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INTRODUCTION

The form and framework of constitutive relationships for structural metals are

closely tied to the concepts of a potential function and normality. For example, in

elasticity the complementary energy function (or thermodynamicallly, the related Gibbs

free energy) has the properties of a potential and the strain vector can be inter-

preted geometrically as lying normal to surfaces of constant complementary energy

density. The existence of the complementary energy function (or its dual, the strain

energy density function) is not just a theoretical contrivance but relates directly

to the path independence and reversibility that is the essence of elasticity. In

plasticity, the yield function plays the role of a potential and the inelastic strain

increment (or rate) vector is directed normal to the yield surface. Analogously,

this implies a form of path independence in plasticity, not in the complete sense as

in elasticity, but in an incremental sense. In either case, it is the potential/

normality structure that provides a consistent framework of a multiaxial theory. The

validity of this structure has been experimentally ascertained (refs. 1-6) for a wide

class of structural alloys under conditions where their mechanical behavior can be

idealized as being largely time-independent, e.g., under relatively low strain rates

and at low homologous temperatures.

At high homologous temperature structural metals exhibit inherently time-dependent

behavior. Moreover, most important structural applications involve not only high

temperature but severe temperature transients and gradients as well. Thus, time (or

rate) and temperature are key variables and the development of constitutive equations

unavoidably must be guided by and consistent with a general thermodynamic framework.

The thermodynamics of inelastic solids in terms of internal state variables has

been discussed by several authors. In some studies (e.g., ref. 7) the internal vari-

ables are taken to be phenomenological parameters whose physical origin and associated

evolutionary laws are not readily identified. Other studies (refs. 8-12) have attemp-

ted to identify internal variables with specific local microstructural rearrangements,

e.g., local slip rearrangements on crystallographic planes resulting from dislocation

motion and interaction. In these studies the emphasis is on rigorous local represen-

tation of rate or growth laws supplemented with an averaging procedure to obtain a

macroscopic constitutive law. Consistent with either of these points of view is the

assumption and adoption of a flow potential function

Q = R (oij, T, a B) (i)

that controls the internal dissipation. Here we consider only small quasistatic
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deformations and take n as depending on stress °ij, temperature T and
internal variables denoted by eB (B = 1,2 .... n). Practical theories to date

have incorporated, at most, two state variables, i.e., a tensorial state variable

(internal or back stress) and a scalar variable (drag or threshold stress).

The existence of a (convex) flow potential function together with the generalized

normality structure:

aQ

_ij = aa.. (2)
z3

an

-_B/h = aaB (3)

where h is a scalar function of the internal state variables and _ij the
inelastic strain rate, assures a positive entropy production rate as demanded by the

second law of thermodynamics. Further, as discussed in references 13 and 14, this

potential/normallty structure also assures reasonable continuum properties in struc-

tural problems, e.g., uniqueness and important convergence properties. So again, as

in the case of the classical theories discussed above, the potential/normality struc-

ture is precisely that which provides the framework of a consistent multiaxial theory.

Knowledge of the form of n and the demonstrated validity of the normality concept

allows the forms of the flow law (eq. (2)) and the evolutionary law (eq. (3)) to be

specified; this is possible only through appropriate multiaxial testing. This

(exploratory) testing should be aimed at revealing the general features of behavior

for classes of alloys and not take the form of detailed (characterization) tests

furnishing a data base for a specific material in a specific condition. Exploratory

experiments, in this sense, provide guidance to the development of a consistent theo-
retical framework.

Thus it is seen that n plays an analogous role to the yield surface in class-

ical plasticity. Examples of postulated forms of n are given in references 9,

12, and 15-17. Experimental evidence for the existence of a flow potential function

has been found in preliminary studies reported in references 18 and 19 and recently

and more comprehensively in reference 20.

As discussed in references 21 and 22, flow potential surfaces ace, under con-

ditions of interest, identifiable with surfaces of constant inelastic strain rate

(SCISR's). It is the direct experimental measurement of SCISR's, together with an

assessment of the concept of normality, that is the subject of the research presented

here. The approach is to conduct experiments under biaxial (tension-torsion) states

of stress by making use of an extension (refs. 21, 23) of the probing technique used

extensively in yield surface probing experiments conducted in support of the classical

theory of plasticity (refs. 1-6).

In the following sections we first present the details of the experimental pro-

cedure followed in a preliminary set of experiments conducted on the representative

alloy type 316 stainless steel. Although primary interest is in the determination of

initial and subsequent SCISR's at high homologous temperatures (e.g., -0.5), the

preliminary tests were conducted at a lower temperatures (-0.2) largely because of
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experimental convenience. Nevertheless, significant time-dependent response at the

lower temperature allowed SCISR measurements to be carried out and an evaluation of

the experimental technique made.

