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Abstract—A serics of experiments on TB451-63 axle steel were conducted for the investigation of
(1) the basic material plastic low properties under plastic nonproportional cyclic loading, and (2)
the influence of the deformation path, history and direction on the material hardening behavior
and plastic flow properties. Comparative studies of the present experimental results with the
theoretical predictions of the endochronic constitutive theory reveal the inadequacy of uniaxial test
data in descnibing the basic properties of materials under nonproportional cyclic loading. Thus, to
achieve adequacy and applicability for the description of nonproportional cyclic constitutive
behavior of materials, modilications to the endochronic constitutive theory are absolutely necessary.

INTRODUCTION

One significant problem for rescarchers in scientific investigations and cngineering appli-
cations, duc to the rapid development of modern industry, stems from the increasingly
severe loading and environmental conditions to which many structures such as aircraft,
turbine and rocket engines, nuclear reactor components and so forth are subjected. There-
fore there is an urgent need for a constitutive theory of materials, which aims to provide
adequate, applicable and accurate deseriptions of constitutive behavior, damage evolution,
and fatigue and failure behavior of materials under the aforementioned conditions. In the
past two decades, both the theoretical and experimental aspects of the uniaxial constitutive
behavior of materials have been systematically investigated by various rescarchers. Unfor-
tunately, nearly all the material constitutive models formulated thus far appear incapable
of describing the nonproportional cyclic deformation behavior of materials, although they
proved successful in cases when uniaxial tensile cyclic and creep behavior were dealt with.
This is attributable to the fuct that uniaxial experiments are by no means able to reveal the
basic deformation behavior characteristics of materials when subjected to nonproportional
cyclic loading environments. Indeed, we are strikingly ignorant of the constitutive behavior
of materials under such complex loading conditions (Lamba and Sidebottom, 1978a.b). It
is clearly important to conduct systematic experimental investigations exploring the basic
properties ol materials under nonproportional cyclic loading, as a pre-requisite to formu-
lating a material constitutive model for nonproportioni! cycles. However, much remaiins
to be done before such an adequate and applicable model can be engendered (Kremple and
Lu, 1984 ; Tanaka et al., 1985; McDowell, 1985 Benallal and Marquis, 1987).

An insight into the plastic flow properties of materials in nonproportional cycles plays
the most important role in the formulation of an accurate constitutive model of matenals
as long as it is the de fucto starting point ; which is the conceptual basis for the formulative
methodology of Ohashi er «l. (1985) in their investigation of the plastic flow propertics of
316 stainless steel under a square strain path. Owing to the fact that the nonproportional
cyclic constitutive behavior of matcrials is strongly dependent on the strain path, a dilemma
yet to be overcome is- that caused by the lack of systematic knowledge of the basic material
properties concerning plastic flow under nonproportional cyclic loading, such as the effects
of the shape of the deformation path. the loading dircction and the deformation history.

In recent years, the endochronic constitutive theory proposed by Valanis (1980) hus
received widespread attention due to its attractive capability of accurately describing the
constitutive bchavior of materials under certain types of loading conditions. The theory is
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primarily formulated on the basis of the hypothesis that the current stress state of materials
can be represented in terms of a functional concerning the entire deformation history
defined by the “intrinsic time scale™, implying material memory. In a theoretical analysis
concerning the plastic flow properties of materials predicted by endochronic constitutive
theory and conventional plasticity theory, Murakami and Read (1987) indicated the sub-
stantial difference of that theory from its counterparts.

Based on a series of experiments at room temperature, the present work is mainly
focused on the investigation of the huardening behavior and some of the basic plastic flow
properties of TB431-63 axle steel under nonproportional cyclic loading. Specifically. for
these properties, the influence of struin paths. loading direction and previous history is dealt
with in parallel with Lensky's hypothesis of local determinability. It should be noted that
the hardening behavior and plastic flow properties of materials ure strongly dependent on
both the shape of the strain path and the deformation history. Comparison between
predictions from the endochronic constitutive theory and experimental results further
confirms the necessity to have this theory modified by describing the nonproportional cyclic
constitutive behavior of materials.

