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The aim of this study was to understand how consolidation and homogenisation, as well as the possibility of
integrating the two processes, influences the pre-compression microstructure and subsequent compression
behaviour of an industry accepted, peritectic solidifying titanium aluminide ingot alloy; 45XD.

This study differs from existing work with its emphasis on understanding the effect of integrating consoli-

dation and homogenisation on workability, as well as how these processes influence the pre-and post-
compression microstructure individually. This was assessed by the material’s strain rate sensitivity in primary
and secondary compression. The target microstructure was identified from the literature as being capable of a
strain rate sensitivity of >0.3.

The results presented here show that it is possible to integrate the consolidation and homogenisation stages,
and this proved beneficial, namely achieving a high lamellar content and elementally homogeneous micro-
structure presented prior to compression. Subsequent deformation generated high values of dynamic recrystal-
lisation fraction and globularisation returned upon primary compression, and the highest strain rate sensitivity at
secondary compression, in comparison to material processed by the traditional approach. This is thought to be
due to pressure and temperature during the integrated process reducing both segregation, seen through casting,
and so the B2/fy content compared to consolidated material. The integrated consolidation and homogenisation
approach also prevented the grain growth seen in the traditional route; this is anticipated to be due to the two

Hot isostatic pressing
Microstructure

slow cooling stages involved in the traditional process rather than the effect of isostatic pressure.

1. Introduction

Titanium aluminide (TiAl) alloys fill an important gap between high
temperature and high-density superalloys and low temperature and low-
density titanium and aluminium alloys. This is particularly important
when considering high temperature applications such as automotive and
aerospace engine components [1]. Titanium aluminides compare
favourably to nickel-based superalloys in terms of their high elastic
modulus and low density, and to titanium alloys in terms of high tem-
perature stability and oxidation resistance [2].

One major obstacle to further application is in the processing of a
material with an inherent brittle nature at low temperatures (<800 °C).
This leads to wrought processing techniques being largely avoided due
to the high processing and equipment costs involved in multiple pro-
cessing steps working at elevated temperatures which are necessary to
achieve acceptable workability, as reviewed by Appel et al. [3]. The
poor ductility during hot working is linked to issues inherent in the
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material i.e., from the lack of slip systems in the long range ordered
phases present at room and working temperatures. There are also
challenges created by the casting process namely large lamellar grain
sizes and elemental segregation. Therefore, reducing processing steps
whilst improving forging outcomes would be of industrial interest.

Hot isostatic pressing (HIP) is an essential step applied to remove
solidification porosity. However, simple HIP and single stage primary
uniaxial compression (i.e. forming a pre-form or ingot upsetting) has
been shown to not remove the anisotropy-causing lamellar grains and
casting segregation, which are known to hinder secondary processing
stages, such as isothermal closed die forging and hot rolling [4-9].

To ensure successful and homogeneous compression Semiatin et al.
found that heating is required at temperatures in the o phase before
wrought processing [10,11]. They identified that if ingot material had
not been held above the o transus, aluminium segregation from casting
caused issues such as variable transus temperatures, flow stresses and
phase distribution upon compression. This was also noted by Fuchs [12].
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This work has been followed by other researchers espousing the
importance of the >a transus homogenisation (HMG) step for process-
ing; elemental homogeneity and refined fully lamellar microstructures
increasing the extent of dynamic recrystallisation (DRX) fraction upon
compression, referred to as globularisation in this study and calculated
by the grain orientation spread approach [13-18]. The deformation
mechanisms of these fully lamellar microstructures were discussed by
Palomares-Garcie et al.[19].

As well as lamellar microstructures of y and ay phases, 45XD
(Ti-44A1-2Nb-3Mn-1B at%, exothermic dispersion of boride, XD). also
contains the ordered B2/f, phase, without the benefit to workability of
solidifying through the single, disordered f phase region [17,18]. The p
phase fraction (B2/fg) is accentuated by segregation [20]. At the lower
working temperatures used in this study, also examined by Tetsui et al.
and others, the long range ordered version of the p structure (B2/py) is
present [21-23]. This has limited deformability due to the loss of sym-
metry seen in the unit cell upon ordering and B, concentrates dislocation
pile-ups, as identified by Molénat et al., its presence contributing little to
workability [24]. Workable § only comes with the disordering reaction
of Po—p at high temperatures, as was shown on TiAl alloy
Ti-43.5A1-4Nb-1Mo-0.1B in TNM by Schwaighofer et al. [15]. The
disordering reaction temperature for 45XD is not known.

