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ABSTRACT

Nucleation and growth kinetics in o/B titanium alloys have been experimentally and numerically
investigated. Efforts were focused on the triaxiality effect. Experiments were performed on
different types of specimens in order to use the local approach to fracture. It has been evidenced
that internal stresses increase both nucleation and growth kinetics. Void growth has been divided
into two stages. The first occurs in the a-grains and the second through the surrounded B-matrix.
In the second stage, growth rate strongly depends on the A/¢ ratio (where A is the center-to-center
particle spacing and ¢ the particle diameter).
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INTRODUCTION

Void nucleation and growth kinetics have been largely studied for alloys containing hard
inclusions (Argon and Im, 1975; Le Roy et al., 1981; Beremin, 1981; Brownrigg et al., 1983;
Marini et al., 1985 ; Becker et al., 1987; Gilormini et al., 1988;...). These authors have revealed
the influence of mechanical parameters such as the hardening rate, do/de,,, or the triaxiality,
X=0,/G.,, on the damage development, but also the role of the morphological parameters like the
initial volume fraction of porosity or the A/¢ ratio (where A is the center-to-center particle spacing
and ¢ the particle diameter). Only few studies have focused on damage kinetics for materials
containing soft inclusions such as a-particles in o/f titanium alloys. A few results (Margolin et
al., 1980) report the effects of morphological parameters on the damage kinetics under low
triaxiality, however the effect of triaxiality remains poorly studied. The purpose of this work is to
focus on void nucleation and growth kinetics in o/f titanium alloys and to specify the influence
of mechanical and microstructural parameters on these kinetics under a wide range of triaxialities.

EXPERIMENTAL PROCEDURE
Materials:

Three o/ titanium alloys were studied: the 6246 (773 K) alloy and the TA6V (300 K) alloy
which presents two different microstructures (TA6Vg and TA6Va) resulting from various heat
treatments. Chemical compositions and heat treatments for each alloy are given elsewhere
(Helbert et al., 1996a, b). In particular, all the materials studied have the same content of
aluminum (5% wt). The microstructure of these alloys is composed of a primary o-phase (h.c.p.
soft phase) surrounded by a B-phase (b.c.c. hard phase). The B-phase can be transformed (in
6246, TA6Vg) and is then composed of a mixture of residual B-phase and secondary c-phase.
The main mechanical and microstructural parameters are reported in table 1. The h.c.p texture is
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Table 1} Mechanical and microstructural parameters of the three /P titanium alloys. The hardening law has been
chosen: 6=0, + K(ep)" where Oy is the yield stress. A is the mean center-to-center O-particle spacing.

Alloys | E (GPa)| Go(2E-4)| Omax (MPa)| &1 | €4 | n |K (MPa)| %a| %P 6ot (nm) Aum) | Mo
TA6Va | 110.0 | 900.0 11202 [0.134[-0.23] 03| 4795 | 50| 50| 5.0 5.2 1.02
TA6Vg | 1302 | 9122 1072.6  10.165[-0.25[0.43] 4534 |47 52| 150 | 341 2.30
6246 | 109.6 | 740.8 1004.0 [ 0.10 [-0.38]0.75] 7646 |33 67| 5.7 148 | 3.08

similar for all the alloys studied and was previously described (Helbert et al., 1996a, b). An
important number of heterogeneity levels are generally observed in o/ titanium alloys (prior-B
grains, two phases (0, and B), transformed B structure, @, (Ti;Al) precipitation in the o-phase,
...) (Margolin et al., 1980; Helbert er al., 1996a; Feaugas et al., 1995). Plastic strain
incompatibilities which result from these microstructural heterogeneities, induce important
internal stresses. This explains the high value of the back stress (X) generally observed in /B
titanium alloys (Feaugas ef al., 1995). This particular component of the macroscopic stress is
obtained using the Cottrell’s method (1953). This method has been previously applied for the
three materials studied here (Helbert et al., 1996c) and the results are given in table 2.

Table 2: Saturated values of the macroscopic stress o, the effective stress O, and the back stress X.

