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ABSTRACT This paper is an extended summary, revisiting several studies on the macroscopic
behaviour of single crystal superalloys under torsion or tension-torsion loadings. We would
like to emphasize that the relative orientation of the loading and of the crystallographic axes
changes along the circumference, so that strain and stress are heterogeneous in the specimen.
Typical results are then collected, both from the theory (including FE computations), and from
tests performed at room temperature, using microstrain gauges for tocal strain measurement.

1 Introduction

Tension-torsion tests were extensively used in the last ten years to produce
multiaxial data. This was also made for single crystals (1, 2). Two types of
approaches were used to model these tests, the first one intreducing a
macroscopic criterion for cubic crystals, id est a specific version of the Hill
criterion with only one adjustable coefficient (3-5), the second one using the
Schmid law and crystallographic plasticity (6-9). The second type of approach,
which is physically supported, shows that, due to the relative orientation of the
shear load and of the crystallographic axes, the strain and stress should be
heterogeneous along the circumference. This fact is ignored by the macroscopic
quadratic criteria, which predict that the strain and stress fields are uniform if
the <001) axis is parallel to the axis of the tube: additional invariants have
then to be considered in this kind of model (10). Surprisingly, this was also
forgotten by most of the authors in the analysis of their experimental results.
The cause defended in this paper is that torsion tests on single crystals can only
be analysed by means of FE computations (11, 12). It is then pointed out that
the global response in terms of couple and angle may be successfully represented
with a wrong model, and that only the comparison of the local shear is significant.
For the case of pure torsion, this comparison should be made in the soft zones
in the ¢110) regions, where the shear load direction exacily follows the slip
direction,
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Fig I Relative orientation of shear and of the crystallographic axes in a thin tube subjected to a
torsion loading.

2 Theoretical Results

2.1 Basic results deduced from Schmid law

Cube slip operates on the directions (011 in {001} planes, and octahedral slip
on <011} in {111} planes. In both cases, as shown in Fig. I, the shear loading
T generates a lower resolved stress in the region corresponding to the
crystallographic axes (001> and <010), for a <001} oriented tube, compared
with the {110} zone, for which 7 is colinear to the slip direction. As a matter
of fact, the Schmid factor in shear is equal to 1 for one of the cube systems and

1/\/5 for two octahedral systems for that location. The two types of systems
may be active or not, depending on the respective values of the critical shear
stress on each system family. The situation becomes more complex in the case
of tension-torsion loading. The slip activity has to be checked on the yield
surface, which has a different shape in {100} and in {110} zone. This is illustrated
in Fig. 2(c), showing that, according to the value of /o ratio, cube or octahedral
slip may be predominant. The discussion on this last point will be made below,
and supported by FE computations. These computations are made with the
crystallographic model presented in the next section.

2.2 Expression of the model

It is a crystallographic model derived from Schmid law, assuming that
crystallographic slip is the only micromechanical mechanism producing a
significant macroscopic strain. It is adapted to the specific case of nickel-base
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Fig 2 Location of the plastic zones at the onset of plastic flow for two shear/tension ratios: (a)
tie = 17321 (W) t/o = 1; (¢) vield surface in {110 and {100} regious.
— Schimid criterion in {1107 - - Schmid eriterion in {100) (v, = 375 MPaj 1. .. = 490 MPa)

single crystals, for which two slip system families are active, cube and octahedral
slip. The equations for the inelastic part of the crystallographic model are given
as equations (1-4). The critical variable producing plastic strain is the resolved
shear stress, computed from the orientation tensor m equation (1). Twe
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hardening variables are introduced for each system, kinematic (x*) and isotropic
(). As shown in equation (2), this second variable accounts for coupling between
the various systems, by means of an interaction matrix (h). Both of them are
used in the definition of a linear threshold function, which corresponds to a
generalization of the Schimid law.

T = g, with mj; = % (15 + n3l) (1)
= d and r* =1y +q, Y hy(l — et (2)
j
i£550 (With f* = | — x5 — %) 5 = <£> 3)
1
P*=0* sign(t® — x%); ot =7 —d, a0 & =) 7mj; 4)

5

Ifthe applied resolved stress is located outside the elastic domain, the approach
assumes that a viscoplastic slip will appear on the system, classically computed
from the distance to the threshold by means of a power function, equation (3).
The v* variable is the accumulated slip for the system s and defines the isotropic
hardening. From v*, one can compute the shear strain rate 7* and the kinematic
hardening rate ¢°. The strain rate tensor is then obtained by summing up the
non-zero strain rates, as shown in equation (4). In these constitutive equations,
for each slip system family (I = 1, 2, ..), the coefficients k, and n, account for
viscosity, the coeflicients ¢; and d, the kinematic hardening, then r, q,, b, and
the (h) matrix the isotropic hardening, which is simply diagonal in the present
case(ifi = j, h; = 1). Their values are listed below for the material used (CMSX2),
the indices 1 and 2 standing respectively for octahedral and cube slip. It has to
be noted that, due to the choice of low k; values, the model is practically
rate-insensitive. The elastic part of total strain is classicaily modelled by a
macroscopic relation between stress and strain tensors, through an elastic tensor
for cubic elasticity.

