 4822 cast alloy determined from CALPHAD. 

The initial grain refinement of the HH microstructure is the aim of cyclic heat 
treatments (CHT) to reduce or avoid hot working altogether. Other authors have looked 
to CHT to achieve refined fully lamellar (RFL) microstructures; Wang et al., in particular, 
pursued the grain refinement of peritectic alloys of 1 mm lamellar colony size to ≤50 µm, 
with the aim of avoiding hot working [10–12]. They described the importance of several 
parameters of the CHT process, including prior α transus homogenisation and the effect 
of the cooling rate on microstructure formation. Phase and microstructural 
transformations at different cooling rates were reviewed in greater detail by Ramanujan 
[4]. 

The CHT process for 4822 alloy was further explored by Kościelna and Szkliniarz, 
with homogeneous grain refinement being their aim [13,14]. This was shown to be 
possible with five controlled cycles just above the α transus with a hold time limited to 
reaching temperature uniformity across the sample, found to be ideal, combined with 
furnace cooling (FC). The mechanism of grain refinement of fully lamellar γ + α2 
microstructures heated to above α transus temperatures involves the γ laths from these 
lamellar grains dissolving in the α matrix to form γ precipitates. These precipitates only 
exist for short periods of time at these temperatures but prevent rapid α grain growth. 
The γ precipitates then act as nucleation sites for new lamellar grains upon cooling [13]. 
Inhomogeneous grain refinement is a possibility with faster cooling, which can lead to a 
larger grain size distribution and different morphologies forming, such as feathery γ. 

In their work on feathery γ (γf) microstructures, Dey et al. found that γf morphologies 
could be produced with cooling rates ranging from air cooling (AC) to water quenching 
(WQ) [15]. They found that γf could be found in two forms depending on where it had 
originated on the prior α grain. Internal feathery γ packets (γf-int) are randomly 
misorientated γ laths that nucleate within prior α grains as the lamellar structure begins 
to form, without being in contact with any grain boundary. Grain boundary feathery γ 
packets (γf-gb) grow from the grain boundary of one lamellar grain into the adjacent 
lamellar grain, with no apparent orientation relationship with their host lamellar grain. 
The compression behaviour of these γf-dominant microstructures in TiAl alloys is not well 
documented and is investigated in the present work. 

Other advances into multi-stage processing aimed at grain refinement in peritectic 
alloys are well documented [16–18]. However, the application of induction heating 
equipment to perform CHT, rather than direct electrical resistance equipment, and its 

Figure 1. (a) HIP and homogenised microstructure of 4822 under OM. y + a lamellar = γ + α2 lamellar
grain. Eq y = equiaxed γ. (b) Phase fraction diagram for 4822 cast alloy determined from CALPHAD.

Prior to upsetting, hot isostatic pressing (HIP) and homogenisation (HMG; together
referred to as HH) have been found to improve the forging outcomes of as-cast TiAl material.
The former removes casting porosity, and the latter improves elemental homogeneity
in peritectic solidifying titanium aluminides, with this improving material response to
compression [5–7]. However, neither process refines the initial large grained lamellar
microstructure derived from casting. This makes some alloys difficult to forge with multiple
steps at industrially viable temperatures, i.e., up to 1150 ◦C, with TZM (titanium, zirconium,
molybdenum alloy) dies [8,9].

The initial grain refinement of the HH microstructure is the aim of cyclic heat treat-
ments (CHT) to reduce or avoid hot working altogether. Other authors have looked to CHT
to achieve refined fully lamellar (RFL) microstructures; Wang et al., in particular, pursued
the grain refinement of peritectic alloys of 1 mm lamellar colony size to ≤50 µm, with the
aim of avoiding hot working [10–12]. They described the importance of several parameters
of the CHT process, including prior α transus homogenisation and the effect of the cooling
rate on microstructure formation. Phase and microstructural transformations at different
cooling rates were reviewed in greater detail by Ramanujan [4].

The CHT process for 4822 alloy was further explored by Kościelna and Szkliniarz,
with homogeneous grain refinement being their aim [13,14]. This was shown to be possible
with five controlled cycles just above the α transus with a hold time limited to reaching
temperature uniformity across the sample, found to be ideal, combined with furnace
cooling (FC). The mechanism of grain refinement of fully lamellar γ + α2 microstructures
heated to above α transus temperatures involves the γ laths from these lamellar grains
dissolving in the α matrix to form γ precipitates. These precipitates only exist for short
periods of time at these temperatures but prevent rapid α grain growth. The γ precipitates
then act as nucleation sites for new lamellar grains upon cooling [13]. Inhomogeneous
grain refinement is a possibility with faster cooling, which can lead to a larger grain size
distribution and different morphologies forming, such as feathery γ.

In their work on feathery γ (γf) microstructures, Dey et al. found that γf morphologies
could be produced with cooling rates ranging from air cooling (AC) to water quenching
(WQ) [15]. They found that γf could be found in two forms depending on where it
had originated on the prior α grain. Internal feathery γ packets (γf-int) are randomly
misorientated γ laths that nucleate within prior α grains as the lamellar structure begins to
form, without being in contact with any grain boundary. Grain boundary feathery γ packets
(γf-gb) grow from the grain boundary of one lamellar grain into the adjacent lamellar grain,
with no apparent orientation relationship with their host lamellar grain. The compression
behaviour of these γf-dominant microstructures in TiAl alloys is not well documented and
is investigated in the present work.

