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ABSTRACT

This article presents the results of modelling of the mechanical behaviour of biocompatible
Zr-Nb and Ti-Nb alloys in the range of strain rates from 10~ to 10° s at temperatures from
297 K to 1273 K. Modification of the micro-dynamical model was proposed for the
description of Zr-1Nb ultrafine grained and coarse grained alloys. It was shown that the phase
transition HCP — BCC alloy Zr-Nb at elevated temperatures leads to a sharp changing in the
resistance to plastic flow and kinetics of growth of damage. The results can be used for
engineering analysis of designed constructive elements of technical and biomedical
applications.
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INTRODUCTION

Improvement in the technology of fabrication of some constructional elements for nuclear
reactors is connected with computer simulation of mechanical properties and structural
evolution of radiation-resistant alloys Zr-Nb (Rodchenkov, 20005; Motta, 2007; Blokhin,
2011). In this regard, there is an increasing need to develop computational models of the
mechanical behaviour of advanced Zr-Nb in loading conditions close to operating ones. The
Zr-Nb has a unique complex of physical and mechanical properties and is considered as
promising structural alloys for nuclear reactors of IV generation (Blokhin, 2011). Coarse
grained (CG) and ultrafine grained (UFG) zirconium alloys with a concentration of Nb below
2.5 weight % and additionally doped with Mo, Fe, Cr for the stabilization of precipitations of
beta-phase Zr were studied during last decade (Fong, 2013). It is known that the formation of
ultrafine-grained structures in the alloys of Zr-Nb not only improves the yield and strength of
the alloy, but also prevents the formation of cracks at the mesoscopic level (Behera, 2016).

Last years Ti-Nb-Zr alloys were developed and studied. These alloys have remarkable
properties such as low density, high melting point, good oxidation resistance and high specific
strengths, low elastic moduli, biocompatibility, etc. (Nikonov, 2015; Bobbili, 2017).
Understanding of the mechanical behavior of Ti-Nb-Zr alloys in a wide temperature range is
extremely essential for the numerical modeling of various applications and manufacturing
technologies.

In this connection, the mechanical behavior of Zr-1%Nb alloy was studied by numerical
simulation method in the practically important temperature range from 297 K to 1243 K.
Mechanical behavior of Ti-13Nb-13Zr alloy simulated within practically important
temperature range from 297 K to 1050 K.
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COMPUTATIONAL MODEL

The numerical models for simulation of the tensile tests were developed using the licensed
ANSYS 14.5 software and Autodyn software. Numerical solution of this problem allows to
investigate the adequacy of prediction of mechanical behavior of alloys Zrl % Nb and Ti-
13Nb-13Zr when using the modified Johnson-Cook and Zerilli-Armstrong constitutive
equations.

Mechanical behavior of specimens was described by a system of conservation equations
(mass, momentum and energy), kinematic equation and the constitutive equation. Mechanical
behavior of specimens was described by a system of conservation equations (mass,
momentum and energy), kinematic equation and the constitutive equation.

Initial and boundary conditions corresponded to uniaxial tension of specimens (Skripnyak,
2016). Dog bone shape specimens were simulated under axial tension with a constant strain
rate (Skripnyak, 2017).
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Fig. 1 - (a) Binary phase diagram of Zr-Nb alloy (Clouet,2018); (b) Binary phase diagram
of Ti-Nb alloy (Hatt, 1968; Moffat,1988; Bonisch, 2013)

The calculations were carried out using solvers on finite-difference scheme of second order
accuracy. Plastic flow was described within the theory of Prandtl-Reuss with the criterion of
von Mises.

The phase structure of Zr-Nb and Ti-Nb alloys changes from duplex o+f to single B phase
structure at deformation temperatures above temperature of o — [ transition. Alpha phases of
Zr-Nb and Ti-Nb alloys have a hexagonal close packed (HCP) crystal structure. Beta phases
of these alloys have body centered cubic (BCC) crystal structure (Nikonov, 2015; Bonisch,
2013; Eckert, 2013). Therefore, the flow stress of zirconium alloys under loading can be
described using a modification of Johnson-Cook model (1) and Zerilli-Armstrong model for
a-phase alloy (2) and B-phase alloy with a body centered cubic (BCC) crystal structure (3)
(Johnson, 1985; Zerilli, 1992; Gao, 2011; Abed, 2005):

