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The Influence of the Back Stress (X) and the Hardening Rate (dX/x$,,) on 
Void Nucleation in alp Titanium Alloys 

A.L. Helbert, X. Feaugas and M. Clavel 

Universitk de Technologie de Compikgne, Division Mkcanique, Laboratoire LG2mS, URA 1505 du 
CNRS, BP. 649, 60206 CompiEgne cedex, France 

Abstract: The study of void nucleation in four cr/p titanium alloys has provided nucleation criteria 
corresponding to voids at the alp interface. This macroscopic nucleation criterion, written as 
Z,=f(epes), was explained with the help of microscopic observations. Microscopic parameters 
such as plastic strain in the a-phase or local hydrostatic stress G,,, at the alp interface have been 
linked to the damage initiation. Besides, the influence of the different heterogeneity levels on the 
macroscopic nucleation criterion was demonstrated using the macroscopic mechanical parameters: 
back stress (X) and hardening rate (dXIde,) which express the plastic strain incompatibilities and 
their evolution in such alloys. 

1. INTRODUCTION 

Even if a lot of damage studies have been developed in alloys containing hard inclusions [l-71, few works 
focused on alloys with soft inclusions such as a / P  two phases alloys [8,9]. The tensile flow properties of 
these alloys do not follow the classical linear law of mixture as uniform strain or as uniform stress [10,1 l]. 
In fact, the stress-strain behavior of two phases alloys depends on interaction stresses developed as a result 
of interactions between phases to maintain plastic strain compatibility. It has been recognized that the 
Bauschinger effect which results from these interactions is much more pronounced in the two phases alloys 
than in single phase polycristals [10]. The relation between the back stress X (measurement of the 
Bauschinger effect) and metallurgical parameters (morphology, size, distribution and volume fraction of 
phases and crystallographic relationships between phases) has been extensively studied [8,10]. However, 
the influence of the back stress on the void nucleation process is still misunderstood. The aim of this paper 
is to clarify the influence of metallurgical and mechanical parameters on the cavity nucleation process in alp 
two phases titanium alloys. 

2. MATERIALS AND SIMPLE DESCRIPTION OF THE DIFFERENT LEVELS OF 
HETEROGENEITY 

Three alp titanium alloys were studied : the TDSAC, Ti-6246 and TA6V alloys. The latter presents two 
different microstructures which result from various heat treatments (TA6Vg and TA6Va). The detailed 
chemical compositions and heat treatments for each alloy are given elsewhere [9,12]. In particular, all the 
materials studied have the same content of aluminum (5% wt). The microstructure of these alloys is 
composed of a primary a-phase (h.c.p. soft phase) surrounded by a P-phase (b.c.c. hard phase). The P- 
phase can be transformed (in Ti-6246, TA6Vg) and is then composed of a mixture of residual P-phase and 
secondary a-phase (a*). Some morphological and mechanical parameters are reported in table 1. 
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Table 1: .LIorphological and mechanical Parameters of the four a/$ titanium 3lloys. The following hardening law has been 
chosen: S E o  + K(&p)"where Zo is the yield stress. 

The h.c.p. texture is similar for all the alloys studied and was previously described [9,12]. An important 
number of heterogeneity levels are generally observed in alp titanium alloys (prior-@ grains, two phases (a, 
and P), transformed P structure, a, (Ti,Al) precipitation in the a-phase, ...) [8,9,13]. Plastic strain 
incompatibilities which result from these microstructural heterogeneities, induce important internal stresses. 
This explains the high value of the back stress generally observed in cup two phases alloys [10,13]. 
Recently, the importance of elasto-plastic behaviors of the two phases and the a-phase crystallographic 
texture on tensile and cyclic properties has been demonstrated [13,14]. It was shown, in particular, that the 
microstructure of an a/P two phases alloy can be considered as a aggregate of cells (figure 1). Where the 
cell is defined as an a crystal surrounded by a P-phase; the orientation of the cell is defied by the 
orientation of the associated a-platelet. The notion of cell is introduced to separate the internal stresses (X,,,) 

linked to the a-phase texture with the internal stresses (X4) linked to the difference between the elasto- 
plastic behaviors of the two phases, a and P. To sum up, we can state that the macroscopic back stress (X) 
is associated to three levels of plastic strain incompatibilities : 