Other advances into multi-stage processing aimed at grain refinement in peritectic
alloys are well documented [16–18]. However, the application of induction heating equip-
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ment to perform CHT, rather than direct electrical resistance equipment, and its subsequent
effect on processing, rather than final material properties, are not aspects covered in the
literature to the best of the authors’ knowledge. An aspect of this is whether there is any
necessity of returning to room temperature (RT) after each cycle, or whether cycling from
800 ◦C, still in the same γ + α2 phase as RT, would cut down processing time and improve
energy efficiency.

Successful primary compression, seen as equivalent to ingot breakdown or forming a
pre-form in this study, seeks to generate homogeneously refined microstructures consisting
of isotropic material with high lamellar globularisation and a large dynamic recrystallized
fraction (X-DRX). To achieve this, pre-compression processing should aim to deliver a
material that responds to deformation efficiently. As discussed by Gupta et al. and Fuchs on
peritectic TiAl alloys, an efficient response, under constant compression conditions, depends
on the state of the initial microstructure and its elemental homogeneity [8,19]. Forging
trials on Ti-45Al alloy by Seetharaman and Semiatin found that the globularised fraction
increased with a lower initial lamellar grain size, as also found by Fuchs in 4822 alloy, in
turn increasing the X-DRX [20].

The CHT process could fulfil this purpose, and it has been shown to produce refined
microstructures together with elemental homogeneity at a smaller scale; both are proven
to promote the rate of globularisation of lamellar material and improve the X-DRX [20–22].
This could reduce the forging steps required to achieve the homogeneously refined mi-
crostructure required for secondary wrought processing techniques, such as hot rolling or
isothermal closed-die forging.

In the present study, two cooling rates in each cycle of CHT, AC and FC, were applied
as grain refining heat treatments compared with HH alone and anticipated to improve forg-
ing outcomes. This was assessed with microstructural characterisation to quantify remnant
lamellar content and size, as well as X-DRX, and monitoring compression behaviour upon
primary and secondary compression.

2. Materials and Methods
2.1. Sample Preparation

A cylindrical sample of Ø60 × 233 mm was machined using electrical discharge
machining (EDM) from the centre of a cast plasma-arc melted 4822 ingot (Ti-47.2Al-1.83Nb-
1.83Cr at. %) of Ø140 × 233 mm. This material was in fully lamellar condition, with
grain sizes of around 1 mm. This sample was consolidated using hot isostatic pressing
(HIP) for four hours at 1270 ◦C and 175 MPa under argon followed by natural cooling
and then subjected to homogenisation (HMG) within the single α phase at 1380 ◦C for
two hours under vacuum, again followed by natural cooling. This material, referred to
as HIP and HMG (HH), respectively, was then cut into cylindrical compression samples
of Ø13 × 20 mm using EDM. The composition data used for the CALPHAD in Figure 1
were determined using inductively coupled plasma (ICP) by the supplier and are shown
in Table 1. From the CALPHAD and the literature, the target temperatures for cyclic heat
treatments were identified.

Table 1. Average chemical composition of 4822 ingot in at. %, analysed using ICP at three points in
the ingot.

Ti Al Nb Cr Fe Si

49.1 47.2 1.83 1.83 0.03 0.03

2.2. Cyclic Heat Treatment Conditions Using Induction Equipment

The cyclic heat treatments (CHT) on the 4822 alloy samples in HH condition were
carried out using a 15 kW Ambrell EKOheat induction heating system in conjunction with
an induction coil. The inductor and system electronics were water-cooled during the heat
treatment using a recirculating chiller. The inductor consisted of a 6-turn copper coil with
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an internal diameter of 97 mm, working length of 95 mm, and wall thickness of 0.81 mm.
The inductor was mounted within a refractory concrete enclosure with an empty tubular
region of Ø 87 mm in its centre to position the sample. The settings for the induction
heating control system were as follows:

• Resonant frequency: ~93 kHz. Tap setting: 16.
• Capacitance: series/parallel arrangement ((2 µF × 1 µF) − (2 µF × 1 µF) -> equivalent

to 1 µF).
• Starting voltage: approximately 550 V (decreased to ~350 V to prevent overshooting

the target temperature at 1340 ◦C). The voltage settings for each sample varied due to
differences in their thermal, electrical, and magnetic properties.

• Temperature control was manually achieved by adjusting the induction voltage.

The temperature was monitored and recorded with a dual-wavelength SPOT pyrom-
eter (AMETEK LandR160) capable of measuring temperatures between 550 and 1600 ◦C
at the resolution of 0.1 ◦C, using ratio mode to minimise the impact of changing surface
emissivity. The pyrometer beam (~few mm2) was focused on the surface to minimise
temperature overshoot.