The material coefficients used for the CMSX2 at room temperature (MPa s)
are as follows,

Viscosity: n =12 K, = 46 K, =155

Initial critical shear stress: For =265  ry, = 345

Isotropic hardening: q, = 98 q; =127 b, =13 b, =64

Kinematic hardening: ¢, = 372217 d; =39187 ¢, =343232 d, = 5954

2.2 Finite-element computations under tension—torsion loading

The results obtained for two finite-element computations are reported in Fig.
2. The yield surface is deduced from experimental measurements (14), so that
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Fig3 How to build a good global torque angle curve from a false model.

the apparent critical resolved shear stresses are higher than the initial values
listed above which correspond to a zero offset. At least these computations
illustrate that for torsion predominant loadings (e.g. 60° in the ot plane), the
critical zone corresponds to the (110) regions, the critical systems being cube
systems. When tension becomes predominant, the critical zone is along (1005,
and the critical slip is octahedral slip. Complex stress redistributions are
associated with this heterogeneity, so that the experimental determination of
the yield surface has to be made carefully: in {110} regions, the onset of plastic
flow for paths involving a predominant tension loading may be infiuenced by
the plastic flow in the {100} direction, which starts first, the inverse effect being
true for predominant torsion loadings in {100} regions,

Figure 2 illustrated the idea that the global response is the result of complex
local phenomena. It follows that this information may be too poor. This is
shown in Fig. 3, which illustrates the fact that the angle-torque response of a
tubular specimen will be correctly represented with any kind of model (even a
bad one), provided it captures the ultimate stress of the loading curve. As the
tests arc usually performed under angle control, the boundaries A of the cycle
are correct. If the elastic properties are well characterized and the rigidity of
the grip system well known (or if there is a local measurement of the angle on
the cylindrical part of the specimen), the slope B will be correct too. The only
value depending on (visco)plastic behaviour is the torque value during the plastic
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Fig 4 Evolution of the torque vs local shear strain in <100} and {110} regions (results from strain
gauge measurement).

regime. It is usually observed under one-dimensional loading that the behaviour
is strongly nonlinear, and that the stress-strain loop quickly reaches an
asymptotic value in terms of stress during plastic flow. That means that the
prediction of C-level in Fig. 3 will be correct provided that this asymptotic
value is correctly reproduced in the model.

In particular, the global response predicted by a model with a quadratic
criterion will be in good agreement with the experimental torque-angle curve.
This cannot demonstrate that the model is good. The most serious error made
in the literature is then to find a good agreement between such a (wrong) model
and a (wrong) local experimental response, deduced from the global one,
assuming that stress and strain are uniform along the circumference.

3 Local Strain Evolution in a Pure Torsion T est
3.1 Experiment

Pure torsion tests are performed at room temperature on CMSX2 alloy. The
specimen used is a thin-walled tube grown along <001 crystallographic
orientation. Inside and outside diameters are 14 and 16 mm respectively, and
the length of the cyclindrical part is 24 mm. Two strain gauge microrosettes
are attached in the (100} and <010 secondary orientations, which were initially
localized by Laue X-ray back reflection method (13, 14). The analysis of the
slip traces revealed that cube slip is predominant, even at room temperature,
and that slip is more intense in the {1103 zones.
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Fig 5 Simulation of the local responses with a Hill-type niodel and with the crystalline model,

The curves reported in Fig. 4 allow to quantify the heterogeneity. Four loops
are shown: as no local stress measurement is available, the global torque is
plotted on the vertical axis, The material exhibits cyclic hardening, so that the
width of the loop decreases between the first ¢ycle and cycle number 5, which
more or less corresponds to the mechanical steady-state. For the (100} zone,
the amount of plasticity is very low al the first cycle, and the stabilized cycle
is elastic. For the {110} zone, the plasticity is about twenty times higher than
for ¢100) at the first cycle, and remains very large after 5 cycles.

3.2 Numerical simulation

A finite-clement computation is needed to determine the simulated response in
terms of torque and local strain. It is performed with the single crystal model
implemented in the Zebulon code (11). A comprehensive study of the results is
given in (14). Figure 5 illustrates the key result. The diagram shown is restricted
to the first torsion loading, for the sake of clarity. The local simulated response
is obtained from the node located on the outside diameter, at 45° between
100> and {0103, It is in good agreement with the experiment, On the other
hand, the same figure shows the local curve obtained with a Hill type model,
identified to give the same results as the crystallographic model in tension along
{1005 and <1115 regions (13). It is not surprising to observe that the predicted
response with this model underestimates the experimental strain.
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4  Conclusion

A thin-tube specimen made of single crystal cannot be considered as a volume
element, but as a structure. As the stress redistributions are complex, it may be
dangerous also to use simplified methods, with uniform stress and strain
assumptions, and full FE computations must be performed for the analysis of
the tests. It is also worth noting that considering a uniform strain distribution
leads to underestimating the experimentally observed local strains.
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