ENGINEERING TRANSACTIONS ¢ Engng. Trans. ¢ 44, 2, 181-206, 1996
Polish Academy of Sciences ¢ Institute of Fundamental Technological Research

INFLUENCE OF CONSTANT AND MONOTONIC LOADINGS
ON SUBSEQUENT BIAXIAL BEHAVIOUR OF 15 HM BOILER STEEL

Z.L. KOWALEWSKI (WARSZAWA)

Experimental analysis is presented of the plastic properties of 15 HM boiler steel in the
as-received state and of the same material subjected to various types of predeformation.
The analysis was made by studying the positions in the stress space and typical dimensions
of the yield surfaces. The initial yield surface has been determined using the technique
of sequential probes of the single specimen and this surface was used as the starting
point for comparative studies of yield surfaces of the prestrained material. The material
predeformations were induced either by a creep process or by monotonic loading, both at
ambient temperature. After predeformation, yield surfaces were determined by the same
method as that for the non-prestrained material. The anisotropic yield condition was
used to create a least squares fit of the experimental results. Prior cold work induced the
weakening effect of the steel in the considered plastic strain range. The material tested
after prestraining, independently of the predeformation type, exhibited the Bauschinger
effect. ;

1. INTRODUCTION

The effect of plastic prestrain induced in metals during either manufac-
turing processes of semi-finished elements or during exploitation of structural
components is a problem being intensively studied by a number of research
centers [1—-39). Direct reason of such great interest in this problem results
from different responses of various materials subjected to the same type of
predeformation. For some materials plastic prestraining can cause a hard-
ening effect (2, 4, 7, 914, 19, 21 - 23], for the others, however, a weakening
effect can be observed [3, 20, 38, 39]. It has been also shown that in cer-
tain cases, cold work has no influence on subsequent material behaviour [6].
Generally, all investigations concerning the influence of predeformation on
the basic material parameters can be classified into the following categories:

A. Investigations with predeformation induced due to monotonic loading
of a testpiece, e.g. [11, 13, 20, 24].

B. Investigations with predeformation induced due to cyclic loading of
a testpiece, e.g. [15-18, 20, 21].

C. Investigations with predeformation induced due to creep process of
a testpiece tested at room or elevated temperatures, e.g. [11, 26 - 29].
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Results of these investigations are especially important for some indus-
trial branches, such as aircraft, chemical industry, power plants, etc. Since
in the mentioned branches an extreme care is taken on the safety conditions,
there is the greatest demand for experiments giving information concerning
material properties after either plastic predeformation during forming pro-
cesses, or heat treatment for wider group of materials. The results available
in scientific papers are still insufficient, since they have been obtained mainly
at uni-axial tests and, moreover, they cover a narrow group of engineering
materials.

All investigations giving the accurate data concerning material properties
have to be performed at multiaxial stress states. The number of these tests
are limited because of both their extremely high cost and the difficulties
in strain measurements, and, as a consequence, it often leads to difficulties
in comparative studies of experimental results obtained from such investi-
gations. Results from experiments carried out at complex stress states are
usually presented in the form of a yield surface cross-section which is con-
nected with the stress state realized in the testpiece. Unfortunately, due to

e variations in stress states considered by different investigators,

o differences in accuracy of strain measurement,

o differences in the definition of yield limit, and

o influence of loading conditions and the resulting disturbations in the
stress state homogeneity on the gauge length of the specimen,
in such a form of data analysis, great difficulties appear in their reliable
interpretation. Therefore, in order to ensure a comparison of the results
of experiments carried out in different labs, it is necessary to determine
accurately all boundary conditions of tests.

The paper presents the results of multiaxial tests. The main aim of the
experimental programme was to determine the shape and dimensions of an
initial yield surface of 15 HM boiler steel and its evolution due to different
forms of plastic predeformation. The material was chosen because of its
common applicability in numerous engineering components.

2. EXPERIMENTAL PROCEDURE

2.1. Material, testpiece and testing equipment

Tests have been carried out with the use of 15 HM boiler steel in the
as-received state. The chemical composition of the material is given in Ta-
ble 1. It can be applied at high temperatures and typically is used in such en-
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gineering structures as vapour and water boilers, pressure vessels, pipelines,
etc. It is most often provided in form of sheets, tubes, rods and forgings.

Table 1. Chemical composition of 15 HM boiler steel.

