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The residual stresses which result from the manufacture are present in the mechanical
part with absence of any external force, but also they can be generated by various
procedures. These stresses are the result of incompatibilities of deformation related to the
heterogeneity of the plastic strain. Therefore, as the crack propagated in the residual
stress field, the distribution of residual stresses is changed. The purpose of this work is
to generate the thermomechanical residual stresses on along direction of crack
propagation using a numerical simulation by Ansys software. This numerical approach

allows us to evaluate the thermomechanical relaxation of the compressive residual
stresses induced by plastic strain at crack tip.

1. INTRODUCTION

The residual stresses are stresses that remain in a solid
material after the original cause of the stresses has been
removed. Manufacturing processes are the most common
causes of residual stress. Virtually all manufacturing and
fabricating processes such as casting, welding, machining,
molding, heat treatment, plastic deformation during bending,
rolling or forging introduce residual stresses into the
manufactured object. Therefore, the residual stress could be
caused by localized yielding of the material, because of a sharp
notch or from certain surface treatments like shot peening or
surface hardening [1, 2]. So, the residual stresses and thermal
distortion are a common phenomenon observed in any welding
method [3]. Another work of Lingamanaik et al. [4] has
demonstrated that altering the quenching parameters (heat
transfer coefficients, quenching duration and quenching
locations) can promote favorable compressive residual
stresses in the rim of rail wheels.

In addition, there are many techniques used to measure
residual stresses, which are broadly categorized into
destructive, semi-destructive and non-destructive techniques,
are studied by many others [5, 6]. The microstructure and X
ray tests carried out on tubular specimen revealed the residual
stresses on the inner surface due to machining surface features
[7,8].

Furthermore, the explicit formula to predict the
thermomechanical relaxation of a shot peening residual stress
are obtained by Huang et al. [9]. So, Wang et al. [10] have
proposed analytical model can reflect the residual stress
distribution on welded joints after shot peening process.

The relaxation of residual stresses due to thermal loading
are caused by the decrease of the yield stress of the target with
increased temperature, have been studied by Stranart et al. [11,
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12]. Also, the grinding process is currently used for most of
the parts requiring good precision, a model for numerical
simulation of grinding is presented by Brosse et al. [13] taking
into account the thermomechanical residual stresses.

The influence of thermomechanical methods on the
development of the final distortions and residual stresses is
analyzed, it is well-known that thermomechanical the
substrate is an effective method to reduce the distortion and
residual stresses in additive manufacturing [14]. Also, the
influence of initial welding residual stress on the stress
distribution after shot peening was analyzed and discussed by
Wang et al. [10]. The effects of thickness geometric and
thermal treatment on residual stress were also discussed by
Song et al. [15, 16]. So, Molano et al. [17] have studied
thermomechanical treatment effects on residual stress
generation. Another, the effect of thermal properties and weld
efficiency on residual stresses in welding have been studies by
Armentani et al. [18, 19]. However, the fatigue strength
improvement is due to the combined effect of residual
compressive stress and the work hardening [20]. The effect of
processing condition on thermal residual stress development
in the build part, also that the processing conditions could be
optimized for minimizing thermal residual stress, have been
studied by Panda et al. [21].

So, as many researchers have been carried out on the effect
of residual stresses on fatigue behaviors, the studies on the
numerical modeling of residual stress redistribution due to
fatigue crack propagation are relatively insufficient [22, 23].
Thus, the effects of weld residual stresses on fatigue crack
growth (FCG), both parallel and perpendicular to Aluminum
friction stir welds were investigated by many others [24-28].

Thermal residual stresses are primarily due to differential
expansion when a metal is heated or cooled. The two factors
that control this are thermal treatment (heating or cooling) and
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restraint. Both the thermal treatment and restraint of the
component must be present to generate residual stresses. So,
the residual stresses can be present in any mechanical structure
because of many causes. The present work is a numerical
approach of thermomechanical effect which produces plastic
deformations using mechanical behavior proportional for each
temperature of Aluminum alloy 2024-T3. If the applied
loading greater the yield stress leading after unloading a field
of residual stresses at crack tip. This work allows us to seem
the temperature and plastic deformation effects on material
test. The finite element method has been used for numerical
modeling by software Abaqus.

2. NUMERICAL MODELISATION

The numerical approach of the residual stress generation is
carried out using the Finite Element Method. The analysis was
performed by the commercial FE code ABAQUS. The study
for the distribution of residual stresses along the direction of
the crack propagation in a compact tension (CT) specimen
given in ASTM E647, with the dimension of the width W=
75mm and thickness t = 6mm, see Figure 1. It was meshed by
means of eight-node brick solid elements to improve the
accuracy of the FE solutions.

