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Abstract. This paper presents the first results of an ongoing research which was set up to investigate the influence 
of Prich microstructures on the deformation mechanisms of the recently developed PCez alloy. Depending on the 
heat treatment, strong differences in the mecanical behaviour of this P metastable alloy were obtained. They can be 
explained by the relative contribution of slip and formation of stress induced martensite during deformation. The 
relative contribution of the two mechanisms is influenced by the chemical composition of the P phase and also by 
microstructural features. In particular, large P grains are shown to favour the formation of stress induced martensite. 

1. INTRODUCTION 

In the a and a+P titanium alloys, a martensitic transformation of the high temperature P phase can occur 

during quenching from above the P transus. The martensitic structures observed in quenched titanium alloys 
are of two types : hexagonal closed packed a' and orthorombic a" in alloys of high and low Ms 
respectively. In the P metastable alloys, the Ms temperature is below room temperature and the P phase can 
be retained in a metastable state. In many of the less stabilized p alloys, the martensitic transformation can 

however be triggered by an external stress. The driving force for the transformation is now mechanical, as 
opposed to thermal. In that case, the temperature below which stress induced martensite (SIM) can form 

lies above room temperature and the temperature range for SIM to form is from Ms to Md. Stress induced 
transformation in p titanium alloys has also been reported to result in the formation of a' or a" martensites. 

The deformation of P titanium alloys can also involve slip or (332) <113> twinning. (3321 <113> 
twinning mainly operates in binary alloys with large metastability of the P phase and is almost always 

accompanied by the formation of stress induced w phase. Crystallographic slip occurs in alloys with lower 
metastability of the P phase and results in high yield strength and often small elongation. On the contrary, 

both {332} twinning and deformation induced martensitic transformation cause lower yield strength and 
often higher elongation than slip does. Combinaison of slip with stress induced martensitic transformation 

[I] or combinaison of slip with twinning [2] have been reported to lead to a good compromise in terms of 
mechanical behaviour. It is therefore essential to identify the deformation mechanisms to understand and 
control the mechanical properties of the P metastable alloys. The first goal of our research is therefore to 
investigate the deformation mechanisms of P rich microstructures in the recently developped p-Cez alloy [3, 
41 and see the extend to which they can explain differences in the mechanical behaviour. 

Since the occurence of the different deformation modes depends strongly on the metastability of the 

P phase, the deformation mechanisms in P alloys have often been studied by varying the chemical 
composition of the master alloys or, for a given alloy, by including different volume fractions of n phase 
which in turn changes the chemical stability of the P phase. For example, Sn and A1 additions change the 
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deformation mode from (332) twinning to deformation induced martensitic transformation in Ti-16V and 

Ti-7Cr whereas Zr addition has little influence [I, 51. 
In the commercial Ti-1OV-2Fe-3A1 alloy, in which a" is induced under deformation when the alloy 

is fully P metastable, heat treatment in the a+p domain allows the composition of the remaining P phase to be 
rich enough in Fe and V to depress Md below room temperature : the material therefore deforms by slip and 

no a" is formed [6,7]. 
If the influence of the chemical composition of the P matrix on the occurence of the martensitic 

transformation has been demonstrated in P metastable titanium alloys, the influence of microstructural 
parameters (such as the P grain size or the distribution, shape and size of a p  particles) has not been 
investigated yet. There is therefore a scope for research in this direction and the second goal of this research 
is to investigate the extend to which differences in the microstructure of a given P metastable alloy with 

given volume fractions of primary a phase can influence the competition between the various deformation 
mechanisms. In turn, this will allow to adjust a microstructure design procedure with regard to required 

mechanical properties. 

2. EXPERIMENTAL PROCEDURE 

The 8 mm diameter wires used in this investigation were obtained by different steps of hot rolling. All 
samples studied in this work are from the same melt. The transus of this melt of P-Cez alloy was determined 
by differencial thermal analysis to be 878°C. The chemical composition of the material was determined as 

(weight %) : 

Ti A1 Sn Zr Mo Cr Fe 0 C N 
base 4.89 1.99 4.36 3.99 2.00 0.93 986 56 54 

( P P ~ )  ( P P ~ )  ( P P ~ )  

Various heat treatments were given in the p (920°C - 0% of a phase) or a + P (850°C - about 10% of 
a phase) fields in order to vary the different microstructural parameters. Heat treatments were stopped by 
water quenching. 