EXPERIMENTAL PROCEDURE

The specimen material is TB451-63 axle steel whose chemical composition is: C: 0.37,
Mn: 048, Sic <015, P <0.045, S <005, Cr: <03, Cu: <0.3, Ni: <0.2, in weight
pereentage. The geometry of the specimen is given in Fig. L Experiments were conducted
on a computer-controlled testing system comprising @ DEC PDP 11/23 processor. a MTS
809 servo-controlled clectro-hydraulic testing machine and a data acquisition system. Strain
components in the specimen were evaluated using the measurements from a set of three
strain gauges bonded on the outer surface of the spectmen, To minimize the viscosity effects,

the experiments were run at a low strain rate of 7x 10 *s ' and at room temperature.

EXNPERIMENTAL RESULTS AND DISCUSSIONS
1. Stress and strain deviatoric rector spuce
The definition of the axial torsional subspace follows as a subspace of Hyushin’s five-
dimensional deviatoric vector space, Define the stress vector as

g = a,n,+a.n, hH

where 0, = a.. =0, a, = 3r.and ¢ and r are components of the axial stress and shear
stress, respectively. ag and ny are orthonormal base vectors in the stress space.
The strain vector is defined as

L=, +ein,y (2)
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Fig. 1. Shape and geometrical sizes of specimen,
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Fig. 2. Rectangular strain path.
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where &, = 6., = &. &, = 7//3. and ¢ and ; are components of axial strain and engineering
shear strain. respectively.
The von Mises equivalent stress may be expressed as

0. =lol = o) +(a)")' . 3)

The equivalent strain is expressed as
fo=le) = {5+ @) 4
the strain rate vector is defined as:
E=£n, 46,0, (3)

and the length of strain path is defined as:
¢
S = J\ |defde] dr. (6)
(1]

2. Deformation path and loading path

Out-of-phase experiments on rectangular strain paths were conducted for two pur-
poses: (1) to study the plastic low propertics of the material after imposing a 907 abrupt
change of deformation direction on the rectangular strain path (Fig. 2), (2) to investigate
the effects of the previous deformation history. Note that in these experiments, the strain
ranges are Aey /2 = 0.15%., Ae /2 = 0.3% and Az /2 = 0.3%, Aey/2 = 0.6%, respectively.

To exclude the influence of the previous deformation history, so that one can con-
centrate on investigating the effects of deformation direction, experiments on rhombic strain
trajectories (Fig. 3) were performed with strain ranges Az /2 = 0.21%, Acy/2 = 0.42% and

&

8

Fig. 3. Rhombic strain path.
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Fig. 4. Stress path.

Ay 2= 042%, As; 2 = 0.84%. respectively, Note that in these experiments, the change
of detormation direction can be either greater or less than 90 .

Experiments on the stress path (Fig. 4) are also conducted on a stress control basis,
to study the plastic flow propertics of the material for cases when an abrupt change
of dircction of loading path occurs. The amplitudes of the path involved therein are
A2 = Aa .2 = 300 MPa.

Finally. in investigating the plastic low properties of the material for a smooth defor-
mation path, out-of-phase experiments on circular and clliptical strain paths were also
conducted.

3. Results and discussions

It can be seen from Fig. S that TB451-63 axle steel is a cyclic stabilized material when
subjected to stramm-controlled torsional eycles. Also, tor a lixed strain range, no cyclic
hardening appears. Figure 6 shows rectangular and rhombic strain paths, as shown in Figs
2 3. It is observed that the stress amplitude increases with increasing cyclic number, N.
Hardening doces take place in the nonproportional cyclic detformation of a material even
though it s cychically stabilized in o uniaxial cyclic deformation. This conclusion is com-
patible with that of Ohashi ¢f aof. (1983). Comparing Fig. 6a with Fig. 6b naturally comes
down to the point that material hardening behavior is immensely dependent upon the shape
of the deformation path.

The different stress responses shown in Fig. 6a are also indicated in the vicinity of
corner points A and B for a rectangular strain path, although both are on the verge of a
sudden change of direction to a 90 veering, As can be seen from Fig. 6a, for the corner
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Fig. 5. Stress strain refations of material under pure cyclic torsion.
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Fig. 6. Variations of stress amplitude with fength of strain paths,

point that is approached by the long smooth path, stress reluxation huppens immediately
after the veering. However, for the corner point with the short approach, 90 veering always
tmplies a post-veering unstable stress response. Since the strain amplitudes at these corner
points are of the sume value, itis apparent that not only does the material response depend
on the current strain amplitude, but it also depends on the detormation history prior to the
path veering, in which case there is an abrupt change of direction on the deformation path
ol'90 .

