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aLSG2M, École des Mines de Nancy, Parc de Saurupt, 54042 Nancy Cedex,

France

Georges Cailletaud b,

bCentre des Matériaux, Ecole des Mines de Paris, UMR CNRS 7633, BP97,

91003 Evry Cedex, France

Nadine Späth c
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Abstract

We have investigated the microstructure evolutions in the Ti17 near β titanium alloy

during heat treatments. The phase transformation has first been studied experimen-

tally by combining X-Ray diffraction analysis, electrical resistivity and microscopy

observations. From a series of isothermal treatments, a IT diagram has been de-

termined, which takes into account the different morphologies. Then, a Johnson-

Mehl-Avrami-Kolmogorov (JMAK) model has been successfully used to describe
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the phase transformation kinetics during either isothermal or cooling treatments.

Finally, the coupling of the JMAK model to the Finite element software ZeBuLoN

allowed us to investigate the evolution of the spatial distribution of the different

morphologies during the cooling of an aircraft engine shaft disk after forging.

Key words: titanium alloy, phase transformation, kinetics, JMAK, coupled

calculation

1 Introduction

Most titanium alloys have been designed for aeronautical applications, where

their excellent specific properties are fully employed. For example TA6V, Ti17,

Ti6242S or TA6Zr5D alloys are used for the manufacturing of aircraft engine

components whose service temperature does not exceed 500˚C, as shaft disks

and blades, or casings. These alloys, which are designed mainly through low

cycle fatigue resistance and creep [1], have mechanical properties widely influ-

enced by their microstructure at each stage of the thermomechanical treatment

[2]. The optimization of the mechanical properties for each specific use thus

requires the knowledge of these evolutions.

This work aims at predicting the microstructure evolutions associated with

the phase transformations inside Ti17 industrial slugs, during their thermo-

mechanical treatments. Indeed, with the knowledge of the microstructure evo-

lutions, the development step can be optimized, the reliability of the processes

improved and the production costs thus reduced.

In this study, we focus on the cooling treatment following the hot deforma-

1 Corresponding author. Tel: (33) (0)3 83 58 42 20 Fax: (33) (0)3 83 58 40 56.

e-mail: benoit.appolaire@mines.inpl-nancy.fr
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tion, in the β phase field. During the cooling, the equilibrium volume fraction

of α phase increases from 0% at the transus temperature up to a maximum

value of 67% at room temperature. As a near beta alloy, the Ti17 alloy can

retain, if quenched quickly, the whole β phase at a metastable state. For lower

cooling rates, the volume fraction, the morphology and the distribution of the

α precipitates depend on the cooling conditions.

The outline of the paper is as follows: at first, the microstructure evolution

associated with the phase transformation is studied inside small samples un-

dergoing isothermal treatments. Then the phase transformation kinetics is

modelled with a global JMAK (Johnson-Mehl-Avrami-Kolmogorov) law whose

parameters are deduced from the isothermal experiments, following a proce-

dure undertaken for other kinds of alloys (e.g. steels, superalloys) [3]. Then,

large parts are considered, where the necessary coupling between the ther-

mal and metallurgical evolutions have been taken into account. Finally, the

computed results are compared to experiments and discussed.

2 Experiments

2.1 Material

The chemical composition of the billet used in our experiments has been mea-

sured by Timet Savoie, and it has been checked that the chemical macroseg-

regation is negligible between the top and the bottom of the billet (Tab. 1).

According to X-Ray diffraction measurements, the billet is composed of 33 %

of β phase and 67% of α phase. Morphological grain sizes are 5 and 8 to 10 µm

diameter respectively for α and β transformed (βt) phases. Two morphologies
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of the α phase are observed (Fig. 1): large grains (αP) located at the grain

boundaries of the βt phase; and small laths and needles (αS) in the parent β

grains. This bimodal microstructure results from a thermomechanical treat-

ment under the transus temperature. In the following, this microstructure will

be referred to as ”initial”.

2.2 Thermal treatments

Two kinds of treatments were performed on small samples: isothermal treat-

ments at temperatures between 400 and 825˚C; and continuous cooling treat-

ments at cooling rates between 0.02 and 1˚C/s (Fig. 2). All treatments were

preceded by a solution treatment in the β field, leading to a microstructure

composed of β grains with diameters ranging from 150 to 200 µm. The quench-

ings from the solution treatment to the isothermal holdings were performed

by helium blowing with durations shorter than 10 s.