The mechanical behaviour of the material was monitored by tensile testing on a Zwick machine at a 
rate of l d m i n .  Tensile test samples were 3 x 2 rnm in section with a gage length of 25 mm. Strains were 
measured using a clip-on extensometer. The mechanical behaviour data given in this paper are the average 

value of two or three tensile experiments. Some samples were also wire-rolled to obtain material that has 
undergone higher deformation levels. 

Prior and after deformation, microstructures were examined and characterised using light and 
scanning electron microscopies. Deformation mechanisms were identified by transmission electron 

microscopy and X-ray diffractometry. Thin foils for TEM were prepared in a twin jet electropolishing unit, 
using a 5% perchloric acid+ 30% butyl + 65% methanol solution, and observed in a lOOkV Jeol 
microscope or a 300kV Philips microscope which was fully equiped for on line determination of dislocation 
characteristics and individual orientation measurements following a procedure described elsewhere 181. 
Investigation of the tensiled samples by X-ray was done along their gage in an Inel - CPS 120 equipment 
operating with the Fe K a  radiation and for declination angle varing from 0 to 60" to avoid texture effects. 

Experiments on the wire-rolled samples were done on transverse, longitudinal and median (45" from 
longitudinal and transverse) sections in a Siemens - D500 equipment operating with the Co Ka radiation. 



3. RESULTS 

3.1 Microstructure prior to deformation 

The following set of heat treatments was given : 

- (P)ST15 : Solution Treated at 920°C for 15 min. - Water Quenched 
- @)ST60 : Solution Treated at 920°C for 60 min. - Water Quenched 
- (P)+(a+p)ST60 : 920°C for 60 min. - W.Q. - Solution Treated at 850°C for 60 min. - W.Q 
- (a+P)ST15 : Solution Treated at 850°C for 15 min. -Water Quenched 
- (a+P)ST60 : Solution Treated at 850°C for 60 min. - Water Quenched 

The volume fraction of primary a phase was 0% in the (P)ST conditions and about 10% in the 
(a+p)ST conditions. By TEM, all conditions were also found to containt a little amount of athermal w and 
were verified to contain no martensite resulting from the quench. The intensity of the w spots in the 
diffraction patterns indicates that the volume fraction of w phase is higher in the (P)ST than in the (a+P)ST 
conditions. 

Specimens treated above the P transus were made of large beta grains the size of which was about 
130 and 220 Fm for (P)ST15 and (@ST60 respectively. This is in relatively good agreement with the 
evolution of the p grain size with time in the p field given in the litterature [9, 101. 

Sample (P)+(a+P)ST60 was given the same heat treatment as @)ST60 and was subsequently held at 
850°C for 60 min. and water quenched. As shown in figure 1, the resulting microstructure was made of 
large 220 pm grains in which high aspect ratio primary a particules had precipitated. The precipitation 
affected mainly the interior of the grains and the grain boundaries : a precipitate free area was observed 
along the grain boundaries. This microstructure is the result of precipitation of the a phase from a mixture 
of metastable P + anisothermal w phases [I I]. 

Specimens directly solution treated below the p-transus contained small P grains and globular 
primary a at the grain boundaries (figure 2). Because of the impingment of the P grains by the primary a 

particules during the solution treatment, the P grain size did not vary between the (a+P)ST15 and (a+P)ST60 
conditions. The average P grain size was about 10 ym in both cases. Little coarsening of the primary a 

precipitates has occured : the average precipitate area and density varied from about 2.6 pm2 and 3.1 a, 

/100Fm2 respectively for (a+p)ST15, to 3.5 pm2 and 2.5 aP/100ym2 for (w@)ST60. 

Figure 1 : SEM micrograph of the (P)+(a+P)ST60 condition. Figure 2 : SEM micrograph of the (a+P)ST60 condition. 



Cl-438 JOURNAL DE PHYSIQUE IV 

3.2 Tensile testing and resulting microstructures 

3.2.1. @)ST treated samples 

Figure 3 illustrates the differences obtained in the stress/strain curves for the @)ST15 and @)ST60 samples. 
While the Ultimate Tensile Stress (UTS) values are almost identical (about 1020MPa), the apparent Yield 
Stresses (YS) are quite different : about 790 and 690 MPa for (P)STlS and @)ST60 respectively. In the 
@)ST60 condition the stresslstrain curve always showed a "double yielding" phenomenon. 