Alloys | Os (MPa)| Gefs (MPa)| Xs (MPa)

TA6Va 1124 450.0 674.0

TA6Vg 1110 467.0 643.0
6246 1004 391.2 612.8

Experiments and Calculations: -

The local approach of fracture has been used for the void nucleation study of the three /B
titanium alloys. This method was largely described on steels and aluminum (Beremin, 1981;
Hancock and Brown, 1983; Walsh et al., 1989) 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.
The 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. 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
(Chaboche, 1989). It has been experimentally demeonstrated that it was not necessary to take
into account damage in the behavior law since, just before fracture, the hydrostatic part of strain
&y remains lower than 0.0025 (Helbert, 1996¢). The validity of such calculations was checked
comparing the experimental and calculated loading curves (Fig. 1) of notched specimens. The
identification of the plastic law as described above allows the determination, during necking, of
accurate calculated loading curves for smooth specimens (TL) (Fig. 2). Figure 2 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 shape (Helbert er al., 1996a; Bourgeois et
al., 1996). If this local plastic strain is close to the calculated one, calculations are satisfactory.

Metallography and damage observations:

To understand the damage development, midsections of the specimens were polished and etched
to be examined in the SEM. The midsection is divided into surface elements of 0.025 mm?, in
which the number of voids, N,, as well as their length, L, are measured. Each of these elements
are characterized by mechanical parameters provided by calculations (Helbert e? al.., 1996a).
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Fig. 2: Experimental and calculated loading curves (Ovs
g,) for the smooth specimen (TA6Va). § ax?d €4 are
the longitudinal and the diametral strains.

Fig. 1: Experimental and calculated loading curves
(o vs €) for notched specimens (TA6Va).

RESULTS AND DISCUSSION

Void nucleation:

itani i idenced the nature of voids
i the oB titanjum alloys studied here have evil ] nat d
E:::t;%uisn‘:&rlll(inzzicﬂals, tl?eir physical origins and the a;lssocgit.e% rlx‘lflcleat:)c;ri :ré::ng_ré r(al\i/{-;asrg%lk];
; 2 tal., 1996a, b, c). Voids form at the o/f interfaces o . Th
?t o lxglgi(:isHa?elzbg&:r\?ed for the three materials whereas voids in o-grains axelontliy ptrreasiin;n 13
tl(:g}ll‘iGV alloy. Observations and calculations allo_wed to conqlude that poth pt as cr:1 i S
h drostati<g: stress. are necessary to create cavities (Elg. 3). A void nuclgatlon I;:ln gr;)ld bixg s
ir?terfacc based on these two parameters, was identified for each material (table q.1).

g, =—A By -C) )

The plastic strain needed for nucleation, €}, is a function of triaxiality for /B voids ande_ is

constant and equals 0.05 for a-grain voids. In fact, 1)t( hasdbt_:fn sktlgv\g;(/ tg?;t th? tgéasﬁ;e;tlr:ég
i its raf
cleation depends on -the back stress X an s rate dX/de,, (the kinematic
gzreg;cllmfgrrartx; under a gli)ven hydrostatic stress (Helbert ef al., 1996c). 11 ne &L;Er:pz)ﬁzlgénu;
present work is not to detail the nucleation criterion part since it 1 done elsew

al., 1996¢), but more to focus on void nucleation and growth kinetics.

Table 3: /B voids nucleation criteria for the three alloys studied.

A B C

TA6Va 0.128 1 0.5
TA6Vg-o/B | 0133 0.66 0.35
6246 0.143 0.45 0.31
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et 1.25 N,= N*+N2 where NZand NP are both described by equation 3. An example of the good
450 [ : x=0 915 x=056 agreement between equation 3 and experimental results is shown in Fig. 4 for the TA6Va alloy.
o i Q The comparison of the rate of nucleated voids, D, versus triaxiality for the different alloys is
g 400 t ' / # shown in Fig. 5. Whatever the stress triaxiality, D increases with the back stress X, (see table
[ 350 ‘ ; O,' e d/ 2). The plastic strain incompatibilities associated to o/p interfaces assist the nucleation kinetics.

