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Abstract

To investigate the (3 recrystallisation characteristics
of established o+ 3 alloy Ti-6A1-4V and novel 4+ 3
alloy Timetal 575 (Ti575), twelve 100mm diameter
double cone samples were « + 3 forged, sectioned
then heat treated in the 3 phase field. The double
cone geometry chosen provided a gradient of strain
in each sample with a strain profile provided by
output from a finite element modelling package. The
matrix of tests covered three forging temperatures
and two deformation rates and was followed by heat
treatments to two temperatures for two different
times at temperature generating a recrystallised
microstructure as a function of these parameters.
The extent of microstructural refinement for both
alloys was analysed using optical microscopy of the
as-received and recrystallised microstructure.

Introduction

Titanium alloys have been employed in the aerospace
industry for decades and they continue to meet the
rigorous demands of critical aero-engine components.
This longevity is owed to their low density, corrosion
resistance and configurable mechanical properties op-
timised through carefully selected thermomechanical
processing routes. For safety, critical rotating parts
such as fan discs require optimal fatigue performance.
In particular, strength and resistance to dwell fatigue
are essential. Although Ti-6Al-4V has met these op-
erating requirements the demands of industry to op-
timise performance and efficiency has led to the de-
velopment of alloy chemistries designed for specific
roles.

The novel titanium alloy Ti575 is one such « + 3
alloy recently developed by TIMET specifically for
future fan disc applications. It has already demon-
strated improved tensile strength and static and low

cycle fatigue strength compared to Ti-6Al-4V while
retaining a comparable density and ductility [1]. Cru-
cially it has thus far proven insensitive to the dwell
fatigue phenomenon and exhibits improved fatigue
performance over Ti-6Al-4V [1] and the near-o al-
loy Timetal 834 [2]. This promising performance has
led to further investigation of the alloys primary pro-
cessing parameters to improve full scale production
knowledge.

The manufacturing route for these alloys begins
with the ’f-workout’ reduction of the cast ingot
above the (3 transus temperature. Subsequent 'pre-
strain’ forging in the &+ 3 phase field refines the mi-
crostructure prior to a 3 recrystallisation heat treat-
ment. The lamellae produced during cooling from
3 recrystallisation are broken down into the globu-
larised primary «, grains found in the bi-modal mi-
crostructures of many final alloy applications. Large
regions of similarly crystallographically orientated o,
grains originating from the 3 recrystallisation stage
can be retained throughout o + 3 processing and
can dictate the lower property bounds of an alloy [3].
These large effective structural units contain long slip
lengths and are detrimental to dwell fatigue perfor-
mance and crack propagation resistance in particular.

A number of publications have investigated 3 re-
crystallisation during hot working in the (3 phase
field [4-6] however no publication could be found ex-
amining the effect of the oc+ 3 pre-strain parameters
on the subsequent 3 recrystallisation characteristics
which this work investigates. Large double cone sam-
ples are employed due to the coarse microstructural
conditions and to provide a profile of strain in one
sample, reducing the volume of forgings required. A
number of studies have successfully utilised double
cone samples to investigate microstructural evolution
and recrystallisation characteristics in titanium al-
loys with varied microstructural conditions [7,8].



Experimental Procedure

The chemical compositions of the commercial Ti-6Al-
4V alloy and the novel Ti575 alloy used in this work
are provided in Table 1 below. The (-transus for
these alloys is approximately 1000°C and 960°C re-
spectively.

Table 1: Chemical compositions for Ti-6Al-4V and
Ti575 used in this study.

Al| V | Fe |[Si| C | N | O | Ti
Ti-64 [6.47|4.07]0.17| - |0.10/0.01{0.20 | Bal.
Ti-575| 5.3 | 7.7 [0.25/0.5]/0.01|0.01{0.18 | Bal.