- 
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El : 6.8% 

0 2 4 6 8 1 0 1 2  
STRAIN (%) 

- - 

- - 

- 
UTS : 1010 MPa . 
YS : 695 MPa - 
El : 9.9% 

o !  I 
I I I I I 

0  2  4 6 8 1 0 1 2  
STRAIN (%) 

Figure 3 : Stresslstrain curves and mechanical behaviour data. a) : (j3)STlS b) : (B)ST60. 

additional sharp peak appeared on 
the side of the (1 10) p peak. This 
peak does not correspond to the w 
phase and can only be related to 

(110) P a ... 
E 

%I 

'% 

' R 

'$3 

-8 

'5 

I either the (10-1 1) hexagonal a' or 
40 ' 1 50 ' 1 60 ' 1 the (1 11) orthorombic a" peaks. 

X-ray diffraction was carried out 
(110) p b before and after the tensile tests in 

order to detect any possible .. s (111) a,, precipitation of stress induced 

or phase. For both heat treatment 
57 :: ( 0  1) a' conditions the diffraction profiles .. 
R ! were similar. An example of profile 
.I s is given in figure 4 for a (P)STlS 

sample. Before deformation only 
'I peaks related to the j3 phase could 
'1 be detected. After deformation an 

Figure 4 : X-ray diffraction for the (P)STIS condition 
a) : before deformation b) : after deformation. 



3.2.2. (a+P)ST treated samples 

Figure 5 shows examples of the stresslstrain curves for the (a:+P)ST treated samples. Here again, several 
samples of each condition were tensile tested and all shown fairly similar behaviour. The X-ray diffraction 
profiles in figure 6 show some examples of the crystallographic changes produced by the room temperature 
deformation in these cases. X-ray of the (cc+P) ST15 sample indicates that stress induced martensite has 
formed during deformation. Although, TEM has revealed the presence of some stress induced martensite in 
the (a+P)ST60, X-ray did not detect it. The volume fraction of SIM is therefore lower in (a+P)ST60 than in 
(a+p)ST15. For these samples directly solution treated in the (a:+P) field the average elongation to rupture 

were fairly similar. However, the yield stress is lowered in the (a+p)ST15 condition whereas the ultimate 
tensile stress reaches a higher value. This is believed to be associated with earlier formation of SIM in a 

larger amount. 
Sample (P)+(a:+P)ST60 showed a 

0 4 8 12 1 6  20 0 4 8 12 1 6  20 
STRAIN (8) STRAIN (%) 

stresslstrain curve characterised by very little 

Figure 5 : Stresslstrain curves for the (a+P)ST treated samples : a) : (a+P)STIS, b) : (a:+P)ST60, c) : (P)+(a+P)ST60. 
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Figure 6 : X-ray diffraction for the (a+P)ST condition 
before (a) and after deformation : (b) : (a+P)ST15, (c) : 
(P)+(a+B)ST60 

3.3 Wire rolling 

In order to further investigate the nature of the 

SIM that forms in this alloy, samples chosen from 
the three conditions that have allow SIM under 

tensile test were deformed by wire rolling. Wires 
from the (a+p)ST15 and @)ST15 were rolled until 

their edges start to crack but (p)ST60 was given 
hlgher deformation. The X-ray diffraction profiles 

before and after deformation are shown in figures 
8 to 10. 

In the wire rolled (a+P)ST15 sample 
(figure 8), two additional peaks that correspond to 

(020)a" and (021)a" are observed after 
deformation. The intensity of the (1 1O)P peak is 
dramatically reduced. 

Figure 7 : TEM micrograph showing shearing of primary a 
precipitates in a tensile tested (P)+(a+P)ST60 sample. 

Figure 8 : X-ray diffraction for the (a+p)STlS wire 
rolled until edge cracking. 
a) : before deformation 
b) : after deformation in transverse section. 



