3rd International Conference
Advanced Mechanics: Structure,
Materials, Tribology

Methodology for Residual Stress Analysis in Aluminum Alloy 2024
Plates after Double-Sided Spherical Indentation (‘Dimpling’)

AIPCP25-CF-AMSMT2025-00025 | Article

PDF auto-generated using ReView
from

sl

RIVER VALLEY
HNOLOGIES



Auto-generated PDF by ReView

3rd International Conference Advanced Mechanics: Structure, Materials, Tribology

\“aiwurf b.rﬂu‘tu J

ﬁ!!sﬁlg LICENSE TO PUBLISH AGREEMENT FOR CONFERENCE PROCEEDINGS

This License to Publish must be signed and refurned to the Proceedings Editor before the manuscript
can be putlished. f you have questions about how to submit the form, please contact the AIP
Publishing Conf Ei ings office (confproc@aip org). For questions regarding the
copyright terms and conditions of this License, please contact AIP Publishing's Office of Rights and
Permissicns, 1305 Walt Whitman Road, § it 300, Melville, NY 11747-4300 USA: Phane §16-576-
2268, Email: righis@aip cag.

ma&:ﬂg}d LMTnfGﬂHIM (romphm)

Residual Foresr Enginecsing i A luminum Al{oqw-vl 16 Plate;s

{Please Indicate the final il of e Wark, Any Substantive changes made tothe it after acceptance
of the Work may require the completion of a new agreement.)

s‘-" 2%3"\- EK{P!'

yalose T Bongby, Andres T, [ibypell K €oxarder

[Please list gl the authors' names in arder as they mﬁwaar in thE Wark. Allli amﬁmsmuslbe
fully deserving of authorship and no such authors should be omitied. For large groups of authors,
attach a separate fist to- this form.)

Title of C MWWJ Mechanie £+ Hructuie
Name(s) of Editor{s) hx‘z-m{m L- po»w 'hrnmnb, J‘L&-ﬂ.ﬁ

All Copyright Ownes(s), if not Author{s):

{Please list all copyright owner(s) by name. In the case of a Work Made for Hire, the employer(s)
or commissioning party{ies) are the copyright owner(s). For Large groups of copyright owners,
attach a separate list to this form. )

For the purposes of this License, the “Work” cansists of all content within the article itself and mads
available as part of the anicle, including but not limited fo the shsiract, tables, figures, graphs,
images, and mulimadia files, as wall as any emrata. “Supplementary Material” consists
of material that is associated with the aricle but linked to or accessed separataly (available
eleciromcally anly), including but not limited to data sets and any additonal files.

This Agreementis an Exclusive License to Publish not a Transfer of Copyright. Copyrighl to the Work
remaing with the Author(s) or, In the case of a Work Made for Hire, with the Author(s)’ employer(s).
AP Publishing LLC shall own and have the right to register in its name the copyright to the
proceedings issue of any other collective work in which the Work is included. Any rights granted
undser ihis License are contingent upon acceptance of the Work for publication by AIP Publishing. 1f
for any reazon and at its own discretion AIP Publishing decides not o publish the Work, this License
is congidered void.

Each Copyright Qwner hereby grants to AIF Publishing LLC the foliowing imevocable rights for the
full term of United States and foreign copyrights (including any exiensions):

1, The exclusive right and license to publish, reproduce, distribute, transmit, display,
store, franslate, edit, adapt, and create derivative works from the Work (in whale or in
pan} {hroughout the word in all formals and media whether now known o |ater

loped, and the lusive right and license fo do the same with the
Supplementary Material.

2. The right for AIP Publishing to freely transfer andior sublicense any or all of the
exclusive rights fisted in #1 above, Sublicensing includes the right to authnﬁne
requests for reuse of the Work by third

3. The right for AIP Publishing to take whatever steps it considers necessary to protect
and enforce, at its own expanse, fhe exclusive rights granted herein against third

Subject to the rights herein granted to AIP Publishing, each Copyright Owner retains ownership of
copyright and all other proprietary nghts such 23 patent rights in the Work

Each Copyright Owner retains he following nonexclusive rights 1o use the Work, withaut obtaining
permission fram AIP Publishing, in keeping with professional publiation efhics and provided clear
credi is given to its first publication in an AIP Publishing proceeding. Any reuse must include a full
credt line acknowledging AP Publishing's publication and a link to the Version of Recerd (VOR) an
AP Publishung’s site.

