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The description of the behaviour of the ultrafine-grained titanium by the constitutive model of
elasto-viscoplasticity
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Institute of Fundamental Technological Research, Polish Academy of Sciences
Pawinhskiego 5B, 02-106 Warsaw, Poland
e-mail: pperzyna@ippt.gov.pl; znowak@ippt.gov.pl

Abstract

Themain objective of the present paper is the description of the behaviour of the ultrafine-grained (UFG) titanium by the constitutive
model of elasto-viscoplasticity with the development of the identification procedure. We intend to utilize the constitutive model of
the thermodynamical theory of elasto-viscoplasticity for description of nanocrystalline metals presented by Perzyna (2010)[1]. The
identification procedure is based on experimental observation data obtained by Jia et al. (2001)[4] for ultrafine-grained titanium and
by Wang et al. (2007) [5] for nanostructured titanium. Hexagonal close-packed (hcp) ultrafine-grained titanium processed by sever
plastic deformation (SPD) has gained wide interest due to its excellent mechanical properties and potential applications as biomedical
implants.
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1. The constitutive model The tensorial function % represents the mutual mi-

cro(nano)crack interaction for growth process, = 7(v¥, u)
We propose to introduce some simplification of the consti-denotes the threshold stress function for growth mechanism,
tutive model developed by Perzyna (2010)[1] by assuming thaf, = b1J1 + bz\/Jj definesthe stress intensity invariant],
the internal state variable vectr = (€”,d, &) consists of  denote the second invariant of the Kirchhoff stress deviator ten-
two scalars and one tensor, i.e” denotes the equivalent vis- sor,b; (i = 1,2) are the material coefficients which can depend
coplastic deformationd defines the mean grain diameter aghd ond. In the evolution equation (3) the functign= § (7,9, u)
is the microdamage second order tensor, with the physical inteplays the fundamental role, and we introduce the denotation

pretation that(¢ : ¢)/? = ¢ defines the volume fraction poros- %ﬁ;f - %9_ ( |§$_ |)71. Assuming that the dynamic grain

ity. The equivalent inelastic deformatiag’ describes the dis- growth is the rate dependent mechanism (cf. Perzyna (2010)[1])

sipation effects generated by viscoplastic flow phenomena, thee postulate

microdamage tens@ takes into account the anisotropic intrin- .

sic microdamage mechanisms on internal dissipationdadd- s G, ) 14

scribes the dynamic grain growth during intensive deformatiorf! = T (@ [wa’“) - 1} ) 4)

process. We postulate the plastic potential function in the form

[ = f(J1,J2,9, p), whereJy, J» denote the first two invariants  whereG = G(¢, p) is the material functionfy = c1.J1 +ca+/J,

of the Kirchhoff stress tensor and+ is absolute temperature. representshe stress intensity invariant for grain growth, (i =

The evolution equations are assumed as follows 1,2) are the material coefficients which may dependdorand

d’* = AP, Lpé =8, d=D (1) 714 = 7a(9, u) denotes the threshold stress for dynamic grain

growth mechanism. For previous theoretical and experimental

(I5-

£:const 87—

works on this problem please consider following papers, e.g.
d” denoteshe rate of inelastic deformation tens@t,, denotes

1 Chen et al. (2006)[6], Kumar et al. (2003)[7], Meyers et al.
) _(2) (2006)[8] and Nowak and Perzyna (2011) [9].

the relaxation time for mechanical disturbances, the isotropic

work—hardening—softening function= 4(e?,9, &, d), ® is the

empirical overstress function, the bracket defines the ramp

where

_ el - _9f
A=z(@(L-1), P=g

TS03

2. The identification procedure

The identification procedure consists of two parts. In the first
part the determination of the material functions and the mate-
function, Ly denotes the Lie derivative arl and D denote the ”’f.l' cpnstants invplved in the description Of. the dynamic yield
evolution functions which have to be determined. criterion Eqgn (6) is presented. As an experimental base the re-
e§ylts concerning experimental observation for ultrafine-grained

