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ABSTRACT 
The evolution and development of mankind has been partly possible thanks to the transformation of diverse types of 
materials and the manipulation of their mechanical properties. This work is focused on numerical and experimental 
evaluations of the improvement of the mechanical resistance of one material (AISI 316L) through the application of 
strain hardening and a residual stress field induction. Additionally, the state of the stresses in the component is 
determined by the application of the Crack Compliance Method, a destructive method based on the Fracture 
Mechanics Theory. The relevance of the work lies on the implementation of a new methodology which can be used to 
improve the mechanical resistance of the component by altering the state of the mechanical properties of this 
material. This research also demonstrates that strain hardening and induction of a residual stress field must be 
performed carefully or it could result in a component susceptible to failure. In this respect, bending tests are proposed 
to provide tensile and compressive stress profiles and to corroborate previous history loading on the material. 
 
Keywords: Residual stresses, strain hardening, Bauschinger effect, Crack Compliance Method. 

 
RESUMEN 
La evolución y desarrollo de la humanidad, aunque parcialmente, ha sido posible gracias a la transformación de 
diversos materiales y la manipulación en sus propiedades mecánicas. El presente trabajo está dirigido a la evaluación 
numérica y experimental del mejoramiento de la resistencia mecánica en un material (AISI 316L) por medio de la 
aplicación de endurecimiento por deformación y la inducción de un campo de esfuerzos residuales. Adicionalmente, 
el estado de esfuerzos en el componente es determinado por la aplicación del Método de Respuesta de Grieta, el 
cual es un método destructivo y con base en la teoría de la Mecánica de la Fractura. La relevancia de este trabajo se 
enfoca en presentar una nueva metodología que puede ser usada para mejorar la resistencia mecánica de los 
componentes por medio de la alteración del estado de las propiedades mecánicas del material. El trabajo de 
investigación presentado en este artículo también muestra que si el endurecimiento por deformación y la inducción 
del campo de esfuerzos residuales no son realizados con cuidado, esto puede resultar en el deterioro del 
componente y hacerlo que esté susceptible a fallar. En el mismo sentido, la prueba de flexión es propuesta para 
obtener la caracterización de esfuerzos en tensión y en compresión del material y corroborar la posible historia previa 
en el mismo. 
 

 
1. Introduction 
 
In engineering applications, the reduction in the 
number of components has shown several 
advantages (weight reduction, simplicity, cost savings, 
simplified storage and logistics). Nevertheless, to 
improve the performance of such parts, stronger 
materials are required. The improvement of the 
material resistance can be achieved in two ways: 

 
 
through the application of homogeneous loading 
(strain hardening) or by applying a non-homogeneous 
loading (residual stress). The success in this area is 
based on the correct characterization of the material, 
ensuring that failure will not occur after the final 
component has been produced by a/several 
mechanical process(es) [1].  
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On the other hand, all mechanical components 
have to be produced by a certain number of 
manufacturing steps. Each one of these steps 
could induce a state of deformation or stress that 
will prevail in the material. The condition induced to 
the component could be beneficial or detrimental; 
this depends on the nature of the selected 
mechanical process. For example, strain hardening 
caused by extrusion tends to increase the yield 
stress and a beneficial residual stress can be 
induced by lathing [2]. Nonetheless, the 
combination of homogeneous and non-
homogeneous loading can promote the nucleation 
or propagation of cracks. 
 
Additionally, evaluations of the stress-strain state in 
the material are extremely difficult. Strain hardening 
could only be evaluated by axial tension or bend 
testing. The residual stress field could be 
determined by a non-destructive or destructive 
method. The Crack Compliance Method (CCM) is 
herein presented for the stress evaluation in a 
mechanical component. 
 
The CCM is an accurate destructive measuring 
method which is also relatively inexpensive. The 
performance of the CCM is based on the Fracture 
Mechanics Theory and the successive extension of a 
slot [3]. The basic idea of the application of the CCM 

is to introduce a cutting narrow slit into the 
considered component along a selected zone in 
which the residual stresses have to be measured, 
thus releasing them at the slit faces. This causes a 
redistribution of the residual stress field within the 
entire body (Figure 1). 
 

