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A. Molina-Ballinas, G. Urriolagoitia-Sosa, G. Urriolagoitia-Calderon, L. H. Hernandez-Gomez,
V. F. Verduzco-Cedefio, D. Torres-Franco, C. R. Torres-San Miguel, B. Romero-Angeles

the piece is affected, because the material is distorted [5],

Abstract— Nowadays, knowledge on the behavior of which leads to imbalances in the machines, causing diverse

mechanical components against external agents is important in problems such as vibration, abrasion, temperature rise and
order to obtain a better understanding about the failure others.

mechanisms that occur during their lifetime. One of the factors The study of residual stress has become very important; in

to be taken into consideration, on the nucleation and this sense, several measurement techniques have been
propagation of cracks, is the effect that a previous loading

history might have. This is the case of manufacturing processes, d€veloped [6]-[8]. One of the most important procedures is
which in currently induce residual stresses that alter the the Crack Compliance Method (CCM). It is a destructive

nucleation and propagation of cracks. In the present research, technique that is based on the induction of an incrementally
residual stress distribution is evaluated in a mechanical crack (cut) in a specimen [9], [10]. In this case, the residual
component. It is used as a guide in an assault rifle, which is gyresses are in static equilibrium. When a cut is introduced

produced by the Mexican army. The material used to into the component, the removed material will produce a
manufacture such guide is a 1018 steel, which is subjected to a P ! P

die process. The characterization of the residual stress field is Féarrangement of the residual stress field, undergoing a
performed by the use of the Crack Compliance Method (CCM), Strain relaxation. It can be measured by strain gauges in a
which is a destructive method. The entire residual stress field, perpendicular direction with respect of the cut [11]. Also,
throughout the cross section of a component is evaluated. In the CCM is based on Fracture Mechanics theory.

order to get a better understanding of the effect of the die This paper presents the results from the measurement of a

process in the induction of the residual stress field, the residual stress field induced in a mechanical component
evaluation of the field is performed considering two directions p ’

(horizontal and vertical). The characterization of residual stress Made with AISI 1018 steel. This analysis is carried on
field induced by a particular manufacturing process helps us to before and after the manufacture process was performed.

understand in a more accurate manner the material behavior The dimensions and geometry of the component is illustrated
during its lifetime service. in Figure 1, as it is received and the end of the die process.

Index Terms— CCM, Characterization, Crack, Residual

stress. Dimensions in mm
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I. INTRODUCTION

Currently, the design of mechanical components has led I~ ,|->| |<-4-5
; . . 200
to the development and implementation of different

manufacturing processes, which causes microstructural 19 1 6 —
changes and induce a residual stress field [1], [2]. Such | I | _1 12
stresses can be beneficial or unfavorable, because they are b) I_I_fs \ 3. I:II
added to the resultant stresses of the applied loads, 7
increasing its useful life or causing sudden failures [3]. |« > -:U«-
Besides, its greatest effect is on the fatigue life [4]. 186 :
Regardless the residual stresses, the dimensional stability of Fig. 1. Dimensions of parts. a) Bar, b) Guide

Il. CRACK COMPLIANCE METHOD [12]
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In this section, a brief summary of the theory relative t&(a) is the stress intensity factor due to the residual stress
the CCM used in this research is presented. Let the unknofigid, when the crack depth in the beam is equal. t§,-(a)
residual stress distribution in the beam be represented by théhe stress intensity factor corresponding to the same depth
summation of am™ order polynomial series as: due to a pair of virtual forceB applied tangentially at a

position on the beam where strain measurements will be
taken during theCCM cutting of the slot (wher&(a) is a

n
g, (x) = Z AP (X) (1) geometry dependant function (3)):

i=0

- : _ 0K (a9)

whereA are the coefficients that have to be obtained”ind Z(8) = ————— (8)
are a power series’, x', x4 .... X" etc. Legendre 0F0s
polynomials are also used. However, the CCM includes a ) . ]
step which assumes that the stress distributig®) = P;(x), By following the weight function approaciK,(a) and

interacting with the crack is known. This known stress fiellfiF(@) can be expressed as [10]:

is used to obtain the crack compliance funciidby using

Castigliano’s approach. The change in the strain energy dKeI (a)= J-ah( x,a)a, (x)dx 9)
to the presence of the crack and a virtual force is given by 0 y

