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Abstract

     This research is devoted to modelling the viscoplas�c deforma�on behaviour and microstructure evolu�on of par�cle
reinforced �tanium matrix composites (TMCs) at hot working condi�ons. A series of Gleeble hot compression tests were
conducted to obtain the stress-strain curves. According to the dominant mechanisms of TMCs during deforma�on, a set of
mechanism-based cons�tu�ve equa�ons was developed and fi�ed based on the experiment data. Lamellar alpha globularisa�on,
dynamic recrystalliza�on and damage were considered and incorporated into the cons�tu�ve equa�ons to describe the
viscoplas�c flow behaviour.

1 Introduc�on

     To improve the service temperature of �tanium alloys further, great importance has been a�ached to par�cle reinforced
�tanium matrix composites (TMCs) [1], which can be fabricated by tradi�onal methods similar to that of �tanium alloys. The
TMCs exhibit excellent mechanical proper�es without large increase of fabrica�on cost [2,3]. The formability and hot deforma�on
behaviour of TMCs have been inves�gated [4,5]. Accordingly, the processing window was defined, and the hot working methods,
such as isothermal forging, hot extrusion and rolling process have also been employed to improve the microstructure and achieve
sheet or bulking materials. [6,7]

     Near net shape forming methods have great advantages of material u�lising rate and excellent materials proper�es [8].
However, few research has been devoted to inves�gated near net shape forming methods of TMCs. To develop near net shape
methods, the op�mal processing window under which the materials would have a be�er formability should be found. Both the
geometry accuracy and materials proper�es of a specific part should be taking into considera�on at the same �me. Therefore,
cons�tu�ve equa�on which can both describe the microstructure evolu�on and deforma�on behaviour is essen�al to
understand, simulate and op�mise the forming process for TMCs.

     Currently, several forms of cons�tu�ve equa�ons for TMCs under hot deforma�on condi�on have been proposed. Xiao et al. [9]

established a power-law based cons�tu�ve equa�on to describe the steady rate creep behaviour of TMCs, and the ac�va�on
energy in the equa�on was calculated according to the experiment data. Lu [10] established an Arrhenius type cons�tu�ve
equa�on to describe the stress-strain curve of Ti matrix composites under hot compression condi�on. Song [11] modified a
Johnson-Cook model to consider the coupled effects of temperature and strain rate.

     However, few of present cons�tu�ve equa�ons were mechanism-based. This research is dedicated to establishing a set of
mechanism-based cons�tu�ve equa�ons to describe the deforma�on behaviour and microstructure evolu�on at hot
deforma�on condi�on.

2 Material & Experiment

2.1 Material

     The material used in this research, supplied by Shanghai Jiaotong University, was fabricated by in-situ synthesised technology
[2,3]. The composites mainly consist of ceramic reinforcements with a volume frac�on of approximately 2% (including short
whisker TiB and nano scale par�cle rare earth oxide) and Ti-6Al-4V matrix. The as-received material was isothermal forged in two
phase field a�er cas�ng.

2.2 Experiment

     A series of high temperature compression tests were conducted on Gleeble Materials Simulator 3800. The samples for hot
compression test, with a height of 12mm and diameter of 8mm, were cut down and machined from as-received materials.
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     A profile of hot compression test was designed with various temperatures (850℃, 900℃, 950℃) and strain rates (0.1/s,
0.01/s, 0.001/s). The hea�ng process (i.e. hea�ng rate and soaking �me) for every sample is shown in Fig.1.

Fig. 1 Thermal process for Gleeble hot compression test specimens

3 Material Modelling

     This research is devoted to establishing mechanism based cons�tu�ve equa�on of TMCs at hot working condi�on, under
which the material is most likely to be deformed cost-effec�vely. The cons�tu�ve equa�ons are expected to model the
viscoplas�c deforma�on behaviour and microstructures that evolve drama�cally during deforma�on. 

    According to previous research, globularisa�on of secondary lamellar alpha induced by beta strain [4,5,12], dynamic
recrystalliza�on [8], breaking and debonding of ceramic reinforcements [4,5], have been observed and revealed regarding to dual
phase �tanium matrix composites at hot working condi�on. There are other mechanisms, such as adiaba�c hea�ng [12] and
rota�on of whisker reinforcements [13]. However, based on the dominant deforma�on mechanism for TMCs at specific
deforma�on condi�ons that this research has covered, recrystalliza�on and damage are mainly considered for materials
modelling in this paper. These mechanisms have significant effects on evolu�on of grain size, disloca�on density and flow stress.
Consequently, such effects should be modelled and the relevant variables should be integrated in the cons�tu�ve equa�ons.