As found by Zhang, Dehm and Clemens, removing the , phase isn’t
without its difficulties [25]. Investigations of the impact of HIP and
HMG on the content and distribution of this phase found both pressure
and o phase HMG essential to removing B2/f, but this came with
excessive grain growth in their low boride alloy.

Regarding the above, the traditional HIP and >a transus homoge-
nisation (THH) stages are deemed necessary to improve microstructural
outcomes from primary compression. However, HMG is often avoided
due to the costs linked with vacuum heat treatment and/or excessive
grain growth. Integrating HIP and HMG (subsequently referred to as
IHH), using HIP equipment for both stages, has been investigated as an
alternative approach [26]. Chen et al. concluded that the isostatic
pressure had no bearing on morphology evolution, but suppressed
microcrack formation, which proved beneficial in their study on me-
chanical performance.

To assess potential workability of HIP, THH and IHH processes for
45XD, strain rate sensitivity (m) indexing (0-1, O being least sensitive, 1
being most) is used to assess primary and, most importantly, secondary
compression [27]. The m value incorporates both macroscopic and
microscopic plastic deformation behaviour, (e.g. lamellar grain glob-
ularisation or orientation and dislocation concepts, respectively) for that
particular microstructure, m values for TiAl in compression were
assessed by Bibhanshu et al. [28]. Materials with low m microstructures
during processing can suffer localised deformation. This inhomogeneous
deformation behaviour can lead to failure, so processing conditions
where m is high are preferred, this being supported by process mapping
[29]. Gupta et al. identify 0.2-0.3 as satisfactory for typical forming
operations, Fuchs suggested m of >0.3; both found increasing tempera-
ture usually resulted in an increase of m in their compression trials
mapping the alloy Ti-48A1-2Cr-2Nb (4822) [4,30]. However, Gupta
et al. begin by identifying that intrinsic workability still depends on the
initial microstructure and its response to temperature, strain rate and
strain. Forging trials on boride free Ti-45Al alloy by Seetharaman and
Semiatin, found that m and the fraction of globularised lamellar material
increased with a lower initial lamellar grain size, as did Fuchs with 4822
alloy, so this relationship between m in compression and microstructure
is well established [31]. For this reason, temperature remains constant
in the present work, as the effect of IHH on microstructure and subse-
quent m is investigated. This study will use m of >0.3 as a target.

To summarise, simple HIP has repeatedly been shown not to produce
microstructures best placed for optimising the microstructural outcome
of uniaxial compression, with globularisation resistant lamellar grains,
and casting segregation hindering secondary processing [5]. The work
reported here evaluates the effect of pre-compression consolidation and
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homogenisation on 45XD as well as the option of integrating the process,
and its effect on workability.

2. Material and experimental methods

Cast plasma arc melted ingot 45XD alloy was cut via electrical
discharge machining (EDM) into three cylindrical samples of @60 x 200
mm to provide material in three different starting conditions. The
composition data used for calculating the phase diagram (CALPHAD,
Fig. 1b), was determined via inductively coupled plasma (ICP), Table 1.
The phase diagram was used to inform the processing conditions for this
alloy. Two of these cylinders were consolidated via HIP for 4 h at
1270 °C, 175 MPa under argon. This is referred to as the HIP condition.
One of these cylinders was further homogenised at 1300 °C for 2 h under
vacuum, referred to as traditional HIP and homogenised material
(THH). The remaining cylinder was consolidated using the same HIP
conditions, but following the HIP cycle and before cooling, the tem-
perature was ramped up to reach the homogenisation temperature of
1300 °C for 2 h, maintaining pressure in the vessel throughout. This
material is referred to as the integrated HIP and homogenised (IHH).

All sample material was then cut into cylindrical compression sam-
ples of @13 x 20 mm, again via EDM for primary (1’) compression, to
replicate ingot breakdown, or forming a pre-form.

For the primary (1’) compression trials, the cylindrical samples were
coated with glass-based lubricant and the compression platens lubri-
cated with boron nitride before reduction to 50% at 1100 °C (y+p phase
region) after a 5-min soak, with different strain rates at 0.001, 0.005 and
0.01 s~ ! to establish the strain rate sensitivity (m) of the material, this
using a Zwick-Roell Z250kN screw-drive machine.