Each Copyright Owner may:

1. Reprint portions of the Work (sxcerpls, figures, tables) in future works created by the
Author, in keeping with professional publication ethics.

2. Post he Accepled Manuscript (AM) to their personal web page or their employer's
web page immediately after acceptance by AIP Publishing,

A Deposit the AM in an instituticnal or funder-designated repasitory immediately after
acceptance by AIF Publishing.

f.i‘ém’n.L Fugne. ¥ Mﬁepzu ﬁ&n’,ﬁ_’r MM

Itcmwia

P

==Thors) 5 —~J Prnthame

4. Use the AM for pasting within scientific collaboration networks (SCHs). For a detailed
description of our palicy on posting to SCNs, please see our Web Posting Guidelines
(https-ipublishing, aip.org/authorsiwet- posting-guidelines).

5 Reprint the Version of Record (VOR) in print callections writlen by the Author, or in the
Auther's thesis or dissertation. [t i undersicod and agreed that the thesis o
disseriation may be made available electronizally on the university's site or in its
tepository and that copies may be offered for sak on demand.

6 Reproduce coples of the VOR for courses taught by the Author or offered al the
ingtitution where the Author is emplayed, provided no fee is charged for access fo the

Work.

7. Use the VOR for intemal training and noncommercial business purposes by the
Author's employer.

8. Use the VOR in oral presentaions made by the Author, such as at conferences,
meetings, seminars, elc,, provided those receiving copies are informed that they may
riot further copy or diskribute the Work.

9 Distribuie the VIOR to calleagues for noncommercial seholarly use, provided thase:
receiving coples are informed that fhey may not further copy or distribute the Wark.

0. Post the VOR to their personal web page or their employer's web page 12 months
after publication by AIP Publishing.

11.  Deposit the YOR in an institufional or funder-designated repository 12 months after
publication by AIF Publishing.

12 Update a prior posting with the VOR on a noncommercial server such as arXiv, 12
months after publication by AlP Publishing.

Author Warranties
Each Author and Copyright Owner represents and wamants to AIP Publishing the foliowing:

1. The Work is the original independent creation of each Author and does not infringe
any copyright or viclate any offer right of any thied party,

2 The Work has not been previously published and is not being considered for
publication elsewhers in any form, except as a preprint on 3 noncommaercial server
such as arXiv, or in a thesis or dissertation.

3. Wiritten permission has been obtained for any material used from other sources and
copies of the permission grants have been supplied to AIP Publishing to be included
in the manuscript fle.

& Al third-party material for which pammission has been ablained has bean propery
credited within the manuscript

5. In the event that the Author is subject to university open access policies or other
Institutional restrictions that confict with any of the rights or provisions of this License,
such Author has obtained the necessary waiver from his or her university or institution.

This License must be signed by the Authee(s) and, in (he case of a Work Made for Hire, aiso by the
Copyright Cwners. One AuthorCopyright Owner may sign on behalf of all the contributorsiowners
anly if they all have authorized the signing, approved of the License, and agread to be bound by it
The signing Authar and, in the case of a Wark Made for Hire, the signing Copyright Cwner warrants
that he/sheiii has full authority to enter into this License and to make the orants this License contains.

1. The Author must please sign here (except if an Author is a U5, Government employee, then
please sign under #3 below):

A Brin_

508 005

2. The Copyright Owmer (if different from the Author} must please sign here:

Name of Copyright Owner “Authonized Signature and Tite Date

3 i an Author is & U5, Governmant employee, such Authar must please sign below.
The signing Author certifies that the Work was written as part of hisfer official dufies and is therefors
not eligible for copyright protection in the United States.

Name of LS. Government Institubion (g.g., Naval Research Laboratory, NTS-I'}

Author Signature Print Name Diate

PLEASE NOTE: NATIONAL LABORATORIES THAT ARE SPONSCRED BY U.S. GOVERNMENT
AGENCIES BUT ARE INDEPENDENTLY RUN ARE NOT CONSIDERED GOVERNMENT
INSTITUTIONS, (For example, Argonne, Brookhaven, Lawrence Livermore, Sandia, and others.)
Authors at these types of institutions should sign under #1 or #2 above.

