
Chapter 26
Evaluation of Residual Stress with Optical Methods

C. Pappalettere

Abstract Residual stress (RS) evaluation and management is a very important topic in mechanical design because its
presence can severely affect final performances of the manufactured part especially under fatigue conditions. Due to the
complex chain of intermediate steps that lead to the final manufactured component numerical simulations to predict RS are
hard to be accomplished and the experimental approach is surely the most reliable one. Many different strategies have
been developed along the years to perform RS measurements including hole-drilling (HD), X-Ray diffraction, neutron
diffraction, Barkhausen noise etc. Also the adoption of optical techniques OT has been studied even in consideration of
their common capability to provide full-field information with high accuracy and high sensitivity. Among OT the Electronic
Speckle Pattern Interferometry is the technique which has experienced the greatest development in this field. In this paper
the progresses made since the first experiments which date back 30 years ago are presented. The achievements occurred
in these years are illustrated in terms of improvements of experimental set-up, developments of faster, simpler and more
accurate analysis algorithms and increment of number of applications where the hole drilling combined with ESPI has
been successfully exploited. Current state of the art is illustrated also with the indication of several different situations and
materials successfully studied with this approach. Finally indications for future works and research activities on this topic
are provided.
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26.1 Introduction

Obtaining a final part is a complex process which can involve many steps. At the end of the production chain it is important
to observe the presence of a possible residual stress state. This means that, without applying any external load, the material
can exhibit the presence of stresses which are commonly referred, in literature, as residual stresses (RS). The presence of
RS can be reconnected to the most relevant and widespread industrial manufacturing processes such as grinding, forming
[1], rolling, casting, forging [2], welding [3–5], melting [6], cladding [7] and heat treatments [8]. Assessment of RS is a
very relevant topic in consideration of the effects that the presence of a high level of these stresses can have. It should be
considered, in fact, that they must be added to the applied stresses during the exercise and that they can contribute in reducing
the lifetime of a component subjected to fatigue [9]. The attempt to follow the steps of the manufacturing chain in order to
predict the final level of stress is a very complicated task also in consideration of the great difficulty to obtain detailed
information of the relevant process parameters during the entire process. Experimental methods are, at the moment, the most
adopted ones to the scope to get information about the residual stress state of the materials. Several different approaches were
developed along the years each one displaying its proper drawbacks and advantages and their privileged fields of application.
However, one of the most consolidated and widespread technique-both at industrial and research level –is the so called hole
drilling method (HDM). This method, which is also nowadays ruled by an international standard, is based on the process of
removing the stress state by drilling a hole inside the material. Stress removal results in a strain field around the hole that can
be measured by using strain gages. Strain field measurement can be then used to retrieve information about the pre-existing
stress state. Moreover, if the hole is drilled incrementally the methodology allows to get stress profile along the depth. Strain
measurement, in this method, is performed by a rosette which, in the most common form, has three strain gages properly
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placed around the hole which give the minimum information allowing to solve the in-plane RS problem. The surface of
the sample must be properly prepared (i.e. smoothed and degreased) before applying the rosette. This is a time consuming
procedure which must be carried out with some care to avoid to alter the initial RS state. Also the relative placement between
the drill bit axis and the center of the rosette must be managed with some care in order to avoid eccentricity errors that would
introduce a bias in the measurement. In view of these considerations some efforts have been spent in the direction of studying
alternative ways to measure the strain field.