The strain change at any arbitrary location in the 
body surface due to cutting contains information 
about the released stresses. It can be measured by 
a strain gauge at a suitable measurement point. 
There is a unique relation between the released 
stresses and the strain at the measurement point, 
which allows the former to be determined from the 
latter. The corresponding inverse problem is solved 
in [4-6] by a decomposition of the unknown stress 
field into a number of suitable candidate functions, 
which are superimposed in such a way that the 
measured strains are matched. 
 

The principal aim of this research is to highlight the 
existing possibility of weakening the mechanical 
resistance of the material by the application of both 
beneficial conditions: strain hardening and a 
residual stress field. Additionally, the importance 
that previous loading history has in the 
development and propagation of cracks is 
emphasized. This research also demonstrates that 
the CCM is an effective tool to determine the stress 
state condition within the component. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Plate EDM 

Electric 
Charge 
Plate 

Specimen 

Bottom gauges 
at the middle of the crack 

Top gauges 

Dielectric fluid 

Figure 1. Electric discharge machining used to apply the CCM [1]. 
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2. The Crack Compliance Method (CCM) 
 
The CCM is a destructive technique and one of the 
most effective procedures used to determine the 
distribution of residual stresses in a material. It 
allows to obtain the distribution of the residual 
stresses acting in a material as well as the stress 
intensity factor that results from introducing cracks. 
In fact, the principle of the CCM is the one that 
calculates the stresses from the stress intensity 
factor rather than the other way around [7]. The 
method is based on the introduction of a crack or a 
cut into a body that contains residual stresses, with 
a slow increment of the cut length. Residual 
stresses are released at the newly created 
surfaces and cause the stress field to be 
rearranged in the entire body (Figure 2a). Based 
on the change of strain at a place due to the 
progressive cutting, starting at the rear surface 
(Figure 2b), it is possible to calculate the stress 
that acted along the corresponding axis x in the 
initial un-cracked state [6]. 
 
Compared to other destructive techniques, the 
CCM contributes with some unique capabilities for 
the determination of residual stresses. The 
technique is a relatively simple tool used to 
determine the stress intensity factor caused by a 

crack in a residual stress field and provides the 
means to measure crack closure stresses. This 
technique can be fairly easily applied with 
commonly available equipment such as strain 
gauges and electric discharge or conventional 
machining. This offers increased spatial resolution 
of residual stresses and sensitivity to low stresses. 
The CCM can be applied to many distinctive 
materials including different metals, polymers and 
composites. Different geometrical tested 
configurations include surface and through 
thickness measurements, axial stresses in plates 
(beams and strips), axi-symmetric stress in 
cylindrical components, pre-cracked specimens, 
central holes, and others [8-11]. 
 
The analytical solution that uses the CCM can be 
carried out only if the relaxed strain readings have 
been obtained from cutting a component induced 
with residual stresses. In general, the analyses for 
the determination of the residual stresses from the 
collected strain data can be performed in two 
ways: through the forward solution approach or by 
the inverse solution method [5]. These solutions 
are based on linear elastic fracture mechanics or 
linear elastic and isotropic material consideration. 
The inverse solution developed and used in this 
work is explained as follows: 
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Figure 2. Schematic representation of an arbitrary bidimensional body.  a) Initial residual stress state. 
 b) Stress rearrangement due to an introduction of a crack or a cut. 

 



 

Numerical and Experimental Analysis in the Manipulation of the Mechanical Properties for Enhancing  the Mechanical Resistance of a Material, G. Urriolagoitia‐Sosa  et al., 156‐172 

Journal of Applied Research and Technology 159

Consider a 2D arbitrary body influence from the 
effects of a crack of length and unknown residual 
stresses (Figure 3). By extending the crack a small 
increment a, the change in the surface strain M 
produced by the crack extension can be obtained 
by using strain gauges at an arbitrary point M [7]. 
The strain increment M can be expressed by 
means of Castigliano’s theorem as 
 

    
 

U is the difference in the elastic energy stored 
before and after the extension of the crack, F is a 
virtual force acting tangentially to the surface at M, 
and s is the distance between arbitrary point M and 
the point of the application of line force F. The 
reaction forces F can be arbitrarily introduced. In 
most cases, the force is positioned at symmetrical 
locations with respect the point M (Figure 3). 
 
