HARDENING OF AN ELASTOPLASTIC BODY

G. L. Lindin UDC 539.374

The purpose of the experimental investigations whose results are described here is to study
plastic states in which loading occurs in some directions and unloading in others, and also
to verify the applicability of the plastic strain schemes proposed in [1, 2] for these states. The
existence of an angular point on the loading surface is detected. The influence of the loading
path on the development of this point is investigated. A load of biaxial tension type was pro-
duced ina 45KhN steel-pipe specimen subjected to internal pressure and an axial force. The
ratio between the principal stresses hence varied, but the principal directions of the stress
tensor remained fixed in the body of the specimen. '

Hollow cylinders with a 6 =1 mm wall thickness and R =15 mm average radius in the working section
were used as test specimens. The technology for fabricating the specimens which was presented in [3] was
used to assure equal wall thickness. The difference in the wall thickness did not exceed +0.01 mm both along
the length of the working section and along the circumference. The specimens were heat treated at a 720°C
temperature in a 107* mm Hg vacuum with 2.5-h holding and a 5-h stay in the furnace.

The strains were measured by strain gauges with clock-type displays: the longitudinal strains on a 100~
mm base by displays with a 0.01-mm scale division and the transverse, by a micron display. The radial strain
was determined by using the hypothesis about the elastic change in volume, and the radial stress was taken as
zero. To eliminate the influence of creep, the strain measurements were conducted after a 5-min holding at
each step of the loading. The Young's modulus under uniaxial tension is E = 21,600 kg/ mm?, the Poissonratio
is v=0.23, and the flow area was observed during the passage to plastic strain.

Let us examine the stress state of an element with fixed principal directions of the stress tensor gy =
gy =03. The principal tangential stresses 2T =0;~03, 2Ty =040y, 2Ty =0y—03 are connected by the Lode
parameter p,:

Two=Toy — Ty,

The parameter y Ag is introduced for the increments in these tangential siresses
ATue= ATy — AT,
and the parameter ug ¢ for increments in the plastic strain Asg (=1, 2, 3):
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(1)
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It Aeszag zAsg , then it is convenient to calculate u%s by means of the formula

286l — Aefl — Ael

Al — el
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(2)

Following [4], let us introduce the stress intensity o;, the shear strain intensity €;, and the angle of the stress
state wg:

W= 1 3 ctg (w5 — w/3). (3)
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By analogy with (3), the angles wp, and c.;gE are considered for pag, and ugs. The angles w, and wp, have
an explicit meaning on the deviator plane (Fig. 1). The directions of the lines of constant tangential stress on
the deviator plane, which are henceforth designated by the lines T, Tyy, Tyg, (T+ Tyy)/ 2, (T +Tyy)/ 2, can be set
by using the angle wa;. These directions are indicated in Table 1.

Loading trajectories on the deviator plane are presented in Fig. 1: OABCDE for specimen 1 and OBDF
for specimen 2. The values of wp, for the loading sections are indicated in Table 2.

The dependences ejl(oj) for the loading trajectories presented in Fig. 1 are constructed in Fig. 2. These
dependences disclose a qualitative contradiction with the classical deduction of deformation theory in that the
character of the loading path does not influence the dependence gi{g ;). It is seen that the Mises surface is not
a loading surface. Similar conclusions have been made in [5], where loading trajectories with constant stress
intensities oj were studied. - These effects are explained in [1, 2] by the presence of states such that plastic
strain occurs in some directions and unloading in others, i.e., anisotropies of the plastic state,

Let us examine the nature of the plastic strain in more detail by using the parameter “Rs' The de-
pendences of ug ¢ on pg are presented in Figs. 3 and 4 for specimens 1 and 2, respectively, where the circles
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correspond to values of pA ¢ according to (1) and the triangles, according to {2). The degree of specimen isot-
ropy was clarified by determining the values of ug ¢ for specimen 1 and of u% ¢ for specimen 2 on the propor-
tional loading section (these quantities vanish in the case of initial specimen isotropy). It turns out that these
values are within the limits 0-0,1 in the first case and within 0-0.02 in the second, which indicates the presence
of an initial anisotropy of the specimen properties. However, these deviations are small compared to those
disclosed at the breakpoint of the loading trajectory at the points A, B, D and also at the point H in Fig. 3 and
the points B and K in Fig. 4; i.e., the vector of the plastic strain increments abruptly changes its direction de-
pending on the direction of the stress increment vector. In loading surface terminology, this means the exis-
tence of an angular point at which the angle wg ¢ is undefined and depends on the angle wp,. By knowing the
extreme values of wg ¢ and by using the hypothesis about normality of the plastic strain rate vector to the
loading surface, we estimate the nature of the angular point exactly as has been done in [6].