X, : incompatibility between cells containing a particles with different crystallographic orientations ; 

;'6, : incompatibility between the soft phase a and the hard one P. 
X, : incompatibility associated to a heterogeneous plasticity in the a particle (walls, shear bands, ...) ; 

Xa 

0 a-phase - 
$-phase 

RVE 

Figure 1: Schematic representation of an a/$ titanium alloy with its heterogeneity levels (micrograph of the 6216 alloy). 
RVE is the representative volume element. 

3. TENSILE BEHAVIOR : BACK (X) AND EFFECTIVE (X,,) STRESSES 

The tensile behaviors of the four alloys studied is described in Table 1. In the literature, it is usual to 
separate the macroscopic stress I: in two components : the back stress (X) and the effective stress (%d. The 
back stress is generally associated with a local straining process which induces a long rang interaction 
between mobile dislocations and the effective stress is the stress required locally for a dislocation to move. 
This stress partition, previously proposed by Cottrell [IS] and Prager [16], and extensively discussed in the 
past by different authors [17-191 is done, in tensile loading, on each stress reversal at different plastic 
strains (figure 2). The change in back and effective stresses vs plastic strain is plotted in figure 3a. 



The saturated value of the effective stress is obtained more rapidly than back stress saturation. Effective and 
back stresses saturation values are reported in figure 3b for each alloy. The effective stress saturated value 
seems to be constant for the different alloys studied. The differences observed on tensile behavior are 
mainly associated to the back stress components described above. For the alloys studied here, the plastic 

deformation is homogeneous in the a-phase until piastic strain remains weaker than 6% [12], then X, is 
negligible. Besides, the a-phase texture is similar for the different alloys then X, is constant. It can be 
concluded that the difference of back stress measured, depending on the alloy, resuIts only from 

incompatibilities developed between the two phases, i.e. XmB. The connection between back stress and the 
different levels of heterogeneities has been extensively studied previously [15,17-191. However, the 
influence of back stress on nucleation process is a point which stays unclear. 

Figure 2: a) Stress reversals at different strains. b) Stress partition as proposed by Cottrell. 

Figure 3: a) Change in back and effective stresses with plastic strain during loading (TA6Va). b) Saturated values of the 
macroscopic stress 2, the effective stress Zef and the back stress X. 



C6-104 JOURNAL DE PHYSIQUE IV 

4. NUCLEATION PROCESS IN THE all3 TITANIUM ALLOYS 

4.1 The local approach of fracture 

4.1.1 Calculation 

The local approach of fracture has been used for the void nucleation study of the four a / P  titanium alloys. 
This method was largely described on steels and aluminum [4-6,201 and allows to examine a wide range of 
triaxialities with the use of axisymetric notched specimens labeled AE2, AE4 and AE10. As far as the 
damage is studied under high and low triaxiality, smooth specimens (TL) were also used. These specimens 
were tested to fracture or interrupted before fracture. Besides, a finite element calculation was performed for 
each specimen design to provide the mechanical parameters distribution in the bulk of the specimen during 
loading up to fracture. During loading, the mesh is reorganized so as to take into account displacement. For 
each material, an elasto-plastic law is identified, from the plastic behavior of the alloy before necking, in the 
framework of the classical elasto-plastic theory, based on the thermodynamics of irreversible processes with 
internal variables (R and X) [21]. It has been experimentally demonstrated that it was not necessary to take 
into account damage in the behavior law since, just before fracture, the hydrostatic part of strain E, remains 
lower than 0.0025. The plastic flow is expressed as function of the stress - g, the kinematic hardening - X, 
and the initial yield stress C,, : 

f n a f  = a f  
E p = < - >  -= 
= K P z  with f=J,@-&)-R-&, -   SO) 