These thermal treatments were performed on a in house quenching dilatome-

ter, heating under secondary vacuum with a pressure lower than 10−4 mbar.

The samples were taken from the billet by spark machining with dimensions of

30 mm long and 3 mm diameter ensuring homogeneous temperatures during

the treatments.

2.3 In-situ kinetics measurements

Because the dilatometry is poorly sensitive to the phase transformation β ↔ α,

the electrical resistivity was measured and analyzed following different meth-

ods for isothermal and cooling treatments in order to get the transformation
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kinetics [4–7].

In the case of isothermal treatments, the transformation was considered as

complete when the electrical resistivity remains constant. Assuming that the

electrical resistivity of each phase is constant and that the overall alloy resis-

tivity follows a mixture rule, the transformed volume fraction is:

ξ =
fα

fα
end

=
ρ − ρ0

ρend − ρ0

(1)

where ρ, ρ0 and ρend are the resistivities respectively during, at the beginning,

and at the end of the isothermal treatment. fα and fα
end are the current and

the final α volume fractions, this last quantity being measured by X-Ray

diffraction after quenching the specimen.

In the case of non-isothermal treatments, the procedure described in [5] has

been applied.

To confirm the resistivity measurements, those have been compared to X-

Ray diffraction measurements on samples quenched at different times of the

treatment [8].

2.4 Post-mortem characterisation

At the end of the thermal treatments, microstructural observations were car-

ried out by optical microscopy and scanning electron microscopy (SEM), using

a Philips XL30 SFEG in both secondary electron (SE) and back scattered elec-

tron (BSE) imaging modes.

X-Ray diffraction analyses were also undertaken. The X-Ray diffraction pat-

terns were obtained either with a cobalt anode (λ =1.78897 Å, 35 kV and 20
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mA), or with a copper anode (λ =1.54184 Å, 40 kV and 25 mA). The diffrac-

tion peaks of the α and β phases were obtained in a 2θ range of respectively

[35˚,110˚] and [30˚,145˚]. In order to limit the error associated with the

large parent grain size, 15 θ-2θ scans were collected with χ varying from 0 to

45˚ for each analysis. The volume fraction of each phase was taken as propor-

tional to the area under the associated diffraction peaks. Some scans have also

been analyzed using the Rietveld method [9]. The experimental errors have

been estimated to be inferior to 2% of α volume fraction.

2.5 Equilibrium data

The first data necessary for the model are the transus temperature and the

equilibrium α volume fraction fα
eq versus temperature.

A transus temperature of 880˚C has been determined by Timet from mi-

crostructure observations. For the determination of fα
eq versus temperature,

two kinds of thermal treatments have been performed. In the first kind, sam-

ples at the initial state have been solutionized at 870˚C, and then submitted

to isothermal treatments (ranging from 700 to 830˚C) long enough to reach

the equilibrium state (lasting up to 100 hours). fα has been measured by

quantitative image analysis on SEM micrographs with an uncertainty of 1%

(Fig. 3 with open squares).

In the second kind, the samples have been solution treated in the β field, and

then transformed isothermally until the electrical resistivity remains constant.

fα has been measured by X-ray diffraction, as well as by image analysis for 3

temperatures: 800, 750 and 700˚C.

For both kinds of treatments, the measured fα are very close. It can thus
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be safely assumed that the equilibrium state is reached at the end of all our

isothermal treatments. The equilibrium α volume fraction versus temperature

is well described by the following empirical rule [5,10]:

fα
eq(T ) = fα

eq (20◦C) {1 − exp [−A (T − Tβ)]} (2)

with fα
eq(20˚C) = 0.67, A = 0.01015, Tβ =880˚C, and T the temperature in

Celsius. The parameters fα
eq (20˚C) and A are determined from the best fit

of the experimental values by the least squares method.

2.6 Isothermal transformations

2.6.1 Kinetics

In the case of a solution treatment for 30 min., the IT diagram has been

determined from in-situ electrical resistivity measurements during successive

isothermal treatments (Fig. 4).