The target temperature–time profile is shown in Figure 2. Compression samples were
coated with 87.2.207 glass lubricant from Prince Minerals to reduce oxidation. To start the
CHT, samples were rapidly heated to 1370 ◦C from room temperature and held for 30 s
before being cooled to 800 ◦C, where the cycle started again for five cycles. Furnace cooling
and air cooling (FC, AC) were applied to achieve different pre-compression microstructures.
FC was applied by reducing the power, to induce cooling until 1200 ◦C, followed by
switching the power off. AC was applied by simply turning the power to the induction
equipment off. These conditions are referred to as furnace-cooled cyclic heat treatment
(FCCHT) and air-cooled cyclic heat treatment (ACCHT). Samples were held in an alumina
jig within the induction coil for the repeatability of positioning, and this also provided the
insulation required for the part to reach the target temperature.
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Figure 2. Idealised temperature-time profile of air cooling cyclic heat treatment and furnace cooling
cyclic heat treatment, including consolidation (HIP), homogenisation (HMG), and five cycles of
induction cyclic heat treatment (CHT) of 4822 before compression (COMP).

2.3. Compression Testing

For primary compression, all cylindrical samples were coated with glass as above to
reduce oxidation and were lubricated with boron nitride. All material was compressed to
50% at 1100 ◦C after a 5 min soak at this temperature at a strain rate of 0.001 s−1 using a
Zwick Roell Z250 machine, followed by air cooling.
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To assess for any continued effect of the CHT on the forging outcomes of this alloy,
secondary compression samples of Ø6 × 9 mm were machined from primary compressed
material using EDM along the same axis as compression. Secondary compression conditions
followed the same procedure as the primary compression stage, i.e., 50% compression
at 1100 ◦C, but at strain rates of 0.001, 0.01, and 0.1 s−1 to also establish the strain rate
sensitivity (m) of the material.

2.4. Microstructural Analysis

Following metallurgical preparation, the microstructural analysis of all pre-compression
samples was focussed on the centre (C) and the faces of CHT material (F1 and F2). For post-
compression samples, the centre (P1) and 1 mm from the lateral end were analysed (P2). For
the microstructural analysis, a Leica optical microscope (OM) was used for all sites. Scanning
electron microscopy (SEM) was performed using an FEI Quanta-250 with field-emission
gun and back-scattered electron (BSE) detector at 15–20 kV at central sites. OM and BSE
images were analysed with ImageJ software to determine microstructural parameters.
Firstly, morphology volume fraction was estimated for lamellar, equiaxed, or feathery γ
content (%) using the systematic manual point count method; ASTM E562-19e1. This was
then applied to calculate lamellar grain size (µm) using the linear intercept method, ASTM
E112-13, at 0◦ and 90◦ to compression. Nordlys Nano electron back-scatter diffraction
(EBSD) equipment was set up with an acquisition time of 120 mS and 0.5 µm step size. This
was used to identify grain boundaries, and 10◦ of misorientation was used to define a grain,
as well as to assess the phase fraction using crystallographic mapping tools available in
Aztec (Oxford Instruments). The dynamic recrystallised fraction (X-DRX) was determined
using the grain orientation spread (GOS) approach. The GOS approach uses the average
misorientation degree within grains; the misorientation spread in DRX grains is lower than
that of deformed grains (approach identified by Hadadzadeh et al. [23]). This has been
applied to work on TiAl alloys using ≤2◦ as the benchmark for recrystallised material, as
was used here [24–26].

3. Results and Discussion
3.1. Initial Microstructure

A microstructural analysis was conducted on 4822 alloy in the three starting material
conditions already discussed, HH, ACCHT, and FCCHT, to assess the influence of CHT on
the microstructure. Using optical microscopy, lamellar grain dimensions as well as lamellar,
feathery γ (γf), and equiaxed γ (γeq) fractions were determined.

The starting condition, HH, seen in Figure 1a, consisted of a largely fully lamellar
(FL) microstructure, with 88.4% lamellar content and 11.6% γeq at the lamellar grain
boundaries, with a large average lamellar grain size of 1060 µm and lath thickness of
0.92 µm. Microstructural characteristics from OM image processing in comparison to CHT
material are detailed in Table 2.

Table 2. Microstructural details of 4822 material conditions investigated pre-compression using
optical microscopy analysis.

Position
Analysed Face 1 Centre Face 2

Phase
Morphology %lam %γeq %γf

Avg.
Lam.
Size
(µm)

%lam %γeq %γf

Avg.
Lam.
Size
(µm)

Avg.
Lath

Width
(µm)

%lam %γeq %γf

Avg.
Lam.
Size
(µm)

HH - - - - 88.4 11.6 0 1059.1 0.92 - - - -

ACCHT 39.8 0 60.2 228.6 69.4 0 30.6 760.6 0.58 33.3 0 66.7 190.6

FCCHT 83.8 0 16.2 242.5 86.1 0 13.9 369.3 0.68 90.7 0 9.3 454.9
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3.2. Cyclic Heat Treatment Processing with Induction Equipment

The CHT process, shown by the temperature–time profile in Figure 3 obtained with
pyrometer monitoring, shows the different temperature pathways for both air cooled (AC)
and furnace cooled (FC) cyclic heat treatments (CHT). This was a manual process; hence,
timings at ~1370 ◦C do differ between cycles, as do maximum temperatures between
cycles. An automated system would be desirable for reproducibility but may prove difficult
with the rapid heating and cooling rates seen in the process. Details of each cycle are
shown in Table 3.