J~ a - 3) - = d:(s-x) : (2 -E)  withs - the deviatoric part of g 

- - 

2 .  
X=_X,+X,  with V i ~ ( 1 , 2 ) , X = - C i & ~ - ~ p  - - -  - - 3 

Then, the variables of this law are: Xo, K, n, Q, b, Ci, yi, Vi E {1,2}. K and n are constants related to the 
viscosity. They have been chosen so as to simulate a time-independant behavior. 
The validity of such calculations was checked comparing the experimental and calculated loading curves 
(figure 4) of notched specimens. The identification of the plastic law as described above allows the 
determination, after necking, of accurate calculated loading curves for smooth specimens (TL) (figure 5). 
Figure 5 shows the good agreement between calculated and experimental displacements during loading up 
to fracture. This macroscopic validity can be completed by a microscopic analysis of the local plastic strain 
of the a-particles measured from their change in shape [9,22]. As far as this local plastic strain is close to 
the calculated one, calculations are satisfactory. 

..... - -calculation 

experiment 

l 
i RVE 1 Structure . I 

l , . - - - - - -  I j"' 
F/ i 

i 

;l - - - - - - - 1 is. - 0.3 
+ Exp. ! 

I , '- i  - 0.2 
I 

_ _ - -  i 

Figure 4: Experimental and calculated loading curves (X vs Q) for notched specimens (TDSAC). 

Figure 5: Experimental and calculated loading curve (X vs E,) for the smooth specimen. Good agreement between experimental 

and calculated deformations after necking (TDSAC). E, is the longitudinal deformation and Ed is the diametral deformation. 



4.1.2- Damage observations 

In order to understand void nucleation, a quantitative damage analysis was done in the midsection of the 
specimens. The specimens were longitudinally cut, mechanically polished and etched. For a better 
understanding of void appearance during loading, void maps were drawn in the necked sections of 
interrupted s.cimens [4,9]. Limits between regions containing cavities were identified assuming that under 
8 voids/mm the area is not considered as damaged. These void nucleation limits are characterized by the 
mechanical parameters such as E,, (the von Mises equivalent plastic strain), C,,, (the von Mises equivalent 
stress), C, (the hydrostatic stress) or X (the stress triaxiality state). 

4.2 Nucleation events 

Several nucleation events were previously described and quantified for a/p two phases alloys [8,9]. Voids 
can either form in the a-phase, in the P-phase, in twins or at the cdp interface. It was clearly shown that 
twins as well as voids in p remain negligible [9]. Most voids nucleate within the a-grains or at the dp 
interface. As a-grain voids are present in few alloys (which a-grains contain dislocation subboundaries 
before loading), the nucleation criterion of d p  voids will be compared for the different alloys. 

4.3 Nucleation criterion 

Nucleation limits of voids located at the a/P interfaces were identified for the different alloys studied. Figure 
6 shows the change of hydrostatic stress as a function of plastic strain along these nucleation limits. It is 
worth emphasizing that the nucleation strain (em) for these kind of voids strongly depends on t r i a ~ i ~ t y  and 
plastic strain. The nucleation plastic strain increases when the hydrostatic stress (E,) decreases. For each 
material, a critical hydrostatic pressure P, can be defined under which no void nucleate whatever the plastic 
strain. For hydrostatic pressures lower than P,, fracture occurs by nucleation and multiplication of micro- 
shear bands [9]. Besides, for a given hydrostatic pressure over P,, the plastic strain needed for nucleation 
depends on the alloy. 
The influence of hydrostatic pressure on void formation has been largely studied in alloys which contain 
hard inclusions [2,4,23-251. These inclusions constitute favorite void nucleation sites. Fisher and Gurland 
[23,24] proposed a model which combines energy and stress criteria to give two conditions for void 
formation in spheroidized steels. In fact, it is generally assumed that cavity formation takes place for a 

local critical stress G, in the inclusion or at the inclusion-matrix interface when particles are large (> lym) 
[2,4] and it follows an energetic criterion when particles are small (c 20 nrn) [23-251. 