Three temperature ranges can be observed where the start times tS follow

different C curves in Fig. 4. These ranges correspond to different morphologies

of the α phase. The respective ’noses’ of the C curves are located at about

750, 650 and 450˚C. It can be noticed that the diagram is similar to what has

been obtained by Bein for the β-Cez alloy [11], except for a few differences in

the temperatures of the ’noses’ which can be attributed to the difference in

the transus temperatures.
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2.6.2 Morphologies

Two morphologies, αGB (for α Grain Boundary) and αWGB (for α Widmanstätten

Grain Boundary), are observed above 750˚C, hence related to the first C

curve. The αGB morphology lies along the grain boundaries (Fig. 5), which are

probably the only nucleation sites at these high temperatures because of the

low available driving force. The αWGB morphology is composed of colonies of

parallel α plates with often only one crystallographic orientation. The colonies

have systematically grown from the αGB.

The morphology αWI (α Widmanstätten Intragranular) is observed between

550 and 700˚C. It is associated with the second C curve. This morphology is

acicular (Fig. 6). But contrary to αWGB, the precipitates are not gathered in

colonies but form wave-basket patterns. Fig. 7 shows clearly that the number

of αWI precipitates increases progressively inside the β grains, toward the

center of the grains.

Under 525˚C the third C curve corresponds to another intragranular mor-

phology forming herring bone patterns (Fig. 8), which has been attributed

to a ”third transformation mechanism” involving a sympathetic nucleation

process [4,12].

2.7 Continuous cooling treatments

2.7.1 Kinetics

The evolution of the α volume fraction has been measured by electrical resis-

tivity during different cooling treatments at the following cooling rates: 0.02,
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0.05, 0.1, 0.5, 0.75 and 1˚C/s. To check the kinetics obtained by resistivity,

the measurements at 1˚C/s were also obtained using X-Ray diffraction on as

quenched samples. All the results are plotted in Figure 9.

Despite the fact that resistivity measurements are global, it is possible to

determine the temperature ranges where each morphology appears. For in-

stance for 0.05˚C/s, the phase transformation begins at 800˚C, proceeds

slowly down to 700˚C, then accelerates down to 650˚C where the equilib-

rium is reached (Fig. 9). From the previous microstructural observations, the

first stage between 800 and 700˚C is due to the precipitation of αGB and

αWGB. The acceleration at 700˚C comes from the precipitation of αWI. For

each morphology, the temperature at which the precipitation starts decreases

as the cooling rate increases. Similarly, the temperature at which the equilib-

rium fraction is reached decreases when the cooling rate increases. For cooling

rates greater than 0.75˚C/s, it must be noticed that the equilibrium fraction

fα
eq is never reached.

2.7.2 Morphologies

For all cooling rates, the microstructure has been observed at the end of the

treatment, except for the cooling rate at 1˚C/s, where interrupted treatments

were also performed. fα has been measured by X-Ray diffraction and the

volume fraction of each morphology has been deduced from the microstructure

observations. The results are reported in figure 10.

First, one can notice the absence of the third morphology whatever the cooling

rate. αGB and αWGB are preponderant at the lowest cooling rate 0.02˚C/s.

Their volume fraction then decreases as the cooling rate increases. At 0.75 and
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1˚C/s, they are still observable but negligible. The αWI volume fraction has

been calculated by substracting the volume fraction of αGB+WGB to the global

one. This morphology coexists with αGB and αWGB for 0.02 to 0.1˚C/s. It then

dominates at cooling rates higher or equal to 0.5˚C/s. These observations

are consistent with the results of the isothermal treatments. As well, similar

evolutions had already been observed for the β-Cez alloy [13] and the Ti17

[4].

In order to show the interactions between αGB+WGB and αWI during a cooling

treatment, figure 11 compares the final microstructures obtained with two dif-

ferent cooling rates: 0.75 and 1˚C/s. At that rates, both kind of morphologies

can be observed and can be considered appearing successively. It seems that

the vicinity of the grain boundaries are preferential nucleation sites for the

αWI precipitates, although some can also be observed far inside the grains. In-

teractions between αWGB and αWI are thus likely to occur: αWI needles would

stop the growth of αWGB plates and, conversely the growth of the αWGB plates

would reduce the number of available nucleation sites for αWI in the vicinity of

the grain boundaries. Nonetheless, it seems that these interactions are limited

to hard impingement. This conclusion is corroborated by microprobe mea-

surements of the diffusion lengths of the alloying elements in the front of the

αWGB colonies [14]: for 200 µm grains, the diffusion lengths of Al were less

than 20µm and 3µm at respectively 830 and 750˚C.
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3 Modeling of the phase transformations

3.1 Description of the model

The model relies on the following assumptions:

(i) the interactions between the α precipitates are limited to hard impinge-

ment, as suggested by the measurements mentionned above of the diffusion

lengths of alloying elements in front of the growing αWGB lamellae colonies.

