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Abstract

An alloy design approach for titanium alloys is presented. New alloys are iso-
lated, manufactured and tested with an emphasis on the superplastic response.
The superplastic effect is found to be optimal between 650 to 750°C at strain
rates between 8.3x1072 and 8.3x1073/s — this is a substantial improvement
in terms of temperature and deformation rates over traditional titanium alloys
such as Ti-6Al-4V. Elongations approaching ~2000% are demonstrated. Elec-
tron backscatter diffraction studies confirm a randomisation of texture and ab-
sence of significant intragranular dislocation density, confirming superplasticity
and thus grain-boundary sliding as the overarching deformation mechanism. At
strain rates faster than 0.01/s, the alloys exhibit large elongations (~200-500%)
but softening is evident and lower ductility results. Our results reveal that
the physical factors controlling the alloy composition/property /manufacturing
interrelationship are understood and quantified. Physically-based constitutive
equations are presented and used to demonstrate the practical advantages of
the designed alloys.
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1. Introduction

Titanium alloys can be made to deform superplastically [1, 2, 3, 4]. Hence —
provided they loading configurations are favourable — large elongations can be
reached [5] which opens up possibilities for the fabrication of novel structures and
components of complex geometry [6]. Usually, for this response to be triggered,
the temperature must be in excess of 850-900°C; moreover, the strain rate (either
imposed or induced) must not exceed 1073 /s. The Ti-6A1-4V alloy or its variants
are most commonly employed for superplastic applications. There are significant
applications in the aeronautics, space, transportation and biomedical sectors.

Nevertheless, one can argue that titanium alloys which exhibit this super-
plastic behaviour could be more widely employed. One barrier is the high pro-
cessing temperature needed, which confers (i) excessively high energy costs but
also (ii) excessive tool wear/failure necessitating its frequent replacement, and
(iii) need for protective atmosphere to prevent oxidation. A further concern
is the relatively low strain rates needed which translates into rather low rates
of component production; if these could be increased, this would be beneficial
in terms of manufacturing efficiency. A very credible way to deal with these
challenges is to design new grades of titanium alloys which are more amenable
to processing, either by lowering the temperature needed for the superplastic
effect to be induced or else by allowing for a greater strain rate to be effective.

The research here was carried out with the above in mind. In recent years,
there has been a significant improvement in our understanding of physical basis
of the superplastic effect, which has arisen for example via careful high tem-
perature experiments [7] and theoretical analysis [8, 9]. The role of the two
phase (a/f) structure in inducing stable superplasticity without grain growth
has become evident; this insight can be exploited. This led us to believe that
it might be possible to isolate new, improved compositions of titanium alloy for
such applications based upon so-called alloys-by-design routes based upon high-
throughput calculations. Such design work was carried out prior to experimental

testing reported here.



2. Background

The formability of titanium alloys is enhanced by three factors: (i) fine grain
sizes [10], (ii) high temperatures [11], or (iii) low strain rates [12]. Unfortunately,
these make the processing and manufacture of components expensive and inef-
ficient. How can one overcome these? First, one may revisit the mechanisms of
grain boundary sliding in titanium and its alloys [13]. The mechanisms of super-
plastic deformation in titanium alloys seems to be well known [14, 15, 16, 17].
Most of the accommodation is carried out by the [ phase — it has more slip
systems active and higher diffusivity than «. Therefore, more 5 phase must be
desirable. However, with high volume fractions of 3, rapid grain growth occurs
[18], grain elongation is more likely, and boundary sliding is less dominant. If the
volume fraction of § is too low, the accommodation requires « to deform [19].
Due to lower diffusivity and less favourable slip activity, high forming stresses
result — cavitation impedes optimal formability and dynamic recrystallisation
induces inhomogeneous flow [4]. An optimal «/8 balance exists [17].