3.1 Recrystalliza�on modelling

    Recrystalliza�on is significant process that greatly determines the microstructure and deforma�on behaviour of �tanium alloys
and TMCs. The microstructure evolu�on, i.e. morphology and grain size of matrix alloy have a close connec�on with
recrystalliza�on. The recrystalliza�on in �tanium alloys and TMCs mainly takes two forms: globularisa�on of secondary alpha lath
and dynamic recrystalliza�on [4,5,12].

3.1.1 Globularisa�on of secondary alpha lath

    Globularisa�on is considered as a main mechanism that governs the so�ening phenomenon of dual phase �tanium alloys. It
occurs due to the localisa�on of strain into intense shear bands within the alpha lath[12]. The extent of globularisa�on increase
with the strain of beta phase.The equa�on of globularisa�on has been proposed by Bai et al. [12]. The equa�on takes the
forma�on as follows.

                                                                                                                                                                               (1)

    , which varies from 0 to 1, represents the extent of globularisa�on.   is a material constant.   is the plas�c strain rate of
beta phase.

3.1.2 Dynamic recrystallisa�on

    The frac�on of dynamic recrystalliza�on is represented by  that can be expressed as following equa�on [14].

                                                                                                                   (2)
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    Where  is grain size of primary alpha phase,  is the ini�al value of grain size.  ,  are material constants. 

3.1.3 Effect of recrystalliza�on on disloca�on density

    Disloca�on accumulates with increasing plas�c strain and releases due to so�ening mechanisms, such as recovery and
recrystalliza�on.  The normalized disloca�on density ,changing from 0 to 1, can be expressed as follows considering
accumula�on and reduc�on of disloca�on [15].

                                                                                                         (3)

     Where  is plas�c strain rate of materials and , , ,  are material constants. The first term of the equa�on governs
the accumula�on of disloca�on density caused by plas�c deforma�on. The second term represents the sta�c recovery of
disloca�on density, While the third term give the effect of recrystalliza�on on disloca�on density.

3.1.4 Effect of recrystalliza�on on grain size

    In considera�on of sta�c grain growth, plas�c strain induced grain growth and the strain refinement due to recrystalliza�on. In
this case, the grain size of primary alpha is considered mainly. The average grain size of primary alpha, represented by  can be
expressed as the equa�on (4) - (6).

                                                                                                                                            (4)

    Where  means the threshold of disloca�on density for recrystalliza�on. ,  are material constants. When , the
recrystalliza�on would not happen, the grain size can be expressed as follows.

                                                                                                                                                          (5)

    When  , the recrystalliza�on would happen and influence the grain size which can be expressed as follows.

                                                                                                                               (6)

    Where  are material constants.

3.2 Damage modelling

    Disloca�on density and local stress are likely to intensify around reinforcements because hard reinforcements behave as a
barrier to disloca�on movements during plas�c deforma�on. When the concentra�on of local stress reaches a certain extent,
debonding between hard reinforcements and duc�le matrix, or breaking of reinforcements could occur, which give birth to void
and crack successively. Damages of TMCs are quite common to be observed in the specimens a�er deforma�on even in the
stress state of uniaxial compression test, which is different from �tanium alloys. Although the damage seems to not influence the
stress-strain curve drama�cally in the compression test, s�ll it is important to be predicted and controlled in deformed parts of
TMCs.

    Based on the con�nuum damage mechanics [14], a damage factor which represents the frac�on of void and crack is given in the
form as follows.

                                                                                                                       (7)

Where ,  are material constants. The damage is influenced by plas�c strain rate, strain and stress.

3.3 Viscoplas�c flow rule

    According to the basic form of power law [12,15,17], the viscoplas�c flow can be expressed as following equa�ons when
considering the phase composi�on, grain size evolu�on, globularisa�on of secondary alpha lath, dynamic recrystallisa�on and
damage.