C Mn Si Pihiax|Smaxl Or  :[Nisax Mo Cu |Almax
(%] (%] (%] (%] | (%) | (%) | [%] | (%) | [%] | (%]
15HM|0.11+0.18{0.4+0.7]0.15=0.35| 0.04 | 0.04 |0.7=1.0| 0.35 [0.4+0.55(>0.25| 0.02

Specimens were manufactured from tubes of 44 [mm] external diameter
and 36 [mm)] internal diameter. An engineering drawing of the specimen is
shown in Fig. 1.
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F1G. 1. Testpiece.

All experiments reported in this paper were carried out with the use of
the MODEL 1343 INSTRON (shown in Fig. 2) electrohydraulic, closed-loop,
servo-controlled, biaxial testing machine enabling combined loading in ten-
sion — compression — torsion —reverse torsion. The maximum axial and tor-
sional load capacities are rated at £100 [kN] and £1000 [Nm], respectively.
Two separate servo-controller units connected to a HP 310 computer of the
INSTRON loading system can independently apply controlled axial loads
and torsional moments. The hydraulic pressure in the actuators comes from
- two servo-valves operated by servo-controllers provided with set-point con-
trol signals from the computer. A multiple analogue-to-digital converter
feeds the HP310 computer with the signals of axial displacement of ma-
chine piston, rotation of the grip fixture of a specimen, axial force, twisting
moment, axial strain and torsional strain.

The axial force and the torque applied to the specimen were measured us-
ing load cells incorporated in the machine. The software which was specially
developed for these tests enabled the maintenance of constant effective strain



184 Z.L. KOWALEWSKI

| 1 RN
INSTRON 1343 :]

F
M

11
§ 3 1
@ |lolvlolslelo

® ) |Inl¢rfacz }

)

S|
|

) PEEKEL (1) Vectra 386

F1G. 2. Testing equipment (1 - force actuator, 2 - torque actuator, 8 - HP 310
computer, 4 — signal controllers of: axial and torsional displacements, force,
torque, axial and shear strains, 5 — multiple analogue-to-digital converter,

6 - PEEKEL multi-channel measurement system, 7 — HP Vectra 386 computer).

rates during plastic loading, and the resulting stress-strain responses were
recorded by two independent acquisition units. The first acquisition unit was
connected to the HP 310 control computer and, for this reason, had a rather
limited ability to display current progress of an experiment. The second ac-
quisition unit operated independently of the control computer. It mainly
comprised a PEEKEL multi-channel measurement system from which the
signals were fedback to a Hewlett-Packard Vectra 386 computer, thus en-
abling both direct on-line observations of the experimental results and also
their saving onto the hard disk of the computer during each test.

2.2. Strain measurement

The strains were measured using the foil strain gauges bonded to the
outer surface of the specimen. Axial strains were measured by a full bridge
circuit of four strain gauges of which two, located on the opposite sides
of the specimen gauge length were active, while the other two, located on
a specially designed semi-ring, were used for temperature compensation.
The shear strains circuit also contained a full bridge of four strain gauges.
They were bonded to the specimen surface inclined at 45° to the specimen
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axis. Both these strain measurement circuits were connected to both the
INSTRON and the PEEKEL measurement systems. At all tests, the hoop
strains were also registered by means of the half bridge circuit of two strain
gauges connected to the PEEKEL measurement system. Before the test
run, both these circuits were calibrated using a highly sensitive Hottinger
tensometric bridge (UGR 60) so that the 0.8 [%] strain value was set to
correspond to the maximum control signal of 10 [V].

2.3. Preliminary investigations of the basic mechanical parameters

In order to determine mechanical properties of the tested material, the
standard tension test was carried out on the thin-walled tubular specimen,
Fig.1, at room temperature. This experiment was conducted on the IN-
STRON testing machine under constant strain rate equal to 3.5x 10~4 [1/s].
All typical mechanical properties were determined from the stress-strain
curve of the 15 HM steel, Fig. 3. These data are also summarized in Table 2.

OO0 s < riwsienie g e smbispie shm g5 abssed st :

Stress [MPa]

0 —
0 10 20 30
Strain [%)]

F1G. 3. Monotonic tension stress-strain curve of the 15 HM boiler steel.
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Table 2. Mechanical properties of tested 15 HM boiler steel.