Metals 2023, 13, x FOR PEER REVIEW 6 of 21 
 

 

3.2. Cyclic Heat Treatment Processing with Induction Equipment 
The CHT process, shown by the temperature–time profile in Figure 3 obtained with 

pyrometer monitoring, shows the different temperature pathways for both air cooled (AC) 
and furnace cooled (FC) cyclic heat treatments (CHT). This was a manual process; hence, 
timings at ~1370 °C do differ between cycles, as do maximum temperatures between 
cycles. An automated system would be desirable for reproducibility but may prove 
difficult with the rapid heating and cooling rates seen in the process. Details of each cycle 
are shown in Table 3. 

 
Figure 3. Recorded temperature–time profiles of (AC) air cooled cyclic heat treatment and (FC) 
furnace cooled cyclic heat treatment obtained with AMETEK Land SPOT pyrometer. 

Table 3. CHT details of both FC and AC obtained with SPOT pyrometer temperature monitoring. 

Material 
Max Temperature (°C) Recorded on Each Cycle 

Avg. Hold Time 
above 1370 °C 

over Five Cycles 
(s) 

Avg. Cooling Rate (°C−1) over 
Five Cycles 

1 2 3 4 5 1370–1250 1250–1200 1200–800 

ACCHT 1371.6 1372.8 1374.1 1372.2 1372.5 30.4 8.8 3.2 3.8 
FCCHT 1373.0 1374.9 1374.0 1374.7 1373.7 31.0 3.8 1.2 4.2 

It was noted that there was a change in both heating and cooling rates seen at ~1250 
°C upon heating, then cooling from 1250 to 1200 °C, in all cycles, with no change in voltage 
at this point. This would suggest there is a change in the thermophysical properties of the 
alloy within this range. This is likely the result of a phase transition. The examination of 
the CALPHAD in Figure 1b would suggest that the change from an α-dominant material 
to a γ-dominant one for cooling, and vice versa for heating, is the phase change involved. 

With CHT, the homogeneity of microstructural change also needs considering 
because of the nature of induction heating, which tends to preferentially heat the outer 
layers of the material and rely on conduction to heat the inner areas (known as the skin 
effect). 

The degree of the skin effect depends on the working frequency, electrical and 
magnetic properties of the sample, and the geometry/shape of the workpiece. 
The skin or penetration depth (δ, in m) can be calculated using Equation (1): 

Figure 3. Recorded temperature–time profiles of (AC) air cooled cyclic heat treatment and (FC)
furnace cooled cyclic heat treatment obtained with AMETEK Land SPOT pyrometer.

Table 3. CHT details of both FC and AC obtained with SPOT pyrometer temperature monitoring.

Material
Max Temperature (◦C) Recorded on Each Cycle Avg. Hold Time above 1370 ◦C

over Five Cycles (s)
Avg. Cooling Rate (◦C−1) over Five Cycles

1 2 3 4 5 1370–1250 1250–1200 1200–800

ACCHT 1371.6 1372.8 1374.1 1372.2 1372.5 30.4 8.8 3.2 3.8

FCCHT 1373.0 1374.9 1374.0 1374.7 1373.7 31.0 3.8 1.2 4.2

It was noted that there was a change in both heating and cooling rates seen at ~1250 ◦C
upon heating, then cooling from 1250 to 1200 ◦C, in all cycles, with no change in voltage at
this point. This would suggest there is a change in the thermophysical properties of the
alloy within this range. This is likely the result of a phase transition. The examination of
the CALPHAD in Figure 1b would suggest that the change from an α-dominant material
to a γ-dominant one for cooling, and vice versa for heating, is the phase change involved.

With CHT, the homogeneity of microstructural change also needs considering because
of the nature of induction heating, which tends to preferentially heat the outer layers of the
material and rely on conduction to heat the inner areas (known as the skin effect).

The degree of the skin effect depends on the working frequency, electrical and magnetic
properties of the sample, and the geometry/shape of the workpiece.

The skin or penetration depth (δ, in m) can be calculated using Equation (1):

δ = 503√(ρ/(µr ∗ f )) (1)

where f is the induction heating frequency in Hz and ρ is the electrical resistivity of the
4822 alloy (Ω ∗m) at that temperature [27]. µr is the unitless relative magnetic permeability.
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For paramagnetic alloys, such as 4822, µr is slightly >1 at room temperature, and µr falls to
unity with temperature, as such unity is used [28]. Based on this, δ for the 4822 alloy under
the CHT conditions discussed was anticipated to be in the region of 1.9–2.5 mm.

3.3. Cyclic Heat Treated Microstructures

Both ACCHT and FCCHT were analysed at three sites, the centre of the sample (C)
and both faces (F1 and F2), as detailed in Table 2.