In the wire rolled (P)ST15 (figure 9), investigation in the transverse direction shows (020)aW, 

(002)aV, (021)a" peaks and a tiny (1 10)P peak. Along the longitudinal section the (1 1 l )a"  shows up and 
the (020)a" and (021)a" are not observed. This shows the large texture effect that is associated with 

precipitation of stress induced martensite in these samples. Investigation along a median cut allows to see 
the five a" peaks. 

In the heavily deformed (P)ST60 treated sample (figure 10) there is also a very strong texture effect. 
Compared to the a" phase observed in the samples rolled until edge cracking, the location of the peaks is 

lifted toward the hexagonal structure. It seems also that the P phase has been further consumed than in the sl 
@)ST1 5 sample. 

I dl 
a) : before deformation 
b) : after deformation 
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C) : after deformation 
in Iongitudinal section ' 
d) : after deformation ; I 
in medium section. I 

I (Nota : the broard peak I 
on the left hand side of I 
the diffraction profile , 

I 

in longitudinal section - 
of figure 10 is due to a- 
the holder) 

38 40 42 44 46 48 
Figure 9 : X-ray diffraction for the (@)STIS wire rolled until edge cracking. 
Figure 10 : X-ray diffraction for the wire rolled @)ST60 sample ("heavily deformed") 
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4. DISCUSSION 

The experimental results of the previous section clearly show that the @ phase in the P-Cez alloy 

accommodate deformation by activation of slip and/or formation of SIM. It is also appearent that the relative 
contribution of these mechanisms is influenced by the microstructure and generates strong differences in the 

mechanical response of the alloy. 
In the (@)ST condition, observation of SIM is in agreement with the earlier study by Henri [12]. 

However, in the study by Henri , the stresslstrain curve of a sample solution treated at 950°C (P domain) for 
60 mn did not show a double yielding effect. The mechanical behaviour was closer to what we observed in 

our (@)ST15 condition and the volume fraction of a" phase was considered to be relatively low. In our 
case, stress induced martensite was easily detected by X-ray diffraction for both the (@)ST15 and the 
(P)ST60 conditions. The SIM has a significant influence on the mechanical response of the alloy : the stress 
required to produce SIM was much lower for (@)ST60 than for (@)ST15 and a double yielding effect was 

observed in the (@)ST60. 
Difference in critical stress to induce martensite can be attributed to changes in the To temperature 

or, for a given To temperature, changes in the Ms temperature. In the case of this study, the difference 
between the two (@)ST60 and (@)ST15 conditions can not be attributed to changes in the To temperature 

since the samples are from the same melt and have undergone the same thermomecanical treatment before 
the solution treatment. Also, it is worth noting that the difference in the level of applied stress to induce 
martensite between (@)ST60 and (@)ST15 can not be ascribed to a non-complete homogeneisation of the P 
phase in the (@)ST15 sample. Indeed, 0 lean area due to chemical segregation would be more susceptible to 
easily form stress induced martensite. For a given To temperature, the stress needed to produce SIM can 
also be varied by changing the temperature at which the tensile test (Tt) is carried out between Ms and Md : 

the higher the difference between T t  and Ms, the greater the stress required to produce martensite. In our 
study, T t  was the same for every test and the different levels of stresses required to induce martensite can 

only be explained by considering the influence of the microstructure on the nucleation of martensite and 
therefore on Ms. 

During the nucleation and growth process of a martensite plate, the shape strain of the forming 
variant must be acommodated. Any factor which is able to hinder or favor this accommodation can therefore 

affect the transformation. Kajiwara [13] has described some interesting results that tend to clarify the role of 
grains and dislocations on the nucleation of athermal martensite in ferrous alloys for which the Ms 
temperature is below room temperature. Decreasing the grain size of the parent phase lowers the Ms 
temperature. The main factor for depressing Ms is the increased yield strengh of austenite by grain refining. 

This relationship can be understood in terms of the fact that decreasing the grain size makes it more difficult 
to accomodate the shape change of a martensite plate in a parent grain. Therefore, a greater driving force, 

available at lower temperature, is require for nucleation of athermal martensite. Considering SIM, a change 
in Ms temperature will induce a change in the critical stress for a given Tt. When grain is refined, Ms is 

decreased and a greater driving force, available at higher level of applied tensile stress, is required for 
nucleation of SIM. This finding of the influence of the grain size on the formation of stress induced 
martensite shows some similarities with the influence of the grain size on the activation of twinning in @ 

titan~um alloys [14]. Also, relationship between the critical stress of transformation, Ms and grain size was 
recently observed in a CuAlBe shape memory alloy [IS]. 