Mechanical properties at room temperature Value
Young’s modulus E 2.2 x 10° [N/mm?]
upper yield limit 375 [N/mm?]
lower yield limit 370 [N/mm?)
ultimate tensile stress R 510 [N/mm?]
elongation 29 [%)

2.4. Description of the investigation programme

The experimental programme comprised the following steps:

1. Determination of an initial yield surface using the sequential loading of
a single specimen for the sixteen different loading paths equally distributed
in all quadrants of the (044, 7zy) plane. The loading process starts in the
uni-axial tension direction.

2. Prior deformation of the specimens; it was realized by:

a) biaxial creep tests under constant effective stress level,

b) monotonic loading tests under uni-axial tension or pure torsion.

3. Determination of yield surfaces after prior deformation of the specimen
induced by different loading processes. The loading process starts in the same
direction as that used during prior deformation.

Yield loci are typically determined by one of the following techniques [14,
24, 30]:

a. A number of specimens are loaded up to the plastic range along differ-
ent stress directions. The yield stresses for a chosen definition are determined
from each stress-strain curve and plotted in stress space to give the yield
locus.

b. One specimen is loaded in many different stress directions, each time
until some measurable and limited plastic strain is observed. At each point
it is unloaded and reloaded in different direction until the entire yield locus
is obtained. These directions differ from each other by a chosen angular
increment, proceeding clockwise or anti-clockwise in individual cases.

c. One specimen is loaded in many different stress directions, each time
until some measurable and limited plastic strain is observed. At each point
it is unloaded and reloaded in a different direction until the entire yield
locus is obtained. These directions differ from each other by an angle equal
to 180°, e.g. first loading takes place in the tension direction and next in the
compression direction, etc.
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According to previous experiments, the first method gives results which
are qualitatively best, since in this case the shape of the yield surface
is not disturbed by the history of the previous probes performed on the
same specimen in order to determine the other points of the yield locus.
It has been found [43], however, that under certain conditions either b) or
c) single-specimen methods can be successfully applied to the yield sur-
face determination. In these methods small plastic strains are needed to
define yielding and they have to use a specific sequence of loading which
should be the same for the whole experimental procedure. Moreover, the
use of single-specimen methods overcomes the disadvantages of the first
method, such as having to use a number of expensive specimens to deter-
mine each yield locus, and also having to deal with errors due to possible
specimen-to-specimen variations. These effects have been previously studied
in detail by a number of researchers [14, 24, 30]. Taking into account these
considerations, the single specimen method described in point b) has been
adopted for the yield surface determination.

The definition of the yield point may have a remarkable effect on the
resulting shape and dimensions of the yield surface. Generally, the yield
point is defined by one of the following three points in the stress-strain
diagram [14, 30]:

e the point of the proportional limit,

e the point by the back extrapolation,

e the point by the proof stress.

The yield point was defined here by the proof stress throughout this
experimental project.

At the beginning of the loading phase of the specimen, Young’s modulus
was determined by the test controlling programme. Such calculations were
carried out using experimental data collected at the range of stress levels.
The loading of the specimens was stopped when the difference between the
total effective strain and elastic effective strain calculated as the quotient
of the effective stress and earlier calculated Young’s modulus reached the
chosen yield offset (in our case it was 0.005 [%]). Then the unloading pro-
cess was carried out until zero force and zero torque were reached with the
machine in the stress control mode. A diagram of the whole process to ob-
tain a single yield point for a particular direction is presented in Fig.4. The
experimental procedure comprised 16 such points determined from the se-
lected proportional (or radial) loading paths as shown in Fig. 5. The angular
spacing of the radial paths was equal to 22.5°. Starting from the origin, the
specimen was first loaded to point 1 where yielding occurred (in all cases the
loading path including point 1 was the same as direction of prestraining), as
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FIG. 4. Scheme of the loading process used to determine a single point of the yield

surface.
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F1G. 5. Loading sequence for yield locus determination.

defined above, and then the specimen was completely unloaded and again
loaded in the subsequent direction up to point 2 where again yielding oc-
curred. The sequence so described was repeated until all 16 yield points were
determined. In Fig. 5 the increasing numbers at the yield points indicate the

loading sequence.
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In the second part of the experimental procedure creep prestrain tests
as well as monotonic loading tests were performed on the Instron testing
machine at room temperature. The creep process was carried out for the
three types of loading combinations, Fig. 6, (uni-axial tension, combination
of tension and torsion, and pure torsion), required to give in plane stress
state the same effective stress level equal to 370 [MPa). All creep tests were
conducted for two hours and then stopped by immediate unloading of the
testpiece.