Both CHT sequences resulted in a microstructure lacking equiaxed material, consist-
ing of refined lamellar grains and γf (Figure 4). With ACCHT, γf formed at both grain
boundaries (γf-gb) and within lamellar grains (γf-int). The fraction of γf throughout the
ACCHT sample being similar at the faces but the fraction swapping to being largely lamel-
lar dominant at the centre of the sample, suggesting formation of γf, was dependent on
the cooling rate. FCCHT showed a more homogeneous microstructure, with the lamellar
fraction being dominant and γf being relatively constant in comparison and only present at
the grain boundaries. The laths of the lamellar content in both FCCHT and ACCHT were
finer in comparison to HH, with average lath thickness values of 0.58 µm and 0.68 µm in
ACCHT and FCCHT, respectively. Post heat treatment analysis see Figure 5.
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Figure 5. (a) Lamellar grain size (maximum, minimum, and inter-quartile range) and (b) lath
thickness (maximum, minimum, and inter-quartile range) visualised for each material starting
condition using OM analysis. (c) Diagram of compression sample, where C = centre, F1 = one face,
F2 = the face opposite to F1, for post heat treatment analysis.

The extent of grain refinement identified by Wang et al., described in the introduction,
was not seen in this study. This could be for several reasons, including that the CHT process
does not return to RT but to 800 ◦C.

However, the average lamellar grain size was still reduced with both CHT sequences
across the work piece as compared with HH material. Lamellar dimensions and mor-
phology contributions were homogenous across the work piece with FCCHT, suggesting
temperature uniformity in the FCCHT cycle, though this was not the case with ACCHT. The
microstructures produced appeared heavily influenced by the cooling rate, as identified by
Wang et al. The FCCHT process led to less γf forming, with no γf in FCCHT material being
in a γf-gb form. Lamellar colonies were the dominant morphology across FCCHT material.
FCCHT material could be described as a refined fully lamellar (RFL) microstructure, much
sought after for final material properties of toughness and ductility, where the fine grain
size of the fully lamellar microstructure resists crack initiation and growth [29–31].

With ACCHT, the microstructure was more heterogeneous in comparison to HH or
FCCHT, with differences in the morphology fraction across the workpiece, consisting of
γ + α2 colonies and γf. The γf present in ACCHT was in both forms, γf-gb and γf-int, with
γf-int being apparent at F1 and F2, and this appearing to nucleate at the centre of lamellar
grains in ACCHT material. This is in agreement with the findings obtained by Dey et al.
regarding the γf form being dependent on the cooling rate [15].

This suggests that the temperature across the piece was not uniform. The temperature
oscillations with each cycle are dampened at the centre, with the temperature not reaching
the α phase [13,14]. Two other observations support this theory. The striations of α seen in
the OM image in Figure 4c, all in the same direction, would suggest that the α phase had
begun to grow into the γ laths of the γ + α lamellar grain, but the dominant γ laths cannot
be described as a precipitate so do not nucleate new grains upon cooling [13]. Additionally,
uniform lamellar grain refinement is only enabled by the combination of sufficient time in
the α phase to dissolve γ to form a precipitate and a slower/less sudden cooling of FCCHT,
to allow the lamellar morphology to form [18]. This was an issue anticipated with AC but
one that could be mitigated with the further refinement and modelling of the thermal cycle.
As δ is anticipated to be in the region of 1.9–2.5 mm depth for this alloy, this leads to a more
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uniform temperature across the workpiece compared with, say, CHT for steels; the skin
effect is unlikely to hinder further development of the cycle at this scale [28].

3.4. Primary Compression Behaviour

Each stress–strain curve, shown in Figure 6, follows a similar pattern for each 4822 con-
dition; several processes are active with a degree of initial work hardening, likely due to the
rapid dislocation pile-ups in the γ laths slowed by critical strain (εc) being reached. This
is followed by high stored energy in the fragmented lamellar material initiating a rapid
DRX, hence the relatively sharp peaks seen here. The peak flow stress (σpfs) is followed
by subsequent flow softening. This can be explained by several processes. Compression
of fully lamellar material leads to the fragmentation and kinking of these morphologies.
With strain and time, the DRX proceeds, leading to further softening, as reviewed by
Seetharaman and Semiatin [20]. Recrystallisation and, to a lesser extent, phase-boundary
bulging was identified as the mechanisms of globularisation by Zhang et al.; this behaviour
was further described by Tian et al. [32,33].
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The differences in the flow curves of the three material conditions, the values of σpfs
and εc, and the subsequent softening are due to the initial microstructure and potential
to either orientate or globularise the lamellar content. FCCHT showed the highest value
of σpfs, likely due to a fine fully lamellar microstructure, and ACCHT showed the lowest
σpfs, probably due to low lamellar content and the lowest grain size. All CHT material
moved towards stable material flow under these compression conditions; HH material, on
the other hand, exhibited non-uniform deformation (see Table 4), with the highest rate of
strain hardening, the earliest εc, and relatively sharp σpfs characterising its flow behaviour.

Table 4. Compression behaviour values for each material condition under compression at 1100 ◦C
and 0.001 s−1 over 760 s.

Material Condition HH ACCHT FCCHT

σpfs—peak flow stress (MPa) 176.6 159.3 191.1

Primary compression samples
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of localised shear. As geometry, die, lubrication, and compression conditions were the same
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across the three tests, this is a sign of flow localisation caused by the large grained fully
lamellar microstructure [34–36].