A110 s Pc MPa 

TA6V 

TA6Va 600 

Figure 6: Hydrostatic stress needed for void nucleation at the a/p interface versus plastic strain. Critical hydrostatic stress, Pc, 
for the different alloys, under which no void nucleate. 
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Even if the notion of a critical stress at the interface seems to be accurate for dp titanium alloys, since voids 
are created at the a/P interface, all these models assumed that the inclusion remains elastic which is not the 
case of the a-phase [13,26-281. Moreover these criteria do not take into account the different heterogeneity 
levels present in a/@ titanium alloys.In a first time, it appears necessary to discuss the macroscopic cavity 
nucleation criterion (figure 6) with a microscopic point of view. Then, it remains to determine what 
mechanical parameters, depending on the heterogeneity levels, may influence the nucleation process. 

5. INFLUENCE OF MICROSCOPIC PARAMETERS ON VOID FORMATION 

5.1 Cavity location and influence of cm 

Studies on nodular cast iron alloys [29-3 l] show that void initiation occurs at the bottom and the top of the 
inclusion whereas for a/fJ titanium alloys,.voids are mainly observed on both sides of the a-grains (figure 
7). The main difference between these two cases is the behavior of inclusion and matrix which are reversed. 
In the case of the cast iron, the inclusion remains elastic and the matrix has an elasto-plastic behavior. In the 
case of titanium alloys, the a-grain (which is compared to the inclusion) is considered as the soft phase 
whereas the P-phase (matrix) is the hard phase. Two finite element calculations, on a mesh constituted of a 
spherical particle surrounded by a matrix (figure 7), were realized using whether the cast iron laws [29,30] 
or the titanium laws [l l]. For both calculations, at a given macroscopic plastic strain, the only parameter 
which consequently varies along the interface from the particle's side to the particle's top is om (the local 
hydrostatic stress). Indeed, for the same plastic strain of 0.03, the hydrostatic stress G,,, is maximum at the 
bottom and top of the inclusion in the case of the hard inclusion, whereas it is located at the inclusion's 
sides for the soft inclusion (figure 7). These regions of maximum pressure correspond to the places where 
voids are formed depending on the alloy studied. The influence of the local hydrostatic stress on the 
nucleation process at the a/p interface is then obvious. 

Gm > 800 MPa 

Figure 7: Void micrograph and calculated hydrostatic pressure for a) a cast iron and b) an alp titanium alloy (TA6Vg). The 
maximum of 0, corresponds to the place where void nucleate. 



For the alloys studied, which contain numerous heterogeneities, the local hydrostatic stress developed in the 
vicinity of the cc/p interface, depends on the macroscopic hydrostatic stress X,,, but also on the multiaxial 
stress state present as a result of the plastic strain inhomogeneity between the two phases [32,33]: om = 
f(Zm, heterogeneities). Thus, the fact that the fracture of the a/p interface depends on the local hydrostatic 
stress om explains the dependence of the nucleation criterion on the macroscopic stress L. 

5.2 The part of plastic strain in void nucleation 

The fact that void nucleation at the a/p interface depends on X,,, has been demonstrated. Nevertheless, X,,, is 
not the only parameter involved in nucleation as shown in figure 6. The nucleation process also needs 
plastic strain. Using the Electron Backscattering Pattern (EBSP), the local influence of plasticity has been 
checked for the Ti-6246 alloy [12,34]. This method allows to associate a cavity with the crystallographic 
orientation of the a-particle in which the cavity has developed. Figure 8 shows that the angle 8 between the 
<c> axis of the damaged a-particles and the stress axis is greater than 45" whatever the triaxiality. It has 
been previously shown [13,33] that large plastic strain occurs in this particular range of crystallographic 
orientations (the a-particles are well oriented for the prismatic slip which is the easier slip). Thus, cavities 
will easily form in plastic strained a-particles which explain the macroscopic plastic strain dependence of the 
nucleation criterion. Moreover, it was shown, recently, with a micro-macro model that the a-particles 
develop all the more triaxiality that the angle between their cc> axis and the stress axis is close to 90" [33]. 

To conclude, the nucleation process acts in a-particles which present crystallographic orientation 

favorable to prismatic slip (8 > 45') i.e. high local plastic strain E", and as a consequence a high local 

hydrostatic stress 0,. 

S u e s  axis 

.. . a .  .'. . . 

Figure 8: (0002) pole figure of the damaged a-particles in axisymetric specimens (6246). 