In this framework several research works explored the feasibility of replacing strain gages by optical methods (OM). This
class of experimental strain analysis methods constitutes, nowadays, a mature and well consolidated tool whose applications
span from contour measurements [10] to crack monitoring [11] and corrosion monitoring [12]. The application of OM to the
specific case of RS measurement displays several advantages. In fact, these methods do not require contact with the surface
and this involves a reduction of the preparation time and it allows to save the cost of the strain gage rosette. The possibility of
avoiding rosette attachment, moreover, extends the field of application of the HDM also to those materials with low Young’s
modulus where rosette reinforce action cannot be neglected. The use of moiré interferometry for strain determination in RS
measurement was tested since 1983 by McDonach et al. [13]. This application, however, required grating attachment to the
sample so that it shared several drawbacks with strain gages. In the same year the paper by Antonov [14] was published were
the possibility of adopting holographic interferometry was analyzed. Also shearography was subjected to investigation in
[15] where, however measurement principle for RS measurement is completely different because it does not relies on hole
drilling but on indentation. Sherarography for RS measurement was also explored by [16] where also a comparison with the
speckle based method is presented. Also the possibility to release residual stresses by using local heat treatment, combined
with electronic speckle pattern interferometry was attempted in [17–19] and more recently repeated on aluminum alloys
in [20, 21]. Among the OM analyzed to be employed in HDM residual stress measurement, at the current state of the art,
ESPI (Electronic Speckle Pattern Interferometry) must be cited to be that which has undergone to the major developments
along the years. The basic idea is to use the correlation fringe patterns obtained by the subtraction of a reference pattern,
recorded before starting to drill the hole, and those obtained at each incremental drill step. Also for the case of the speckle
interferometry we should say that it is, nowadays, a well consolidated approach which is successfully applied in many
different applications in experimental mechanics [22–30].

Speckle pattern is obtained by the illumination of an optically rough surface by a coherent beam of light produced by
a laser source. As a consequence of the random interference of scattered waves starting from each point of the illuminated
surface a completely random pattern of illumination is created which is strictly correlated with the surface under analysis
in the given state. Any surface modification introduces changes in the local roughness which introduce modifications in
the recorded speckle pattern. If two speckle patterns corresponding to two different surface conditions (e.g. loaded and
unloaded states) are recorded and subtracted each other, correlation fringes are displayed containing the information about
the displacement field experienced by the sample along the direction of the sensitivity vector of the system. This approach can
be easily transferred to the application of RS measurements by HDM in substitution of the application of a strain gage rosette.
In principle, in fact, it is sufficient to illuminate the surface before drilling the hole to store information about the initial state
of the sample. Successively new images can be recorded at the end of each drill increment. Subtraction of those images from
the reference one allows determining the strain field, on the surface of the sample, generated as a consequence of the stress
relaxation process. Starting from the very first studies on this approach, which date back to the last years of eighties, a lot
of progresses occurred along the years. This paper intends to provide a concise overview of these advancements including
improvements in terms of experimental equipment and developments of robust and faster calculation algorithms to end with a
short and non-exhaustive list of applications where the technique was applied successfully out-of-laboratory. This last aspect
can be considered a strong indication of the degree of maturity that this approach has achieved at this point of its development.

26.2 Pioneering Works

Among the first works where speckle interferometry was used as an experimental tool for stress analysis it is possible
to cite [26] where digital subtraction of speckle pattern was used for full field metrology of a loaded sample and [27]
where a speckle interferometer was used to analyze stress field arising as a consequence of mismatch in thermal expansion
coefficients between two different ceramic materials. In the same period the very first studies about the possibility to use
speckle interferometry for the problem of residual stress determination were published. One of the first and more relevant
works on this topic was done by Nelson and McCrickerd in 1986 [31]. In their paper the case of a hole in a flat plate with
uniform stress state along the thickness was considered. They explored different conditions of illuminations while the fringe
analysis was only limited to simple visual processing of the recorded fringes. Almost in the same year, 1987, also the Italian
group of Prof. Furgiuele, in Italy, presented a very complete study on the feasibility of applying speckle interferometry to
residual stress determination [32]. The optical set-up adopted in [32] (Fig. 26.1) allowed to determine three components of
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Fig. 26.1 Schematic of the HDM-ESPI Set-up for adopted in the pioneering work by Furgiuele et al. [32]