                                                                                                                                                  (8)

                                                                                                                                                          (9)
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                                                                                                                                                                  (10)

                                                                                                                                                                                 (11)

                                                                                                                                                                              (12)

    Where  , ,   represent beta phase volume frac�on, beta phase transforma�on temperature and grain size of primary
alpha respec�vely. , ,  are material constants.

The stress can be calculated by Hooke’s law [14].

                                                                                                                           (13)

    Where  , ,  represent total strain, plas�c strain and modulus respec�vely.

3.4 Formula�on of unified viscoplas�c cons�tu�ve equa�ons

    According the above discussions, a set of unified viscoplas�c cons�tu�ve equa�ons consists of equa�ons (1)-(13). The
temperature dependent constants can be expressed as follows.

                                                                                                                                                                              (14)

    Where  represents the specific temperature dependent constants.  is coefficient related to .  is ac�va�on energy and 
,  are gas constant and absolute temperature respec�vely.

4 Results and discussions

    The material constants, which are included in the cons�tu�ve equa�ons, are difficult to be determined by analy�cal method. A
numerical method [16] was applied to determine the material constants in the equa�ons based on stress-strain curves obtained by
hot compression tests (Table1 and Table 2).

Table 1.  Determined temperature dependent material constantsin the unified constitutive equations for TMCs

Table 2.  Determined temperature independent material constants in the unified cons�tu�ve equa�ons for TMCs
 

    Comparison between experiments and modelling results calculated by the unified cons�tu�ve equa�ons is shown in Fig.2 and
Fig.3. The stress-strain curves of TMCs exhibit flow so�ening behaviour in both experiment and modelling. The extent of
so�ening decreases with temperature increasing and strain rate decreasing. A near-steady flow can be seen at the condi�on of
950℃, 0.001/s, which means the so�ening reaches the balance with strain hardening. Although it is generally believed the
presence of ceramic reinforcements deteriorate the deformability of TMCs, such a behaviour is beneficial to allow the material to
stand large plas�c deforma�on without instability and failure. Meanwhile, the discrepancy of flow stress is much larger when the
temperature varies from 850℃ to 900℃ compared to the case when the temperature varies from 900℃ to 950℃. It is
assumed that difference of deforma�on behaviour could be a�ributed to the transfer of deforma�on mechanism. The dominant
mechanism is lamellar α globularisa�on that contributes the so�ening of material, while dynamic recrystalliza�on at lower strain
rates and higher temperatures become main mechanism.
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Fig.2 Stress-strain curves at the temperature of 900℃ and different strain rates(symbols and solid lines represent experiment and modelling
respec�vely)

  

Fig.3 Stress-strain curves at the strain rate of 0.001/s and different temperatures(symbols and solid lines represent experiment and
modelling respec�vely)

    To verify the cons�tu�ve equa�ons further, extra Gleeble hot compression tests at other condi�ons, which differs from those
used to fit the equa�ons, were conducted. The calculated results produced by the cons�tu�ve equa�on and experiments data
are shown in Fig.4. The model can predict the general trend of flow stress-strain curves, especially so�ening phenomenon, and a
reasonable agreement of the flow stress value has been obtained.

                                                          

(a) 850℃

5

MATEC Web of Conferences 321, 03033 (2020)	 https://doi.org/10.1051/matecconf/202032103033
The 14th World Conference on Titanium



  

(b) 950℃

Fig.4 Stress-strain curves for verifica�on from experiments and modelling at different strain rates (0.1/s, 0.01/s, 0.001/s) at 850(a) and 950
°C(b).

5 Conclusion

    The gleeble materials simula�on tests reveals that the flow stress of TMCs is sensi�ve to temperature and strain rate. The
stress-strain curves exhibit steady flow so�ening at the temperature above 900 ℃ and strain rate below 10-2/s, which indicates
the materials have a be�er capacity to deform at such condi�ons. Based on the deforma�on mechanism of TMCs under hot
working condi�on, the lamellar alpha globularisa�on, dynamic recrystalliza�on and damage were considered and incorporated to
the cons�tu�ve equa�ons to describe the viscoplas�c flow of TMCs. The material constants in the equa�ons were calibrated
against the stress-strain curves obtained by hot compression test. The model can predict the general trend of flow stress-strain
curves, especially so�ening phenomenon, and a reasonable agreement of the flow stress value.
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