g 3(5)3 f;& Z 4 Void growth kinetics:
2 200 L@ / i Void growth at the earlier stage of plastic strain produces spherical voids independent of the
E 150 Li ,I / nucleation location (o or cv/p interface). As strain increases, the longest voids are most often
P 100 |! 4 elliptic in shape. Assuming that voids width, e, stays constant (2 um) during void growth, this
I ¢ o latter will be characterized in the following by the change in the void length, L. From scanning
2 o@ e observations, it appears that void growth begins in the o-particles and then carries on in the B-
0@ T LS. ] phase with difficulties (Fig. 6 a, b). This second stage of growth can be assisted by the fracture
0 005 01 015 02 025 03 035 of the o, -particles in the vicinity of the principal void. It is well established that void growth rate
Conyr B | increases when the yield stress and the hardening rate decrease (Gilormini et al., 1988). This

explains why the void growth firstly occurs in the o-phase where the yield stress and the
hardening rate are lower than in the B-phase. An experimental analysis of the specimens leads to
the plot of the longest void length, L, versus triaxiality for given plastic strains or to the plot of
L versus plastic strain for fixed triaxialities. These two curves are determined for each alloy and
show exponential increases (Fig. 7). Such a result has been previously observed in aliminum
alloys (Walsh ez al., 1989) and in titanium alloys (Narendrnath and Margolin, 1988).

L
J
Fig. 4: Void density vs (Epeq™ S;q) for different stress

triaxialities and their associated calculated curves with
eq.3 (TA6Va).

Fig. 3: Triaxiality needed for void nucleation at the
o/ interface vs plastic strain.

Void nucleation kinetics:

Using all specimens strained, it is possible to i

} I S , 1t is e plot the number of voids i

gvlﬁsattlecv :;Itz;llg af}o(:‘ydllszc:{]ent mﬁa;uahui:s. This plot reveals an exponenti?a‘larigxcur;azr: a(’FIi\Iga’ Z;
- Both non-linear plot of N, vs £ _ and dependence of this pl iaxiali

have already been observed on iron-based materials B o ! R muammmahty

g (e oo s o o I m: s (Brownrigg er al., 1983) and aluminum
i ! ponential increase has also been reported idi

steels (Le Roy et al., 1983) and Ti-5-5 allo G e

. i ys (Greenfield et al., 1972).
(Chu et al., 1980), the rate of voids nucleated per unit area dN/N, can bz‘, eﬁgrggzgios:l b

dN/N=D de,, @

where D is a function of triaxiality. In o titanium all
I : L oys, D=E exp (F
adapted to describe the experimental results (Fig. 4). So as to account t;())r(thxe) cslle:nmgz itg lt\)Ie \:/vletll*ll

(peq™€peq) (Fig. 4), the following relationship is obtained:

a)

Fig. 6: Micrographs of void growth in the O-grains a). Void growth seems to be slowed down by the B-phase b).

N, =N, exp [D(e,,- £;.)] 3) i r i
! Wk 5y =
N, corresponc:s to the nucleation of a void in the surface element analyzed (0.5x0.5 mm?) when i EI 0:3
€., Teaches exls .’.Thus: N, remains constant and equals 4 voids/mm?. For each alloy studied. E 20l : '
and F have been identified and are reported in table 4. In the specific case of the TA6Vg alloy, ; 4 Ohll o F
i 15 | €=046 ! e
Table 4: Values of E and F: parameters used for the  Fig. 5: S ' '
) e : g. 5: D vs ¢ for the thr i i [ p )
nucleation kinetics of three different alloys. i weB - :izsa 22{5' PiEeeea 5 / ,‘ﬁ ,I @
y. 10 | ol,o %’ i ’l
100 - . * '
T AoV | Zill 5 § fi b Sty
| sl ' ! A S nob A e L)
E F I ;— 0 - A ey i > /..
H 1 L
TA6Va 1.11 4.21 3 60 I 033 053 073 093 113 133
T TA6Vg-ouB 4.12 1.96 D 6 [ Triaxiality
% TA6Vg-o 1.21 2.39 | b i
6246 1.28 2. i 20 | 3 D)
g 25 i t = Fig. 7: Increase of the longest void length L with plastic strain a), with triaxiality b). (TA6Va)
i 0 : AT ; . . s : i . . .
Numerous studies have provided analytical laws to describe a single-void growth. Various void
06 08 1 12 14 1.6 geometries (cylindrical, spherical) and matrix behaviors (rigid-plastic, linearly or power-law