In the case of the experiments by Henri , the solution treatment was carried out at 950°C for 60 mn 

[I21 and the @ grain size is therefore likely to be even larger than ours. The difference between the two 
studies could be attributed to different chemical composition of the master alloy leading to different 



equilibrium To temperature. Measurement of Ms in various condition should provide more information to 

confirm our assumption. 
In the (p)+(a+P)ST60 and (a+P)ST60 conditions the formation of SIM is less favoured because the 

p phase is more stable than in the P quenched condition. The reason for this are two folds. Firstly, in the 
(a+P) domain, the chemical composition of the P phase is enriched in P stabilising elements and depleted in 
a stabilising elements because of the presence of primary a precipitates [lo]. Therefore the To temperature 

is lowered and formation of SIM is more difficult. Secondly, because of the p grain refining ((a+P)ST60) 
and/or the precipitation of primary a phase within the large high temperature p grains ((P)+(a+P)ST60)), the 
p domain that are succeptible to transform are much smaller than in the p solution treated samples. As 
pointed out earlier in the discussion, this makes it more difficult the accommodation of the martensitic shape 
strain and Ms is lowered. 

Although the grain size is also reduced in the (a+p)STlS condition, SIM is likely to have formed 
because of the metastability of the P phase associated with a non equilibrium chemical composition after a 
dwell time of 15 min only at 850°C. This leads to a lower value of apparent yield stress. 

Under tensile condition, the formation of SIM (often in combination with slip) allows improved 
elongation to rupture and better work hardening response. The poor level of work hardening when slip is 
activated solely in the (P)+(a+P)ST60 condition, is explained by the fact that the primary a precipitates are 
easily sheared. As shown by the comparison of the @)ST60 treated samples with the (p)+(a+P)ST60, 
where the average high temperature P grain size is the same, the precipitation of the primary a precipitates 
allows only an increase in yield strength. Once the a p  precipitates are sheared, the work hardening effect 
relies on the matrix only. The fact that deformation is fairly heterogeneous when slip is activated solely is 
believed to have a detrimental effect on the elongation to rupture. On the contrary, the early formation of 
SIM in the (p)ST60, to which is associated a certain amount of strain, is more likely to prevent early 
necking. 

Another interesting feature concerning the SIM in this alloy is that X-ray diffraction analysis carried 
out on the wire rolled samples deformed until edge cracking showed peaks corresponding to the 
orthorombic a" phase, whereas, in the heavily deformed condition peaks were closer to the hexagonal a' 

phase. Nwobu and coworkers [16, 171 have shown that a strain induced a" -> a' transformation takes 
place in the T134, TI29 and Ti-1OV-2Fe-3A1 alloys. They have also shown that the strain induced 
transformation does not involve the nucleation of a' plates in the a" phase and that this transformation is of 
secondary type. Similar behaviour could occur in the &Cez alloy leading to a change in the aa,,/./3b,,. ratio 

toward unity. After its formation, the a" martensite in the heavily deformed sample has undergone higher 
deformation and the strain induced a" -> a' transformation is therefore more advanced than in the other 
samples. 

5. CONCLUSION 

The study of the deformation of the PCez alloy in its &rich domain has shown some interesting features 
that can be summarized as follows : 
(i) The microstructure accommodate the deformation by activation of slip and/or formation of SIM. The 
SIM is first an orthorombic a" phase. With increasing deformation the transformation follows the strain 
induced p -> a" -> a' sequence. 
(ii) The occurence of the two mechanisms is influenced by the composition of the P phase and also by 
microstructural features such as the size of the p domains. In particular, large /3 grains favour the formation 
of stress induced martensite. 
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(iii) The relative contribution of the two mechanisms generates strong differences in the mecanical 
behaviour of the alloy. Formation of SIM leads to lower values of apparent yield stress. Under tensile 
condition, the formation of SIM in combination with slip often allows improved elongation to rupture and 
better work hardening response in the pCez alloy. Poor level of work hardening are obtained when slip is 
activated solely. 
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