(ii) The morphologies αGB and αWGB are treated as a whole in the model, and

noted αGB+WGB. Indeed, the αGB morphology is absolutely necessary for the

appearance of αWGB.

(iii) The isothermal transformation kinetics can be predicted with the JMAK

law, which was relevant for several other titanium alloys [12,15–17]. For the

Ti17 alloy, its validity has been checked from the electrical resistivity mea-

surements.

The calculations are carried out step by step, following the work of [18,19].

First, the extended volume V e
i containing a mixture of α and β phases locally

at equilibrium is calculated for each possible morphology as in [20]:

V e
i = V ki (t − tSi

)ni (3)

with ni and ki the JMAK coefficients, tSi
the beginning time for the appearance

of morphology i, and V the total volume.

Second, the true transformed volume Vi of morphology i is deduced from the

extended one:

dVi =

(

1 −

∑

j Vj

V

)

dV e
i (4)
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Third, the α phase volume fraction can be calculated assuming that the trans-

formed volume is at local equilibrium, as suggested by the experiments. Hence,

the volume fraction fα
i corresponding to morphology i is:

fα
i =

Vi

V
fα

eq(T ) (5)

where fα
eq is the equilibrium α phase volume fraction which does not depend

on the morphology.

Anisothermal treatments are decomposed into a succession of short isothermal

steps where the transformation progression is computed with the JMAK law

[15,16]. To do this, it is necessary to assume that the transformation beginning

and progression are additive, i.e. [21]:

(i) the beginning time of the transformation is calculated with Scheil method:

Si =
∫

dt

tSi
(T )

(6)

where Si is the so-called sum of Scheil of morphology i. When Si reaches the

value of 1, morphology i begins to precipitate.

(ii) The transformation rate never depends on the former thermal path, but

only on the current α phase amount and temperature. This assumption has

been verified experimentally for the growth of (αGB+WGB) [7]. In that case,

the transformed volume rate of morphology i reads:

dtVi = f (T, fα) (7)

where fα =
∑

i f
α
i , and dt denotes time derivation.

It must be noticed that the volume of α inside a transformed volume is as-

sumed to be in local equilibrium with β, and is thus calculated with Eq. (5).
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But because the equilibrium α volume fraction increases during cooling (Fig.

3), there may be a delay to reach the equilibrium volume fraction all the more

the growth process is slow. However, calculations based on nucleation-growth

laws have shown that the growth rate is high enough, at least above 700˚C,

for neglecting the delay [22].

Ten different experimental input data versus temperature are necessary: the

equilibrium α phase volume fraction fα
eq; and the JMAK coefficients tsi

, ni and

ki for each morphology. The kinetics data have been determined from electri-

cal resistivity measurements during isothermal treatments [8]. The values are

in the range of those commonly obtained. But they do not follow a clear varia-

tion with temperature as it may be expected from [20]. The same observation

has been made for other titanium alloys [23,24] considering the global α phase

amount. As we model the transformation kinetics for each morphology, simi-

larly to [15], constant values of n are assumed for each morphology (see Tab.

2).

Finally, the model has been implemented into the finite element code ZeBuLoN

through the ZebFront interface [25].

3.2 Comparison with experiments

For isothermal treatments, the calculated α phase volume fractions versus

time are compared to the experiments in Fig. 12.

At 800˚C, a good agreement is achieved for the whole transformation dura-

tion. In agreement with the observations, the only ”morphology” to appear is

αGB+WGB. Nonetheless, at the beginning, there are discrepancies up to 15%
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(with X-Ray diffraction) and 10% (with electrical resistivity). These discrep-

ancies can be attributed to the measurement uncertainties, as well as to the

fitting procedure of the JMAK coefficients [8].

At 725˚C, αGB+WGB is the first morphology to appear. Then, after 300 s, αWI

precipitates, in agreement with the experimental observations. At this tem-

perature, the predicted final volume fraction of αGB+WGB is also in agreement

with the experimental observations.

At 600˚C, the duration of the transformation is in agreement with the exper-

imental results. As observed in the micrographs, αWI is the only morphology

present. Nonetheless, there is a large discrepancy between calculations and

experiments concerning the beginning time. This can be attributed again to

the fitting procedure of the JMAK coefficients, as well as to the experimental

measurement uncertainties, as illustrated in Fig. 12c by the two resistivity

curves for the same treatment.