If the Work was authored under a LJ.S. Government contract, and the U.S. Government wishes fo
retain for itself and others acting on its behal, a paid-up, nonexclusive, imavocable, workdwide license
in the Work lo reproduce, prepare denvative works from, distribute copies to the public, perform
publicly, and display publichy, by of on behalf of the Government, please check the box below and
add the relevant Confract numbers.

O Contract &(s) [1161]

0257 C Azorina M SMT2025.pdf Frontmatter

AIPP Review Copy Only




Auto-generated PDF by ReView

3rd International Conference Advanced Mechanics: Structure, Materials, Tribology

Accepted Manuscript (AM): The final version of an author’'s manuscript that has
been accepted for publication and incorporates all the editorial changes made to
the manuscript after submission and peer review. The AM does not yet reflect any
of the publisher's enhancements to the work such as copyediting, pagination, and
other standard formatting.

arXiv: An electronic archive and distribution server for research article preprints in
the fields of physics, mathematics, computer science, quantitative biology,
quantitative finance, and statistics, which is owned and operated by Cornell
University, http:/arxiv.org/.

Commercial and noncommercial scholarly use: Noncommercial scholarly uses
are those that further the research process for authors and researchers on an
individual basis for their own personal purposes. They are author-to-author
interactions meant for the exchange of ideas. Commercial uses fall outside the
author-to-author exchange and include but are not limited to the copying or
distribution of an article, either in hard copy form or electronically, for resale or
licensing to a third party; posting of the AM or VOR of an article by a site or service
where an access fee is charged or which is supported by commercial paid
advertising or sponsorship; use by a for-profit entity for any type of promotional
purpose. Commercial uses require the permission of AIP Publishing.

Embargo period: The period of time during which free access to the full text of an
article is delayed.

Employer’s web page: A web page on an employer's site that highlights the
accomplishments and research interests of the company’'s employees, which
usually includes their publications. (See also: Personal web page and Scholarly
Collaboration Network).

Exclusive License to Publish: An exclusive license to publish is a written
agreement in which the copyright owner gives the publisher exclusivity over certain
inherent rights associated with the copyright in the work. Those rights include the
right to reproduce the work, to distribute copies of the work, to perform and display
the work publicly, and to authorize others to do the same. The publisher does not
Hold the copyright to the work, which continues to reside with the author. The terms
of the AIP Publishing License to Publish encourage authors to make full use of their
work and help them to comply with requirements imposed by employers,
institutions, and funders.

Full Credit Line: AIP Publishing’s preferred format for a credit line is as follows
(you will need to insert the specific citation information in place of the capital
letters): "Reproduced from [FULL CITATION], with the pemmission of AIP
Publishing.” A FULL CITATION would appear as: Jounal abbreviation, volume
number, article ID number or page number (year). For example: Appl. Phys. Lett.
107, 021102 (2015).

Institutional repository: A university or research institution’s digital coltection of
articles that have been authored by its staff and which are usually made publicly
accessible. As authors are encouraged and sometimes required to. include their
published articles in their institution’s repository, the majority of publishers allow for
deposit of the Accepted Manuscript for this purpose. AIP Publishing also allows for
the VOR to be deposited 12 months after publication of the Work.

Journal editorial office: The contact point for authors concerning matters related
to the publication of their manuscripts. Contact information for the journal editorial
offices may be found on the journal websites under the “About” tab.

Linking to the Version of Record (VOR): To create a link to your article in an AIP
Publishing journal or proceedings, you need to know the CrossRef digital object
identifier (doi). You can find the doi on the article's abstract page. For instructions
on linking, please refer to our Web Posting Guidelines at
hitps://publishing.aip.org/authors/web-posting-guidelines.

National Laboratories: National laboratories are sponsored and funded by the
U.S. Government but have independent nonprofit affiliations and employ private
sector resources. These institutions are classified as Federally Funded Research
and Development Centers (FFRDCs). Authors working at FFRCs are not

considered U.S. Government employees for the purposes of copyright. The Master
Government List of FFRDCs may be found at http:/www.nsf.qov/statistics/ffrdclist/.

Personal web page: A web page that is hosted by the author or the author's
institution and is dedicated to the authors personal research interests and
publication history. An author's profile page on a social media site or scholarly
collaboration network site is not considered a personal web page. (See also:
Scholarly Collabaration Network; Employer's web page).