The difference in the elastic energy stored before 
and after the extension of the crack, in terms of the 
stress intensity factor, can be expressed as [12] 
 

 
 

(2) 
 

where E’ is the generalized Young’s modulus (E’ = 
E for plane stress condition and E’ = E / ( 1- 2) for 
plane strain) and B is the thickness. At the crack 
tip, KIrs and KIIrs are the stress intensity factors due 
to the residual stress and KIF and KIIF are the 
stress intensity factors due to the virtual force. By 
inserting Equation 2 in Equation 1 and as KIF is a 
linear function of F and KIrs is independent of s [7]: 
 

 
 

(3) 
 
In this work, a system in which both KIIF and KIIrs 
vanish is considered (which is the case for 
symmetrical systems with respect to the crack plane 
and/or the situation in which forces F do not produce 
shearing stresses at the plane y = 0) [9]. Therefore: 

 

   
 

It is possible to obtain the relationship between the 
strain change at the arbitrary point M and the 
stress intensity factor at incremental crack lengths 
from Equation 3a. It can be re-arranged to give 
Equation 4 [9]. 

y 

s 

a 

F 

x 

a
 

s 
F 

Gauge positioned at bottom (M) 

M 

Figure 3. Mechanical system considered to establish the relationship  
between the stress intensity factor and the strain at an arbitrary point M [7] 

(1) 

(3a) 



 

 

Numerical and Experimental Analysis in the Manipulation of the Mechanical Properties for Enhancing  the Mechanical Resistance of a Material,G. Urriolagoitia‐Sosa  et al., 156‐172 

Vol.9 No.2 August 2011 160 

    
 
where Z(a) is a geometry dependent function that 
reflects the sensitivity of the strain at M with 
respect to stresses released at the crack tip and is 
given by Equation 5 [13]. 
 

   
 
Z(a) is called the influence function. By 
determining the change in the strain caused by the 
extension of the crack by da and substituting the 
(dM / da) as obtained in Equation 4, the stress 
intensity factor due to a crack in a residual stress 
field can be obtained, provided that Z(a) for the 
configuration is known. From this theory, it was 
possible to develop the global polynomial residual 
stress field inverse method [3]; considering a as a 
slot or cut of depth t and a unit thickness in a body 
(Figure 4) [14]. The surface traction y(x) is the 
unknown residual stress that has to be deduced 
from the measurement of strain   at some location 
(for example x = 0, y = s or at x = t, y = 0) (Figure 
4). Furthermore, let the unknown residual stress 
distribution in the beam be represented as a nth 
order polynomial series as [14] 
 

    

where Ai are the coefficients that have to be 
obtained and Pi are a power series, x0, x1, x2, …. xn 
etc., their Legendre polynomials are also used. 
However, the CCM includes a step which assumes 
that a stress distribution, y(x) = Pi(x), interacting 
with the crack is known. This known stress field is 
used to obtain the crack compliance function C by 
using Castigliano’s approach. To illustrate the 
determination of the compliance functions, a strip 
of unit thickness and unit width in the z direction 
with an edge crack of length a (Figure 5), is taken. 
In order to obtain the horizontal displacement u at 
(l, s), a pair of virtual forces F are introduced at 
that location in the horizontal direction. 
 
The change in the strain energy due to the 
presence of the crack and the virtual force is [9]: 
 

   
 
where KI is the stress intensity factor due to the 
known stress field, and KIF is the stress intensity 
factor due to the virtual force F. Applying 
Castigliano’s theorem, the displacement u(a,s) can 
be determined by taking a derivative of the strain 
energy with respect to the virtual force, as [14] 
 

   

(8) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y 

a 

x



y(x) =  Ai Pi(x) 
n 

i = 0 

t 

Figure 4. Edge-Cracked strip subjected to surface loading and virtual force [9]. 