For secondary (2”) compression, only samples that were 1’ com-
pressed at 0.001 s~ were used to produce 2" compression samples via
EDM of @6x9 mm cylinders. The 2” compression conditions followed the
same procedure as the 1’ compression stage, at 1100 °C, but at strain
rates of 0.001, 0.01 and 0.1 s ! to establish the m value of the material.

Following metallurgical preparation, microstructural analysis
included optical microscopy (OM) and scanning electron microscopy
(SEM) in back-scattered electron (BSE) mode at 15-20 kV. OM and BSE
images were analysed via ImageJ software to determine microstructural
parameters including average lamellar grain area (pm?), via a method
applied by Koscielna and Szkliniarz, and lamellar content (%) via ASTM
E562-19e1 [13]. Electron back-scatter diffraction (EBSD) was used to
assess phase fraction and grain area fraction <50 pm? through mapping
the microstructure, the dynamic recrystallised fraction (X-DRX) was
calculated through the grain orientation spread (GOS) approach, all
through MTEX. To define a grain, 10° of misorientation was used. A
similar methodology for estimating microstructural constituents and
phase fraction was applied using image processing tools on BSE micro-
graphs by Schwaighofer et al. [15].

3. Results
3.1. Pre-compression microstructure

Microstructural analysis was conducted on 45XD in the three starting
material conditions already discussed; HIP, THH and IHH, to assess the
influence of initial microstructure on compression behaviour and the
resulting microstructural evolution post 1’ compression.

Fig. 2 BSE imaging compares the three pre-compression micro-
structures. Pre-compression, each of HIP, THH and IHH returns a nearly
fully lamellar microstructure, with p phase present as grains at lamellae
grain boundaries as well as within the lamellar laths, most prominently
in the HIP material at 2.9 Beq% and 6.3 P1am% respectively. This is higher
than both THH and IHH, as shown in Table 2, which quantifies these
microstructural characteristics from BSE and EBSD image processing.
Lamellar content for HIP and THH is similar at 68.9 and 74.8%
respectively, IHH resulting in higher lamellar content of 90.3%. The
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Fig. 1. (a) SEM image of HIP microstructure to identify phases and lamellar (lam) and equiaxed (eq) microstructures, as indicated dark grey/black areas correspond
to y phase, white p and light grey oy, (b) phase fraction diagram determined from CALPHAD, with main crystal structures (including metallic boride (MB)).

Table 1

Average chemical composition of supplied 45XD ingot, analysed via ICP at three points.
Ti Al Nb Mn B o Fe Cu C N Si
49.80 44.31 1.93 2.93 0.84 0.10 0.02 0.03 0.02 0.01 0.02

Fig. 2. BSE images of 45XD alloy in the HIP (a), THH (b), IHH (c) condition at 500x magnification. Dark grey areas correspond to y phase, white p and light grey as.

Table 2
Phase morphology fraction and lamellar content in the three material conditions
of 45XD before compression.

45XD plam  ylam B eq Lamellar

Vo) o2 Y eq
material lam (%) (%) eq (%) (%) content (%)
condition (%) (%)
HIP 4.4 6.3 51.7 2.0 2.9 23.3 68.9
THH 0.9 2.4 62.1 0.3 0.8 20.9 74.8
IHH 8.8 2.4 65.0 1.0 0.3 7.0 90.3

lamellar grain area details for each condition show large grains present,
>1000 pm?, the largest being for THH, which also shows a higher
interquartile spread than for HIP and the IHH; Fig. 3. The smallest grain
area with the tightest interquartile spread was in the IHH material. The
associated yj,m% rises with lamellar content in IHH, this being 65.0%
versus 51.7% in HIP and yeq% decreases from 23.3% compared to 7.0%.