Let us assume that the intrinsic microdamage process is gen . . .
ated by growth mechanism only. Based on the heuristic suggedi@nium obtained by Jia et al. (2001)[4] and for nanostructured
anium obtained from the compression tests at high strain rates

tions and taking into account the influence of the stress triaxialit);it

3 4 ~—1
and anisotropic effects on the growth mechanism we assume tl{éo — 10%s™) by Wang et al. (2007) [5]'. The sgcond part
evolution equation for the microdamage tengars follows Is focused on the determination of the material functions and the

material constants appeared in the evolution equations (3) and (4).
dg* 1 I, However, before our final approach to the identification of all pa-
Ly = T T, m —1]). ©) rameters of our model, we assume that the grain size is constant,
e functionG = 0in Eqn (4). Let us also assume that for simplicity
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we use the scalar internal state variaple (¢ : €)'/ “ instead of

3. Final comments

microdamage tens@rand we propose the evolution equation for

the porosity¢ as follows (cf. Perzyna (2005) [2])

9" (§,9)

5 - fgrow = Tmlﬁo(ﬁ)

[]g — Teq(§: 9, ep)} (5)
where T, ko(¢) denotes the dynamical viscosity of a materia
andr., (&,9, €7) is the void growth threshold stress.

Let us introduce the particular form for the plastic poten

There is our hope that proposed identification procedure for the
thermodynamical theory of elasto-viscoplasticity of nanocrys-
talline metals may be used as a base for the description of the
behaviour of hexagonal close-packed ultrafine-grained titanium
processed by sever plastic deformation and may allow to do the
| investigation of plastic strain localization and fracture phenom-
ena in nano-mechanical processes, for instance compare: Asaro
et al. (2003) [10], Zhu et al. (2005) [11] and Zhu et al. (2003)
[12]. These coming results and excellent mechanical properties
of this kind of titanium make potential applications possible as

tial function as followsf = [J; +n(9,d) (€ €)? (Jf)] :

2
whereJ; denoteghe second invariant of the stress deviator of the
Kirchhoff stressr andn = n (¢4, d) is the material function.

From Eqgn (1) and Eqns (2) we have the dynamical yield crite-
rion in the form

(1]

§Tmép)] 2
(6)

wherex = ro(9) + x*(€¥) is the isotropic work-hardening-
softening function. Taking advantage of the description of the mi-
croshear banding effects for nanocrystalline titanium we can pro-
pose the relation for the relaxation time (cf. Perzyna (2010)[1],
Pecherski (1998) [3])

[ian@ e on)] =nfire(

(3]

T =T9, |1~ fs

1 &P ’
1+exp(a—bep):| (éfl) 0 5]

whereT?, f2., a, b, p ande’ arematerial function ofi.

To integrate our set of the nonlinear equations (see Eqn (5),
Egn (6) and Eqgn (7)) the return mapping algorithm is used to (6]
solve the system of above equations. All operators are performed
at the end of time increment. We applied our algorithm within
ABAQUS/EXPLICIT code by writing a user-material subroutine.

We consider the compression quasistatic and dynamic processeﬁ]
(the initial boundary-value problems) for the cylindrical speci-
men to investigate the deformation mode and to compare the ob-
tained results with those observed experimentally during the pro-
cesses of direct impact compression test, cf. Jia et al. (2001) [4][8]
and Wang et al. (2007) [5].

The sample is modeled with 3D solids elements (type C3D8R
in the ABAQUS). In numerical simulations the specimen is sup-
ported by a transmitting rod and is impacted by a second moving[9]
one with an imposed velocity. Both rods in contact with sam-
ple are chosen as an elastic bodies with finite friction. Simu-
lation leads to plastic strain and strain rates in the same range
as in experimental test of Wang et al. (2007) [5]. The elasto-
viscoplasticity model parameters are determined for specimen
with different average grain size for the course grained titanium
d = 30 um (CG) and the ultrafine-grained titaniuin= 260 nm
(UFG). In each case we have started our computations assumirg0]
at the beginning a broad range of feasible parameters. After ini-
tializing and after final determination of material constants which
minimising the residua of the constitutive model and the experi-
mental data we apply our model in numerical simulation of uni-[111]
axial compression and we have obtain the final state of strain and
stress.

(12]
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biomedical implants.
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