O (60> & T) = (a+kyd, M +b(el )1+ In(&g, / &))(1-T™), (1)
Oy (6,8, T) = [Cy + kyd, 2+ Cs ()™ ] exp(C4 Tln(&, / 66)) {1-1CSTIn(& /€)10P (2)

0, (&2, 8, T) = Cy +yd, 12 +C1exp( -C,T+C, T ln(g%q /596))+C5 (&%,)", for BCC alloys (3)
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where sgq :[(2/3)8}785 2 &qz[(2/3)§ﬁ§ﬁ]l/2,§g=1.OS’l, a, b, ¢, n, m are the material

j
parameters, T is the temperature, T=T-T)/(Tu =T.): Tr =295 K is room temperature, Ty, is

the melting temperature, ky, is the coefficient of the Hall-Petch relation, Cy, C;, C3, Cy4, Cs, ny,
q, p are material constants, d, is the grain size.

The melting temperature Ty, of alloy depends on the weight concentration of components. The
melting temperature of Zr-Nb and Ti-Nb alloys versus weight concentration of Nb are
represented by the liquidus curves (L) in Figures 1(a) and (b), respectively.

The calculations were performed for the alloy E110 (Zr-1Nb) with the average grain size of 7
microns in the range of plastic deformation from 0 to 14 % and temperature in the range from
297 K to 1173 K. The values for the parameters of the Johnson-Cook model are shown in
Table 1. The values for the material parameters of the modified Zerilli-Armstrong model are
shown in Table 2. Tm was assumed equal to 2128 K.

Table 1 - Material parameters of Johnson-Cook model

Alloy a (MPa) k;, (MPa um”z) b(MPa) n m c
Zr-1Nb 290 368 for 1.1 pum<dg<100 um 386 0.11 0.6 atT<1070K  0.14
0.14 at T> 1070 K
Zr-1Nb 625 40 for 0.08 pm<dg<1.1 pm 386 0.11 0.21 atT<1070K 0.14
0.14 at T>1070K
Ti-13Nb-13Zr 680 199 for 1.1 pm<dg<60 um 960 0.3 0.71 atT< 1050 K 0.015

Table 2 - Material parameters of Zerilli-Armstrong model
Alloy C, (MPa) k, (MPa pm'?) C; (MPa) C;(1/K) Ci(1/K) Cs(MPa) n, q p
Zr-INb 110 368 for 1.1 pm<dg<100 um - 0.00807 at T< 1070 K 0.000395 405 0.19 2/3 2

Zr-INb 445 63 for 0.08 pm<dg<l.l um 1015 0.00807 at T< 1070 K 0.000395 405 0.19 - -

Ti-13Nb- 680 199 for 1.1 um<dg<60 pm - 0.00807 at T< 1050 K 0.000395 960 03 2/3 2
13Zr

RESULTS AND DISCUSSION

Figure 2 shows the calculated stress - strain curves of Zr-1Nb-1Sn alloy under uniaxial
tension at strain rate of 10~ s™. Solid black curves indicate experimental true stress versus
true strain curves (Xiao, 2010; Sarkar, 2017). Colored and dashed curves were obtained using
equation (2) and (1) respectively. The model of Zerilli-Armstrong describes the change of the
strain hardening in the temperature range more adequately in comparison with the Johnson-
Cook model.

Figure 3 shows normalized yield strength versus normalized temperature under tension at
strain rate 1 s” for the Zr-INb - 1Sn alloy. The change in the slope of the curve 65/00(T)
indicates a change in the physical mechanisms that ensure the development of plastic
deformations. The good agreement of the calculation results with the experimental data on the
resistance of plastic deformation of the alloy Zr-1Nb - 1Sn in the temperature range from 295
to 1173 K was obtained under the assumption of changing the numerical values of the
material parameters at temperatures above 1070 K.
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Stress (MPa)

Fig 2 - Calculated stress versus plastic strain of Zr-
INb-1Sn alloy at the tensile strain rate of 107 s,
black solid curves corresponds to experimental data

(Xiao, 2010; Sarkar, 2017)
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Fig 3 - Normalized yield strength versus normalized
temperature under tension at strain rate 1 s for the

Zr-1%Nb alloy. Symbols are experimental data
(Sarkar, 2017)

The marked change is due to the change in the phase composition of the alloy at a
temperature above ~1070 K. It should be noted that the calculations were performed in the
strain rate range from 10~ to 10 s™. Constitutive equations should be amended from (2) to (3)
if the temperature exceeds the temperature of beginning of phase transformations, o — [

(~1070 K).