The Ti-6Al-4V material was sourced from the in-
termediate stage of manufacturing process in the
form of six 120x100x120mm blocks. Microstructural
characterisation of block faces revealed 2.6 - 5.8mm
average and 11.1 - 31.4mm maximum prior-f3 grain
diameters. Significant elongation along the billet axis
was apparent with prior-3 grains up to 80mm in
length at an 8:1 aspect ratio. Examples of charac-
terised block faces from the billet face (Figure 1la)
and along the billet axis (Figure 1b) are presented
with traced coarse agp at prior- grain boundaries
for clarity. Lath width varied from 0.5 - 3um.

The six Ti575 120x100x120mm blocks were only
available from a later intermediate stage so a vac-
uum heat treatment was employed to coarsen the
prior-f3 grain size and reproduce the o« colony and
lath characteristics of the Ti-6Al-4V material. Fig-
ure 2 shows a 40x40mm section of this heat treated
material with agp traced for emphasis. The homo-
geneous as-received material exhibited 1.34 mm aver-
age and 4.0mm maximum diameter which coarsened
to 1.97mm and 5.47mm average and maximum diam-
eter respectively. Lath width was consistent with the
Ti-6Al-4V material.

Double cone samples 80mm in height and 100mm
major, 40mm minor diameter were coated with a
Deltaglaze FB417 glass lubricant and held at forg-
ing temperature for a minimum of 90 minutes prior
to forging. Compression tests were completed using a
500T hydraulic press at approximately 0.05s~! and a
2100T screw press at approximately 4.2s~! with die
temperatures of 450°C and 250°C respectively. Sam-
ples were forged at one of three pre-strain tempera-
tures (/PBr1, &/Pr2, and oo/Prs) to either approxi-
mately 30mm for Ti-6Al-4V or 50mm final height for
Ti-575. Initial test results from Ti-6Al-4V studies led
to the change in final height for Ti575 tests with the
purpose of increasing the area of low strain available
for analysis. Forged double cones were sectioned into

Figure 1: Ti-6Al-4V starting material. Macro
view of (a) billet face (100x100mm) and, (b) along
billet axis (100mm diameter).

Figure 2: Ti575 vacuum heat treated starting ma-
terial (40x40mm).



B phase

(b) field

]

a+p
Pre-Strain
Forging Stage

a+p
phase
field

B-Recrystallisation
Stage

(c) (e) (i)

Temperature

(a)

(d)

Time

Figure 3: Forging and recrystallisation procedure:
(a) heat double cone samples to pre-strain temper-
ature; (b) hold for 90 minutes; (c) forge and water
quench; (d) section into "wedges’; (e) heat wedges
to o+ B temperature; (f) hold for 60 minutes; (g)
ramp temperature at 39°C/h to final recrystalli-
sation temperature; (h) water quench or hold at
temperature for 60 minutes; (i) water quench.

six 60° 'wedges’ used for as-forged analysis and the
subsequent (3 recrystallisation heat treatments.

To accurately represent the industrial process
route a 60 minute hold at a temperature high in the
o+ B range preceded a slow 39°C/hour ramp to the
final (3 recrystallisation temperatures of 371 or Brso.
Samples were either quenched immediately or held
for 30 or 60 minutes with a four extended heat treat-
ments used to investigate further grain coarsening
over time. Both forging and heat treatment param-
eters were chosen as industrially relevant values by
TIMET. A summary of the forging and recrystallisa-
tion process is outlined in Figure 3.
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Figure 4: Representative examples of strain pro-
files produced by DEFORM 2D FE modelling for
(a) Ti575 compressed to 50mm final height, and
(b) Ti-6Al-4V compressed to 28mm final height.
Both examples are for Bra, 4.2 forgings.