(4) 

(5) 

(6) 

(7) 
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Differentiating now with respect to distance s, the 
strain in the x-direction is given by Equation 9 [14]: 
 

 
 
Strain ε (a,s), due to stress Pi(x), is known as 
the compliance function Ci(a,s) so that 
 

 
 

(9a) 
 
Due to linearity of KIF with F, the second term 
under the integral sign in Equation 9a is the same 
as Z(a) in Equation 5 with B = 1; therefore, it can 
be written as 
 

 
 

(9b) 
 
By following the approach in Schindler et. al. [9] 
and Kang et. al. [15] for the case of a beam with a 
strain measurement point M at the base (Figure 5), 
KI(a) and Z(a) can be expressed as 
 

 
 

 
(9d) 

 

where y(x) = Pi(x) and h(x,a) is known as the 
weight function. Once Ci(a,s) solutions have been 
obtained, the expected strain, due to the stress 
components in Equation 6, can be calculated as [14] 
 

   
 

The unknown terms Ai have to be determined so 
that the strains given by Equation 10 match those 
from the strains measured in the experiment during 
cutting (aj,s)actual. To minimize the average error 
for all the data points for the nth order 
approximation, the method of least squares is used 
to obtain values Ai; therefore, the number of cutting 
increments m is often chosen to be greater than 
the order of polynomials Pi i.e. m  n. Typically, m 
= n + 1 is used [14]. In this work, n = 8 and m = 9 
are used. The least square solution is obtained by 
minimizing the square of the error relative to the 
unknown constant Ai, i.e. as in Equation 10 [14]: 
 

 
 

(11) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a 

x 

l 

s s 

y 

(F,u) 

Pi(x) 

M 

(F,u) 

Figure 5. Measurement of strains near the cut or on the back face [14]. 

(9) 

(9c) 

(10) 
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This gives 

 
 
where [H] = [C]T[C] and {J}=[C]T{j}actual [21]. Equation 
12 gives a simple set of simultaneous linear 
equations. For the problems considered in this work, 
[H] is an 8x8 matrix. The numerical procedure was 
implemented in a FORTRAN program using the 
Compact Visual FORTRAN package and Equation 
9a was solved using the LU Decompositor 
(LUDCMP) and Backsubstitution (LUBKSB) routines 
[16]. The actual residual stress distribution was then 
determined by using Equation 6. 
 
3. Material selection, specimen instrumentation 
and metal characterization 
 
The material selected to perform this research was 
AISI 316L stainless steel which is one of the most 
used for the manufacturing of prosthesis, in 
particular, the hip joint prosthesis (acetabulum and 
femoral head) [17]. Beam geometry was selected to 
manufacture 26 specimens (200 mm long, 10 mm 
high and 6.35 mm thick). A stress relief annealing 
heat treatment procedure was applied to all the 
specimens. The annealing process was performed in 
a controlled environment furnace, at 600 oC for half 
an hour and letting the material to slowly cool down 
inside the chamber of the furnace [18]. 
 

Once the annealing process was concluded, all the 
specimens were instrumented with strain gauges 
(Figure 6a and 6b) [19]. Two strain gauges were laid 
down, at the top and bottom surface, respectively 
(Figure 6c). The strain gauges will provide the 
necessary data to characterize the material under a 
bending test. Also the gauges will provide the 
results from the strain hardening procedure and the 
strain relaxation information needed to apply the 
CCM. Additionally, the strain gauges on the 
specimens used for the determination of the effect 
of strain hardening and/or the induction of bending 
residual stress field by the CCM were sealed with a 
high tear strength silicon rubber and a nitrile rubber 
coating (Figure 6d). 
 
The mechanical characterization of the AISI 316L 
stainless steel was done with a four-point bending 
test using three beam specimens [20]. The 
bending strain results and the obtain stress-strain 
curve for this material are presented in Figure 7. 
The main advantage of this procedure is the 
simultaneous evaluation of tensile and 
compressive behavior. Furthermore, by applying 
the bending procedure, the previous loading 
history in the material can be determined. The 
Young´s modulus and Poisson´s ratio obtained 
from these tests were 190 GPa and 0.28, 
respectively, and were used for the application of 
the CCM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  a) 

d) b) 

c) 

Specimen 

Top gauge 

Bottom gauge 

Figure 6. Specimen implementation a) Strain gauge placed down. b) Concluded preparation 
 of the application of the strain gauges. c) Final position of top and 

 bottom strain gauges. d) Sealed strain gauges. 