Considering rhombic strain paths with sides of equal length, Fig. 6b demonstrates the
significant dependence of the material responses on the veering angle of the path. Also. less
significant stress reluxation is indicated in situations with acute veering angles, and vice
versa for obtuse cases.

With regard to the plastic flow behavior of materials under complex loading, Lensky's
hypothesis of material local determinability claims that variations of the delay angle 0
extended by the strain rate and stress vectors entirely depend on the current value of delay
angle 0 and the arc length S of the deformation path. In Ohashi er af. (1985). when
the adequacy and applicability of Lensky's hypothesis were assessed via an out-of-phase
experiment using 316 stainless steel with a square strain path. they pointed out the invalidity
of the hypothesis under the strain path just mentioned. Figure 7 shows the behavior of the
delay angle  for strain paths specified in Figs 2 and 3 with strain ranges Ae,/2 = 0.3%.
Acy/2 = 0.6%. and A¢/2 = 0.42%. Ac;; 2 = 0.84%. respectively. According to Fig. 7a, the
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Fig. 7. Relations between delay angle ¢ and length of strain paths.

delay angle ¢ is exclusively dependent on the arc length of the post-veering portion of the
strain path, while the pre-veering portion is totally uninvolved. Figure 8a shows the variation
of delay angle 0 with the arc length of the strain path measured from corner points A and
B. [t happens that they are almost located on an identical curve, Hencee, Lensky’s hypothesis
of local determinability is approximately valid for rectangular strain paths, However, for
rhombic strain paths, as shown in Fig. 7b, significant difference are indicated for 6 -AS
relations based on acute and obtuse veering angles, where AS is the arce length of the post-
veering strain path. Specifically, steep variations of 0 versus AS do occur for cases of obtuse
veering angles. In fact, different values of 0 can be extrapolated for different veering angle
cascs from the sume AS (Fig. 8b). implying the invalidity of Lensky’s hypothesis.

Figure 9 shows the variation of delay angle 6 with smooth deformation histories under
circular and clliptical strain paths. It turns out that € is almost constant along circular
paths, while for elliptical paths. the flatter the ellipse. the sharper the variation of 0.
Apparently, Lensky's hypothesis does not hold even on smooth strain paths. Finally, Fig.
10 demonstrates the gradually varying Os from obtuse to acute angles after the loading path
abruptly changes its direction. The above-mentioned observations naturally lead to the
conclusion that Lensky's hypothesis, in general, is not valid.



Plastic low under nonproportional cyclic loading 409

[ a D E 0
!.. dg A [od
100 g' 8 ¢ c? B
: [N 78,30 86,58 ¢ 28,00 &C.0A
@ %- . o N=I| & e o Nz
# A a N:=2 E a 4 & N:2
:. . o N:=4 ’ 8 o N:=4
50 - - 6 %
&) 4 of
A " e
i I v, TP
i
AA .’ "m
0 < —
AS 4S(%)
(a) (b)

Fig. 8. Relations between delay angle € and length of strain path after veering.

PREDICTIONS BY ENDOCHRONIC CONSTITUTIVE THEORY

In recent years, endochronic constitutive theory has received wide-spread attention.
Formulated on the basis of the irreversible thermodynamics of internal variables, the theory
does not have to rely upon the yield surtuace concept, and the material memory is defined
in terms of an intrinsic time scale, a material property at hand. Murakami and Read (1987)
investigated on the plastic flow properties conceived in this constitutive model. As indicated
in their numerical analysis, the plastic flow rule incorporated in this model is substantially
different from that ol conventional plasticity theory. It scems that the endochronic consti-
tutive theory s favorably advantageous in providing a straightforward description of
material multiaxial constitutive behavior since the model pirameters involved are available
via untaxial experiments (Valanis, 1983).