Detailed multi-operation DEFORM 2D modelling
of the transfer, rest and forging operations provided a
strain profile for each of the forged double cones (Fig-
ure 4). Default DEFORM resting and forging heat
transfer coefficient were used with approximate shear
friction coefficient of 0.25 determined using shape fit-
ting. A parametric study confirmed negligible influ-
ence on strain profile from large changes of +0.1 in
friction coefficient. An Alicona Infinite Focus opti-
cal microscope was used to map the entire surface of
each wedge with the DEFORM strain profile overlain
to show regions for analysis. Within these regions
the grains size was measured by tracing boundaries
and extrapolating their areas (Ti-6A1-4V) or using
the Abrams three circle intercept method (Ti575) [9].
Grain size as a function of pre-strain temperature,
strain rate, strain, recrystallisation temperature and
time at recrystallisation temperature was compared
for each alloy with the level of refinement from start-
ing structure also investigated.

Experimental Results

The final 3 recrystallised microstructures for Ti-6Al-
4V and Tib75 alloys exhibited contrasting character-
istics. At the time of writing the complete Ti-6A1-4V
test matrix has been analysed however only one pre-
strain temperature (both deformation rates) has been
analysed for Ti575.

Pre-strain temperature, strain rate and strain all
had little effect on the final recrystallised microstruc-
ture of Ti-6Al-4V with only recrystallisation tem-
perature and time at temperature effecting final
grain size. Significantly, the strain distribution had
no discernible effect on the distribution of grain
sizes throughout any of the recrystallised Ti-6Al1-4V
wedges. The ’dead-zone’ in extended contact with
the colder die also fully recrystallised in each wedge
further indicating that strain has little effect on the
final recrystallised B grain size. Effective strain in
these regions ranged from 0.05 to 0.2. Figure 5
presents the 31 immediately quenched and 375 held
for 60 minutes recrystallisation tests for the Ti-6Al-
4V o/ Bro forging at 4.2s71.

These fully recrystallised microstructures exhib-
ited significant grain growth over time at tempera-
ture with no indication imposed strain affected final
grain size distribution. This outcome was the pri-
mary reason behind the experimental shift to a lower
overall deformation with the Ti575 alloy and future
tests on Ti-6Al-4V

Pre-strain temperature has yet to be investigated



Figure 5:  The Ti-6Al-4V recrystallised mi-
crostructure for the offre forging at 4.2s7" (a)
quenched at Br1 and (b) held at Br2 for 60 min-
utes.

(a)

Figure 6: The Ti575 recrystallised microstructure
for the a/Br2C forging at 4.2571 (a) quenched at
Br1 and (b) held at Bra for 60 minutes.

for Ti575 however the effect of strain rate and strain
is apparent. The equivalent Ti575 micrographs (Fig-
ure 6) consistently present increased strain refining
the structure and reducing average and maximum
grain diameter. Regardless of final 3 recrystallisation
temperature the dead-zone in each Ti575 wedge sam-
ple presented a similar grain size to the heat-treated
starting material indicating very low strain did not
refine the microstructure.

Results and Discussion

Ti-6Al-4V Recrystallisation and Grain Growth

The intention was to use the strain regions gener-
ated from DEFORM output to compare grain growth
to applied strain however no discernible pattern
emerged for this alloy. As shown in the micrographs
(Figure 5) the strain regions were largely indistin-
guishable from each other and no ’cut-off’ or gradi-
ent was identified where a given strain refined the
structure significantly more than another.

The B recrystallisation behaviour of Ti-6Al-4V is
presented in Figure 7a and b for fpr; and B re-
spectively. Data includes all pre-strain temperatures
and strain rates and clearly shows grain growth at
a rate of approximately 0.4mm per hour for the first
hour. It is important to note the time at temperature
presented in Figure 7 begins at zero however due to
the low temperature ramp rate significant time above
the B-transus had elapsed for both tests before this
point.

Evident from the graphs is the significance of time
above (-transus temperature. The additional time
required to reach the higher recrystallisation tem-
perature aligns quite closely with the rate of grain
growth shown in Figure 7. One further test com-
pleted marginally above the (-transus temperature
for 60 minutes presented results that would align with
the graph further emphasising final recrystallisation
temperature has much less influence than time above
the B-transus for the range of temperatures tested.