3.2. Primary compression

3.2.1. Primary compression behaviour

Each stress-strain curve follows a similar pattern, with strain hard-
ening followed by peak flow stress (cp), rising with increase in strain
rate (¢), this being followed by flow softening; shown in Fig. 4a. Flow
softening at all € suggests that there was time for microstructural
breakdown to occur as strain increased. From the slope of Fig. 4b, the
unitless strain rate sensitivity (m) can be estimated with Eq (1); see
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Fig. 3. Lamellar grain area analysis of maximum, minimum and interquartile
range of each material starting condition.

detail in Table 3.

m:d(ln a'pfs) W

d(Iné)

IHH shows the highest m value at 0.29, HIP showing the lowest from
Gpfs in 1’ compression at 0.21. From the compression stress-strain curves
for 1’ compression, once a strain (¢) of 0.7 is reached IHH consistently
shows the lowest value of o, for each strain rate and material. This being
the case even with the highest flow stress at 0.01 s~* with the largest
degree of flow softening seen. All material conditions show stable
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Fig. 4. Primary stress-stain curves (a), compression at 1100 °C to 50% at 0.001, 0.005 and 0.01 s~! over 760, 152, and 76 s respectively. Calculation of strain rate

sensitivity (m) for each material for primary compression (b).

Table 3

Peak flow stress and strain rate sensitivity, measured at peak flow stress, strain of 0.04, for each material condition over primary compression.
45XD Material condition HIP IHH
Strain rate (s~1) 0.001 0.005 0.01 0.001 0.005 0.01 0.001 0.005 0.01
1’ oy (MPa) 111.5 153.3 181.7 149.9 173.3 95.9 150.3 187.4
1 m (6ps5) 0.21 0.29

material flow under these 1’ compression conditions.

3.2.2. Primary compression microstructure

As the mapping in Fig. 5 illustrates, all processing conditions
returned successfully compressed material, though each starting state
returned material still containing some lamellar morphologies after 1’
compression.

The content and details of these morphologies are shown in.

Fig. 6. Phase fraction and morphology details in Table 4 for com-
pressed material show a reduction in lamellar content and the respective
morphologies from pre-compression for all material conditions. How-
ever, an increase in overall p content for IHH and THH conditions with
compression was seen. The fq content increased from below 1%, to
4.0% and 7.0% for THH and IHH respectively. The HIP phase fraction
stayed relatively constant with a small increase from 2.9% to 5.2% for
0.001s™L. This could be related to compression temperature.

Concerning the material deformed with strain rate of 0.001 s, the
most effective strain rate for dynamic globularisation, IHH returned the
highest X-DRX and “grains <50 pm?” fraction at 67.1% and 68.3%, with
the lowest overall lamellar content at 18.9%, these lamellar structures
being of the smallest grain area.

THH material shows the highest lamellar content at 45.6%, with the
largest spread of lamellar grain area as well as the lowest X-DRX and
“grains <50 pm?” fraction at 29.6% and 42% respectively, versus 52.8%
and 57.1% for HIP.

For THH at faster strain rates of 0.005 and 0.01 s, the trend is for X-
DRX to reduce, to 37.8% and 31.7%, respectively and the lamellar
fraction to increase to 38.9% and 56.1%. For HIP and THH at these
strain rates the trend is less clear, as shown by Table 4.

Lamellar grain details shown in.

Fig. 6, again show a trend with increasing strain rate returning larger
lamellar grain sizes, with less homogeneity of size for IHH material.
There is no clear trend for the HIP and THH conditions.

The X-DRX indicated in Table 4, was calculated for all strain rates via
the GOS approach. This is shown in Fig. 7a, c, e for 0.001 s~! processed
material. Following this method, those grains with less than or equal to
2° spread within the grain are deemed to have been recrystallised, above

this they are considered deformed. In addition to this, the grain area
frequency, is shown in Fig. 7b, d, f, for HIP, THH and IHH respectively,
this also includes the fraction of the “grains <50 pm?’; another measure
for further workability in the next processing stage.

3.3. Secondary compression

3.3.1. Secondary compression behaviour

The 2” compression stress-strain curves at Fig. 8a, show that a similar
profile to that of 1’ compression was followed i.e., strain hardening to a
peak flow stress followed by flow softening. The peak flow stresses and
extent of flow softening increased with strain rate as in the 1°
compression for each material. As Fig. 8 indicates at a strain rate of
0.001 s~! all the material conditions showed a near steady-state flow
stress, with IHH giving the lowest result at 40-45 MPa.

From Fig. 8b and Table 5, IHH shows the highest m value at 0.32,
THH showing the lowest from o in 2” compression at 0.29. IHH shows
the largest degree of flow softening at a strain (¢) of 0.7 (equivalent of
50% compression), at 0.001 s~1. For strain rates 0.01 and 0.1 s~! the
greatest extent of flow softening is seen in the HIP material - this being
the case even with the highest flow stress at 0.01 s~!. All material
conditions show stable material flow under the 2” compression
conditions.