6. INFLUENCE OF HETEROGENEITIES ON THE NUCLEATION CRITERION 

6.1 The back stress: X 

Critical pressures Pc, under which no void are created (figure 6) can be correlated to the saturated internal 
stress X, of the different alloys (figure 9). For the alloys studied, Pc is defined for high plastic strains. For 
such plastic strains, X is saturated and equals X,. it is then justified to associate Pc to X,. The hydrostatic 
pressure needed for void nucleation at the alp interface decreases when X, increases. This result clearly 
shows the role of plastic strain incompatibiiities developed in or/P titanium alloys on the nucleation process. 
This dependence on the internal stresses has been previously suggested by Beremin in A508 steels [4]. In 
this alloy, the nucleation process is associated to a local critical stress oc in the hard inclusions which is 
expressed as oc=Xm+k(Ze .-X,) where k(X ,,-X,) represents the internal stress arising from strain 
inhomogeneity between inclusion and matrix. h s  expression clearly shows that with high internal stresses 
(X), less hydrostatic stress will be necessary to reach the critical nucleation stress. 
In a lp  titanium alloys, the relationship between ocwP , X,,, and the internal stresses is not so clearly defined 
for the reasons expressed in part 4.3. Yet, some results are well established. Using the FEM [l01 or a 
micro-macro model [33],it was shown that an increase in X,, involves an increase of local hydrostatic 
pressure G,,, in the a-phase. In particular, it has been explained that h, and then G,, increase as a function 

of the following ratio: C*= Z~IC,"  [32]. 
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A high value of internal stresses (X) will then increase the local hydrostatic stress U,. As a result, less 
macroscopic hydrostatic stress Z, will be necessary to reach the local criterion of void nucleation. This is 
precisely what is experimentally observed in figure 9. 

llo0 ; 
loo0 : 

I 
900 b 

p,: 
1 

600 r 
l 

500 ; 

400 

500 550 600 650 7OC 

X W a )  

Figure 9: Change in hydrostatic stress needed for void nucleation with the back stress X. 

6.2 The hardening rate dXldEpeq 

In the same manner, under high nucleation pressures (low plastic strains), it is interesting to study the 

influence of the hardening rate defined as dUd&,on EL. &Id&, is close to dX/de, since R is saturated 

for very small values of plastic strain. For a given X,,,, it is possible to plot the change of E",, as a function 

of dX/dEmusing the elasto-plastic laws of the four alloys. A nucleation criterion depending on W&, and 
plastic stran is then defined for a fixed C, (figure 10). This figure shows that the nucleation plastic strain 
decreases as the hardening rate increases whatever the hydrostatic stress. This result has previously been 
evidenced under low triaxiality (TL) for two phases titanium alloys [35]. When dXlde,, is higher than 

2300 MPa, void nucleation does not depend on hydrostatic pressure or hardening rate, and &h= 0.02. This 

plastic strain is the needed strain to create cavity whatever the hydrostatic stress or the hardening rate. 

For values of dW&, close to zero, EL is high. This corresponds to the plateau obsewed in figure 6 (L 

=f(speq)). The nucleation criterion is then a function of Zm and X* only. In the mid range of EL, the 

criterion is a function of Z,,, and dX/d~ . For a given C,, the plastic strain needed for void nucleation is all 
the more high that the hardening rate Ecreases quickly (material 2 in figure 11). In fact, if the material 
hardending rate decreases quickly, the internal stresses in the a-phase also decrease rapidly. Hence, the 
local hydrostatic stress U, is low. 

&a1 &a2 Epeq 

Figure 10: Plastic strain needed for nucleation as a function of the hardening rate for various hydrostatic stresses. 
Figure I l: Comparison of the nucleation plastic strain between two materials reaching the same Xs more or less rapidly. 
Material 2 will nucleate later on. 



If we assume the existence of a local nucleation criterion cr,=f(~k), this material will need a high local 

plastic strain to create voids. Then, the nucleation plastic strain of this material (2) is quite greater than that 
of material 1. 