This limitations can be short-came with ultra-fined grained microstructures
— with sizes below 1pym even fully o microstructures can exhibit superplastic-
ity at low temperatures [20]. For example, ultra-fine grained Ti-6Al-4V can
achieve excellent elongation at temperatures as low as 600°C [21]. However,
this requires processing wvia severe plastic deformation techniques [22] — e.g.
high pressure torsion and equal-channel angular pressure. Unfortunately, these
methods increase the material processing cost. Moreover, the amount of ma-
terial which can be processed by these methods is limited. Because of this,
we focus on reformulating the alloy chemistry to induce optimal formability
rather than proposing novel processing techniques. This paper proposes novel
alloys with optimal formability by; (i) introducing more [-stabilisers to obtain
an optimal phase ratio at low temperatures; and (ii) by increasing the effective
diffusivity to facilitate accommodation — see Figure 1.

Traditionally, new alloys have been designed through empiricism — their

chemical compositions have been isolated using time consuming and expensive



experimental campaigns. The large number of possible alloying elements in-
dicates that these alloys are not entirely optimised and that alloys with more
desirable properties are likely to exist. Alternatively, the CALPHAD method
(CALculate PHAse Diagram) can be used to calculate the phase diagram and
thermodynamic properties for a large series of alloy compositions. Then, this
information can be used to make estimates of the relevant thermo-mechanical
properties across a very broad compositional space. This is the alloys-by-design
method. Such modelling strategy is adopted here, and it is used to isolate new
grades of titanium alloys with the most optimal formability.

With the above in mind, this paper explores the alloys-by-design method
in titanium alloys. First, the design framework is presented: this is used to
define an optimal alloy space. Second, three alloy examples are produced for
validation. Third, the alloys are tested to prove optimal formability. Fourth,
the mechanical performance of the designed alloys is measured and compared
to Ti-6Al-4V. Finally, a constitutive model that captures the behaviour of the
alloys is proposed. This is used to simulate a formability benchmark experiment

to highlight the potential advantages of the developed alloys.

3. Modelling methods for alloy design

The first step in the design process is the definition of an elemental list
along with the associated upper and lower compositional limits. The second
step employs thermodynamic calculations to estimate the fraction of each phase
at equilibrium and their associated compositions. During a third step, a series
of properties to optimise for — here called merit indeces — are proposed. These
will be used to isolate and rank the most optimal alloys. The following merit

indeces are defined:

e Temperature for optimal superplasticity: i.e the temperature where
the microstructure is composed by approximately 40% S-phase and 60%
a-phase. Equilibrium thermodynamic calculations are carried out to de-

termine this temperature for each composition. This was defined following



Table 1: Diffusivity (D) of S-stabilising elements at 870°C.

Element  Ni Co Fe Cr p-Ti \% Nb Al Mo w

D(cm?s)x107° 220 190 78 11 336 24 1.7 14 06 0.2
Delement/Dp—1i 63.7 553 226 32 1 069 049 043 0.17 0.06

T(®3/0-04) Tspr/Tm > 0.4
— TSPF/Tm <04

Tspr =

(1)

where T(®g/,—0.4) is the temperature of 40%3 and T, is the melting
point of the alloy. If Tspr/T;, < 0.4, the thermally activated mechanisms

of deformation are impeded and the composition is discarded.

Diffusivity of S-phase: faster diffusivities translate into a lower forming
stress. This can be achieved by adding small amounts of elements with
high tracer diffusivities — e.g. Fe, Ni and Cr. Here, it is considered that

the diffusivity is controlled by the faster diffusing species consistent with
Dg =Y x3:D; (2)
i

where zg; is the atomic fraction of the ith element in the § phase, and

D; is its tracer diffusivity as given in [23] and summarised in Table 1.

Density: this is calculated using a simple rule of mixtures and applying

a correctional factor of 5% following
p=105 zip; (3)
i

where p; is the density for a given element and z; is the atomic fraction

of the alloy element.

Raw elemental cost: as with density, a simple rule of mixtures is con-

sidered following

Cost = Z w;ic; (4)



where ¢; is the cost of the ith element, and w; is its weight fraction. Our
estimates assume that processing costs are identical for all alloys, i.e. that

the product yield is not affected by composition.

Microstructural stability: this relates to the susceptibility of the alloy
to avoid the precipitation of brittle intermetallic phases. This is calculated
in terms of Fe-Cr-Ni equivalent weight fraction. It is established that the

following relationship
Fe + Ni+ Cr < 3.0wt.% (5)

needs to be satisfied to avoid brittle intermetallic — their formation would

translate into a loss of ductility.