4. Discussion

First, the distinction between the aims of primary and secondary
processing should be made. Successful primary compression, seen as
equivalent to ingot breakdown, or forming a pre-form in this study,
looks to return a crack-free, isotropic behaving microstructure ready for
secondary processing. To achieve this, pre-compression processing
should aim to deliver a material that responds efficiently to deformation.
An efficient response to primary compression includes returning a ma-
terial with high lamellar globularisation, and so high X-DRX. Secondary
processing covers high deformation processes such as hot rolling or
isothermal closed-die forging, these techniques require a microstructure
capable of strain rate sensitivity of >0.3 [4,27-31].
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Fig. 5. SEM-BSE (left) with EBSD used to give maps of phase map (middle); blue is y, red is a5, yellow is B, X-DRX (Right); pink is the recrystallised fraction, light blue
is deformed, after 50% compression at 1100 °C, 0.001 s~1, of 45XD alloy in HIP (a, b, ¢), THH (d, e, f), IHH (g, h, i) condition at 1600x magnification.

Table 4
Phase, morphology, X-DRX and grain area fraction <50 um? shown for each material after 50% primary compression at 1100 °C and 0.001, 0.005 and 0.01 s~ !
calculated from a combination of OM, BSE and EBSD analysis.

45XD material condition oy lam p lam y lam o2 eq Beq(%) yeq(%)  Lamellar content X-DRX Grain area fraction <50um?

™ (%) (%) (%) (%) (%) (%) (%)
HIP 0.001 0.4 1.8 21.5 1.0 5.2 62.5 25.6 52.6 57.1
HIP 0.005 1.1 1.6 36.4 1.5 2.2 47.6 43.3 34.7 65.7
HIP 0.01 0.7 1.9 39.7 0.7 2.1 45.3 46.7 39.1 60.2
THH 0.001 2.4 3.3 38.3 2.9 4.0 45.7 45.6 29.6 42.0
THH 0.005 3.3 3.2 42.4 3.2 3.0 40.6 51.1 35.9 46.5
THH 0.01 1.7 5.6 33.4 1.6 5.4 32.6 50.6 32.7 48.0
IHH 0.001 0.5 1.6 14.6 1.9 7.0 62.4 18.9 67.1 68.3
IHH 0.005 0.7 3.5 30.7 1.1 5.4 48.3 38.9 37.8 55.5
IHH 0.01 1.9 2.3 46.0 1.5 1.8 36.0 56.1 31.7 62.3

4.1. Assessment of pre-compression microstructure alloy is high in the a+y region, within 20 °C of the o transus according to

Fig. 1b. The influence of this process on the microstructure of titanium

In this study hot isostatic pressing (HIP) was used to consolidate all aluminides has been explored by a number of investigators for both

material, reducing any casting porosity. The HIP temperature for this finishing of cast parts and as preparation for further processing [32-34].
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Fig. 6. Lamellar grain area analysis of maximum, minimum and interquartile
range of each material condition after 50% primary compression at 1100 °C and
0.001, 0.005 and 0.01 s .

Fig. 2a and microstructural details from Table 2 and Fig. 3, show a
nearly fully lamellar microstructure after HIP.

The traditional HIP and homogenisation (THH) route includes a
separate homogenisation heat treatment in the single o phase and is well
established to return a fully lamellar and elementally homogeneous
microstructure [10,11]. A decrease in the brittle § lamellar and equiaxed
morphologies is seen from this heat treatment, with § stabilising ele-
ments being distributed homogeneously [25].

However, a growth in yeq morphologies is seen compared to IHH.
This is likely to be due to the slow furnace cooling and time spent within
y dominant phase regions, Fig. 1b, from both HIP and HMG processes.
This has led to lamellar grain growth, coarsening of y laths and separate
globular y grain growth i.e. has reduced structural homogeneity, as seen
in Fig. 2c and quantified in Table 2 and Fig. 3. This lamellar grain growth
is not thought to be due to high temperature HMG, but due to the boride
content of this alloy restricting grain growth [32,35].