6.3 Physical origin of X and dXfEpeq 

From previous results [36,37] on a/p titanium alloys, it appears that the amount of secondary a-phase (a,) 
is the main parameter driving the strengthening of the material. Then, following this result, FEM 
calculations were conducted to check the influence of the amount of a, on the kinematic stress X and its rate 
dX/d~,. The mesh used for calculation is the one described in part 5.1 (figure 7). Under various 
macroscopic plastic strains (maximum of ~,=0.03), the stress gap between the inclusion (a) and the matrix 
(P) is a measurement of the kinematic stress L, (figure 12 a). The kinematic rate will then be the slope of 
the curve X, versus E ~ , .  Our purpose is to check the influence of the as percentage on the kinematic stress 
and its rate. Also, the elasto-plastic law of the matrix P must be precisely defined as a function of the 
amount of a,. In the following, it is assumed that the as-particles act as strong barriers for dislocations 
promoting an Orowan by passing process. A crude description of the behavior law of the P matrix may be 
written as follows: 

C, = C! + R, + X, in which 

C! is the yield stress of the P-phase. 

$ represents the increase of the yield stress linked to the as amount, then $ is expressed as [38]: 

with b: the burgers vector of the b.c.c. P-phase, b=0.287 nm 
p: the shear modulus, p = 45000 MPa 
f: the surface fraction of cr, 
r: the radius of the as-particles 

A: a constant, A=3 

X, takes into account the strain hardening process [39] under very small plastic strains: Xg = X,,+ ~ fc , .  In 
fact, it was clearly demonstrated [4O] that such an approach strongly overestimates the hardening slnce the 
s~reading of strain tends to reduce the effective hardening rate. Then, instead of p, a more appropriate value 
p is generally taken as 10'' to 10" p. 

Under such considerations, and taking into account results from the literature [l l], the following 
behavior laws of the two-phases were obtained: 

The value of C can be calculated taking r = 0.1 pm for the as-particle radius as measured with image 
analysis [41], then C = 178 Mpa. This result is in agreement with recent results in titanium alloys (C = 183 
MPa) [37]. Besides, experiments in titanium alloys have provided a p* value equal to 6000 MPa [37]. This 
value lies in the range previously defined i.e. l@' p. Such an approach is then considered as physically 
supported. Figure 12 b) shows the results obtained as a function of the a, amount. The kinematic parameter 
and its rate increase with the as percentage. It is worth noting that the values of dX/depeq (sketch figure 12 b) 
agree with those experimentally obtained for nucleation (figure 10). 
As a conclusion, an increase of secondary a-phase induces an increase of the hardening rate and then a 

decrease of the nucleation strain E L .  Such an increase is also at the origin of the increase of X and so a 

decrease of P,. 
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Figure 12: a) Change in von Mises equivalent stress along the axis 1 (from inclusion to matrix). Determination of X@ as the 

stress gap. b) Increase of the kinematic rate as a function of the as amount. 

- Mises 

7. CONCLUSION 

1200 

800 

400 

The macroscopic void nucleation criterion for a / p  titanium alloys is written as Cm=f(e,J. Besides, the 
strong influence of plastic strain in the a-phase and local hydrostatic stress on void formation has been 

evidenced. These two considerations support the existence of a local criterion o,,,=f( E;) of void initiation. 

Nevertheless, a direct link between the macroscopic and microscopic criteria is not obvious since the 
materials studied here contain numerous heterogeneity levels. In the future, we expect from a recent 
micromechanical model, to connect the macroscopic nucleation criterion of a / p  voids with a microscopic 
one. 

The role of plastic strain incompatibilities, developed as a result of heterogeneity levels, on the nucleation 
criterion, has been proved using the parameters : X and dX/de,,. The following points must be summed 
up: 

The hydrostatic stress, P,, under which no voids are created, decreases as the internal stresses (X,) 
increase. 

The plastic strain needed for nucleation, EL, increases as the hardening rate decreases, at a given L. 
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For high values of C,,,, EL remains constant whatever d X / d h  and equals 0.02. 
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For high values of dX/d&,,, EL remains constant whatever Z,,,. 

For values of dXIde,, smaller than 2300 MPa, &L=f(Z,., dX/dePeq). 
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