Calculations of the α morphologies volume fraction have then been performed

for coolings at constant rates and compared to experimental results. In Fig.

13, typical results are illustrated.

For a cooling rate of 0.02˚C/s, a very good agreement is achieved, the discrep-

ancies remaining lower than fα = 12%. As observed, the final microstructure

is composed of αGB+WGB and of little αWI. The use of the additivity rule when

αGB+WGB is almost the only morphology to precipitate is then justified.

For a cooling rate of 0.05˚C/s, a fair agreement is achieved, the differences in

fα being at most 10%. The final microstructure is predicted to be composed

of αGB+WGB and of αWI with proportions very close to the measured ones.

Nonetheless, the volume fraction of αGB+WGB is overestimated between 700

and 800˚C. This is mostly due to an inherent failure of the JMAK formulation
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to account for heterogeneities in the spatial distribution of the precipitates.

Indeed, the notion of extended volume is unable to discriminate between the

precipitates growing near the grain boundaries and those inside the β grains.

And it is observed (e.g. Fig. 7) that αWI appears preferentially in the vicinity

of the grain boundaries, and is likely to stop the growth of αWGB.

For a cooling rate of 0.75˚C/s, the temperature range of the phase transforma-

tion is well predicted. Moreover, the calculated proportion of each morphology

is in qualitative agreement with the micrograph in Fig. 11a: the volume frac-

tion of αGB+WGB is indeed very small. But again, the model overestimates the

transformation rate, as well as the final fα, for the same reasons as before.

Figure 14 summarizes all the calculations performed: the final volume fraction

fα as well as the final volume fraction of the different morphologies have been

plotted versus cooling rates. They agree well with the experimental data of

[14], except for a systematical overestimation of the final fα. This discrepancy

can be attributed to the assumption made for calculating the volume fraction

of α inside a transformed volume (Eq. 5): local equilibrium is assumed to hold

at any temperature during a cooling, a condition unlikely to be maintained

under about 700˚C, when the diffusion coefficients of the alloying elements

become low [26]. By the way, as shown in Fig. 9, equilibrium is reached during

cooling at temperatures lower than 700˚C.

Finally, it can be noted than the third morphology is predicted to be in very

few proportion whatever the cooling rate, in agreement with the common

experimental observations.
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4 Coupled metallurgical and thermal calculations

4.1 Validation of the coupling

First, experiments have been performed in order to test and validate the cou-

pling between the temperature and metallurgical evolutions. Treatments gen-

erating gradients of microstructure have been applied to specimens with suit-

able sizes: cylinders 120 mm height and 40 mm diameter. The treatments start

with a solution treatment for 30 min. in air, followed by cooling using either

water, oil, or air. 4 thermocouples were respectively inserted in the mid plane

at 3, 7, 13 and 20 mm from the surface, and microstructures were observed

by optical microscopy at the end of the treatments.

Moreover, the thermo-physical properties necessary for the calculations have

been measured: the phase transformation enthalpy; and for both phases the

densities, the specific heats and the thermal conductivities [8].

In the FEM calculations, an axisymetric 2D rectangular domain has been

meshed with 8 nodes quadratic elements, with a spacing following a geomet-

ric progression along the radial direction, in order to accurately resolve the

highest temperature gradients at the surface. Fourier conditions have been set

at the boundaries. The same evolution of the heat transfer coefficient with

temperature has been imposed at all the cylinder boundaries, which has been

determined by fitting the calculated cooling curves to the measurements at 3

mm from the surface.

Quenchings in water and oil have first been studied. Calculations and mea-

surements are compared in Figs. 15a and 15b at the positions in the cylinder
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corresponding to the four thermocouples.

The highest cooling rates and the steepest temperature gradients are for the

water quenching. For both quenchings, the cooling curves do not show any

heat release associated with phase transformations. As expected, optical mi-

croscopy and X-Ray diffraction pattern do not reveal any α phase.

The calculations are in good agreement with the experiments for both quench-

ings. Indeed, the model does not predict any precipitation of the α phase.

Nonetheless, cooling rates are slightly underestimated after about 20 s of

cooling. The discrepancies could be attributed to either (i) the extrapolated

thermophysical data of β under the transus temperature [8]; (ii) the boundary

conditions which are more complex than the assumed radial symmetry.