3.4.1. Behaviour of γf under Compression Conditions

With heating to the compression temperature and soaking for 5 min (1100 ◦C, high
γ + α2), the packets of γf present in ACCHT material, present as both γf-int and γf-gb
forms, largely transformed to fine γeq grains, as shown by comparing Figures 7 and 8, with
microstructural characteristics summarised in Table 5.
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Table 5. Microstructural details of 4822 material conditions investigated after cyclic heat treatment
and water quenching in the compression thermal cycle at 1100 ◦C, with a 5 min soak.

Phase
Morphology %lam %γeq %γf Avg. Lam. Size (µm)

ACCHT Face 1 39.8 0 60.2 228.6

ACCHT Face 2 33.3 0 66.7 190.6

ACCHT + compression
thermal cycle Face 1 36.6 56.5 6.9 183.5

The γf → γeq transformation was exploited in non-wrought grain refinement process-
ing by Yim et al. and Hu and Yang et al. by applying annealing heat treatment at the high
end of the γ + α phase region [17,37]. The γf → γeq transformation is due to the inherent
instability of the γf microstructure from its initial formation. Dey et al. identified the initial
packets of γf as being chemically unstable, with higher localised strain compared with
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prior lamellar morphologies, which subsequently drives the transformation into globular
morphologies, almost to completion, as seen here [15]. The high γeq content and lack
of lamellar morphologies to globularise at the outer 1 mm of the workpiece could have
contributed to the low σpfs seen under compression.

3.5. Primary Compression Microstructures

As Figure 9 shows, each material resulted in a microstructure still containing lamellar
morphologies after primary compression. Recrystallised and deformed material can be
seen to surround the large remnant lamellar grains, as seen in Figure 10a,d,g orientation
maps, with lamellar regions having similar crystallographic orientation through the grain.
The distribution of recrystallised grains is illustrated with X-DRX mapping in Figure 10c,f,i.
The content and details of the remnant morphologies are shown in Table 6.
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Figure 9. OM images at P1 (centre) of 4822 alloy in HH (a,b), ACCHT (c,d), FCCHT (e,f) conditions
at 5×magnification (a,c,e) and 20×magnification (b,d,f) after 50% primary compression at 1100 ◦C,
0.001 s−1. RL = remnant γ + α2 lamellar grain. Eq y = equiaxed γ.
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Figure 10. Orientation (a,d,g) and phase fraction (b,e,h) (where blue is γ, red is α2, yellow is β0),
and X-DRX maps (c,f,i) (where red is the recrystallised fraction, blue is deformed) of 4822 alloy in
HH (a−c), ACCHT (d−f), FCCHT (g−i) conditions at P1 (centre), after 50% primary compression at
1100 ◦C, 0.001 s−1.

Table 6. Morphology fractions of each material after 50% primary compression at 1100 ◦C and
0.001 s−1 calculated with OM and EBSD analyses.

4822 Material
Condition (s−1)

γ Equiaxed
Content (%)

Lamellar Content
(%)

Average Lamellar
Grain Size (µm) @

90◦ to Compression

Average Lamellar
Grain Size (µm) @
0◦ to Compression

Average Lamellar
Grain Size (µm) X-DRX (%)

HH 0.001 P1 55.6 44.4 281.7 418.9 350.3 22.6

HH 0.001 P2 50.5 49.5 181.4 409.8 295.6 28.8

ACCHT 0.001 P1 70.8 29.2 147.2 297.3 222.3 44.7

ACCHT 0.001 P2 84.3 15.7 86.3 255.9 171.1 54.6

FCCHT 0.001 P1 56.0 44.0 151.1 380.8 265.9 35.4

FCCHT 0.001 P2 55.1 44.9 176.1 366.4 271.3 21.9

3.5.1. Primary Compression: HIP and Homogenised Microstructure

HH material showed the highest lamellar grain sizes in this study; this resulted in
non-uniform deformation and flow localisation caused by the large grained fully lamellar
microstructure [34–36]. Flow localisation then led to poor conditions for globularisation,
with the post-compression HH material resulting in the highest lamellar content and size
values at both P1 and P2.

3.5.2. Primary Compression: ACCHT Microstructure

ACCHT resulted in the highest X-DRX fraction at both P1 and P2, 44.7% and 54.6%,
respectively, together with the lowest overall lamellar content, 29.2% at P1 and 15.7% at
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P2, with these lamellar structures being of the smallest grain size, as shown in Figure 11a.
HH material showed the highest lamellar content at P1, 44.4%, with the largest spread
of lamellar grain size and the lowest X-DRX fraction, 22.6%. The X-DRX was calculated
using the grain orientation spread (GOS) approach, and an example is shown in Figure 12.
Following this method,≤2◦ spread within the grain was deemed to have been recrystallised;
above this, it was considered deformed.
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The X-DRX tends to be dependent on the initial lamellar colony size; this is due to
grain boundaries acting as nucleation sites for globular morphologies, with high lamellar–
lamellar grain boundary density being preferred for globularisation [20]. Semiatin, Seethara-
man, and Weiss reviewed earlier work looking at the relationship between the starting
microstructure, flow softening rate, recrystallisation, and flow localisation [36]. The au-
thors identified that the lamellar characteristics, especially lamellar grain sizes, were the
most significant factor influencing the flow stress, with Semiatin, Seetharaman, and Ghosh
identifying the effect that grain size and strain rate have on the globularised fraction [35].
Another factor in the X-DRX and the globularised fraction is the heterogeneous strain
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distribution across the work piece [38]. This is shown by the microstructural analysis of
lamellar content at P1 and P2 (Table 6). Interestingly, this difference across the workpiece
was reduced with ACCHT, perhaps due to the lack of lamellar content at P2 post-CHT, as
discussed below.