(12) 



 

Numerical and Experimental Analysis in the Manipulation of the Mechanical Properties for Enhancing  the Mechanical Resistance of a Material, G. Urriolagoitia‐Sosa  et al., 156‐172 

Journal of Applied Research and Technology 163

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Numerical simulation and analysis 
 
Before the experimental procedure was carried 
out, the numerical analyses were developed. The 
finite element analysis (FEA) provides useful 
information and applicable guidance for the 
experimental procedure. The FEA presented in this 
paper is based on a four-point bending test. 
However, before applying the bending load that will 
introduce a residual stress field into the material, 
two cases with strain hardening will be considered 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
in which an specimen is axially pulled up to 
introduce a previous loading history. The strain 
hardening effect was induced by elongating the 
specimen by an amount of 0.000901554 m and 
0.002103626 m. These values correspond to 3y 
and 7y of the material, which will produce strain 
hardening at two different levels. The geometry 
size of the specimen and mechanical properties 
used for the numerical simulation are shown in 
Figure 8. Also, the four-point bending configuration 
used to introduce a residual stress field is shown. 
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Figure 7. Mechanical characterization of AISI 316L stainless steel. a) Bending test data 
used to obtain the stress-strain curve. b) AISI 316L stress-strain curve. 

Properties Values 
Yield stress 290 MPa 
Yield strain 0.00150259 
Max stress 560 MPa 
Max strain 0.01503 
  Young´s 
modulus 

190 MPa 

Poisson´s ratio 0.28 
 

0.05 m 0.05 m 
0.2 m 

Cutting 
plane 

Strain gauges 

130 N 130 N 
0.

01
 m

 

Figure 8. Mechanical properties for the simulation and specimen dimensions. 
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The numerical simulation was performed by the 
FEM commercial software. A Plane 183 element 
and a kinematic hardening rule were applied. 
Plane stress analysis was carried out and the 
mesh was defined in a controlled manner (Figure 
9). In the center of the beam, a fine mesh was 
generated by elements of 1 mm high and 0.5 mm 
width. This was later used to simulate the 
introduction of the slot and evaluate the CCM. The 
residual stress field produced by a 130 N load is 
also illustrated. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.1 1st Numerical case of study (specimen strain 
hardened at 3y) 

 
The residual stress field introduced by a bending 
procedure tends to have an axisymmetric shape 
[21-22]. The residual stress field can be 
manipulated by previously applying an axial 
pulling. Consequently, the residual stress field will 
lose its axisymmetric shape. In this case, the 
specimen was elongated 0.000901554 m 

 

 

130 N 130 N 

Top surface 

Bottom surface 

Figure 9. FEA configuration and residual stress field induction. 
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Figure 10. Numerical simulation for specimen pre-pulled at 3y. a) Tensile and 
compressive loading stages. b) Induced residual stress field. 
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(equivalent to 3y), before the bending moment 
was applied. The loading stage and the induced 
residual stress are shown in Figure 10. 
 
4.2. 2nd Numerical case of study (specimen strain 
hardened at 7y) 
 
In this case, the previous procedure is repeated; 
however, a change in the axial pulling will be set 
so as to produce an elongation of 0.002103626 m 
(equivalent to 7y). The loading stage and induced 
residual stress can be seen in Figure 11. 
 

4.3. Numerical evaluation of the CCM 
 
After the numerical simulation of the residual 
stress field induction was finished, the numerical 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
evaluation of the CCM was carried out. The 
evaluation of the CCM was performed by simulating 
the introduction of a slot into the beam (deleting 
elements at the central part, Figure 12), which will 
cause a modification by auto-equilibrium of the 
residual stress on the acting base line, producing a 
relaxation in the material [11]. 