In figure 16, the predicted cooling curve is compared to the experimental one in

the case of air cooling, only at the center of the cylinder. Indeed, all the cooling

curves are very close to each others because the thermal gradients inside the

samples are small. A satisfactory agreement is found. Fig. 16 also shows that

αWI is about the only morphology to appear, as confirmed by micrographs of

the final microstructure (Fig. 17). The calculations largely overestimate the α

volume fraction measured by X-Ray diffraction which is only 11%. Nonethe-

less, such an overestimation, already observed for the isothermal treatments,

does not lead to a significant discrepancy in the cooling curves.

In order to test the model when αGB+WGB precipitates, an air cooling treat-

ment has been performed after an isothermal stage at 800˚C for 6900 s. The

computed cooling curve is compared to the experimental one at the cylinder

core in Fig. 18. An overall good agreement is achieved, despite a slight dis-

crepancy under 570˚C due to the uncertainty in the heat transfer coefficient.
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The calculated α volume fraction is also plotted in the same figure. The

αGB+WGB volume fraction increases from 12% (obtained during the 800˚C

holding) to 30% during the first 150 s. Then, it remains almost constant. Af-

ter 150 s, the precipitation of αWI starts and slows down the cooling due to

the heat release, in agreement with the experimental cooling curve. Figure

19 shows the final microstructure. The almost equal proportions of αWI and

αGB+WGB observed in the micrographs (eg. Fig. 19) as well as measured by

X-Ray diffraction (46 % of αGB+WGB) confirm the results of the calculations.

4.2 Influence of heat release on the microstructure

In order to illustrate the importance of heat release on the proportions of

the different morphologies, we have again performed the calculation of an

air cooling from 800˚C, but without heat release. The result is compared

to the previous calculation with heat release in Fig. 20a. As expected, the

cooling rates are higher during the precipitation of αWI when heat release is

not accounted for (Fig. 20a). Consequently, the difference between the cal-

culated and measured cooling curves greatly increases when αWI appears. In

the same time, the precipitation of αWI is about half the one concomitant to

heat release. Indeed, the cooling rate (about 1˚C/s) is in the range where the

microstructure evolution is the most sensitive to this parameter (Fig. 20b).

4.3 Air cooling of a large industrial part

Finally, the model has been applied to the air cooling of a shaft disk which has

been heat treated in the β temperature range and extruded. A cross section
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of the disk has been discretized with 715 triangular 3 nodes elements in the

software FORGE2R©, which has been used to compute the initial temperature

field resulting from the extrusion process. As shown in Fig. 21, the meshes

have been refined near the surface of the disk. The mesh file has then been

imported from FORGE2R© to ZeBuLoN. Fourier conditions have been imposed

at all the boundaries, with varying heat transfer coefficients along the surface,

to account for the influence of the local curvature on the cooling.

At the end of the cooling, fα is homogeneous and equal to 67% in the whole

disk. On the contrary, the morphology is not homogeneous due to the differ-

ences in the cooling rate at the different locations in the disk: αGB+WGB is

predicted to be predominant in the core of the disk, whereas αWI is predomi-

nant near the surface (Fig. 21a).

So as to confirm these results, the microstructure has been observed by op-

tical microscopy at two locations (Fig. 22). At point A near the surface,only

very few αGB+WGB and a majority of αWI is observed, in agreement with the

predicted fα values of 9% and 58% for αGB+WGB and αWI respectively. This

proportion can easily be explained by the cooling rate which is high near the

surface. It can be noticed that αGB is predominantly observed at parent grain

boundaries distorded during forging.

At point B in the core of the disk, αGB+WGB is observed in greater proportion

than at point A, in agreement with the calculation which predicts 19% and

48% of α with respectively αGB+WGB and αWI morphologies.

At point C, close to point B and with a similar thermal path, the model

predicts the same volume fractions of each morphology. However, the com-

parison with microstructural observations reveals a larger volume fraction of

αGB+WGB, associated with the larger deformation (2.6 for point C against 1.2
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for point B) and with the formation of very small β grains by recristallisation.

5 Conclusion

A complete investigation of the Ti17 alloy has been undertaken aiming at

predicting the microstructure evolutions during the cooling processes of large

industrial forged parts.