As already discussed in Section 3.4.1, the γf present in ACCHT material should have
transformed to γeq upon heating to the compression temperature; however, it was still
relatively heterogeneous, with lamellar morphologies being present to differing degrees
depending on the cooling seen across the sample (see Table 5). Given that lamellar–lamellar
grain boundaries support globularisation, the heterogeneous microstructure at the sample
faces does not appear to be detrimental to the microstructural outcome, resulting in a com-
parably homogeneous microstructure across P1 and P2 with the lowest remnant lamellar
size and content, together with the highest X-DRX, which was the highest at P2.

The higher X-DRX at P2 for ACCHT material is unusual and likely due to the large
volumes of γeq present at the periphery of ACCHT material (F1 and F2) (Figure 7) compared
with FCCHT and HH.

3.5.3. Primary Compression: FCCHT Microstructure

The homogenously refined fully lamellar microstructure of FCCHT material resulted
in a larger X-DRX compared with HH at P1, as well as smaller remnant lamellar colonies at
P1 and P2. The higher X-DRX values are due to the initial higher grain boundary density
compared with HH, as discussed above. However, there are similar post compression
lamellar content values between FCCHT and HH; see Table 6. The fine-lath lamellar content
of pre-compression FCCHT material may explain the lack of globularisation at P1 and P2
seen under compression. Like larger lamellar grain sizes, fine lamellar morphologies are
also detrimental to globularisation kinetics [32,39].

3.6. Secondary Compression Behaviour

The secondary compression stress–strain curves in Figure 13a show that a profile simi-
lar to that of primary compression was followed, i.e., strain hardening to peak flow stress
followed by flow softening. The peak flow stresses increase with the strain rate for each
material. At a strain rate of 0.001 s−1, all material moved towards near steady-state flow
stress between 90 and 100 MPa with the increase in strain during secondary compression.
ACCHT material showed the lowest steady-state stress; it is assumed that the steady-state
condition would correspond to a quasi-stable microstructure being achieved [40]. This was
not achieved at faster strain rates.
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Figure 13. Secondary stress-strain curves (a) of the three material conditions under compression to
50% at 1100 ◦C and at 0.001 s−1 over 800 s, at 0.01 s−1 over 80 s, at 0.1 s−1 over 8 s. Calculation of
strain rate sensitivity (m) of each material under secondary compression (b).

From Figure 13b and Table 7, HH and ACCHT show the same m value, 0.25, with
FCCHT showing the lowest ε0.1 in secondary compression, 0.24. Flow localisation and shear
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of the HH samples is visible again. This is likely to be due to the HH primary compressed
material containing the largest remnant lamellar grains as well as the lowest X-DRX. For
these reasons, the m value of 0.25 for HH should not be taken as a true representation of its
strain rate sensitivity.

Table 7. Compression behaviour values, peak flow stress, and strain rate sensitivity (m) of each
material condition under secondary compression to 50% at 1100 ◦C and at 0.001 s−1 over 800 s, at
0.01 s−1 over 80 s, at 0.1 s−1 over 8 s.

Material Condition HH ACCHT FCCHT

Strain Rate (s−1) 0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1

σpfs—peak flow
stress (MPa) 111.7 218.9 348.5 111.2 202.8 341.5 117.3 212.4 343.6

m at ε0.1 0.25 0.25 0.24

Secondary compression
samples
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FCCHT material shows the highest secondary σpfs at slow strain rates and the lowest 
m; this may be due to the primary compressed FCCHT material consisting of larger 
lamellar grain size and finer laths than ACCHT at both P1 and P2 [32,39]. 
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FCCHT material shows the highest secondary σpfs at slow strain rates and the lowest
m; this may be due to the primary compressed FCCHT material consisting of larger lamellar
grain size and finer laths than ACCHT at both P1 and P2 [32,39].

Secondary compression of ACCHT material shows the lowest σpfs at all strain rates
and an m value of 0.25 but with successful uniformly compressed samples. It is anticipated
that m is being restrained here by the compression temperature rather than any remnant
microstructural morphology. It is likely that only the compression of this alloy at higher
temperatures would increase m; this was generally found in Fuchs’ work and was due
to the nucleation and growth of dynamic recrystallised grains being temperature-driven,
easing dislocation destruction [25].

3.7. Secondary Compression Microstructures

The X-DRX maps calculated using the grain orientation spread (GOS) approach,
illustrated in Figure 14c,f,i, show that ACCHT resulted in the highest X-DRX fraction at
66.1%, at a strain rate of 0.001 s−1, together with zero lamellar content. At the same strain
rate, FCCHT material was also lamellar-free, with a 58.2% X-DRX. HH material gave the
highest lamellar content, 7.2%, and the smallest X-DRX fraction, 47.2%.