Results of the preliminary tests are presented showing three of a family of

initial SCISR's, including strain rate vectors for assessing the condition of normal-

ity. Conclusions are drawn concerning the feasibility of the experimental technique,

the nature of the measured SCISR's and an assessment of the normality condition.

Finally, a discussion is given concerning future research.

EXPERIMENTAL DETAILS

As noted above, the test equipment and procedures used to determine SCISR's are

similar to those used in yield surface investigations. The experiments are conducted

under computer control on MTS electrohydraulic test systems. The type of specimen

used is the thin-walled tube and the type of loading is tension-torsion. This

approach produces stress states which are homogeneous and directly calculable from

the known external loading. Prior to installation in the test system, specimens are

instrumented with four rectangular strain gage rosettes. These strain gages are used

to calibrate the high precision, multiaxial extensometer used in the SCISR experi-

ments. This is accomplished by cycling the specimen within its elastic range and

adjusting the outputs of the extensometer until they are identical to those of the

strain gages. Further, these experiments provide values of elastic modulus (E) and

shear modulus (G) which subsequently are used for control purposes. The test setup

described above is shown in figure I.

Test system control in SCISR experiments is accomplished using four independent

measurements. These are total axial strain (e) and total shear strain (Y), obtained

using the biaxial extensometer, and axial stress (o) and torsional stress (x),

obtained using a tension-torsion load cell. During individual probes, specimens are

loaded radially, T/o = constant, at predeter1_ined stress rates. The corresponding

elastic strain rates, _/E and {/G, are calculated using known values of elastic

moduli. During the loading, total axial strain and total shear strain are monitored by

the computer. The corresponding values of total strain rate, _ and #, are obtained

by making these measurements over predetermined time increments and calculating the

rates. Taking total strain rate to be the sum of the elastic and inelastic compon-

ents, the two inelastic strain rate components are calculated as follows:

p

Y = Y - _/G (5)
P

of inelastic strain rate and Yn is thewhere _p is the axial component

torsional-component. Equivalent inelastic strain rate (I) is calculated using the
Jy

expression

112

I = (_ 2 + 1/3 T 2) (6)
P P
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When I reaches a target value, 100 pc/m in the subject experiments, the probe

is terminated and the specimen unloaded. The same computer program allows probes to

be conducted at 16 preset angles in tension-torsion stress space. The results of

these tests subsequently are used to establish the locus of points corresponding to

the target value of inelastic strain rate in tension-torsion stress space. The

experimental approach outlined above is shown schematically in figure 2.

Regarding the material details, the material tested was type 316 stainless steel,

Republic Steel heat 8092297, supplied in solution annealed condition in the form of

64 mmO.D, bar. After manufacture, the specimen was subjected to the following heat-

treatment: Heat to 1065°C, hold for 30 minutes, cool at 149°C/min to 537°C, and con-

tinue cooling at a convenient rate to room temperature. This heat-treatment was per-

formed in flowing argon to prevent specimen oxidation. An examination of the mate-

rials microstructure after the above heat-treatment showed it to be equiaxed with

grain size in the range 2-4 ASTM units. A series of micro-hardness measurements made

in both longitudinal and transverse senses showed that the material's hardness was

reasonably uniform, the DPH values obtained being in the range 120 to 140.

EXPERIMENTAL RESULTS

Several techniques were used to acquire data in these experiments. One approach

was to monitor the signals from the load cell and the extensometer directly using X-Y

plotters and strip chart recorders. The aim here was to have a visual representation

of the data as the test progressed, data in this form being particularly useful in

identifying problems as they arose. The data acquisition system (DAS) was also used

to check for experimental difflculties. The approach adopted was to calculate the

current value of inelastic strain rate as a percentage of the target value and to

print this percentage at 1 second intervals. Outputs of this form were useful in

identifying "'noise" problems. Also, the final values of the stress and strain were

printed at the end of each probe alone with the axial and torsional components of

inelastic strain rate. The SCISR and strain rate vectors shown in figure 3 were con-

structed using data obtained in this manner.

In addition to controlling the test, the DAS was used to store the measured values

of axial stress, axial strain, torsional stress and torsional strain on magnetic tape

at 1 second intervals. These data subsequently were used for detailed post-test

analysis of the results. As a first step in this analysis, plots of stress versus

time, strain versus time, and stress versus strain were prepared for both the axial

and torsional components of loading. These data were used to evaluate the performance

of the control system and also the performance of the various measurement systems.