Of significance to industry and the application of
Ti-6Al-4V alloys in structural components is the av-
erage and maximum grain diameter at extended heat
treatment times. Figure 8 presents the extended time
at temperature results for four tests carried out to
investigate this response in Ti-6Al-4V. The rate of
grain growth slows however it still continues at a rate
of 0.15mm per hour to a maximum tested time of 360
minutes.

Large areas of aligned « colonies that may lead to a
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Figure 7: Average Ti-6Al-4V B grain diameter at
(a) BTl and (b) /BTQ.
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Figure 8: B grain diameter at extended heat treat-
ment times for Ti-6Al-4V.

common orientation being retained throughout o+ f3
processing are of principal concern to industry. The
maximum 3 grain diameter is therefore significant as
it will likely lead to the largest colonies. Figure 9
presents the evolution of grain diameter over time at
recrystallisation temperature for the o/B7o forging
at 4.2s7!. The grains coarsen and the curve flat-
tens with extended time at temperature as expected
however it does notably produces a single significant
outlying grain 7mm in diameter after a 240 minute
heat treatment at 2. The maximum grain diam-
eter from the other three extended heat treatments
all produced grains above 5.5mm in diameter with
60 minute heat treatments regularly producing grain
diameters above 4mm.

The coarse, inhomogeneous starting structure ex-
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OPT2 - 240 mins

Fraction

Grain Diameter (mm)

Figure 9: Histogram for Ti-6Al-4V «/Br2 forging
at 4.2s7% showing progressive growth of measured
grain size over time.

hibiting large 3 grains averaging 2.6 - 5.8mm in di-
ameter and a maximum of 31.8mm was homogenised
and refined to an average grain diameter around half
that of the starting structure. From these experi-
ments the strain, pre-strain temperature and strain
rate has had little effect on the final grain refinement
with only time above (-transus temperature influ-
encing the final grain size significantly.

Ti575 Recrystallisation and Grain Growth

Unlike the Ti-6Al-4V alloy a comparison of final re-
crystallised grain size versus applied strain was pos-
sible. Both average (Figure 10) and maximum grain
diameter (Figure 11) reduced with increased strain
while the 0.05s7! strain rate (Figure 10a and Fig-
ure 11a) resulted in larger grain diameters than the
4.2s7! strain rate (Figure 10b and Figure 11b).

The rate of grain coarsening over time above the
[-transus is slower than Ti-6Al-4V at approximately
0.1 - 0.2mm per hour for the first hour. Results of in-
vestigation into extended recrystallisation heat treat-
ments and the influence of pre-strain temperature are
forthcoming but are hitherto unreported. Similarly
identical Ti-6Al-4V tests to 50mm final height will
be performed and reported at a later date.

The heat treated starting structure was reduced
from a 1.97mm average diameter to under 1.4mm av-
erage with both average and maximum reduced fur-
ther with increased strain.

Conclusions

A study on the 3 recrystallisation characteristics of
Ti-6Al-4V and Ti575 has produced a comprehensive
database of final 3 grain size as a function of & + 3
pre-strain temperature, strain rate, strain, recrys-
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Figure 10: Awverage Ti575 B grain diameter for
a/Brs forging at (a) 0.05s~ and (b) 4.2s71.
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Figure 11: Mazimum Ti575 8 grain diameter for
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tallisation temperature and time at temperature. As
input for microstructural models this data can assist
in optimising the industrial processing route.
Ti-6Al1-4V exhibited a homogeneous 3 grain struc-
ture regardless of imposed strain. Grain growth was
consistent at 0.4mm per hour for the first hour and
slowed to approximately 0.15mm per hour to a max-

imum time of 6 hours. A maximum grain diameter
of 7Tmm occurred after a 240 minute heat treatment
at Bro.

Ti575 is influenced significantly by imposed strain
at the pre-strain stage with average and maximum
grain size reducing with increased applied strain. A
higher strain rate has shown greater refinement with
investigations into pre-strain temperature and ex-
tended heat treatments hitherto unreported.
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