The integrated HIP and homogenisation (IHH) route see both HIP
and HMG times and temperatures being comparable with THH, the
differences being that each stage is under pressure within the HIP vessel
and the THH treatment has an intervening cooling stage. Zhang, Dehm
and Clemens’ investigations into the HIP and HMG of peritectic alloys
found both pressure and o phase HMG essential to removing B2/, but
came with excessive grain growth [25]. As mentioned, the boride con-
tent of the alloy used in this study is higher, at 0.84 at%, than the alloy
used in their study, 0.27 at%, and so restrains the grain growth associ-
ated with a phase heat treatment more effectively. The combination of
temperature and pressure also generates a reduction in the overall p
morphology content versus both HIP and THH routes. Zhang, Dehm and
Clemens commented that pressure probably reduces the activation bar-
rier to decompose B2/py.

In addition to this, the single cooling stage, as opposed to two cooling
stages of THH, would explain the lack of y morphology coarsening seen
in IHH. The IHH process returned a more fully lamellar microstructure
in comparison to HIP and THH routes, with a higher overall lamellar
content and a tighter spread of lamellar grain area values, giving a more
homogeneous lamellar microstructure in comparison, see Fig. 3.

4.2. Assessment of primary compression behaviour

Each stress-strain curve of Fig. 4a, follows a similar pattern; work
hardening to a peak flow stress, due to a build-up of dislocation density,
followed by flow softening. This behaviour is a characteristic of lamellar
grain fragmentation in this material, this can be followed by DRX of this
material with an increase in strain [36,37].

When considering the compression of lamellar material, DRX is often
referred to as dynamic globularisation, as reviewed by Gao et al. for
conventional Titanium alloys [38]. Similarities and differences between
this and DRX for titanium aluminide alloys were identified by See-
tharaman and Semiatin [31]. Recrystallisation, and to a lesser extent
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phase boundary bulging, were identified as the mechanisms of glob-
ularisation by Zhang et al. in TiAl alloys; this behaviour was further
described by Tian et al. [17,39].

The X-DRX was calculated in this work through the GOS approach,
seen in Fig. 7, calculated from EBSD data. GOS uses the average
misorientation degree within grains, the misorientation spread in DRX
grains is lower than that of deformed grains, an approach identified by
Hadadzadeh et al. [18]. This has been applied to work on TiAl alloys to
validate DRX predictive modelling and form processing maps, using <2°
as the benchmark for DRX grains, as has been used here [40,41].
However, both of these latter studies assume the microstructure is ho-
mogeneous; with powder metallurgy this is more likely to be the case
than for large cast ingot work.

Semiatin, Seetharaman and Weiss reviewed earlier work looking at the
relationship between starting microstructure, flow softening rate,
recrystallisation and flow localisation [42]. The authors identified that
the lamellar characteristics, especially differences in lamellar grain area,
were the most significant factor influencing the flow stress.

This is apparent with IHH material, presenting the lowest and
tightest range of lamellar grain area values, generating lower peak flow
stresses from the slower strain rates; 0.001 and 0.005 s L However, at
the faster strain rate of 0.01 s ! the flow stress for IHH is the highest out
of the three material conditions: smaller grain structures giving higher
flow stresses. This is probably due to resistance to DRX/globularisation
at these speeds, globularisation kinetics being enhanced by slower strain
rates. This aligns with the observations of Semiatin, Seetharaman and
Ghosh [43].

The relatively high flow stress from the HIP material at slow strain
rates could be due to the same mechanism seen in creep and fatigue
trials. Segregation leads to heavy alloying elements and interstitials
being preferentially gettered into the oy, or forming B2/fo, from y. This
means the ap and  is less prone to globularisation when under strain,
due to slower dissolution of o into y and solid solution hardening effects
[44-46].

For each strain rate, IHH leads to the lowest flow stress after a strain
of 0.7. Once this stress-strain profile levels out DRX/globularisation is
sluggish due to lamellar grains orientating perpendicular to compression
axis. The level of this flow stress is related to the extent of recrystallised
material and its size [31].

Incorporating the contributing factors discussed above, Fig. 4b
shows the 1’ strain rate sensitivity (m) of IHH to be greatest, HIP to be
lowest at 6y, this trend does not change with strain [43].

4.3. Assessment of primary compression microstructure

Compression leaves all material in a refined condition in terms of
lamellar grain area and content, as seen in the maps in Fig. 5, and in
Table 4 and.