In deviatoric vector space, the basic equation of endochronic theory is

o =J p(z==")(de"d>") d2’ 7
0
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Fig. 9. Variations of delay angle ¢ with length of circular and elliptical strain paths.
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Fig. 10. Variations of strain vector along stress path.

dz = d/f () )
dé = {(def) +(det)™) e, )

deff and dey being components of plastic strain increments. As long as TB451-63 uxle steel
is a cychic stabilized material with a fixed range of strain (Fig. 3). one may assume that

/@) =1 (10)

In the case where the strain history s prescribed. according to Murakami and Read
{1987}, one has

HO R+ B+ R+ EY =11 dZ +2[de QL ENR+ E) + 3 dis0,GHR+3G)1| dZ
+[de, EH(R+EY + 3 deGHR+3IGH) =0 (1)

where
de = Rde? - QdZ (12)
1 »_2
Q=0mn +0n, = Z 20, n+0,:n,) = Z 2.Q. (3
S 2
era'idZ+1rQr = R, df:{!/dz (14)
3
R= Z R, (15
v=1
det = de, —da /E (16)
deff = da; —da,/(3G) in

G and E being the material shear modulus and Young's modulus, respectively. The modcl
parameters 2, and R, are available from material torsional cyclic experiments as
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(2. 2. 2,) = (1.54, 0.28, 0.046) x 10*
(R.. R.. R;) = (13.65. 3.57. 0.395) x 10° GPa
E =200 GPa, G =80 GPa.

In Figs 6--7. solid curves represent the theoretical predictions of endochronic consti-
tutive theory. As demonstrated in Fig. 6a. for rectangular strain paths (Fig. 2) the endo-
chronic constitutive theory is inadequate to provide a satisfactory description of material
hardening behavior, except for the material responses in the vicinity of the corner points
of the path. Noting that in the vicinity of the corner points material exhibits elastic
unloading. it is apparent that the coincidence between the theoretical prediction and exper-
imental results makes no sease in such a vicinity. In Fig. 6b, the endochronic constitutive
theory is not favored for acute veering. albeit for obtuse cases. This is attributable to the
fact that a sufficiently extended portion of the post-veering strain path is characterized by
the material responses featuring the elastic range for obtuse cases.

Figure 7b supports the adequacy of the endochronic constitutive theory for describing
the plastic flow properties of the material in rectangular strain path situations. For the
delay angle 0. predictions of the endochronic theory in Fig. 7b contradict those in Fig. 6b.
Itis apparent from the observations in Fig, 7 that the plastic flow rule incorporated in the
endochronic theory is consistent with experimental results only in cases where the material
has expericnced a sufliciently extended process of plastic deformation.

The predictions of the endochronic theory shown in Figs 6 and 7 prove that this theory
cannot accurately describe the hardening behavior and plastic flow properties of the material
under nonproportional cyclic loading. This is attributable to the fact that the intrinsic time
scule defined in current endochronic constitutive theory is inadequate. It cannot reflect the
etfects of hardening mechanisms and plastic flow properties of materials under non-
proportional cyclic loading. By properly defining the intrinsic time scale of the endochronic
constitutive theory, we can improve its predictions for the constitutive behavior of materials
under nonproportional eyclic loading (Ning, 1989).

CONCLUDING REMARKS

The experimental investigation of the nonproportional cyclic plasticity of TB451-63
axle steel has resulted in several new observations of material behavior. Certain definite
remarks can be made on the basis of this investigation, although the experimental study in
this arca is by no means complete.

(1) The existence of substantial differences in the plastic flow properties of TB451-63
axle steel under nonproportional cyclic loading from those of the same material under
uniaxial and muluaxial proportional cyclic loading is confirmed, the nonproportional cases
being closely related to the shape of the deformation path.

(2) The plastic flow propertics are significantly influenced by abrupt changes in the
dircction of deformation path. It is therefore necessary to have this important factor
included in the constitutive model for the description of the constitutive behavior of
materials under nonproportional cyclic loading situations.

(3) In nonproportional cyclic deformation situations, materials feature remarkable
hardening behavior. Uniaxial experimental data are incapable of elucidating the basic
propertics of materials under nonproportional cyclic loading.

(4) Lensky's hypothesis of local determinability is valid only for some specific defor-
mation paths, but generally this hypothesis does not hold. Not only do the plastic flow
properties depend on the current state of the material, but they also depend on its defor-
mation history.

(5) Endochronic constitutive theory is incapable of accurately describing the consti-
tutive behavior of materials under nonproportional cyclic foading, although it does provide
good predictions tor the plastic behavior corresponding to some specific deformation paths.
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It is therefore. in general. necessary to have the endochronic constitutive theory modified
to describe the constitutive behavior of materials under nonproportional cyclic loading.
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