The loading trajectory for specimen 1 is shown on the deviator plane in Fig. 5, where directions perpen-
dicular to the plastic strain increment vector are presented (the circles correspond to the time the flow area
appears). The change in this direction at the point A indicates that the projection of loading surface on the
deviator plane adjoins the point A on the left at the angle w,,=2n/3. Because of symmetry of the loading sur-
face relative to the loading section OA, it follows that it adjoins the point A on the right with the angle wso=
—2n/3. Therefore, the projection of the loading surface on the deviator plane contains an angular point formed
by the lines T and Ty at the point A (see Table 1).

It is analogously clarified that this projection of the loading surface adjoins the point B on the left at the
angle wyo==5a/6, i.e., the line (T+Tyy)/2 is formed, and the point C at the angle wp, =7, i.e., the line Ty, is
formed. It is seen from the analysis performed for the loading surface that the nature of the angular point de-
pends essentially on the kind of stress state p-.

A mechanical scheme for inelastic deformation of a body is proposed in [1, 2], in which the plastic strain
is represented as a sequence of shears over the areas of operation of the principal tangential stresses T, Ty,
Ty3, called the slip areas T, Tyy, Ty3. By using this scheme, the results in Fig. 3 and Table 3, where the cor-
respondence between the slip areas and the values of ;ug ¢ in the form of (1) and (2) is presented, can permit
recognition of along which areas shears are realized. Thus, for instance, shears over the slip areas T (the
loading surface is formed by the line T) are realized on the loading section AG (see Fig. 3). In this case it is
convenient to represent the arbitrary additional loading as [1]

Ao, 0 O 10 0 100 000
0 As, 0 |=Ac,[0 1 0)+AT(O 00 )+Aog 01 o), (4)
0 0 Ag, 001 00 —1, 000

N /.

where 2Ag, =Ao;+AgyandAc,' =Ag,~Aoy,. Onlythe secondtensoronthe right sidein(4) is related to the plastic
strain.

Shear occursonthe slip areas Ty, (the loading surface is formed by the lines Ty,) on the loading section
CD. In this case it is convenient to carry out the expansion (4) by means of AT,



It can analogously be concluded that shears over the slip areas T'j;=(T+ Ty,)/2 are realized on the load-
ing section BH, and over the slip areas Ty and T'y; simultaneously on the HC and DE sections. Unloading with
hardening hence sets in along the slip areas T; i.e., these areas do not contribute to the plastic strain. There-

fore, plastic shears are realized along some slip areas on the loading sections considered and unloading with
hardening along others. The stress intensity o; hence diminishes.

Shown in Fig. 6 is the nature of the plastic strain in terms of the loading surface for specimen 2 (the
circle corresponds to the time the flow area appears). The deformation scheme [1, 2], the results in Fig. 4,
and considerations about the symmetry of the loading surface relative to the loading section OB were hence
used. For example, the point B is an angular point of the loading surface formed by the lines T'j,=(T+ Ty,)/2,
T'y3=(T+Tyg) /2. The loading surface is formed by the lines T';; on the segment BK (unloading with hardening
occurs along the slip areas T, T'g). Then the loading K again becomes an angular point of the loading surface
(shear along the slip areas Ty, is realized) formed by the lines T'; and T;,, while the loading surface is formed
by the lines Ty, and T at the point L (shear along the slip areas T is realized).

Therefore, the development of the angular point detected on the loading surface is described completely
satisfactorily by the mechanical scheme [1, 2], supplemented by the slip areas T'y;, T'3. This permits making
the following deductions: 1) the loading point is an angular point on the loading surface; 2) hardening is not
isotropic but depends essentially on the kind of stress state py; 3) this hardening is described completely sat-
isfactorily by the mechanical plastic strain scheme [1, 2] supplemented by the slip areas T';;, T'ys.

The author is grateful to E. I. Shemyakin for supervising the research, and to V. M. Zhigalkin, G, F.
Bobrov, and N. 8. Adigamov for taking part in performing the tests.
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