Machinability: aluminium content is related directly to both the strength
and the machinability of the alloy. High values (>7 wt.%) of aluminium
will cause a brittle behaviour by creating intermetallic particles. Medium
aluminium content (3-6 wt. %) provides good strength but machinability
is still difficult. No aluminium content facilitates greatly the cold machin-
ability and improves ductility at expense of the strength. This led to

define the following maximum aluminium content restriction:

Al < 2.5wt.%. (6)

Strength: this is calculated following [24]
o = 60[Al]Z, + 50[Mo]Z, + 235 (7)

where [Al], and [Mo]Z, are the aluminium and molybdenum strength

equivalent defined following

[Alg, = Al+Zr/3 +Sn/6 + 3.3Si + 200 + 33N

[Mol, = Mo + 0.6V + 1.25Cr + 1.42Fc + Ni

where all the elemental quantities are in weight %.



In the fourth stage, design constraints are introduced. These will isolate the
optimal alloy space. The final stage involves the analysis of the optimal dataset

which remains to find particular alloy compositions.

4. Experimental methods

In this section, the methods used to produce the novel alloys and the methods

employed to measure their properties are described.

4.1. Material processing

Trial ingots of the novel titanium alloys weighting 100 g were produced using
a laboratory argon arc melting machine. Titanium sponge TG90 and chemically
pure aluminium, vanadium, iron, nickel, molybdenum, silicon and boron were
used as starting materials. The alloys were repeatedly remelted by argon-arc
method to increase the homogeneity of the alloying elements. After casting,
the alloys were thermo-mechanically processed employing multi-step isothermal
forging and sheet-rolling to obtain a fine equiaxed microstructure. Tempera-
ture conditions for the processing were defined as a function of the S-transus
temperature for each alloy. Those were measured using differential scanning
calorimetry (DSC). DSC is also to compare the actual S-transus temperature
to the predictions provided by the thermodynamic calculations. The chemical
composition and microstructure of the alloys were examined using a Tescan
Mira 3LMH scanning electron microscope equipped with an X-ray energy dis-
persive spectrometer (EDS). The analysis was performed in at least six points

uniformly distributed within the polished section of the ingot.

4.2. High temperature tensile testing

Superplasticity in the titanium alloy was evaluated using specimens measur-
ing 10 mm in gauge length, 4 mm in width and 0.8 mm in thickness. These were
extracted from the sheet using electro-discharge machining and then polished
to ensure appropriate surface finish. Isothermal, constant displacement-rate

tensile tests were carried out using an Instron 5982 electro-mechanical testing



machine. Temperatures ranged from 550 to 800 °C at 50 °C intervals between
tests. Initial strain rates of 1.7 x 1072, 8.3 x 1073, 1.7 x 10~ and 8.3 x 10~
/s were applied. At 750°C, specimens were also tested at an initial strain rate
8.3 x 1072, Tests were performed in air and the deformation was held until

rupture.

4.3. Room temperature tensile and fatigue testing

For room temperature properties, samples measuring 40 mm in length, 3
mm in width and 1 mm in thickness with reduced gauge length measuring
8x%1.5x1 mm were machined using electro discharge machining from the sheet
blanks. The samples were then plane polished to remove any damage from the
surfaces. For testing, an electro-pulse testing machine was employed. Tensile
tests were carried out at a strain rate of 0.01/s. Digital image correlation was
used for strain measurement — the surface of the sample was speckled and the
ends of the gauge section where used to monitor deformation. Fatigue tests
where carried out at a frequency of 45 Hz with a stress ratio of R=0.1. Cycling

was maintained until failure or until 10 million cycles where reached.

5. Results and discussion

In this section, first the rational around the design of the novel compositions
is described. This is used to isolate a series of example compositions that are
then subjected to experimentation to measure their superplastic properties and

their room temperature mechanical performance.