First, equilibium data as well as a IT diagram have been determined from

careful experiments involving different techniques, i.e. microscopies together

with image analysis, X-Ray diffraction analysis, and in-situ electrical resistiv-

ity. The kinetics data have been related to the different morphologies observed

of the α phase. Then, the same techniques have been used to study the phase

transformation during various cooling treatments, with an emphasis on the

interaction between the different morphologies, especially the grain boundary

Widmanstätten structures (αWGB) and intragranular acicular plates (αWI).

Second, we have used these experimental results to feed a multi-morphology

version of the JMA model. A good agreement has been achieved when com-

paring the model to the experimental kinetics, during either isothermal and

continuous cooling treatments.

Finally, the JMA model has been coupled to the finite element code ZeBuLoN

in order to simulate the coupling between temperature and phase transforma-

tion in large industrial parts where gradients are likely to be encountered. A

complete validation of the coupling has been undertaken by comparison with

experiments on large cylindrical specimens. Moreover, the coupling has been

demonstrated to be non negligible. Then, we have been able to predict the

microstructure evolution in an aircraft shaft disk, during its air cooling fol-
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lowing its forging. Due to large differences in the cooling rate from location to

location, the predicted morphologies are heterogeneous in the disk. This is in

a first order in agreement with the optical microscopy observations of a real

disk.

Nevertheless the model does not take into account the effect of the prior plastic

deformation on the microstructure, an effect which has been shown to be im-

portant for the morphologies [14]. Hence, work is currently under progress [27]

to releave this limitation by improving a nucleation/growth model presented

elsewhere [26].
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Tables

Table 1. Chemical composition (wt. % except fo O2 in ppm) of the Ti17 alloy in

the billet.

Alloying elements (wt %) Al Mo Cr Sn Zr O2(ppm)

Nominal 5 4 4 2 2

bottom 5.01 3.90 4.13 2.05 2.01 1205

top 5.03 4.03 3.99 1.99 1.97 1225

Table 2. Value of the JMAK n coefficient for each morphology of α phase.

α phase morphology JMAK coefficient n

αGB+WGB 1.3

αWI 1.6

”Third morphology” 1.5
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Figure Captions

Fig. 1. Initial microstructure (α in dark).

Fig. 2. Thermal cycles for (a) isothermal treatments ; (b) cooling treatments.

Fig. 3. Equilibrium α volume fraction vs. temperature.

Fig. 4. IT diagram of the Ti17 alloy after a solution treatment for 30 min.,

determined by electrical resistivity measurements.

Fig. 5. SEM observations of the microstructures obtained by an isothermal

treatment at 750˚C during (a) 360 s and (b) 9400 s.

Fig. 6. SEM observations of the microstructure obtained by an isothermal

treatment at 700˚C during 1500 s.

Fig. 7. Optical observations of the microstructures obtained by an isothermal

treatment at 700˚C for (a) 500 s and (b) 800 s.

Fig. 8. SEM observations of the microstructure obtained by an isothermal

treatment at 400˚C during 4400 s.

Fig. 9. Volume fraction of α vs. temperature for different cooling rates, ob-

tained from X-Ray diffraction (1˚C/s) and resistivity measurements (other

rates).
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Fig. 10. Volume fraction of α and of αGB+WGB at the end of the cooling

treatment vs. cooling rate.

Fig. 11. Microstructures at the end of different cooling treatments: (a)

0.75˚C/s (Optical); (b) 1˚C/s, (SEM).

Fig. 12. Isothermal transformation kinetics at (a) 800, (b) 725 and (c) 600˚C.

Comparison between resistivity (open symbols), X-Ray Diffraction analysis

(triangles) and calculations (continuous lines).

Fig. 13. Transformation kinetics during continuous cooling treatments at rates

of (a) 0.02˚C/s, (b) 0.05˚C/s and (c) 0.75˚C/s. Comparison between resis-

tivity (open squares) and calculations (continuous lines).

Fig. 14. Final volume fractions fα of the different morphologies vs. cooling

rates.

Fig. 15. Cooling curves at different locations during (a) water quenching; (b)

oil quenching. The position are respectively 20, 13, 7 and 3 mm along the

radius from the surface. Dots are for the experiments and continuous lines for

the calculations. The curve calculated at the surface is also given.

Fig. 16. Cooling curves (dots for experiments and continuous line for calcula-

tions) and calculated αWI volume fraction evolution during an air cooling.