Peer X-Press: A web-based manuscript submission system by which -authors
submit their manuscripts fo AIP Publishing for publication, communicate with the
editorial offices, and track the status of their submissions. The Peer X-Press
system provides a fully electronic means of completing the License to Publish. A
hard copy of the Agreement will be supplied by the editorial office if the author is
unable to complete the electronic version of the form. (Conference Proceedings
authors will continue to submit. their manuscripts and forms directly to- the
Conference Editors.)

Preprint; A version of an author's manuscript intended for publication but that has
not been peer reviewed and does not reflect any editorial input or publisher
enhancements.

Professional Publication Ethics: AIP Publishing provides information on what it
expects from authors in its “Statement of ethics and responsibilities of authors
submitting to AIP Publishing joumals” (hitp://publishing.aip.org/authors/ethics). AIP
Publishing is also a member of the Committee on Publication Ethics (COPE)
{hitp://publicationethics.ora/), which provides numerous resources and guidelines
for authors, editors, and publishers with regard to ethical standards and accepted
practices in scientific publishing.

Scholarly Collaboration Network (SCN): Professional networking sites that
facilitate collaboration among researchers as well as the sharing of data, results,
and publications. SCNs include sites such as Academia.edu, ResearchGate, and
Mendeley, among others.

Supplementary Material: Related material that has been judged by peer review
as being relevant to the understanding of the article but that may be too lengthy or
of too limited interest for inclusion in the article itself. Supplementary Material may
include data tables or sets, appendixes, movie or audio clips, or other multimedia
files.

U.S. Government employees: Authors working at Government organizations who
author works as part of their official duties and who are not able to license rights to
the Work, since no copyright exists. Government works are in the public domain
within the United States.

Version of Record (VOR): The final published version of the article as it appears
in the printed journal/proceedings or on the Scitation website. It incorporates all
editorial input, is formatted in the publisher's standard style, and is usually viewed
in PDF form.

Waiver: A request made to a university or institution to exempt an article from its
open-access policy requirements. For example, a conflict will exist with any policy
that requires the author to grant a nonexclusive license to the university or
institution that enables it o license the Work to others. In all such cases, the Author
must obtain a waiver, which shall be included in the manuscript file.

Work: The “Work” is considered all the material that comprises the article, including
but not limited fo the abstract, tables, figures, images, multimedia files that are
directly embedded within the:text, and the text itself. The Work does not include
the Supplementary Material (see Supplementary Material above).

Work Made for Hire: Under copyright law, a work prepared by an employee within
the scope of employment, or a work that has been specially ordered or
commissioned for which the parties have agreed in writing to consider as a Work
Made for Hire. The hiring party or employer is considered the author and owner of
the copyright, not the. person who creates the work.

0250 C Azorina M SMT2025.pdf Frontmatter

AIPP Review Copy Only




Auto-generated PDF by ReView 3rd International Conference Advanced Mechanics: Structure, Materials, Tribology

Methodology for Residual Stress Analysis in Aluminum
Alloy 2024 Plates after Double-Sided Spherical Indentation
(‘Dimpling’)

Igor A. Zorin" ¥, Eugene S. Statnik!>*, Eugene N. Prokopev?, Alexey 1.
Salimon'3, Vladimir S. Pisarev*, Svyatoslav I. Eleonsky*, Andrey 1. Shtypel? and
Alexander M. Korsunsky'*

ISkolkovo Institute of Science and Technology (Skoltech), Moscow, Russia
2National University of Science and Technology ‘MISIS’ (NUST MISIS), Moscow, Russia
3CASM&T, Moscow Aviation Institute (MAI), Moscow, Russia
4The Zhukovsky Central Aero-Hydrodynamics Institute (TsAGI), Moscow, Russia

3 Corresponding author: igor.zorin@skoltech.ru

Abstract. Double-sided spherical indentation (‘dimpling’) is an effective method of creating localized compressive
residual stress in ductile metals to improve fatigue strength. Despite the proven effectiveness of this treatment, some
aspects of the process remain insufficiently understood. The purpose of the present study is to develop an accessible
means of analyzing deformations and stresses after the double dimpling treatment using the Digital Image Correlation
(DIC) technique. Samples of 2024-T6 aluminum alloy were treated using a hydraulic rig, and the deformation increment
was determined by DIC using a bespoke enclosure by a smartphone camera with LED lighting. A three-point kinematic
positioning system was used to ensure the required sample placement repeatability of 3 pm. Displacement maps were
processed using software tools in ImageJ and Python to determine the strain and stress fields. The results allowed the
determination of the residual stress-strain state within the sample to the accuracy of about 5%. The notable aspects of the
developed technique are its accessibility and effectiveness.