 
The introduction of the slot will produce strain 
relaxation data that will be collected at the rear 
node of the cutting plain and could be used by 
the CCM to determine the original residual stress 
field. The residual stress field determined by the 
CCM for each one of these cases is presented in 
Figures 13a and 13b; the results for the 
numerical simulation are shown too. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 11. Numerical simulation for specimen pre-pulled at 7y. 
 a) Tensile and compressive loading stages. b) Induced residual stress field. 
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Figure 12. Numerical simulation of the slot into the beam. 
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5. Experimental analysis 
 

From the numerical evaluation, it can be noticed 
that the axial pre-pulling causes a detrimental 
introduction of a residual stress by bending. This 
was corroborated by pre-pulling and bending 6 
specimens (3 were pre-pulled at 3y and 3 at 7y) 
and applying the CCM to determine the induced 
residual stress fields in each specimen. The results 
were similar to the ones obtained by FEA [23]. 
Consequently, it was decided to invert the strain 
hardening condition by an axial pre-compressed 
condition which, in theory, would increase the value 
of the yield stress in compression and produce a 
Bauschinger effect in tension. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A batch of 12 annealed specimens were prepared 
with strain gauges (Figure 6c) and strain 
hardening condition was introduced by 
compression. For this task, it was necessary to 
develop a mechanical device that would allow the 
specimen to remain straight (at certain level). The 
axial compressive load was then applied (Figure 
14a). A mechanical device is used to encapsulate 
the specimen, preventing bending and inducing 
the expected strain hardening condition into the 
material. The 12 specimens were divided into two 
groups and were compressed at 0.000901554 m 
and 0.002103626 m (equivalent to 3y and 7y, 
respectively). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 13. Residual stress field induced in specimen pre-pulled.  
a) 3y pre-pulled specimen. b) 7y pre-pulled specimen. 
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Figure 14. Mechanical components. a) Axial compressive loading dispositive. 
b) Four point bending rig. c) Axially compressed specimen. 
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Once the specimens were strain hardened by a 
homogeneous load (Figure 14c), a four-point bending 
rig (Figure 14b) was used to plastically bend the 
specimens. From the bending procedure, it is 
possible to mechanically evaluate the new 
conditions in the material [20] (6 specimens were 
used, 3 specimens compressed at 3y and 3 
specimens at 7y) and a residual stress field will be 
also induced into the material. The mechanical 
properties for these new conditions (before applying 
the bending procedure to introduce the residual 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
stress field) are presented in Figure 15. It can be clearly 
observed that strain hardening and a Bauschinger effect 
have been introduced into the material. 
 
The application of the CCM has to be implemented by 
the introduction of an incremental slot. The cutting of 
the component has to be performed by a machining 
process that does not alter the original state of the 
residual stress field. In this sense, a plate electric 
discharge machine was chosen to introduce the slot 
and to relax the residual stress field (Figure 16). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

Figure 15. Mechanical characterization of stainless steel AISI 316L.  

a) Material pre-compressed axially to  3y y. b) Material pre-compressed axially to 7y. 
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Figure 16. Electric discharge machining process. 
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The specimens are cut in successive steps (1mm 
depth by 1 mm width). As the heights of the beams 
are 10 mm, 9 consecutive cutting steps are 
performed and the beams are finally left with 1 mm 
of material to preserve the structural integrity. After 
each cutting step was performed, the strain 
relaxation caused by the reestablishing of the 
residual stress field, in what was left of the material, 
was collected as deformation by the strain gauge. 
The strain relaxation was utilized by the CCM and 
the original residual stress field inside the beam 
could be estimated. In Figure 17, the residual 
stress fields obtained for every condition in the 
material (pre-compressed (3y y and 7y) and bend) 
by the CCM are presented. Additionally, the figures 
present a comparison between the experimental 
procedures against both numerical simulations. 
 