5.1. Design optimisation for low-temperature superplasticity

Three new superplastic titanium alloys are now isolated. The intention is to
design a family of alloys that allow unprecedented levels of efficiency and cost
reduction in the industrial exploitation of superplasticity. The aim is to achieve
a combination of good service properties, improved superplastic formability,

and lower material cost. Within those properties, the alloy space should offer



Alloying element Al A\ Fe Ni Mo Si B O Ti
Target 0.75 05 275 025 1.0 00 005 <02 Bal

Alloy 1
Mean content 0.73 049 2.84 027 099 0.0 n/a n/a Bal
Target 1.5 1.5 27 025 30 00 01 <02 Bal

Alloy 2
Mean content 1.59 1.58 2.72 031 3.11 00 =n/a n/a Bal
Target 225 1.5 025 275 20 015 01 <02 Bal

Alloy 3
Mean content 2.28 148 0.30 2.86 211 0.2 n/a n/a Bal

Table 2: Chemistry of the designed alloys.

improved performance than current grades of superplastic alloys, namely the Ti-
6Al1-4V, ATT425, Ti54M, and SP700 — baseline alloys from now on. Figure 1(a)
shows the trade-off between the SPF temperature and the raw material cost.
An optimal region is defined — this area has lower SPF temperature and lower
elemental cost than the baseline alloys. Figure 1(b) shows the trade-off between
SPF temperature and density — due to the reduction in Al, the density of the
optimal alloy space will necessarily be higher than baseline alloys. A maximum
density of 1.05pTi.6a1.4av Wwas defined. Figure 1(c) shows the trade-off between
the SPF temperature and the normalised diffusivity. Fast diffusing elements
such as Fe and Ni are added witihin reasonable quantities to increase diffusivity
while avoiding the formation of brittle intermetallic phases. Figure 1(d) illus-
trates the trade-off between predicted strength, superplastic temperature and
aluminium content.

Within the optimal space that Figure 1 highlights, three alloy examples are
proposed: (i) Alloy 1 — optimised for low elemental cost; (ii) Alloy 2 — optimised
for low SPF temperature; and (iii) Alloy 3 — optimised for high diffusivity. The
chemistries of each one of the proposed alloys are provided in Table 2. The table
highlights the nominal compositions and the mean measured values.

Electron-backscattered diffraction (EBSD) inverse pole figure maps of the
sheet surface and sheet cross-section taken after the last rolling step are pre-
sented in Figure 2. Both the a and the S phases are shown — the alloys have

around 15 to 30% [ phase present at room temperature. The linear interception



method was used on the sheet-surface micrographs to determine the mean grain
size of each alloy — these are plotted as frequency-grain diameter diagrams in
the bottom part of Figure 2. Both « and 8 grains were measured. The alloys
have a mean grain size between 2.2 and 3.1 pm. SEM-BSE images of the final
microstructures are also provided in Figure 2.

Figure 3 shows the differential scanning calorimetry results — it reveals that
Alloys 1 and 3 have a [-transus temperature of 850 and 855°C respectively.
On the other hand, Alloy 2 has a slightly lower temperature 832°C — see Fig.
3(b). Thermodynamic calculations predict S-transus temperatures of 812, 792,
and 825°C for Alloys 1, 2, and 3 respectively. Comparison shows a difference
of 35, 38 and 30°C between prediction and measurement for each of the alloys.
Although there is a slight difference between model and experiment, the relative
0 stability of the alloys is captured well. This difference may be also due to some
shift of the experimental curve during continuous heating, or to the presence of
O, C, N in the experimental alloys.

Following, the properties of the designed alloys are measured to prove the
designed performance. Figure 4 illustrates the measured stress - strain re-
sponse at different temperatures and strain rates. Figure 4(a) shows the me-
chanical response at temperatures between 600 and 800°C at a strain rate of
8.3x107%/s. Rheological analysis indicates that formability is optimal between
700 and 750°C: the stresses are low, hardening is limited, total elongation is
very high, and no flow softening is appreciated. Figure 4(b) shows the effect
of strain rates at those optimal temperatures. As the strain rate increases, the
forming stress increases and total elongation decreases. Figure 4 illustrates the

tested samples of each alloy after deformation at 8.3x1074/s.

5.2. On the effect of strain rate on superplasticity

The value of total elongation is considered a good indicator of the formabil-
ity — values in excess of 300-400% indicate that the superplastic effect is strong.
Figure 5(a-b) shows the values of total elongation as a function of the strain

rate for temperatures of: (a) 700°C and (b) 750°C. Alloys 2 and 3 show su-
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perplastic elongations at strain rates as fast as 1x1072/s at 750°C. The alloys
show elongations in excess of 1500% at strain rates of ~1x1073. At 700°C, the
effect is considered strong at strain rates of ~5x1073 /s and below.