Keywords: Methodology, Indentation, Digital Image Correlation, Plasticity, Residual Stress

INTRODUCTION

One of the main problems in the design of durable and reliable aircraft structures is the need to ensure the fatigue
strength of aircraft parts and assemblies [1-4]. Some of the greatest challenges arise at the fixed and separable joints:
rivets, bolts, screws, etc. These types of joints are particularly vulnerable to fatigue damage due to two factors: the
presence of a stress concentrator (hole) that may promote crack initiation, and the cyclic loads exerted on the
airframe during aircraft service [5-7]. As neither the first nor the second factor can be eliminated, methods need to
be sought to improve the fatigue resistance of the existing joint designs.

To solve the problem of increasing the fatigue strength of engineering materials under the conditions described
above, two groups of effective methods can be distinguished: surface treatment methods and mechanical methods.
Both groups focus on increasing crack resistance and slowing down the crack growth by creating fields of
compressive residual stress. Surface treatment methods aim to increase fatigue resistance in the near- and sub-
surface layers. The advantages of these methods include a wide treatment area with possible improvement of the
surface quality, while the disadvantage of this method is the depth of treatment the order of one millimeter. This
group includes such methods as: plastic deformation, ultrasonic impact treatment, ion bombardment, polishing,
chemical and thermal treatment [8-9]. Mechanical methods also use compressive residual stress fields to increase
fatigue strength but focus on the specific point most susceptible to fatigue failure (the technological hole). This
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group of methods is distinguished not only by its proven effectiveness, but also by the simplicity of implementing
technology into industry. The most well-known mechanical methods are hole drilling, cold expansion methods,
vibration processing, high-frequency mechanical peeling, tip crack welding, induction heating with forging, and
double dimpling [10-12].

Among the mechanical methods, the cold expansion method (split sleeve) and double dimpling method
(StressWave™) are the most effective and easiest to use. Both methods have proven their effectiveness and can
increase the fatigue strength of materials. However, there are several differences that affect technological
accessibility and fatigue strength improvement. Although the cold expansion method is the most common way to
increase fatigue strength, this technology implies not only the use of a steel rod but also a mandrel with a lubricant
[13-14]. This technology requires strict control and is difficult to automate. A major disadvantage of this method is
the uneven fields of compressive residual stress along with the thickness of the sample, which reduces the favorable
effect [15]. There were some attempts to solve this problem reported using double cold expansion, i.e. cold
expansion from both sides [16]. This method was effective in reducing the unevenness of stress distribution over the
thickness but significantly complicates the technology. At the same time, the double dimpling technology does not
imply any additional equipment besides simple stamping tooling and showing comparable or even superior fatigue
strength values compared to double cold expansion [16-17]. Thus, despite its lower popularity at present, double
dimpling offers a promising alternative for increasing the fatigue strength of aircraft joints.

There is presently a relatively small number of publications describing the detailed analysis of the dimpling
method. Much of the research addresses the quantitative effect of this type of treatment - fatigue life improvement
[18-19]. Understanding these mechanisms is critical because the residual stress does not merely alter the mechanical
performance through macroscopic load effects - it also influences such structural features as the local strain
distribution at the microscale and affects strain hardening in the plastically deformed zones. Such structural changes
may contribute synergistically or antagonistically to fatigue resistance improvement. Some articles in the literature
describe practical stress-strain analysis using strain gauges [20-22]. However, no articles were found providing
detailed analysis of dimpling mechanics and residual stress engineering analysis using Digital Image Correlation,
despite the fact shown below that this highly efficient method does not require complex and expensive equipment.
Thus, the purpose of this article is to develop a methodology for detailed analysis of deformations and residual stress
after double dimpling. With this practical tool in hand, the task of optimizing the double treatment can be tackled.