3T,
3 XY* 0,=370 [MPa]

p=45°
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F1G. 6. Programme of creep tests.

The stage 2b of the testing project comprised investigations during which
prior deformations were induced by standard monotonic tension or torsion
tests. These tests were carried out up to the same magnitudes of total effec-
tive plastic prestrain equal to 0.65 [%)]. The loading process was being au-
tomatically stopped when the prescribed amount of plastic predeformation
was achieved. At this time the strain control mode of the testing machine
was being changed to the stress control mode and the unloading process was
carried out until zero force and zero torque were reached.

When prestraining process of each specimen was completed, the deter-
mination of the yield surface was performed on the INSTRON testing ma-
chine with the use of the same procedure as that previously applied for
the non-prestrained material. For the prestrained material the first probe of
the yield surface determination procedure was always carried in the direc-
tion which was coincident with the predeformation path. Directions of the
subsequent probes were changed anti-clockwise by the angular increment
assumed to be 22.5°.
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2.5. Relationships defining stress and strain

The stress state components were defined with regard to the initial spec-
imen dimensions by the commonly used relations for thin-walled tubes.
Namely, axial stress was expressed by the following formula:

4F
w(DZ - d2)’
where F' — axial force, Do — initial outside diameter measured within gauge
length of the testpiece, do — initial inside diameter measured within gauge
length of the testpiece, whereas shear stress, referred to the initial outside
diameter of the specimen where strains were measured, was defined in the
form:

(2.1) . P

(2.2) A3 W(lgﬁl sDo 1

where M, — twisting moment.
The magnitude of the effective stress in the stress state considered was
expressed by the well known relationship:

(23) V U:%z + 3 :cy ’

while the effective strain were determined from the formula involving Pois-
son’s ratio v:

3
(2.4’) e = \/6:25:,: + (1+—V)2_63:y .

where €, — axial strain, €;y = 7Yzy/2 — shear strain.
When v = 0.5, then this equation simplifies to the form:

(2.4") € = \[e2x + 372y -
The experimentally determined Poisson’s ratio v for the steel tested was

equal to 0.34. Thus, Eq.(2.4") was used in all calculations of the effective
strain.

3. YIELD CONDITION

Yield locus can be represented in a stress space by the experimental
points determined on the basis of stress-strain diagrams for the magnitude
of the effective stress assumed as a yield definition. These points determine
the shape, dimensions and location of the yield surface.
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The MISES anisotropic yield condition [42] in the form derived by SzczE-
PINSKI [37] has been adopted in numerical calculations. It reflects both the
Bauschinger effect representing a shift of yield surface axes with respect to
the origin of the coordinate system applied, and a rotation of the yield locus
axes. Generally, it can be expressed by the following relationship

(3.1)  f(0i;) = k12(0ez — 0yy)? + k2s(0yy — 022)% + k31(022 — 042)?
+274y [k16(022 — Ozz) + k26(022 — 0yy)]
+27y; [k24(02e — 0yy) + k34(0zz — 022))
+27,¢ [k35(0yy — 022) + k15(0yy — 0z2)]
+kaatl, + kssTZ, + kesT2,
—b12(0zz — Oyy) — boa(0yy — 022) — b31(022 — Ozz)
+b44Tyz + bs5T2z + beeToy = 1.
In the tests of our experimental project only o, and 7, had nonzero val-

ues. When this is taken into account in the relation (3.1), the yield condition
is simplified as follows:

(32)  f(0i;) = (k12 + k31)oZ, — 2k16Tay0rz + KesTiy
+(b31 - b12)0':m: + b66sz =1.

This expression represents the equation of a curve of a second order, usually
written in the form:

(3.3) Aagz +2B035Try + C'szy +2Doys + 2F 1y =1,

where coefficients A and D are related to the yield limits determined from
tests under tension and compression, respectively. They can be expressed as
follows:

1 1 1
4 A= 2D = — — —
i Vs RS
where Y, and Z, are the yield limits for tension and for compression,
respectively.

The coefficients C and F are related to the shear yield limits obtained
from tests under torsion and reverse torsion, respectively. They can be writ-
ten in the following simple form:

1 1 1
: 25 =
RIySzy Rzy S;,;y ’

where R, denotes the yield limit obtained under positive shear stress and
Szy denotes the yield limit obtained under negative shear stress.

(3.5) C=