Fig. 26.2 Three different speckle correlation patterns obtained in the work by Furgiuele et al. [32]. Skeletonizing of the pattern is also shown. The
three different patterns are referred to three different directions of illumination

the displacement in the plane of the specimen and two oblique to the same plane. In order to verify the reliability of the
method the system was tested on a steel specimen where a well know stress state was introduced. Also in this case simple
visual inspection was used in order to analyze fringes. Pattern were skeletonized manually (Fig. 26.2) by using a trackball
in order to draw fringe edges and, successively, to assign them the proper fringe number. This allowed to determine the
displacement just for the pixels along the fringe edges and to obtain stresses based upon calibration coefficients connecting
the stress state to the displacement occurring as a consequence of the drilling procedure. The generic stress profile was
hypothesized to be reconstructed starting by the superposition of eight different linear profiles. Also in this case the use
of different directions of illumination was explored. It was found that the accuracy of the data was almost independent on
the adopted configuration while, best results were obtained when data from all of the directions were combined. This was
a strong indication that quality of the speckle fringes was a main issue which was only partially addressed by increasing
the number of processed data. A follow up of their work was published, in italian language only, and it takes several years
before being published in an international journal [33]. In this paper they specifically dealt with the problem to determine
calibration constants to be used in conjunction with displacement fields obtainable by OM.
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It was clear at that time that quality of the speckle images and the difficulties connected to the fringe analysis were the
first issues to be addressed in order to expand the technique.

26.3 System and Measurement Procedures Developments

In the direction of the simplification of the system and measurement procedures it is possible to insert the work by [34]
where a much more compact set-up including two Lendeertz dual beam interferometers was presented. Optical fibers were
used to implement the interferometers and the system was employed in the task of measuring RS in CD-R disc. This is a
practical problem because RS alters birefringence and this introduces errors in signal readings. This kind of system proved to
be much more manageable and promising in the direction of the simplification of the measurement procedure. A simplified
set up was also adopted later in [35] where an ESPI out-of-plane interferometer was built. However, in that case, the chemical
etching procedure was used instead of hole drilling to get stress relaxation along the depth. In the same framework it should
be inscribed the work by Zhang [36]. In that case a simple double-illumination system was adopted. The recording camera
used a customized telephoto lens allowing to change the field of view by keeping fixed the specimen position. The working
distance was designed in order to facilitate any operation of sample placing even of different sizes. Real time subtraction
of the speckle images allowed to visualize fringe pattern and this was a help during the whole measurement procedure.
Quality of the fringe pattern was much improved with respect to the pioneering works, however it should be underlined
that only a cross section of the fringe pattern was analyzed by [36], this means that one the point of strength of using
the great amount of data recordable by full-field techniques was only partially exploited at that time. In the direction of
implementing the technique in a robust a portable device it is also noticeable the work done in [37]; in this paper a conical
mirror was used to obtain an optical configuration where the sensitivity vector is directed along the radius for each point of
the analyzed specimen. The system was also tested on the field by measuring residual stresses on a pressure vessel while
the same interferometric configuration was adopted, in combination with indentation instead of hole drilling, in [38] even if
a numerical model for quantitative evaluation of RS was missing. Other considerations, even in terms of system robustness
and simplification, can be found in the series of paper [39–43]. The kind of system used in those paper was basically made a
laser source whose output was split and delivered by two fibers; first fiber is used to illuminate the sample while the second
one is used as a reference and it is directed towards the camera CCD matrix. CCD camera looks at the sample from a given
angle giving the possibility to accommodate the drilling system perpendicular to the sample. This is a very simple and robust
configuration which is nowadays implemented also in some commercial systems (Fig. 26.3) [44–46].

It worth underlining that some work was also carried on about the possibility of separating the ESPI set-up from the
drilling set-up. In this way the drilling operation could be performed in the machine shop without requiring dedicated drilling
system. The major problem that must be addressed, to this scope is the highly accurate repositioning of the sample after each
drilled increment. This problem was studied in [47] and it was successfully addressed by using a kinematic mount.