W=75mm
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Figure 1. Compact tension (CT) Specimen test (ASTM
E647)

Using the Aluminum alloy 2024-T3 which the mechanical
properties as a function of temperature are obtained by Lipski
et al. [29], see the Figure 2, as allows us to make the numerical
simulation of the residual stresses under the thermomechanical
effects.

The numerical simulation is done because the rate loading
of the applied stress per yield stress (R=capp/cy) greater one.
That is to say, for generate the residual stress field; the applied
force must exceed the yield stress oy to elastic-plastic behavior
then unloading or relaxation. Therefore, the rest of
compression stress at crack tip of CT specimen is the residual
stress.

In this work, we found four variation of the rate loading (R=
1.01, 1.05, 1.10 and 1.15). For each rate, the mechanical
loadings are carried out proportional to each mechanical
behavior at known temperatures and vary from 25°C to 200°C
[20] see Figure 3. Knowing that, the elastic-plastic behavior is
also introduced in code Abaqus.

For the boundary condition, the high surface of the (CT)
specimen has been loaded and a symmetry plane applied on
the horizontal medium face of the specimen has been fixed by
encastre constraint as shown in Figure 4. These conditions will
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be repeated for each length 3 mm on along the direction of the
crack propagation of interval from 4 to 28 mm. The modeling
of crack propagation is illustrated in Figure 4.
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Figure 2. Material properties as a function of temperature of
alloy 2024-T3 [29]
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Figure 3. Chart of monotonous tensile tests of samples made
of Aluminum alloy 2024-T3 for different temperatures [29]
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Figure 4. Modeling of crack propagation

3. RESULTS AND INTERPRETATION

Results of numerical analysis can be seen in Figure 5 shows
the creation of the compression residual stresses cyy of Von
Mises (direction of Mode I) when the crack front is located in
the position 4 and 28mm from notch for the elastic-plastic
behavior proportional of a temperature 25<C and rate loading
R=1,01. This result has very similar tendency with other
experimental studied by Song et al. [22].



For crack length 4mm.

For crack length 28mm.

Figure 5. Distribution of Von Mises stresses ayy at crack tip of the CT specimen

The residual stresses generations at crack tip for each length
of the CT specimen are compressive in nature with decreasing
absolute values as a function of the direction of the crack. The
Figures 6 to 9 show the evolution of residual stresses
respectively for the rates loading R=1.01 to 1.15 at
temperatures variant from 25 to 200 <C. It can be observed that
in the crack tip, the residual stresses are compression stresses
that change with evolution of crack. However, for each crack
advance, we have remarked that the residual stresses pass a
compression phase and then a tension phase away ahead of the
crack, these stresses tend to zero, so there is stress relaxation.
Several authors [1, 22, 30] have been remarked the distribution
of compression residual stress at crack tip.

The Figures 10 to 13 show the evolution of the residual
stresses along the direction of crack propagation for
temperatures variant from 25<C to 200 <C which are classified
according to the different rates loading. Therefore, for the

same rate loading, it can be seen that the residual stresses are
increase in absolute value for lower temperatures. Moreover,
the low absolute values of the residual stresses are obtained for
the high temperatures; this is explained by the expansion of the
material. However, when, the rate loading increases,
increasing in absolute value the residual stresses for the same
temperature. Similar phenomena and related explanations
were reported by many authors [1, 2, 22, 25, 30].

Finally, for all the cases, we have noticed for the same rate
loading and the same temperature as the residual stresses
increase in absolute value when the crack evolves to until
reaching a maximum absolute value for a length 13 mm then
to become constant for crack length greater than this value.
This phenomenon is also studied by finite element method
prediction of residual stresses generation and temperature
histories measurement [8, 19].
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Figure 6. Distribution of residual stresses along the direction of crack propagation for different rates loading with constant
temperature T=25<C