The strain rate sensitivity coeflicient m is equally important. A high value of
m means that the material is less prone to necking and inhomogeneous straining,
therefore improving formability. The strain rate sensitivity parameter m is
measured via the logarithmic relationship between the stress ¢ and the strain

rate € for a given value of strain € and temperature 7. This is calculated

dlno
dlné le,

following m = o Figure 5 shows the derived values of m at (c) 700°C
and (d) 750°C at a strain of 0.1. Values of m larger than 0.5 are reported at
750°C — these indicate excellent formability. At 700°C, high m values are also
reported (~0.4) — these still provide excellent deformation stability. Figure 5(c-

d) also shows that an increasing testing temperature allows for higher m values

at higher strain rates.

5.3. On the effect of temperature on superplasticity

Figure 6(a-b) shows the dependence of the flow stress at 0.1 strain with
temperature. The flow stress tends to decrease with increasing temperature up
to a threshold — between 750 and 800°C — when the flow stress increases again.
This is probably due to rapid grain growth and to a high volume fraction of
B-phase which impedes grain boundary sliding. Alloy 2 (the most S-stabilised
one) shows the strongest increase in flow stress. Figure 6(a-b) also shows that
Alloy 3 has the lowest flow stress at 800°C — this is also consistent with the
design intent presented in Figure 1 (high diffusivity). When comparing to the
baseline alloys [25], the proposed alloys can be formed under lower stresses,
faster rates and lower temperatures.

Figure 6(c) shows the total elongation as a function of the temperature. It is
evident that the most optimal regime is within 700 and 750°C. Moreover, Alloy 2
exhibits superplastic elongation at temperatures as low as 600°C. Indeed, Alloy
2 exhibits optimal superplasticity at lower temperatures than Alloys 1 and 3 —

this is consistent with the design intent presented in Figure 1.
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The data presented in Figure 6(a) is then used to calculate the apparent acti-
vation energy @ as given by the slope of the data when plotted as % vs In (%)
Figure 6(d) shows the logarithmic value of stress against the inverse of the tem-
perature. When assuming a value of m = 0.5, the apparent activation energy
@ can be estimated directly. The data shows a shift in slope between low and
mid temperatures. The first region corresponds to T=550-600°C where no su-
perplasticity was observed. The second region: T=650-750°C correspond to
low-temperature superplasticity. At the highest temperature, the stress values
do not follow the identified trend. This is believed to be caused by substantial
changes occurring at the microstructural level — grain growth in particular. The
dependence presented in Figure 6(d) can also be used to introduce the depen-
dence of the temperature in a constitutive model — this will be discussed in the

following section.

5.4. Effect of deformation on microstructure

SEM-BSE images of the samples after deformation are used to elucidate the
micromechanisms of deformation in these alloys. The analysis is carried out in
Alloy 2, but similar results are expected in the other 2 alloys. Figure 7 shows
the microstructure at different strain points — taken at different points across
the sample length. The local strain is estimated following ¢ = In(Ag/A) where
¢ is the local strain, Ay is the initial cross-sectional area, and A is the area
where the scan was taken. Figure 7(a) shows micrographs for a strain rate of
8.3 x 107*/s and different temperatures while Figure 7(b) shows micrographs
for a temperature of 750°C and different strain rates.

Microstructural characterisation is now used to elucidate the particular mi-
cromechanisms of deformation. The following details are observed; (i) at tem-
peratures above 750°C, grain growth — both static and dynamic — is evident.
The mean grain size increases substantially. This is reflected as hardening in
the stress-strain curves shown in Figure 4; (ii) as the strain rate increases, grain
growth is less severe — static grain growth is less likely due to reduced expo-

sure time. Dynamic recrystallisation may also be present at higher strain rates.
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Moreover, under fast strain rates and high levels of strain, grains tend to elon-
gate along the tensile direction. This behaviour evidences low superplasticity
and ductility; and (iii) as the temperature decreases, the microstructure sta-
bilises, the equiaxiality is maintained, and the optimal phase ratio is observed
— these conditions are optimal for high ductility. As the temperature keeps de-
creasing (lower than 650°C), the diffusion activity is too low — high flow stress
and lower ductility result.