Fig. 26.3 Picture of the commercial system PRISM developed by Stresstech performing measurements on a Ti grade 5 sample at Politecnico di
Bari
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26.4 Analysis and Reliability Assessment Developments

A huge work in terms of data analysis improvement and consolidated reliability assessment of the method was done in
the previously mentioned series of papers [39–42]. Management of the entire amount of information, provided by full-field
technique, namely associated to each pixel, requires proper data management. In this direction the work by Steinzig et al.
aimed to the implementation of a numerical solution allowing to determine surface deformation, generated by HD stress
relaxation, in correspondence of whatever combination of elastic modulus and Poisson’s ratio as well as hole diameter and
single drill increments. This calculation allowed to determine the displacement corresponding to any in-plane stress state
represented as a combination of the σx, σy and τxy components. Once that the displacement field is determined by ESPI
then the stress profile can be obtained by applying least square technique to minimize the difference between the measured
stress field and the calculated one for a given combination of the σx, σy and τxy components. Another aspect that should
be conveniently taken into account during the data analysis as it was done in [39–42] is connected with rigid body motion
corrections. In fact, differently by traditional strain gage approach, ESPI method measures displacements instead of strain.
This means that possible rigid body motions that can occur during the measurement process can introduce a bias in the final
results. A possible way to overcome this difficulty is by applying a derivative filter in order to obtain strain field. However, the
typical noise associated with speckle measurements make this approach not recommendable. In [39–42] also this problem
was addressed by generalizing the problem by adding terms which take into account also the effects of rigid body motion
on the final displacement field. Accuracy and reliability assessments of the technique is another important aspect that was
conveniently afforded by researchers in the last years. Main source errors can be associated with the uncertainty on the
determination of the illumination and observation angles, as well as on the determination of the pixel size and so on. Also
the influence of drilling parameter such as the choice of a given rotation speed of the drill bit was analyzed and studied in
the case of aluminum and steel in [48] and, later, also for titanium [49–52]. In these papers also considerations about the
definition of the area of analysis are reported (Fig. 26.4). In fact, for accurate measurements, information from pixels too
much near to the hole edges or too far from them should be discarded. In the first case, in fact they can be affected by edge
effects connected, for example to material heating during the drilling process. When too far from the center of the hole,
instead, displacements can become too low to be detected properly [53–58].

Also the direction of the sensitivity vector, with respect to the principal stress direction, was found to have some relevance
in final accuracy especially for the case of measurements of low level of stress (i.e. low displacements) [53]. Finally the
problem of algorithm optimization for full data exploitation was analyzed in [59] while some extra considerations about the
choice of the drilling strategy and its effects in terms of final accuracy can be found in [60].

Fig. 26.4 Example of identification of the area of analysis by the indication of a circular crown centered at the center of the drilled hole. Only the
pixels included between the inner radius and the outer radius are considered for the calculation
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26.5 Recent Applications of the Technique