Fig. 6. However, all material conditions still retain large lamellar
grains. Remnant lamellar grains show a mean grain area between 2000
and 4000 pm?2. The orientation of any remnant lamellar grains appeared
to align perpendicular to compression, as found by other researchers
[16,17,19].

The higher fraction of small equiaxed y compared to the starting
microstructures suggests that lamellar colonies near or parallel to the
compression axis have been globularised. With an initial refined
lamellar grain structure comes an increase in grain boundary density,
these grain boundaries being the nucleation site for the formation of
globular morphologies. This can be seen in the compression sample
images; each remnant lamellar grain is necklaced by globular grains; see
Fig. 5 a and d.

This is quantified by the X-DRX and lamellar content values in
Table 4 and.

Fig. 6. The fraction and size of the recrystallised material is an
important factor in further workability as identified by Zhang et al. [17].
The fraction of grains under 50 pm? identified by grain distribution
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Fig. 7. Plots calculating the DRX fraction from the GOS approach on the left, grain area frequency density on the right, for each material condition after 50% primary

compression at 1100 °C and 0.001 s’l, (a, b) HIP, (c, d) THH, (e, f) IHH.

plots in Fig. 7b, d, f, look to quantify this and distinguish the relationship
between this and m from secondary compression of this material.

Table 4 and Fig. 6 show that the lamellar grain area increases and X-
DRX decreases with an increase in strain rate for IHH and THH material,
though the case with the HIP material is not as clear. The efficiency of
globularisation/recrystallisation is reduced with an increase in strain
rate for THH and IHH, in common with Ti based lamellar materials, as
discussed above [43].

In the case of HIP material, the lack of a clear trend in lamellar grain
area with increasing strain rate could be due to a combination of factors.
To start, the elemental segregation present from the lack of homogeni-
sation means globularisation is sluggish as discussed in 4.2. There is also

a high yeq and low lamellar content in the starting HIP microstructure.
This favours micro-buckling/rotation rather than globularisation,
explaining the higher lamellar grain area values and the higher lamellar
fraction, and so in turn lower extent of X-DRX material seen from 50%
compression of HIP when compared to IHH, in Table 4 [31,47]. Glob-
ularisation favours lamellar to lamellar grain boundaries, as seen in the
IHH microstructure pre-compression, this was also noted by Seethara-
man and Semiatin [31].

However, even with a HMG stage, the THH material returned a lower
X-DRX value than either HIP or IHH at 0.001 s', and similar values for
lamellar fraction and X-DRX for 0.005 and 0.01 s~'. This perhaps is a
consequence of having the highest starting lamellar grain area; Fig. 3,
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strain rate sensitivity (m) for each material for secondary compression (b).

Table 5

Peak flow stress, strain rate sensitivity for each material condition over secondary compression.
Material HIP THH THH
Strain rate (s 0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1
2" 6pf-(MPa) 66.8 147.6 269.0 61.9 144.7 273.1 68.6 144.0 256.6
2" m (Opfs) 0.30 0.32 0.29

due to the slow cooling of both HIP and HMG stages. The relationship
between maximum lamellar grain area values and X-DRX is shown in
Fig. 9, and is in agreement with the work of others identifying the effect
of large lamellar colonies on globularisation kinetics [43].

From a phase fraction point of view, the increase in  content post 1’
compression is of concern for further processing of IHH and THH ma-
terial. As seen in 1’ compression of HIP material, a high p content ap-
pears to contribute to high flow stress. This increase in f post
compression, could be due to the compression temperature lying within
a spike in /B2 fraction, as shown in CALPHAD, Fig. 1b. This increase in
f being more noticeable due to the homogenised microstructure of the
initial THH and IHH microstructures, segregation promoting § forma-
tion in HIP material. An intermediate heat treatment could prove useful
to alter this phase fraction to a more beneficial ratio, as identified by
other researchers [4,10,17].

4.4. Assessment of secondary compression behaviour

The relationship between the primary upset microstructure and
secondary compression behaviour is primarily dictated by X-DRX;

18000
& 16000
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4000
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lamellar grain area

0 20 40 60 80
DRX fraction %

Fig. 9. Relationship between maximum pre-compression lamellar grain area
and DRX fraction returned from primary compression at 0.001 s~1.