MATERIALS AND METHODS

The present study focuses on the development of effective and reproducible practical methodology for the
determination of the stress-strain state in double dimpled samples. The methods used to conduct the study can be
divided into experiment and interpretation. The experimental part consists of machining the samples, applying a
speckle pattern, and performing digital image acquisition under identical conditions. The interpretational part
consists of processing DIC images, obtaining the displacement dataset, and preforming the calculation of strains and
stresses.

Aluminum alloys are most common engineering material in the aerospace industry due to their low density and
high corrosion resistance. Aluminum alloys of the Al-Cu-Mg-Mn (or duralumin) system are the most popular among
all aluminum alloys in aviation as durable engineering material [23]. That is the reason why samples of aluminum
alloy 2024 were studied in this research. Plates 50x50x10 mm in size were coated using standard matte automotive
paint for DIC (Fig. 1 a, b). Firstly, white layer was applied as background and afterwards a random speckle pattern
was obtained by spraying black paint.

The double-dimpling process was conducted using a 25-ton (250kN) hydraulic rig with tool steel dies (Fig. 1 c,
d). Each die incorporated a hardened 16 mm spherical indenter made of 4140 steel.

The reliability of digital image correlation depends primarily on the quality of the acquired images. To ensure
consistent imaging conditions, a custom photo box was designed and fabricated (Fig. 1 e). The box was equipped
with internal LED lighting to eliminate the influence of external illumination. For stable camera positioning, a
Redmi smartphone mount was affixed to the top of the box. Image acquisition was performed using the onboard
camera of a Redmi Note 13 Pro smartphone.
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FIGURE 1. Illustration of used materials and equipment
a) Random speckle coating for DIC before dimpling; b) Random speckle coating for DIC after dimpling;
¢) Die tooling for double dimpling; d) Die tooling in hydraulic rig; ¢) Custom photo box;
f) Three-point kinematic positioning system

The main challenge in applying digital image correlation (DIC) to the double-dimpling process is maintaining
micron scale sample position reproducibility for taking successive images. Unlike uniaxial tension or bending tests,
where continuous imaging can be achieved by positioning a camera in front of the testing machine, the double-
dimpling configuration obscures the region of interest with die tooling, preventing in situ digital image acquisition.
This limitation was addressed through the implementation of a three-point kinematic mounting system. This
arrangement ensures full return to the six-sample rigid-body degrees of freedom and provides repeatability in
specimen repositioning to ~3um translational precision (Fig. 1 f).

The analytical processing begins with loading the images in ImageJ] program (NIH, Bethesda, MD, USA) and
performing DIC to obtain the displacement dataset after dimpling deformation was obtained. Subsequent data
processing (removal of rigid body displacement, obtaining 2D displacement maps, error checking and the
calculation of strains and stresses) was performed using algorithms written in Python.

RESULTS

The primary objective in developing a new technique for investigating surface effects in dimpling deformation
was to determine the method’s accuracy. To achieve this, experiments were conducted in two stages: a position-
check analysis for quantifying geometric deviations, followed by the dimpling deformation itself for measuring the
displacement fields.
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FIGURE 2. Position check analysis Contour maps of displacement errors (a) in the X direction; (b) in the Y direction

Figure 2 presents the results of the first stage, the position-check analysis. In this stage, the initial plate was
placed in the photo box and imaged, and the procedure was repeated after a time interval without applying any
deformation. The resulting 3D maps (Fig. 2a, b) indicate maximum positional deviations of approximately 3 pm

along the X and Y axes.
40
40 60 60
35 35
40 40
20
. 25 E . 25 20 e
£ 2 o E 20 o =
> ) 5= S
15 15
=20 -20
10 10
-40
2 g -40
0 —60 0
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
X, mm X, mm
(@) (b)
20
10
15
E s g_ 10
iy ey
5
@ o S
£ E o
(7] Q
(V) o
] 8 5
a = &
=} 0 -10
—101 -15
0 5 10 15 20 25 30 35 40 0 10 20 30 40
X, mm Y, mm
(©) (d)

FIGURE 3. Dimpling analysis (a) Reconstructed contour map of displacements in X plane; (b) Reconstructed contour map of
displacements in Y plane; (c) Average displacement in X plane; (d) Average displacement in Y plane