The increased easiness in using ESPI-HDM methods, the reduction in terms of initial costs required to set-up this kind
of system, the development of software tools for fringe analysis and the increased performances of modern computers are
all factors that facilitate the diffusion of this approach. It results that the number of publications on this topic in the last
10 years is increasing and, at the same time, it is increasing the range of different applications where this approach was
successfully used. Nowadays, many applications of industrial relevance can be found; in particular connected to weld joint
analysis, a field where the RS evaluation is a task of great importance. In [61] the technique was applied to evaluate residual
stress generated by the friction hydro pillar processing, a process where welding is obtained by introducing a rod of welding
material by exploiting frictional heating. The force used to push the road and its rotation speed needs to be optimized and
this optimization process must also take into account RS issues. The ESPI-HDM approach demonstrated to be effective
in RS determination and it put into evidence a radial symmetry of the stress field around the rod. It is also interesting to
observe that, in the same paper the authors performed comparative measurements by using both strain gages and optical
approaches obtaining very consistent data; at the same time, the authors observed that the measurement time required for
measuring with ESPI-HDM can be estimated to be about 25% of the time required by strain gauges. This makes this approach
appealing for industrial environment. In the same direction, it worth underlining that the specific set-up developed by the
group of Viotti et al. is robust enough to be effectively used also outside laboratory. Another recent application of ESPI-
HDM to RS evaluation in weld joint can be found in [62]. In that paper AlMg6 alloy argon arc welded shells were studied.
Besides the previously mentioned advantages, connected with the use of the HDM ESPI technique, the authors underline
that, for the specific case, employment of the optical method avoided removal of weld reinforcement. In this way, consequent
redistribution of residual stresses is avoided as well and this goes in the direction of improving measurement reliability.
Also in this case, it should be underlined that a robust set-up was employed, easily usable also outside laboratory. Another
comparison between ESPI measurements and strain gages measurements for RS analysis can be found in [63]. In that paper
three-layer submerged arc butt welded joints were analyzed and also in that case a good agreement among results obtained
by the two different approaches was found. Moreover a finite element analysis was performed to simulate the butt welding
process and to predict RS, also in this case a good agreement was found between RS results obtained HDM ESPI and
numerical simulations. Another technological pathway which is assuming great importance at industrial level is connected
with additive manufacturing [64, 65]. Also in this situation optimization of process parameters is a relevant task that must
include also residual stress assessment. RS, in fact, can impact not only on the lifetime of the component but also on its final
dimensional accuracy. RS management can avoid successive post-processing of the part allowing to exploit to the maximum
the potentiality of additive manufacturing processes [66]. Fused Deposition Modelling is one of the most widespread additive
manufacturing approach. Final part is built layer by layer by depositing a melted filament through a numerically guided
heated nozzle [67]. Material under construction is constantly subjected to thermal cycles which introduce residual stresses
that can also be released altering the shape of the final part. Measuring RS stress by ESPI HDM for this specific situation
shows an additional advantage; in fact, in FDM, polymers are commonly employed. Due to their low Young’s modulus,
application of a strain gage rosette can act as a reinforcement so that measured strain values can be altered. The use of
ESPI, being without contact, overcomes completely this issue. In [67, 68] RS measurement on ABS sample built by FDM
is presented; to the scope an ad hoc orthotropic model based on the classical laminate theory was developed in order to
calibrate coefficients. Other measurements on plastic materials were recently published in [69] where analyses on Babyblend
(PC/ABS) and Makrolon (PC) were performed. In this case some deviations from the expected values were observed at the
higher depths that can be reconnected to the low heat conductivity of such a kind of materials that limits heat dissipation
during the drilling process. In the same paper also analyses on glass are presented. The surveys of recent researches on the use
of ESPI methods for RS analysis must also include that works where alternative ways for stress relaxation are attempted. In
[70] incremental grooving was used instead than drilling while in [71–72] cross slitting and dual-axis ESPI were introduced
demonstrating that this configuration gives better results with respect to the determination of the shear stress profile. In [73]
hole-drilling and ring-core techniques are used in combination. Recent works are also concerned with the improvement of
calculation methods; in [74] the integral method for stress calculation in incremental hole drilling was modified so that the
speckle images recorded at each drill increment are not subtracted from the initial speckle pattern but from the speckle pattern
recorded on step before. By using this approach it can be observed that the matrix that rules the problem, that is to say that
connecting measures strain and stresses, becomes diagonally dominant so that the equation system is better conditioned and
error propagation is reduced.
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26.6 Conclusions

The literature survey presented in this paper shows that many progresses occurred along the last thirty years in developing
an approach which combines HDM and OM for RS measurements and in particular for that is concerning the adoption of
Electronic Speckle Pattern Interferometry. Many technological progresses occurred along the years helped this progress.
The appearance of high resolution cameras e better quality laser sources contributed to the possibility to manage data of
higher quality that can guarantee analyses at a higher level of accuracy. At the same time the cost of the necessary equipment
and size of the equipment itself has constantly reduced. This last aspect contributed to the development of portable and
robust systems that can also be transported and used outside typical laboratory environment [75, 76]. Refinement of the
calculation algorithms and higher performances processing units made the analysis process much faster and easy and, for
some situations, a certain level of automation of several parts of the measuring process was implemented. This gives some
indications that it is foreseeable the possibility that in the next future this technique can have some diffusion also at industrial
level as it occurs, nowadays, for several different stress analysis methods [77, 78]. With regards to future research in this
field we can expect that the number of investigated materials will increase more and more and it will comprises also non-
isotropic materials. Some works is also expected to be done in terms of comparison with the emerging concurring techniques
of displacement fields measurements based on Digital Image Correlation [79–82].
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