Cheng, Prime and Finnie as:

é.foa(K. +K.)? da o Z & ¥ 4283 h(x,a) (1~ 2x)dx (10)

U=

where gy(x) = Pi(x) and h(x,a) is known as the weight

wherek, is the stress intensity factor due to the known strefgnction. So, thegi(x) is the stress field due to the virtual
field andK,e is the stress intensity factor due to the virtuaiorce F. Once theCi(a,s) solutions are determined, the
force F. Applying Castigliano’s theorem, the displacemerﬁ‘Xp?Cted strain due to the stress components in (1) can be
u(as) can be determined by taking a derivative of the strafptained as:

energy with respect to the virtual force, as:

&a;,9)=> AC(a,,9) (11)
10u 1.a,6 K (as i=0
u@s)=, - ==, K 'g()demzo 3)
20F F-0 E F The unknown termg are determined so that the strains

given by (11) match those strains measured in the
Differentiating now with respect to the distangethe experiment during cutting, this i5(&,S)atua. In order to
strain in the x-direction is given by: minimize the average error over all data points fom4n
order approximation, the method of least squares is used to
1.a 62K|F (a,9) obtain the values of. Therefore the number of cutting
£(a, ’S):EI . Ki (a) 6[376(16# F=o (4) incrementsm is chosen to be greater than the order of the
S polynomial, i.e.m > n. This work usedn = 7 with 8
constants A, and m = 9, this being the number of
The straing(a,s) (wherea = crack length and is the experimental slot cutting depths at which strain readings
distance between the location of the strain gauge and tere collected. The least square solution is obtained by
crack plane) due to the stress fiell§x) is known as the minimizing the square of the error relative to the unknown

compliance functior€i(g,s) and is given by: constant [12]:
—_ 1 a‘ azKIF(a!S) a m n 2
Ci(ai’s)_E.[o K|(a)7a|:as da (5) a I|:£(a’s)actual _kZOA(Ck aj S)} =0i=Q..... n
J: =\
Due to the linearty oK;r with F, the second term under (12)

the integral in (5) is the same &®) in:

B( 9K This gives [H]{A}={J} where [H]=[C]'[C] and
Z(@)=—| & (6){J}=[C] {§}acuas [13] gives a linear set of simultaneous
FL 0s | solutions from whichA; values are determined and (1) is
then used to determine the residual stress distribution. The
with B = 1, therefore it can be written: numerical procedure was implemented in a FORTRAN
program.
C.(a.9==[ ?K @2(a)da @)
i ] 1 El 0 I
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[I. PROCEDURE it is possible to determine the actual residual stress profile.
The residual stress field, which is generated by a die [N this research, the cut was performed by an electro-
process during the manufacture of a guide for an assault riiE?Sion machine (mark SODIK, model AGS5L). It was used
(Figure 2), is evaluated. The material is an AISI 1018 stedl order to avoid the induction of additional residual stresses
which has tensile strength of 485 MPa and yield stress BY cold work into the material.