All material tested resulted in average lamellar grain sizes below the 80 µm value
suggested by Zhang et al. for facilitating further processing [32,39,41]. However, without
CHT, remnant lamellar content was still present at each strain rate; the resulting X-DRX
was lower at the slowest strain rate, and the presence of adiabatic shear was also clear at
the fastest strain rate, as shown in Table 8 and Figure 15, respectively.
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0.001 s−1.

Table 8. Morphology details for each material after 50% secondary compression at 1100 ◦C, and 0.001,
0.01, and 0.1 s−1 calculated with OM, BSE, and EBSD analyses.

4822 Material Condition (s−1) Lamellar Content (%) Average Lamellar Grain Size
(µm, from 0◦ and 90◦) X-DRX (%)

HH 0.001 7.2 22.1 47.2

HH 0.01 27.8 46.7 49.7

HH 0.1 18.9 40.3 31.8

ACCHT 0.001 0.0 0.0 66.1

ACCHT 0.01 1.7 2.3 47.1

ACCHT 0.1 9.0 15.1 56.7

FCCHT 0.001 0.0 0.0 58.2

FCCHT 0.01 0.0 0.0 60.1

FCCHT 0.1 0.0 0.0 42.0
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Figure 15. BSE imaging ((left) 0.001 s−1, (middle) 0.01 s−1, (right) 0.1 s−1) of 4822 alloy in HH
(a–c) condition after 50% secondary compression at 1100 ◦C, with remnant lamellar being present.
RL = remnant γ + α2 lamellar grain. Eq y = equiaxed γ. ABS = adiabatic shear.

To produce a microstructure with a large X-DRX and low lamellar content, homo-
geneous compression is clearly first required. From the present results, it would appear
that faster strain rates may be deleterious. Adiabatic shearing is present in HH at 0.1 s−1,
and this appears to be absent with secondary compression of CHT material but cannot be
dismissed as a possibility with the large remnant lamellar grain structures derived from
primary compression [42]. Considering the obvious bulging in the compression samples in
Table 7, it would suggest that adiabatic shear or flow localisation occurred under all mate-
rial conditions other than at a strain rate of 0.001 s−1. Adiabatic shear and flow localisation
may explain the lack of any trend between strain rate and resulting globularisation/X-DRX.

3.8. Summary of the CHT Process in Respect of Forging

The prospect of using the CHT process as a replacement for wrought processing seems
improbable based on the results of the present research, but it is likely that CHT could be
applied as a complementary technology to improve forging outcomes. The considerable
impact of the cooling rate on the microstructure formed under CHT, with large differences
in microstructure (e.g., lamellar grain size at the centre of samples at cooling rates of FCCHT,
369.3 µm, and ACCHT, 760.6 µm, with both cooling rates being under 10 ◦Cs−1), should be
considered in process design.

Nonetheless, the CHT process investigated here took as-cast 4822 material in an
unforgeable condition and made it forgeable at 1100 ◦C and 0.001 s−1, with initial grain
refinement, as seen in FCCHT, or by largely removing lamellar morphologies, as with
ACCHT. As seen with secondary compression at a strain rate of 0.001 s−1, CHT material
is free of anisotropy inducing lamellar morphologies; this could result in a more isotropic
material ready to benefit from secondary processing techniques, such as hot rolling or
closed-die isothermal forging. The CHT process could, therefore, be considered as another
complementary technology to improve forging efficiency and potentially reduce the number
of wrought processing steps required for initial ingot breakdown [35,43–45].

4. Conclusions

This research set out to examine the possibility of improving the forging outcome of
cast 4822 alloy by applying cyclic induction heat treatment. The following conclusions
regarding 4822 alloy in HH and CHT conditions are drawn:

• Hot isostatic pressing and homogenisation (HH) are clearly essential processing steps
but does not result in a material best placed for successful compression, with lamellar
grain sizes averaging >1000 µm and low lamellar–lamellar grain boundary density
restricting the globularisation of lamellar content.

• Cyclic induction heat treatment (CHT) can provide lamellar grain refinement com-
pared with HH at a controlled furnace cooling rate (FCCHT). FCCHT results in a
homogeneously refined fully lamellar microstructure with average lamellar grain size
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of 369.3 µm at the centre of the work piece. This grain refinement leads to successful
primary compression.

• The heterogeneous microstructure under ACCHT, consisting of differing quantities
of α2 + γ lamellar grains and γf across the work piece, does not appear to hinder
primary or secondary compression under these conditions or at this scale, resulting in
the highest dynamic recrystallised fraction values in both compression stages, 54.6%
and 66.1%, respectively.

• The dominant γf in the ACCHT process transforms to γeq upon re-heating within the
high γ + α2 phase region, i.e., during primary compression at 1100 ◦C.

• CHT material after secondary compression at a strain rate of 0.001 s−1 is free of
anisotropy inducing lamellar morphologies; this material should be considered for
secondary processing techniques such as hot rolling or closed-die isothermal forging.
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