Figure 7(c) shows EBSD scans of Alloy 2 before and after deformation at
750°C an a strain rate of 8.3 x 107%/s. Analysis indicates a randomisation of
the texture even at high strains. This evidences that grain boundary sliding is

the primary deformation mechanism.

5.5. Room temperature mechanical properties

The mechanical properties of the new alloys at room temperature were eval-
uated. The alloys were tested under tension at a strain rate of 0.01/s until
failure for both longitudinal and transverse rolling directions. The same exper-
imentation was carried out for the titanium alloy Ti-6Al-4V with a mean grain
size of ~6pm [19]. The stress - strain response of the alloys is shown in Figure
8(a) while fatigue is shown in Figure 8(b). As predicted, the strength of the
new alloys is lower than Ti-6A1-4V, but an increase in the total elongation is
reported. One should also note that as a consequence of adding large amounts
of strong S stabilisers and fast diffusers, the creep resistance or temperature of
operation of the new alloys will be lower than the benchmark alloy Ti-6A1-4V.

Figure 8(c-f) summarises and compares the values of yield strength, the ulti-
mate tensile strength (UTS), the ductility, and the dissipated energy. The new
alloys have a lower strength but higher ductility and dissipated energy than Ti-
6Al-4V. Figure 8(c) compares the modelled and the measured strength — these
are in good agreement. The reduction in strength is due to lower aluminium
and oxygen content — oxygen was not treated as an alloying element in this
work. Despite the decrease in strength, an improvement in ductility and dis-

sipated energy can provide advantages in engineering applications where high
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toughness is important. Moreover, lower strength and improved ductility could
facilitate machining.

Figure 8(b) compares the fatigue performance of the new alloys with Ti-6Al-
4V. Fatigue tests were carried out at 700, 600, 500, 400 and 300 MPa. Curves
comparing the stress amplitude against the cycles to failure show that there is
an offset of approximately 100 MPa between Alloys 2-3, and Ti-6A1-4V. This
means that under the same fatigue life target, Ti-6Al-4V is able to withstand
an additional 100 MPa. These results are consistent with the measurements of
static strength presented in Figures 8. Reported values of fatigue strength for
Ti-6Al-4V alloy are slightly lower than those reported in the literature when
similarly processed [26]. Typically, Ti-6A1-4V shows a ratio of fatigue strength
to yield strength of approximately 0.6. However, our experiments show a ratio of
~ 0.5. This difference may be due to the size of the tested specimen — the minia-
turised specimens had a high surface to volume ratio; any imperfection present
will have a stronger impact than in large-scale fatigue samples. Nevertheless, the
purpose of the experimentation is comparative — the trends observed in tensile
testing are also observed under fatigue and those are useful to understand the

limitations of the new alloys against the benchmark Ti-6Al-4V.

6. Application: modelling of superplastic forming

In this section, the measured flow stress data is used to calibrate a mi-
crostructural sensitive model that captures the effect of grain size and volume
fraction of S phase on the superplastic properties of the alloys. Finally, the
model is used to simulate a superplastic forming process and the results are

used to illustrate the advantages of the developed alloy over Ti-6Al-4V.

6.1. Material model

To perform accurate simulations of forming processes, the behaviour of the
material needs to be modelled. For this purpose, a unified vicoplastic consti-

tutive model that considers dynamic changes in the microstructure and that
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embeds the effect of different chemistries is introduced. This builds on the work
developed by many [27, 28, 29, 30, 31, 32, 33]. The physical base of the model
is described in detail in previous work from the authors [4, 19]. One of the most
important characteristic of the model is the relationship between the stress, the

strain rate, and the temperature. This can be expressed following
. Da —Qa 0 — Oy Mo Dﬁ —Q/j g — 0Oy e
— 1 — R e — —_— —_—
== oG eXp{ RT } < 70 ) I P\ Ry 0
(9)

where €, is the steady state strain rate, fs is the volume fraction of 8 phase,

D, s is the diffusivity of the @ and the S phase respectively, Qg is the ap-
parent activation energy of the deformation in the o and S phases respectively,
d is the mean grain size — homogeneously treated across phases, p is the grain
size exponent, ng g is the stress exponent, R is the gas constant, 1" is the tem-

perature, oq is the reference stress, and oy, is the back stress defined following

O:b = Héﬁp - Rdépob (10)

where H and R4 are material parameters.

