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Il Part: Residual Stresses

Starting from the basic laws of continuum mechanics, the procedure of
finite element method application to the quenching residual stresses
evaluation is defined, taking as input data spatial and time distribution of
temperature, obtained in the first part of paper. As an application of this
procedure, two examples of calculation of residual stresses due to
cylinder quenching are given, in one case without phase transformation,

and in the other one with phase transformation of austenite - bainite type.
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1. INTRODUCTION

As shown in the first part of this paper [1],
quenching is characterized by large and rapid
temperature changes, followed by phase transformations
in materials such as steel. As a consequence, residual
stresses and crack-like defects may appear. Although
many papers have been devoted to the theoretical,
experimental and numerical investigation of quenching,
these problems have not been solved yet. Therefore, a
state-of-the-art is given in this paper, based on reference
[2], including numerical evaluation of residual stresses,
based on time and spatial distribution of temperature
during quenching, given in [3]. Toward this end stress
problem is defined by the partial differential equations,
derived in the scope of basic laws of continuum mecha-
nics, which are solved by the finite element method.

2. THEORETICAL ANALYSIS OF RESIDUAL
STRESSES

Residual stresses are defined here as the thermal
stresses caused by a non-uniform cooling of a quenched
part and the influence of phase transformation is
analysed later. More detailed explanation is given in
Fig. 1, where three characteristic sections (A-A, B-B
and C-C) show the spatial and time distribution of
radial, axial and circumference stress during quenching.
The section A-A is along the outer surface of quenched
part (taken here to be of a cylindrical shape), where the
cooling is the fastest, section C-C contains the central
cylinder axis, where the cooling is the slowest, and
section B-B is in between, Fig. 1. The stress distribution
is a consequence of thermal contraction of the material
next to the coolant (spray water), being suppressed by
surrounding hot material. In this way, the compression
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stresses are generated in the material next to the coolant,
balanced by the remote tensile stresses. Only radial
stress does not invert from tension in section C-C to
pressure in section A-A, but rather reduces to zero,
because there is no surrounding material along r axis to
produce such a distribution.

It should be noted that stresses at high temperature are
practically zero, because no resistance to the thermal
forces is provided. Gradual increase of stresses with
temperature decrease is due to increased material resis-
tance to the thermal forces.
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Figure 1. Residual stress distribution in quenched
cylinder

Dependence of material properties on temperature is gi-
ven for a typical structural steel in Fig. 3a (yield stress
and tensile strength), Fig. 3b (elasticity modulus), Fig.
3¢ (Poisson's ratio) and Fig. 3d (linear thermal expan-
sion coefficient), [3]. As already stated, the yield stress
and elasticity modulus reduce as temperature rises, so
that yield stress is practically zero at 500°C, while mate-
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rial stiffness disappears at 700°C (elasticity modulus is
0). These temperatures are material dependent, but for
the ordinary structural steels they can serve as the first
approximation.
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Figure 2. Material characteristics vs. temperature

3. APPLICATION OF FINITE ELEMENT METHOD

In the part T of this paper, [1], the finite element
method application to the heat conduction problem has
been analysed, where this method was introduced as the
universal numerical method for solving non-linear non-
stationary partial differential equation. The basic
procedure of finite element method application for
residual stresses evaluation is essentially the same as for
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the heat conduction problem and includes domain
discretization (division into finite elements), interpola-
tion of all quantities inside finite elements, integration
over all elements and solution of the resulting equation
system. The basic difference are the equations to be
solved because the independent variable in residual
stress problem is displacement instead of temperature,
the static equilibrium equations are to be solved instead
of heat conduction equations and material behaviour is
described by the stress-strain relation instead of using
the Furier's law. Thereby it is necessary to introduce the
isoparametric interpolation functions for displacements
as follows:

u'(x/,0) = N® () ug 1) (1
where u’(x/,t) denotes temperature distribution inside
element, NX(x/) interpolation function, uk (¢) nodal

displacement and x/ Descartes coordinates. Now, one
can write:

auk _oNK K k

Ox Ox

o =

where N ZK denotes matrix of nxr order (n is the space

dimension and » the number of elements). Geometrical
non-linearity has been neglected as a reasonable
assumption for the problem considered. On the other
hand, material non-linearity can not be neglected, lead-
ing to the expression for incremental strain comprising
elastic, plastic and thermal component:

dej, =de¢, +de +8,,de” (3)

The elastic strain can be related to the stress by the fol-
lowing equation (Hooke's law):

doj; = Eyy, defy 4

where dcij denotes stress tensor increment and Eijkf

elasticity tensor. The plastic strain can be expressed
using the incremental plasticity theory, taking into
account normality condition, Von Mises yield criterion
and material strain strengthening assumption:

3 de?
dsg :E Ge SU 5 (5)

e

where Sij denotes stress deviator tensor, and dsg and

G, denote the equivalent plastic strain increment and

stress, respectively, given by:

3 2
G, = /ESI-].SU- P del = \[Tdefdef . (6)

If the transformation plasticity is neglected, the thermal
strain de” can be expressed as follows:

del = o dT, (7
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where o denotes coefficient of linear thermal expansion,
and dT temperature change. For ordinary structural steel,
when there is no martensitic transformation during weld-
ing, transformation plasticity can be neglected, while in
the opposite case Eqn (7) should be modified by adding
the appropriate term, as shown in [4]:

de’ = dT +k'dm , (®)

where dm denotes martensite volume content, generated
by temperature change, k' material constant, equal to
0,011 K™ for most structural steels, [4].