Figure 3 shows the displacement results obtained based on digital image comparison before and after sample
deformation. The maximum displacement observed after dimpling was about 60 pm (Fig. 3 a, b). Figures 3 c and 3 d
show two-dimensional average displacement, exhibiting the expected axisymmetric. The values along the X and Y
axes are symmetrically aligned relative to the indentation, and positional deviations have a negligible effect on the
measured data. This reproducible distribution confirms the reliability of the experiment and ensures a robust basis
for subsequent calculation of deformation and residual stress fields.
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The instrumental error of the method was estimated from the maximum aberrations observed during repeated
measurements without deformation, which did not exceed 3 um. In comparison, the main experiment yielded a
maximum displacement of approximately 60 um, indicating a relative error of about 5%. Dividing 3 by 60 equals
0.05. Thus, the camera’s instrumental error was estimated to be approximately 5% of the total displacement, which
is consistent with standard engineering practice, where a 5% deviation is typical for precision measurement
instruments.

Digital Image Correlation (DIC) analysis returns the displacement values at the sample surface in Cartesian
coordinates. The next analytical step involved the transformation from Cartesian into cylindrical coordinates system

using equations (1-4):
r=4/x’ +yz 1)

6 = arctan2(y,x) %)
u, =u cosd +u sinf 3)
u, =—u sinfd +u cosd 4)

This problem is considered to be axisymmetric plane stress. The axisymmetric assumption is based on the
spherical indenter shape and is validated by the results of DIC displacement after dimpling (Fig. 3 and Fig.4 a). The
in-plane stress approximation is justified by two considerations. Firstly, the aluminum plates possess a relatively
small thickness (10 mm) compared with their in-plane dimensions (50 x 50 mm?). During the formation of the
residual stress field by the double-dimpling method, deformation is highly localized and develops primarily within
the specimen plane, as the indenters displace material perpendicular to the surface, producing a predominantly
biaxial stress state in the upper layers. Secondly, the deformation occurs under conditions that allow free material
flow in the thickness direction, thereby reducing out-of-plane stresses. Together, these factors support the validity of
the plane-stress assumption, particularly within the deformation zone.

In this case of axisymmetric plane stress problem, the hoop displacement is thought to be equal to zero and only
the radial displacement is of interest.

|
T
23]
o

w
[«
Radial displacement u,, pm

r50

r40

r20

|
o

(a)

(b)

FIGURE 4. Radial displacement a) Reconstructed contour map of radial displacement; b) Line profile of the azimuthally
averaged radial displacement

Assuming axisymmetric deformation, the radial and hoop strain components can be calculated using equations
(5) and (6):
Ou

€ = ar' (5)
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gg=—" (6)
r

One of the restrictions of using DIC was the limitation of the area of investigation. Following dimpling, part of
the coated layer may be destroyed or damaged due to the contact between indenter and sample surface under the
applied load. To avoid unreliable data, all areas corresponding to the radial position less than 6.5 mm were masked
and eliminated from calculations. Also, the 15 mm radial position was identified as the maximum radius of the circle
that is fully inscribed within the test sample perimeter. Based on these limitations, all strains were calculated from
6.5 mm to 15 mm radius (Fig. 5).
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FIGURE 5. Radial and hoop strains (a) Contour maps of strain components (left - radial; right — hoop); (b) Line profiles of the
azimuthally averaged strain variation with the approximate identification of the elastic-plastic boundary.

It is well-known that the total strain can be expressed as the sum of elastic and plastic components [24], as given
by equation (7):
gtatal — gplastic +€elastic (7)
It should be noted at this point that DIC registers the actual physical displacement at the sample surface that may
contain contributions from the elastic and plastic effects. Residual stresses are carried only by the elastic part of the
strain, as given by Hooke’s law. Plastic deformation does not directly carry residual stress after unloading, but it
produces the permanent shape changes that lead to the formation of residual stress. Therefore, to evaluate the
residual stress after dimpling, the total strain must be decomposed into elastic and plastic components so that only
the elastic strain is used to determine the residual stress.
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The separation of elastic and plastic strain parts is a major experimental challenge, since the apparent
displacements registered by digital imaging are indistinguishable a priori. However, to extract maximum useful
insight from the experimental observations, the following consideration may be brought to bear upon the task.