6. Discussions 
 
This paper presents a methodology to manipulate 
the mechanical properties of a biocompatible 
material to enhance its mechanical resistance. The 
advantages of inducing the effect of strain 
hardening into a material have been fully 
established in specialized literature around the 
world; the beneficial aspects of introducing a 
residual stress field are also well documented. 
However, the application of both conditions has not 
been completely investigated. This paper 
demonstrates that the conjunction of strain 

hardening and residual stresses could develop a 
detrimental effect on the material. Additionally, a 
numerical simulation has been performed in this 
research to determine the possible effects of strain 
hardening and the introduction of a residual stress 
field in order to enhance the implementation of the 
experimental analysis. By achieving FEA, it was 
possible to determine what to expect when these 
two mechanical conditions are applied. On the 
other hand, FEA has been useful to evaluate the 
accuracy of the CCM and could provide vital 
information for the experimental application of the 
CCM. The CCM has gradually consolidated in the 
engineering area as a very good method for 
evaluating and determining residual stresses. It is a 
very simple technique to be applied, low in cost, 
easy to implement, reasonably accurate and has 
drawn good attention from the scientist community. 
Nonetheless, the CCM needs to be numerically and 
experimentally evaluated in a major and diverse 
manner with the purpose of extending its 
application to spread its use and to ensure its 
acceptance by the scientific community. 
 
7. Conclusions 
 
This paper has analyzed the way in which the 
application of strain hardening and the induction of 
a residual stress field can decrease the mechanical 
resistance of a material. It is apparent that the 
substantial beneficial effect that causes the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 17. Residual stress fields in specimens made from stainless steel AISI 316L. 
 a) Material pre-compressed axially to 3y. b) Material pre-compressed axially to 7y. 
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application of a strain hardening process or the 
induction of a residual stress by themselves can be 
recognized. However, this research corroborates 
that the introduction of both beneficial effects could 
cause a decrease of the mechanical resistance of 
the material. From Figures 10b and 11b, it can be 
observed that the bending introduction of a residual 
stress will tend to be detrimental to the component 
if the material has been axially pulled, because a 
high tensile residual stress field will be left on the 
surfaces of the material. This tension stress will 
lead to consider the surface layer in a tensile state, 
which has to be added to the action of the tensile 
external agent. This existing residual stress acting 
on the surface will be predisposed to encourage the 
tensile action and could activate the nucleation or 
propagation of defect. In this matter, it is not 
important how the hardening process raise the yield 
tensile strength of the material, what it is important 
to determine is the Bauschinger effect and the 
compression behavior of the material. The 
Bauschinger effect on the compressive side is 
important because the yield compressive stress 
has decreased (Figure 10a and 10b) in comparison 
with the tensile side; theory states that non-
homogeneous elasto-plastically loading on the 
surface of the material in a particular direction will 
be transformed in the opposite stress direction in 
the same when the residual stress is induced. 
Nevertheless, it could be even worst (Figure 11b). 
There is a possibility that both surfaces can be left 
with a detrimental residual stress field. 
 
The numerical simulation has provided sufficient 
data to perform the experimental analysis. The 
experimental procedure has been done to enhance 
the mechanical resistance of the material by 
inducing a compressive strain hardening and 
introducing a beneficial residual stress field. In 
Figures 17a and 17b, it can be observed that the 
surfaces of the beams tend to be in compression, 
which propitiates a tensile external agent to 
overcome this compressive stress before the 
damage to the material starts. This is important 
because components obtained from material 
fabricated by extraction and bending could have a 
predisposition to be weak and, in the worst 
scenery, to fail. 
 
Additionally, in this research, the CCM was 
numerically and experimentally evaluated. By the 
application of the numerical analysis, it was 

possible to simplify the experimental 
implementation, reducing time and cost. Also, FEA 
has proved to be an important tool, which provides 
information about what to expect when performing 
experimental application. At present, there is a 
great quantity of information about the experimental 
application of the CCM and its assessment. In this 
regard, the authors state that there is insufficient 
information about the correct manner of performing 
the experimental procedure  to be convinced that 
the results obtained are the optimum ones. It is 
considered that FEA could be the best option for 
evaluating the CCM and could bring more specific 
information on the best way to use it. The 
experimental implementation of the CCM has 
brought results that are similar to those obtained by 
numerical simulations and has encouraged authors 
to continue with their research in this field of 
engineering. 
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