310 MPa.

Fig. 2. Manufacturing of the guide

For a complete understanding of the resultant residual
stress field, measurements were performed in two directions:

1. Measurement of residual stress field along the
axial direction (Figure 3a)

2. Measurement of residual stress field perpendicular
to the axial direction (Figure 3b).

Cutting direction

Gauge

b)

Fig. 3. Cutting direction for measuring residual stress field.
a) Horizontal cut, b) Vertical cut

The AISI 1018 steel bars were annealed to remove any
previous loading history before the die process was
performed. The annealing process was carried out, in a
controlled atmosphere furnace at a temperature of 840 ° ¢ Fig. 5. CCM in the beam bar. a) Horizontal cut, b) Vertical cut
during 840 min. Thereafter, the specimens were left in the

furnace to slowly cool down. To verify that the annealing |n Figures 5 and 6 are presented the way in which the
process was performed correctly, a beam specimen wags were produced in each one of the specimens. A copper
instrumented with strain gauges and the CCM wasiate (50 mm X 50 mm X 0.56 mm) was used as cutting tool

performed to determine the residual stress field acting in thg the electro discharge process. The electro-erosion
material. Subsequently, a batch of beam specimens wagchine cut an excess of 0.2 mm per cycle, so it was
subjected to the die process to manufacture the guide and dfé@ided to perform controlled cuts approximately 1 mm

residual stress field was evaluated. The specimens were #&p and strain readings were obtained. Due to the bars

instrumented with strain gauges as shown in Figure 4. dimensions, the number and magnitude of the cuts are given
as follows; for the beam bar and guide produced by a die
lll.  CHARACTERIZATION BY CCM process in a horizontal position (Figure 5a and 6a), 17 and

The CCM is a destructive method that introduces ahl successive cuts were performed respectively, each one
increasing slot to determine the stress state into bging 1 mm deep. For the beam bar and guide produced by
component. The length of the slot is controlled by smalhe die process in a vertical position (Figure 5b and 6b) 10
cuts. The introduction of the slot produces a partigiuts were performed. Each one was 0.4 mm deep.
relaxation of the acting residual stress field at the
neighborhood of the cut. By measuring the strain relaxation,
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treated by the die process. This confirms that the residual
stresses induced by previous loading history, have been
removed.

Figure 8 shows the residual stress fields obtained in two
directions. Although the magnitude of the residual stress
field is not critical, it can be harmful, due to presence of
tension residual stresses on the surface of the specimen. This
is the place in which fatigue failures develop. This situation

b) has to be considered in the design phase.

a) ,
e
s
Specimen 1
................... Specimen 2
------ Specimen 3
Fig. 6. CCM in the guide. a) Horizontal cut. b) Vertical cut.
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e Fig. 8. Residual stress field due of die process.
£ -4 Stress (MPa) a) Horizontal cut, b) Vertical cut
=
2 V. CONCLUSION
T .
-8 The knowledge of the effects caused by manufacturing
Fig. 7. Residual stress field in annealing beam bar. processes on the mechgnlcal behavior of components is of
a) Horizontal cut. b) Vertical cut. utmost importance; this knowledge can promote the
eradication of sudden failures or in-habilitate possible
IV. RESULTS existing cracks to propagate. This research was focused on

In Figures 7 and 8 are shown the results obtained by the measurement of residual stress fields generated by the
implementation of the CCM. It can be seen from Figures 7He Process. It should be taken into consideration that the
and 7b, the residual stress field in the beam bars subjectedif@l component has a detrimental residual stress field,
annealing process. It is possible to see that the eliminationich can promote the nucleation and propagation of cracks.
the prior loading history was successful. Almost a nohhis is because a tensile residual stress is active at the
existing residual stress field was achieved, as the reading fstrfaces of the component, which will be an adding effect to
both figures is a consequence of the cutting process §f action of any kind of external agent. This detrimental
alteration caught by the strain gauge. effect is an entire consequence of the dying process, which

In Figures 8a and 8b are shown the residual stress fiélgS t0 be sooner or later modified or change to enhance a
caused by the manufacturing process to create tARICh longer service I_|fe into the component. _ _
component. It is possible to observe that the residual stresdt could be interesting to develop a numerical analysis, to
field found in the annealed beam bars (Figures 7a and #pmote an easy manner to apply the CCM. Also, the
are almost negligible in comparison with the specimerdimerical simulation could provide data to improve the
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assembly of the specimen on the testing rig. As there are Conference on Modern Practice in Stress and Vibration Analysis,