4. EXAMPLES

Two examples are chosen to illustrate the
procedure described above, both of them related to the
cylinder quenching. In the first example pure iron
cylinder (¢S50 mm) is analysed in order to verify the
basic  numerical procedure (excluding phase
transformations), and also to explain the discrepancies
obtained by two different experimental methods, as
described in more details in [5]. Namely, the hole
drilling technique (line A, Fig. 3) and slicing of cylinder
(line B, Fig. 3), produced significantly different results.
It has been assumed, and indeed proved by the finite
element analysis, that plastic strains have occurred during
the experiment, violating the basic condition for the hole
drilling technique, explaining thus the differences both
between the two experiments and also between
experimental and numerical results, given by line C, Fig.
3. More detailed analysis, including finite elements being
plastified during this process, is given in [1].

Material data necessary for calculation is given in
Tab. 1. The finite element mesh is the same as shown in
[1], with the boundary conditions prescribed on all
surfaces, except the outer one, where the experimentally
obtained results are prescribed.

Table 1. Mechanical properties of pure iron

T E A% Reh H (04
(°C) | (GPa) (MPa) | (GPa) [(10°K™")
20 208 | 0,290 190 6.8 1,46

200 198 0,262 173 12,1 1,52
300 190 0,265 103 16,3 1,55

500 173 | 0,291 67 53 1,59
600 164 | 0307 55 2.4 1,6
700 153 | 0329 27 9 1,6
900 128 | 0379 15 1 1,6

Table 2. Mechanical properties of CrMoV steel

T(°C)| E(GPa) Ren (MPa) o (107°°C™)
A B A B
20 205 860 L1
100 201 860 11
150 198 860 11
200 194 105 860 | 2.1 11
400 173 95 860 | 2.1 L1
600 145 85 860 | 2.3 L1
800 115 60 2,5
1000 85 20 2,5

A - austenite, B - bainite; H=0,05F (MPa)
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In the second example a large shaft ($1310 mm), made
of CrMoV steel is analysed, [6]. Mechanical properties
for CrMoV steel are given in Tab. 2, including bainite
and austenite structure properties, given at appropriate
temperatures.
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Figure 3. Residual stresses for quenched cylinder

The finite element mesh is same is in the previous exam-
ple, and the boundary conditions are shown in Fig. 3.
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Three different variants of calculation were
performed (marked by 1-3 in Fig. 5 and 6, respectively):

1. without martensite transformation;

2. with transformation plasticity, but without volume
transformation;

3. with complete martensite transformation.
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Figure 4. Modeling of cylinder ¢1310
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Figure 5. Results for residual)stresses

Data used for the second variant of calculation was:
coefficient of proportionality £'=0,0038 °C™', parameters
bi=-6, n,=2, [6]. The coefficient K, needed for the third
variant of calculation was assumed to be K=5,2-107
mm*/N, [6]. By applying these values, the results for
residual stresses and equivalent plastic strain are obta-
ined as shown in Fig. 5 and Fig. 6, respectively, for
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three different position in cylinder (0.05-R, 0.50-R and
0.95-R, where R stands for the cylinder radius). The re-
sults for residual stresses are plotted against non-dimen-
sional temperature parameter o=(7-T7)/(T-Ty), where T;
stands for the initial temperature and 7, for the final
one, Fig. 5, whereas equivalent strain is plotted against
time, Fig. 6.

As one can see from Fig. 5 and 6, significant
difference in residual stresses and equivalent strain
distribution appears if transformation plasticity and/or
volume transformation is taken into account (variants 2
and 3), while only slight difference is noticeable
between the results for variants 2 and 3. Therefore, it is
clear that in this case, the transformation plasticity is
much more influential than the volume transformation.
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Fig. 6. The equivalent plastic strain

5. DISCUSSION AND CONCLUSIONS

The finite element modeling of quenching process
has proved to be successful for residual stresses
calculation, as shown by two examples of cylinder
quenching. The basic numerical procedure (without
phase transformation) has been verified by the first
example, where the results of numerical simulation
shown good agreement with the experimental results,
obtained by surface slicing method, whereas the second
example has shown good agreement with the other
numerical results, including the influence of phase
transformation. It has been shown that the trans-
formation plasticity is much more influential than the
volume transformation when residual stresses and
equivalent strain due to quenching are analysed.
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HYMEPUYKA CUMYNALNJA NMPOLIECA KAJbEHA
I AEO: 3AOCTAIJIN HAMOHU

P. Apobmak, A. Cegmack,
B. Wunjauku-XXepasuuk, A. Munocasrb.eBuh

INomnazehn o OCHOBHHX 3aKOHA MEXaHNKe KOHTHHY-
yMa, fedUHHICaHA je NpoLeAypa IpUMEHEe METOofe
KOHaYHUX eJleMeHaTa Ha IpoGieM ofpebuBama
320CTaJINX HallOHA yciey] Kajbemwa, P 4YeMy Cy Kao
yJla3Ha BeJIMUYMHA KopultheHa BpeMeHcKa B IPOCTO-
pHa pacmojiena TemrepaTrype, foOujeHa y MpPBOM
meny papga. Kao npmmena ommcane mporenype
aHalMM3MpaHa cy JiBa mpuMepa ofpebuBama 3aocra-
JIUX HAIlOHA yCJIeNl Kajberha MUINHAPA Off 4elnKa, y
jemHOM ciy4ajy 6e3 ¢pazHuX TpaHcopMmanyja, a y
ApYyroM ciy4ajy y3umajyhu y o63up u a3He TpaHc-
¢opManmje TUIA ayCTEHUT - OEUHUT.
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