X viscous) have been used (Gilormini e al., 1988). These approaches agree with the following
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classical growth law:
dR/R=f(y) de,, 4

g)};;itl‘:dlzse;hsorixée;?ozvc:;d Tr‘z;gius.‘dln tlhe present work, L will be used instead of R since it
2 : void volume equivalence between 1lipsoi i
void allows the use of an isotropic G it
L P urson model. Among these analyses, the -
4 ;irrgiﬁzrsorixéogf;;xﬁget ﬁl;e ;gc&nd .orde; ;errns are neglected, seems to be rzllore appro;c)}x}ilzf.tsé) rtlo
. i 1tanium alloys since it takes into account istri
volume fraction f of voids. Gurson’s yield function is written as follovs?S' i i

¢=>:2°q- o’ [1- 2 q, fcosh(% q, 0] (5)

where q, and g, were introduced b
¢ _ y Tvergaard (Tvergaard, 1981) to bri icti
ledd into closer agreement with full numerical analyses of a pcrio?iic arrrzi;gofp cr:slilr'lcctil;l)g:l 32'316
Suming macroscopic normality, the hydrostatic strain rate, de,,, is expressed as: ¥

=3 inh(3
de,, = > qumh(i q, %) dspeq Vke {1,2,3} 6)

with g= q,q,. Besides, taking into account ic i ibili i
mass balance, the void growt}% law can g:r:mtilzteeg:::n £ RAESE DL oy i the

df; = (1-f) de,, = (1-f) % quinh(% 4, X) de,, @)

From de,, =fdV_,/V_, and equati i
. el Veay quation 7, dL/L can be easily deduced assuming that dV. =
dL/L since the void width, e, is a linear function of L. The}il, it cl:i;:ries: fopshengine -

e L 3
dL/L = 5 gsinh (2 q, %) depcq i (8)

From experimental results on void ineti Tmin
2 growth kinetics, the constants q and g, h; i
;;1;) reoa::h r?g;el?:rld(esrfii tablfur5).h q, is (ti’ifferent from an alloy toqthe oc%lzlc: ‘;?n}:;enixf egcﬂs ﬁres(i
ach, g nature has not been clearly expressed i 5.M t
Hutchinson (1985) proposed to introduce the eff e oo oo e e and
SO1 1 f the isotropic and kin i i
the matrix in the Gurson’s yield function A: S e e
: . As it can be seen in table 2, the val f i
stresses developed in the o/B titanium allo ite hi e e
I 1 ys are quite high. In order to ipti
Sott; 6:;1;361502;111(!vtou(ij gffowth process, it seems then .necessary to take intgl‘:;gc;?:tn et:trlec;zsirl;ltg?r?ﬁ
e locgl ;i ;}r:;a a_ltllg il;)cslrig;imahty rate, x/mc, which is involved in void growth. In o-
et 3 as: oc = Gm i i )
O, is the effective stress without damagz)ac,I O = c—gg 'm:exfm =1)S((t1h: )}gcclyro)statlc i
? Aloc ef/*

Table 5: Growth parameters: q, g, and q,-

q qz q {(1+Xs/oefs)
TA6Va 1.2 3.5 1.4 2.498
TA6Vg 0.3 33 1.4 2.377
6246 0.099 3.6 1.4 2.567
The flow rule is th i D o=L2(E- q, a,
Ex en written as: ¢ =J,* (Z-X) - o’ [1-2 g, fcosh (% qs Xied)] )
and the growth law form is: =1gsi 3q
s dL/L 5 4 sinh ( > Q2 Xie) dEpeq (10)

T - é iy . - . 5
wl;er; ‘.12 d@ -é) =[=15-X) :(5 X)1" (8 is the deviatoric part of the mMacroscopic stress %)
and X is deviatoric. For the alloys studied, the hardening i re
X ; g 1s saturated when damage a L
So, x,,c can be expressed as: . = x(1+ X/ o). Comparing eq. 8 and 10, it comc:s:g B

9, (I+X /o) =q, (¢9))