: : : 2009.
residual  stresses, deformations have been induc 92] Urriolagoitia-Sosa, G., Analysis of prior strain history effect on

Therefore, it is important to evaluate the way in which the  mechanical properties and residual stress in beams (PhD thesis)”,
specimen is hold. This will lead to more accurate readings. Oxford Brookes University, 2005, pp. 138-142.
Furthermore, the numerical investigation is a powerful
tool that could provide the expected results for a particular
case, which later could be corroborated by the experimental
procedure and have proved that the introduction of a
residual stress field could raise or decrease the mechanical
resistance of the material.
Additionally, it could be said, that a mechanical
procedure (like the introduction of a residual stress field)
may extend the working life of a component if its
performance is known and the type of consequences that
could bring.
On the other hand, it has been determined that the use of
CCM is a very easy method, to obtain full knowledge of the
internal state of the material, besides being a quick and easy
technique.

ACKNOWLEDGMENT

The authors gratefully acknowledge the financial support
given to this research by Instituto Politécnico Nacional and
Consejo Nacional de Ciencia y Tecnologia (CONACYyYT). It
is also acknowledge to Direccion General de la Industria
Militar de México for providing steel specimens and
equipment.

REFERENCES

[1] Mordfin, L., “Measurement of residual stresses: Problem and
opportunities (Book)"Residual stress for designer and metallurgist,
1992, pp. 189-209.

[2] Wang, Z.,, Gong, B., “Residual stress in the forming of metals:
Handbook of residual stress and deformation of sté&M
International, 2002, pp. 141-149.

[3] Withers, P. J., Bhadeshia, H. K. D. H., “Residual stress Part 1 —
Measurement technique¥jaterials science and technology, Vol. 17,
2001, pp. 355-365.

[4] Schwaighofer, J., “Determination of residual stresses on the surface
of structural parts”Experimental Mechanics, Vol. 4, 1964, pp. 54-

56.

[5] Prime, M. B., “Residual stress measurement by successive extension
of a slot; The crack compliance methodfplied mechanics reviews,
Vol. 52, 1999, pp. 75-96.

[6] Garcia-Granad, A. A., Smith, D. J., Pavier, M. J., “A new procedure
based on Sachs’ boring for measuring non-axisymmetric residual
stresses” International Journal of Mechanical sciences, Vol. 42,
2000, pp. 1027-1047.

[71 Kandil, F. A., Lord, J. D., Fry, A. T., Grant, P. VA'review of
residual stress measurement method - A guide to technique selection
(Notes style)”, Project CPM4.5, Measurement of residual stress in
components, NPL Report MAT(A) 04, 2001.

[8] Legogatt, R. H., Smith, D. J., Smith, S. D., Fauce, F., “Development
and experimental validation of deep hole method for residual stress
measurement”Journal of strain analysis for engineering design,

Vol. 31, 1996, pp. 177-186.

[9] Cheng, W., Finnie, ., Vardar, O., “Measurement of residual stresses
near the surfaces using the crack compliance methindipal of
Engineering Materials and Technology, Vol. 113, 1991, pp. 199-
204.

[10] Prime, M. B., “Cross-section mapping of residual stresses by
measuring the surface contour after a cdéyrnal of engineering
materials and technology, Vol. 123, 2001, pp. 162-168.

[11] Sandoval-Pineda, J. M., Urriolagoitia-Sosa, G., Urriolagoitia-
Calderon, G., Hernandez-Goémez, L- H., Garcia-Lira, J., Beltran-
Fernandez, J. A., Rodriguez-Martinez, R., “Numerical and
experimental evaluation of the residual stress relation and the
influence zone due to application of the crack compliance method”,
Journal of Physics: Conference Series 181, 7th International

ISBN: 978-988-19251-5-2 WCE 2011
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)