61



150

150
100
k- L -m) ak— S
N IEDOPS RS
a -50 4 | a < o *
. , 100 | ey
& T100C°&R=1.01 o .. | | T150C° & R = 1.01
*» —m— Crack 4 mm @ -150 1 I o 4 | —m— Crack 4 mm
] —e— Crack 7 mm S oo0le || | | —e— Crack 7 mm
= ~4A Crack 10 mm ® // | | | ~4A - Crack 10mm
% —w— Crack 13 mm T o504 | A <‘ | —w— Crack 13 mm
3 Crack 16 mm 3 ° y ] * Crack 16 mm
@ —<— Crack 19 mm 8 -3004 A / 4 / —<—Crack 19 mm
& Crack 22 mm o v * x Crack 22 mm
—— Crack 25 mm -350 —®— Crack 25 mm
—%— Crack 28 mm —%— Crack 28 mm
-400
-450 T T T T T T -450 T T T T T
10 20 30 40 50 60 10 20 30 40 50 60
Crack a [mm] Crack a [mm]
150 150
100 100 -
50 50 -
0 0
T 50 g
50 = -50
%__‘ g 50
-100 + | ¢ -100 4
& 4 | 4 ; T100C°& R=1.05 o T150C° & R = 1.05
0 %0 [ ] o} ‘ ‘ =—Crack 4 mm @ 1501 —&— Crack 4 mm
g -200 o 4 | | Crack 7 mm 2 2200 4 —e— Crack 7 mm
“ s | ] | | —4— Crack 10 mm il ] —A— Crack 10 mm
8 2504 | | | | —v—Crack 13 mm S 2504 —w— Crack 13mm
5 | A | | Crack 16 mm g Crack 16 mm
& -300+ b4 ’4 o * —<— Crack 19 mm 8 -300 4 —4— Crack 19 mm
A f < o */ Crack 22 mm Crack 22 mm
-350 v —&— Crack 25 mm -350 4 —&— Crack 25 mm
—*— Crack 28 mm
400 -400 4 —%— Crack 28 mm
-450 T T T T T T -450 T T T T T T
10 20 30 40 50 60 10 20 30 40 50 60
Crack a [mm] Crack a [mm]
150 150
100 4
50 4
04
| T ol
" a 07w / /
4 100 - ‘ o *
w T100C°&R=1.10 i ) | T150C° & R = 1.10
© -150 1 x 4 = Crack 4 mm g -150 ;’ i *x —=— Crack 4 mm
8 200w e \ —@—Crack 7 mm S 00T ¢ | \ —e— Crack 7mm
@ I o . | 4~ Crack 10 mm @ $ 4 | | ~A - Crack 10 mm
B 2504, | | —v—Crack 13 mm T 50 fm / ‘ | | —w— Crack 13 mm
3 ;| \‘ Crack 16 mm o /| | | Crack 16 mm
@ -3004 | —<— Crack 19 mm 8 -3004 ./ A | | —<4— Crack 19 mm
3 ° v < Crack 22 mm x M b . * Crack 22 mm
-350 A/ <4 —&— Crack 25 mm -350 i/ —@— Crack 25 mm
v —%*—Crack 28 mm v —*— Crack 28 mm
-400 -400 -
-450 T T T T T T -450 T T T T T T
10 20 30 40 50 60 10 20 30 40 50 60
Crack a [mm] Crack a [mm]
150 150
100 4
Mg 0 eV W et e Ok
50 L T SOV NEP S Poain d
;o AME e JTaly foala
o] L NIn8 00 &
[] ; [
—_ . / A
/ « s/ .
& 504 / IR 4 /e ¥ g
= < 4 6% a
g -1004 " | / &,
x | 4 ) o = 8
© 1504 | | h 4 /* . 1(:ge‘cck&f m:{ ® i T150C° & R=1.15
| |
% 200 A [ < ° * —e—Crack 7 mm ﬁ —=— Crack 4mm
2 -200 | | Crack 10 mm 2 —— Crack 7 mm
% 250 T | “ —¥— Crack 13 mm = A Crack 10 mm
El /. A “ \‘ Crack 16 mm 5 v gract 12 mm
@ 30047 | | | —<— Crack 19 mm 8 rack 16 mm
& [ T “ | Crack 22 mm 4 —<¢—Crack 19 mm
3504 ° 4 | | —@— Crack 25 mm Crack 22 mm
iy hl [ /* — % Crack 28 mm —®— Crack 25 mm
400 - v < ¢ x —*— Crack 28 mm
-450 T T T T T T 450
- T T T T T T
10 20 30 40 50 60 10 20 30 40 50 60
Crack a  [mm] Crack a [mm]

Figure 8. Distribution of residual stresses along the direction
of crack propagation for different rates loading with constant
temperature T=150<C

Figure 7. Distribution of residual stresses along the direction
of crack propagation for different rates loading with constant
temperature T=100C
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4. CONCLUSIONS

The main purpose of this study, a finite element modeling
technique is developed to simulate the residual stress
generation at crack tip after thermomechanical effects, using
an Aluminum alloy 2024-T3. The main conclusions that were
drawn from this study are:

= The residual stresses at crack tip are compressive stresses
that evolve with the crack propagation.

= For each crack advance, the residual stresses pass a
compression phase and then a tension phase away ahead of
the crack, these stresses tend to zero, so there is stress
relaxation.

= The residual stresses are greater in absolute value for lower
temperatures for the same rate loading.

= The low absolute values of the residual stresses are obtained
for the high temperatures; this is explained by the expansion
of the material.

= When the rate loading increases, the residual stresses
increase in absolute value for the same temperature.

= For the same rate loading and the same temperature as the
residual stresses increase in absolute value when the crack
evolves to until reaching a maximum absolute value for a
length 13 mm then to become constant for crack length
greater than this value.

= The results were shown to be in good process to each other
as well as experimental measurements in the literatures.
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