Fig. 17. Optical micrograph of the microstructure at the end of an air cooling.
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Fig. 18. Cooling curves (dots for the experiment and continuous line for the

calculation) and calculated time evolution of the α phase volume fraction

during an air cooling from 800˚C.

Fig. 19. Optical micrograph of the final microstructure at the end of an air

cooling from 800˚C.

Fig. 20. (a) Cooling curves during an air cooling from 800˚C: experiment,

calculations with, and without heat release; (b) predicted α volume fractions.

Fig. 21. Mesh superimposed to the final map of αWI volume fraction in a shaft

disk.

Fig. 22. Final microstructures observed by optical microscopy at points (a) A

and (b) B in Fig. 21.
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Figures

Fig. 1. Initial microstructure (α in dark).
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Fig. 2. Thermal cycles for (a) isothermal treatments ; (b) cooling treatments.
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Fig. 3. Equilibrium α volume fraction vs. temperature.
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Fig. 4. IT diagram of the Ti17 alloy after a solution treatment for 30 min., deter-

mined by electrical resistivity measurements.

Fig. 5. SEM observations of the microstructures obtained by an isothermal treat-

ment at 750˚C during (a) 360 s and (b) 9400 s.

Fig. 6. SEM observations of the microstructure obtained by an isothermal treatment

at 700˚C during 1500 s.
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Fig. 7. Optical observations of the microstructures obtained by an isothermal treat-

ment at 700˚C for (a) 500 s and (b) 800 s.

Fig. 8. SEM observations of the microstructure obtained by an isothermal treatment

at 400˚C during 4400 s.
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 0

 20

 40

 60

 80

 100

 0.01  0.1  1

α
 v

o
lu

m
e

 f
ra

ct
io

n
 (

%
)

Cooling rate (°C/s)

α
GB

 + α
WGB

total X-Ray

Fig. 10. Volume fraction of α and of αGB+WGB at the end of the cooling treatment

vs. cooling rate.

Fig. 11. Microstructures at the end of different cooling treatments: (a) 0.75˚C/s

(Optical); (b) 1˚C/s, (SEM).

31



 0

 20

 40

 60

 0  5  10  15  20

α
 v

o
lu

m
e

 f
ra

ct
io

n
 (

%
)

time (x10  s)

Resistivity

X-Ray

α GB + α WGB

3(a)

(b)

 0

 20

 40

 60

 0  1000  2000  3000

α
 v

o
lu

m
e

 f
ra

ct
io

n
 (

%
)

time (s)

Resistivity

α GB + αWGB

αWI

total

 0

 20

 40

 60

 0  100  200  300

time (s)

Resistivity 1

Resistivity 2

X-Ray

α
 v

o
lu

m
e

 f
ra

ct
io

n
 (

%
)

to
ta

l

αWI

α GB + αWGB

(c)

Fig. 12. Isothermal transformation kinetics at (a) 800, (b) 725 and (c) 600˚C. Com-

parison between resistivity (open symbols), X-Ray Diffraction analysis (triangles)

and calculations (continuous lines).
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Fig. 13. Transformation kinetics during continuous cooling treatments at rates of (a)

0.02˚C/s, (b) 0.05˚C/s and (c) 0.75˚C/s. Comparison between resistivity (open

squares) and calculations (continuous lines).
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Fig. 14. Final volume fractions fα of the different morphologies vs. cooling rates.
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Fig. 15. Cooling curves at different locations during (a) water quenching; (b) oil

quenching. The position are respectively 20, 13, 7 and 3 mm along the radius from

the surface. Dots are for the experiments and continuous lines for the calculations.

The curve calculated at the surface is also given.
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Fig. 16. Cooling curves (dots for experiments and continuous line for calculations)

and calculated αWI volume fraction evolution during an air cooling.

Fig. 17. Optical micrograph of the microstructure at the end of an air cooling.
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Fig. 18. Cooling curves (dots for the experiment and continuous line for the calcu-

lation) and calculated time evolution of the α phase volume fraction during an air

cooling from 800˚C.
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Fig. 19. Optical micrograph of the final microstructure at the end of an air cooling

from 800˚C.
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Fig. 20. (a) Cooling curves during an air cooling from 800˚C: experiment, calcula-

tions with, and without heat release; (b) predicted α volume fractions.

Fig. 21. Mesh superimposed to the final map of αWI volume fraction in a shaft disk.
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Fig. 22. Final microstructures observed by optical microscopy at points (a) A and

(b) B in Fig. 21.
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