Fig. 10a. Factors including the remnant lamellar grain area and fraction,
as well as phase fraction, shown in Fig. 10b, ¢ and d, appear to play a
role, but to a lesser extent. IHH shows the highest value for m, THH the
lowest, Fig. 8b. THH material does not achieve the minimum m of >0.3.
Explanations for this can be seen in.

Fig. 6 and 7; THH has the largest remnant lamellar grains as well as
lowest X-DRX and grain area fraction under <50 pm?. The reasoning for
this was discussed in section 4.3. This is not to say that the THH process
cannot be adapted to produce relatively refined lamellar grains, i.e. by
cooling rate control [48].

Secondary compression stress-strain curves, Fig. 8a, follow the same
pattern as that seen in primary compression, described in 4.2. Notably,
compression at 0.001 s~! returns a poorly defined opfs and steady state
stress gained at a strain of 0.5, with little flow softening for all material
conditions at 1100 °C. IHH material showed the lowest steady state
stress at which a quasi-constant structure is assumed to have been
reached [27]. This is not achieved with faster strain rates. This indicates
that each material is still sensitive to processing conditions in terms of
dynamic recrystallisation kinetics and extent. It is likely that higher
temperatures would increase m, due to nucleation and growth of dy-
namic recrystallised grains being temperature driven, easing dislocation
destruction [40].

4.5. Summary of the IHH process in respect to workability

This work examines the suitability of the IHH process to facilitate
thermo-mechanical processing under the conditions described for this
boride containing alloy. Reducing the time spent at temperatures high in
the y+o lamellar phase field, due to the single cooling stage of the IHH
process, reduces the window for lamellar grain and lath coarsening, both
of which are detrimental to globularisation in primary compression.
Studies by Seo et al. on 45XD have shown the coarsening effect of slow
furnace cooling rates on both grain size and lath thickness of fully
lamellar microstructures [49]. However, fine lamellar morphologies
also have to be avoided as these are also detrimental to globularisation
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Fig. 10. Relationship between secondary strain rate sensitivity and, (a) primary compression DRX fraction, (b) primary compression lamellar grain area, (c) primary

compression lamellar content, (d) primary compression phase, from secondary compression of HIP, IHH and THH at 1100 °C, 0.001 s™".

kinetics [16,17]. A compromise is clearly required.

With regard to the pressure used in IHH, Chen et al. concluded that
the isostatic pressure had no bearing on morphology evolution, but
suppressed microcrack formation [26]. Zhang, Dehm and Clemens, sug-
gested that pressure reduced the activation barrier required for
decomposition of the B2/ in subsequent HMG [25]. Zhang, Dehm and
Clemens using a similar triple phase containing alloy to that used in the
present study. The work presented here shows no identifiable effect of
pressure on the morphology present but there is evidence for the
decomposition of the B2/p( phase, as displayed in Table 2. Based on the
results from the research reported here, it can also be proposed that
cooling between HIP and HMG is unnecessary and can be detrimental in
terms of further workability. IHH could thus be an alternative approach
for pre-compression processing for boride containing, fully lamellar,
peritectic TiAl alloys like 45XD.

5. Conclusions

The aim of this study was to understand how consolidation and ho-
mogenisation, as well as the possibility of integrating the two processes,
influences the pre-compression 45XD microstructure and its subsequent
compression behaviour and microstructure. The following conclusions
for this alloy were drawn.

e Conventional hot isostatic pressing to remove porosity is clearly
essential but does not generate a microstructure optimised to remove
the lamellar content during subsequent primary compression.

The ideal pre-compression microstructure for efficient globularisa-
tion is refined, fully lamellar, with elemental homogeneity, with a
reduced B2/By content. This makes a heat treatment above the o
transus necessary.

High temperature heat treatments (above the a transus) can cause
lamellar grain growth, the presence of which has been identified in
these studies as a major cause of slowing globularisation and so
reducing dynamic recrystallised grain fraction. This reduces strain
rate sensitivity in secondary processing.

1

e Pressure and temperature during the integrated HIP and homoge-
nisation (IHH) process reduced B2/, content compared to that seen
in the traditional HIP and homogenisation (THH) process and HIP
alone. Integrating the two processes also removes slow cooling from
homogenisation, returning a more fully lamellar microstructure, so
improving the conditions for globularisation. This resulted in a
higher dynamic recrystallised fraction from primary processing, so
higher strain rate sensitivity and better workability in secondary
processing.
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