This steady-state strain rate equation is a function of the mean grain size
of the material. This will make the stress-strain path of the model sensitive to
changes in the microstructure. The rate of change of the mean grain size can

be divided in static and dynamic growth following
d" = d.static + ddynamic (11)

where the static grain growth process is modelled as an atomic diffusion phe-

nomenon affected by temperature following [34]

dstatic = (\1€Xp {%} am (12)

where o7 and 7; are material constants, and Qg is the activation energy of the

static growth process. Dynamic grain growth is modelled following [27]

ddynamic = (x2€Xp { _}?;n } 5.1003_72 (13)
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Table 3: B-phase volume fraction material parameters.

a b c d
[FC? [°C~?] [cCc -]
Alloy 1 5.86x107% -1.13x10™* 0.07303 -15.69

Alloy 2 4.26 x 1078  -7.91 x107° 0.05012 -10.47
Alloy 3 7.5x107% -1.42x10* 0.09051 -19.172

where asg, 2 are material constants, and Qg, is the activation energy of the
dynamic grain growth process. Both of these will capture the observed grain

growth and will translate into hardening at the rheological level.

6.1.1. Calibration of model parameters
Before the presented model can be employed, the material parameters need
to be calibrated [35, 36]. First, because the strain rate is a direct function
of the volume fraction of phases, the temperature dependence of the 8 volume
fraction of each alloy needs to be determined. For this, an empirical relationship
is defined following
fs=aT?+bT? +cT +d (14)

where a, b, ¢ and d are fitting constants, and 7" is the temperature in Celsius. Pa-
rameters were calibrated to the phase fraction-temperature curve predicted via
ThermoCalc after shifting the temperature by the difference between Thermo-
Calc and DSC measurements. The parameters of each alloy are listed in Table
3. This relationship is usable between 600 and (S-transus temperature — i.e.
when f3 reaches a value of 1. Figure 9 compares the model to experimental
measurements extracted from Figure 7. Experiments and models are in good
agreement.

Second, the steady-state relationship between stress, strain-rate and tem-
perature is calibrated. Stress-strain values at strain values of 0.1 and below are
used to calibrate the back stress parameters. These are used to capture the
initial hardening which is caused by initial dislocation pile-up. The diffusiv-

ity parameters D, g are also calibrated, however, these are multiplied by the
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Table 4: Material model parameters.

Do (pm/s)  Dg (pm/s) Qo (J/mol) Qg (J/mol) na () ng (-)
550 620 228131 207490 3.2 1
p () oo (MPa)  H (MPa) Ra (-) o (-) a2 (-)
2 1 55 5.2 450 1x10°
7 () 72 (-) Qst (J/mol)  Qan (J/mol)
0.75 4.95 105000 152000

normalised diffusivity parameters of each alloy given in Figure 1. Calibrated
parameters are listed in Table 4.

Third, the grain size evolution parameters are calibrated. For this, the
whole experimental stress-strain curve is used. An objective function optimises
the parameters by comparing experimental and computed model curves. This
approach assumes that hardening is due to an increase in the mean grain size
exclusively. These parameters are also listed in Table 4.

The calibrated model is compared to the experimental stress-strain curves
in Figure 10. The constitutive equations capture the dependence of the strain-
rate and the temperature, but also the effect introduced by the chemistry —
by including the effective diffusivity and the temperature-dependent [ volume
fraction. Figure 11 compares the computed grain size — extracted from the
strain hardening — and the experimental measurements — shown in Figure 7.
The calibrated behaviour is in good agreement with measurements. This vali-
dating the hypothesis that rheological changes in the strain path are caused by

microstructural changes exclusively.