From the present calculations, it is found that q, i
1 4 alc : | t q,=1.4 and remains constant for th
studied. This value is in agreement with results on the Ti40 alloy where the imemafl) rstreess:lskz)i)r,:

low (Huez er al., 1995). q, is associated to void growth in the a-phase. As shown in Fig. 8
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phase increases with the internal stresses. Previous studies report that
1 volume fraction of porosity in the material (Gilormini ez al., 1988). In
aining hard inclusions, g has been directly linked to the amount of
inclusions (Marini et al., 1985). This dependence on the volume fraction of porosity is often
explained as the consequence of interactions between voids which increase the growth rate
(Zhang and Niemi, 1995). In the present study, the effect of a-phase percentage on g has not
been clearly evidenced, on the contrary, q decreases with increasing A/¢ ratio (center-to-center
o-particle spacing over the o-particle diameter) (Fig. 9).

the void growth in the o~
q increases with the initia
particular, for alloys cont

3.6
35
® 34 ’ J Q=14
3.3
32 Lo |
23 2.4 2.5 2.6

(1+Xs/Cefs)

Fig. 9: Change in q as a function of the 2/¢ ratio.

r”

Fig. 8: Change in q, as a function of (1+Xs/Gefs).

TN T
= [ B-matrix J—————

b)

a)
Fig. 10: Scanning micrographs of fracture surfaces: a) TA6Vg, b) TA6Va.

As mentioned above, void growth first occurs in the o-grains. Then, the propagation of damage
from an o-grain to the other is quite dependent on the microstructure, especially on the /¢ ratio.
Indeed, the interactions between voids are higher and the local necking is easier when voids are
closer. If a/L is the ratio of the center-to-center o-void spacing out of the a-void length, it has
been demonstrated that the constraint factor, o,/c, (where o, is the mean stress in the intervoid
matrix), increases when a/LL decreases (Thomason, 1985). Then, during loading, the fracture
criterion of the matrix is reached first for small /L ratios. In o/B titanium alloys, the 2/¢ ratio
corresponds to the lowest a/L ratio and is at the origin of the first stage of o-voids coalescence.
Besides, according to the alloy, this stage of matrix fracture depends on the nature of the B-
phase. On the fracture surface of TA6Vg, a dimple ductile rupture process is observed between
two a-voids (Fig. 10a). The fracture is due to the presence of a,-inclusions in the B-matrix. On
the contrary, for the TA6Va, where no inclusions are observed in the B-matrix, the oa-void

coalescence results from a plastic failure of the B-phase (Fig. 10b).

Fracture process:

The mechanical conditions of fracture, in the space (', e'peq), obtained for different specimens
(AE, TL) of each alloy are reported in Fig. 11. Using the nucleation and growth kinetics laws
identified above, the volume fraction of voids associated to the nucleation of new voids, fy
(df,=G dNa, with G=3.14 10¢ a geometrical parameter), and the one associated with the
growth of actual voids, f;, have been calculated at fracture for the three alloys. The fg/fy ratio at
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fracture is reported as a function of triaxiality for the three alloys (Fig. 12). For the TA6Vg and
the 6246 alloys, three domains must be distinguished with the triaxiality:

e Under low stress triaxiality, fo/fy < 1. The growth process is negligible and the nucleation
kinetics is the cause of fracture.

e For high triaxialities, fo/fy > 1. The nucleation process can be neglected in front of the
growth process which involves fracture.

° In a middle range of triaxialities, the nucleation and growth processes occurs at the same
time. Fracture results from a coupling of the two processes.

1.7 ATAGVa 100
1.6 @ TA6Vg OTAG6Vg

1.5 [
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Fig. 11: Mechanical couples (x’,e'm) at fracture for Fig. 12: f/fy ratio as a function of triaxiality for
the specimens of each material. the three alloys.

These domains depend on the material and act in more or less large range of triaxiality. The
TA6Va, for example, presents nucleation and growth coupling in a large range of triaxiality.

CONCLUSION

Void nucleation and growth kinetics have been studied for three o/f titanium alloys. It has been
evidenced that the internal stresses increase both nucleation and growth rates. The first growth
stage occurs in a-grains, and the second stage is mainly dependent on the B-matrix fracture
process. The growth rate of this second stage increases when the microstructural A/¢ ratio
decreases. Three fracture modes have been identified depending on triaxiality and on the alloy.
Under low triaxiality, fracture occurs by a nucleation process. Under high triaxiality, void
growth and coalescence process lead to fracture. Finally, in the middle range of triaxiality, both
nucleation and growth processes occur at the same time.
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