Figure 4 shows the calculated stress versus strain curves of Ti-13Nb-13 Zr alloy at the tensile
strain rate of 107 s™. Results of simulation agree with experimental data within temperature
range from 298 K to 873 K. In this temperature range, the Ti-13Nb-13Zr alloy remains two-
phase. In this temperature range, the Ti-13Nb-13Zr alloy remains two-phase. In this case, the
numerical values of the material parameters in the constitutive equation (2) are not changed
significantly and these parameters can be considered as constants.
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Fig. 4 - Calculated stress versus strain of Ti-

13Nb-13Zr alloy at the tensile strain rate of 10-
2 s-1. Symbols are experimental data (Bobbili,

2017)
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Fig. 5 - Normalized yield strength versus logarithm of
normalized strain rate under tension for the samples of
the Zr-1 % Nb alloy. Experimental data from Xiao,

2010, Kazakov, 2015 and Sarkar, 2017)
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Figure 5 displays results of simulation of the yield strength versus logarithm of normalized
strain rate under tension of the Zr-Nb. The average grain size was 15 pm. Solid curves
calculated in the temperature range from 295 K to 1273 K and range of strain rates range from
107 s to 10* s, The dashed curve calculated at the room temperature, and range of strain
rates from 10~ to 10° s\, Experimental data (Xiao, 2010; Kazakov, 2015; Sarkar, 2017) are
shown by filled symbols.

Thus, it was shown that the dependence of the yield strength of the Zr-1Nb alloy on the
logarithm of normalized strain rate is close to linear in the temperature range from 297 K to
1273 K and strain rates from 10 to 10° s”'. Both constitutive equations (1)-(3) allow
obtaining satisfactory predictions of the yield stress under tension in the range of strain rates
from 10 to ~10° s and temperature from 297 K to temperature of phase transition Taup.

It was found, that it is necessary to change the numerical value of the coefficient ¢ in
constitutive equations (1) to obtain a satisfactory agreement of calculated yield strength with
experimental data (Kazakov, 2015). Calculated stress - strain curves of Zr-1%Nb under
tension and compression and calculated stress versus equivalent plastic strain of ultra-fine
grained (UFG) and coarse grained (CG) Zr-1%Nb is shown in Figure 6.
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Fig. 6 - Calculated stress versus equivalent plastic strain of UFG and CG Zr-1%Nb

Solid curve corresponds to experimental data (Kazakov, 2015). Dashed curves were
calculated by constitutive equation (2). The calculated stress-strain curves were obtained for
UFG alloys taking into account changes of coefficient &, in comparison with the value for GC
alloys.

SUMMARY AND CONCLUSIONS

Mechanical behavior of Zr-1%Nb and Ti-13Nb-13Zr alloys was studied by numerical
simulation method in practically important temperature range from 297 K to 1050 K.

Modified Johnson-Cook and Zerilli-Armstrong constitutive equations were used for
numerical simulation mechanical behavior of Zr-Nb and Ti-Nb alloys with HCP and BCC
phases.
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It is shown that in order to obtain an adequate prediction of the flow stress of alloys
experiencing eutectoid phase transformations, it is necessary to use different material
parameters of Johnson-Cook model, within temperature range of the existence of alpha or
beta phases.

At temperatures above the beta-phase transition temperature of Ti-Nb and Zr-Nb alloys it is
advisable to use the constitutive equation Zerilli-Armstrong for BCC crystal structure

It was shown that the dependence of the normalized yield strength of Zr-1%Nb from
normalized temperature can be approximated by a bilinear relation. The change in slope is due
to phase transition o — B (T~ 1070 K) in Zr-Nb alloys.

The effects of strain hardening and thermal softening were considered in the computational
model.

Results of numerical simulation of quasi static loading of Zr-1%Nb and Ti-13Nb-13Zr alloys
have a good agreement with experimental data.

The calculated stress-strain curves were obtained for UFG alloys taking into account changes
in coefficient of the Hall-Petch relation in comparison with the value for GC alloys.
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