Data free from experimental difficulties were reduced further as illustrated in

figures 4 and 5, using results obtained in Probe (14) The curves shown in figure 4

were determined using equations (4) and (5) while the curve shown in figure 5 was

determined using equation (6). As indicated in figure 5, it was possible to use

curves of this type to determine SCISR's ranging from threshold to the target value of

100 pc/in. The family of SCISR's shown in figure 6 were established in this manner

for nine probes judged free from experimental difficulty.

CONCLUSIONS AND DISCUSSION

The following general conclusions have been drawn from the preliminary experi-

mental results:
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e The proposed experimental method for directly determining surfaces at con-
stant inelastic strain rate (SCISR's), at a fixed inelastic state, appears

feasible. This has been demonstrated, at least, in the neighborhood of the

virgin state.

e The members of the family of initial SCISR's shown have the expected general

shape, order, and spacing. Experimental scatter appears minimal and a

reasonably regular, convex figure is defined. The elliptical figures are not

too different from those predicted for a fully isotropic J2-type material.

e Although some departure from strict normality of the strain-rate vectors to

the defined lO0_¢/m surface is indicated, the results strongly support

the general concept of normality, or equivalently, the potential nature of

Tests are continuing to determine flow potential surfaces (SCISR's) at high homologous

temperature (-0.5) on the representative austenitic alloy type 316 stainless steel.

Similar testing is planned on the class of nickel-based alloys using Hastelloy. The

objective is a general understanding of the nature and behavior of SCISR's under

virgin conditions and conditions subsequent to inelastic deformation (i.e., creep,

plasticity, recovery, etc.). Such an understanding is prerequisite to a rational

representation of multiaxial, viscoplastic behavior.

From the experimentalist's viewpoint, most difficulty in conducting these experi-

ments results from the stringent requirements placed on the performance of the strain

measurement system. In multiaxial experiments of this type attempts are made to

investigate inelastic response while maintaining the material in an unchanged state.

This conflicting requirement can be approximated in probing type experiments in which

very small changes in inelastic stain or inelastic strain rate are used as measures

of inelastic response. Clearly, strain measurements systems used for this work must

be capable of detecting these small changes which in practice requires near-micro-

strain resolution. Another key requirement is that the output of the instrumentation

should be linear over the entire measurement range of interest and also when loading

passes through zero. This is because departure from linear behavior is used ineffect

as a measure of inelastic materials response. Nonlinearities resulting from the

strain measurement system itself render such interpretations difficult or impossible

to make. Perhaps the most limiting difficulty of all is that of crosstalk. One

problem peculiar to biaxlal and multiaxial experiments is that interaction or cross-

talk can occur between the various forms of loading and straining. The possibility

exists in tension-torsion experiments, for example, that loading in the axial sense

can produce apparent torsional strains and vice versa. Clearly, crosstalk of this

type precludes any meaningful investigation of normality.

In the present experiments, all of the difficulties described above were encoun-

tered to some degree. To obtain the necessary resolution, electronic gain of about

xl00 was used to set up the extensometer such that ±3000_c _ ±I0 volts. Even

though this value was relatively modest, "noise" problems were encountered with the

amplifiers used for this purpose and the data generated in a number of probes was

questionable as a result. Regarding linearity, post-test analysis of the data showed

that the stress-time histories obtained in certain probes were nonlinear. This indi-

cated that the integrators being used for test system control were drifting and pro-

viding less than adequate performance. Also, some difficulty was experienced with

crosstalk. This was because no attempt was made to computer correct the strain

signals in these preliminary experiments. The net result of these difficulties is

that the directions of the strain rate vectors shown in figure 3 are somewhat open to
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question. Also, the seemingly well behaved data obtained in Probe (14), figures 4

and 5, was duplicated in only eight of the remaining probes. This meant that limited

data were available to construct the family of SCISR's shown in figure 6.

As the success of these experiments was seen to hinge on reliable biaxial strain

measurement, an effort was initiated within the HOST program to resolve the difficul-

ties noted above. In the case of the instrument used in the present experiments, the

inductive transducers used for axial and torsional measurements are being replaced by

capacitive type. The aim here is to eliminate "noise'" problems in tests conducted at

high homologous temperatures. It is also planned to investigate the feasibility of

using a biaxial extensometer produced by MTS for the subject type of testing.

Further, a third type of biaxial extensometer is being developed under contract at

the Oak Ridge National Laboratory for possible use in high precision, probing type

experiments.
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