The proportionality limit for aluminum alloy 2024-T6 is approximately equal to 280 MPa [25], with Young’s
modulus of ~ 70 GPa. Consequently, the maximum elastic strain is equal to 0.004 (or 0.4%). Based on this data,
0.004 can be loosely identified as the value that corresponds to the elastic-plastic boundary. Fig.5 (b) illustrates that
the strain value of 0.004 is attained around 10 mm radial position, beyond which, at larger radii, the deformation
falls into the elastic range. As a simple approximation, further stress calculations are performed for the radial range
from 10 to 15 mm. Assuming DIC returns the elastic strain value, it is possible to calculate the radial and hoop stress
components for 10 <7< 15 mm using the plane stress equations (8), (9):

=)l )
g, = l—vz g, tve, ®)
E

Oy = e, +ve,] )

1-v

The data obtained shows that all stress values beyond 10 mm radius are smaller than the elastic limit of
aluminum alloy 2024-T6 and reach the maximum magnitude of 200-210 MPa. Residual radial stress is compressive
and tends to zero with the increasing radius, while the residual hoop stress is tensile and decreasing towards a non-
zero value. This result looks similar to the stress distribution obtained for the solution of the Lamé problem for a
thick-walled cylinder under internal pressure [26,27]. Thus, a link may be established between the analytical
solution in the Lamé problem and the subject of the present study.

100

-200 b':
—300
—400
(a)
o Radial Stress
-50
& -1001
=
& —150
—-200
250
10 11 12 13 14 15
R, mm
Hoop Stress
250
200
& 150 \\
=
g 100
50
0
10 11 12 13 14 15
R, mm
(b)

FIGURE 6. Radial and hoop stress a) Contour maps of stress components (left — radial; right — hoop); b) Line profiles of the
azimuthally averaged stress distributions.
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Figure 6 shows the reconstructed residual stress component distributions (radial and hoop) as (a) contour maps
and (b) average line profiles. Clearly, this represents partial evaluation of the stress state. Complete reconstruction is
not possible merely by processing the experimental data, particularly within the domain » < 10 mm, where
compressive residual stress is expected. Further progress requires either the use of X-ray diffraction methods, or the
application of the rational experimental-computational correlation (RECC) [29], i.e. fitting model solution to the
observed total strains. This approach will be the subject of a separate study.

DISCUSSION

Using the data obtained from a standard smartphone through DIC analysis makes it possible to evaluate the
stress-strain state after ‘double dimpling’ deformation. To achieve more accurate solutions, it is necessary to
perform the rational experimental-computational correlation (RECC) that may involve finite element analysis, X-ray
diffraction and electronic speckle-pattern interferometry. The combination of these methods allows verifying the
results obtained from DIC and overcoming the limitations of pure experimental data interpretation.

The methodological novelty of this work lies in the application of accessible measurement equipment—a
standard smartphone camera—for high-precision analysis of stress-strain fields, thereby -eliminating some
technological barriers associated with the need for costly specialized instrumentation. The ability to assess
quantitatively the efficiency of the processing method opens opportunities for integrating quality control systems
directly into manufacturing cycles, ensuring the reliability of processed components.

The scientific significance of the study is determined by the transition from empirical design methods to a
scientifically grounded approach based on accurate post-processing measurements and material analysis. This
enables more effective implementation of the double dimpling technique to enhance the durability of aerospace
structures and to improve quality control in production processes.

The developed methodology establishes a foundation for a deeper understanding of deformation mechanisms and
optimization of processing parameters, which is essential for improving the reliability and safety of aerospace
engineering applications.

CONCLUSION

In this study, a technique for qualitative and quantitative analysis of deformation and residual stress in aluminum
alloys subjected to double dimpling was developed and implemented using digital image correlation (DIC) with a
standard smartphone camera. The key advantage of the proposed approach lies in its accessibility, as it eliminates
the need for costly specialized equipment; an affordable smartphone and a photo box make the method broadly
applicable for research and technological purposes. The technique enables detailed assessment of residual
compressive stress distributions, which is critical for enhancing the fatigue strength of aircraft structures.
Consequently, the proposed methodology provides new opportunities for the effective analysis and optimization of
the double-dimpling process, contributing to improved reliability and operational performance of aerospace
components.
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