6.1.2. Cone formability simulation

To illustrate the advantages of the designed alloys, the material model is
implemented into the finite element analysis (FEA) solver Abaqus standard and
it is used to simulate a cone formability experiment. The described material
model is implemented into FEA using a ‘CREEP’ subroutine as described in

[37]. For discretisation, axisymmetric 2D elements (CAX4) are used. The cone

17



die is modelled using rigid elements. The metal sheet is clamped into place
and a constant pressure of 1 bar is applied over a period of time of 1000 s.
The simulated setup is illustrated in Figure 12(a). The simulations are used to
evaluate the % of completion within that time span — where 100% represents
the sheet reaching the bottom of the die. This experiment is used to assess the
suitability of a material for superplastic forming and can be used to rank alloys
based on their forming amenability. Alloys with optimal formability tend to
form deeper and have homogeneous thinning — these depend on the flow stress
and the strain rate sensitivity parameter m respectively.

In order to illustrate the advantages of the new alloy over the conventional
Ti-6Al1-4V alloy, the same experiment was simulated using the mechanical prop-
erties of Ti-6Al-4V. The constitutive model and the material parameters are
described in Alabort et al. [19]. The model parameters were calibrated for a
~6pm mean grain size microstructure at temperatures between 750 and 900°C.

Figure 12(b) shows the geometry of each cone after the pressure is halted:
first column when forming at 700°C and second column when forming at 750°C.
The contour colours illustrate the distribution of creep equivalent plastic strain.
One can observe that the strain distribution is rather uniform and necking is
minimal. This is due to the high strain rate sensitivity of the alloys — these pro-
duce components of uniform thickness and reduced chances of cracking. One
of the main challenges in the SPF industry is to increase the efficiency of pro-
duction. The goal is to minimise the forming time while achieving successful
formability. Figure 12(c) shows the completion percentage for each alloy and
their advantages over conventional Ti-6A1-4V. This is an indicative of the speed
of the process and highlights the importance of including fast diffusing elements
reduce manufacturing time. Figure 12(c) also highlights the advantages of the

developed alloys when superplastically forming at low temperatures.

7. Conclusions

The following conclusions can be drawn from this work:
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. A method to design titanium alloys with optimal formability is presented.
The framework is used to design three prototype alloys that exhibit the
superplastic effect at low temperatures and fast strain rates.

. It is proven that the models are accurate enough to allow the regime of
superplasticity to be pinpointed in a right-first-time fashion. The strain
rate sensitivity parameter and the elongation to failure indicate optimal
formability in the range of 650 to 750°C at strain rates between 1072 and
1073 /s, thus offering substantial improvement over legacy alloys.

. Under the most optimal regime (750°C) elongations in excess of 1900%
are achieved. More importantly, superplastic elongations — i.e. in excess
of 400% — at temperatures as low as 600°C and strain rates as fast as 1072
are reported.

. The microstructure remains mostly equiaxed after large strains, thus con-
firming the superplastic effect. This, coupled with a randomisation of the
crystallographic texture, indicates that grain boundary sliding is the main
deformation contributor — even at such low temperatures. Grain growth
is also reported at temperatures above 750°C, possibly promoted by the
high diffusivity and volume fraction of 8 of the new alloys.

. Room temperature properties indicate a reduction in strength and fatigue
properties of approximately 100 MPa inferior to Ti-6Al-4V. However, the
designed alloys offer improved ductility and dissipated energy, therefore
making them suitable candidates for applications where impact toughness
is important.

. A constitutive model that embeds the temperature, microstructure, and
strain-rate dependence of the alloys is proposed and calibrated. Simula-
tions of cone formability experiments are used to visualise the difference
in behaviour of each one of the alloys and to highlight their advantages in

an industrial environment.
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Figure 10: Experimental vs. computed true stress-true strain curves at 700 and 750 °C and

different strain rates.
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Figure 11: Experimental vs. computed mean grain size - true strain curves at 650, 700, 750

and 800 °C at a strain rate of 8.3x1074/s.
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Figure 12: (a) Boundary and forming conditions together with geometrical description of the
cone formability simulation. (b) Simulated distribution of creep equivalent strain at the end
(1000 s of constant pressure) of the formability test for each one of the designed alloys at 700
(first column) and 750 °C (second column). (c) Percentage of completion of the formability

test after 1000 seconds at constant pressure for the three alloys at 700 and 750 °C.
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