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Abstract: SLM additive manufacturing has demonstrated great potential for aerospace applications
when structural elements of individual design and/or complex shape need to be promptly supplied.
3D-printable AlSi10Mg (RS-300) alloy is widely used for the fabrication of different structures in
the aerospace industry. The importance of the evaluation of residual stresses that arise as a result of
the 3D-printing process” complex thermal history is widely discussed in literature, but systematic
assessment remains lacking for their magnitude, spatial distribution, and comparative analysis of
different evaluation techniques. In this study, we report the results of a systematic study of residual
stresses in 3D-printed double tower shaped samples using several approaches: the contour method,
blind hole drilling laser speckle interferometry, X-ray diffraction, and Xe pFIB-DIC micro-ring-core
milling analysis. We show that a high level of tensile and compressive residual stresses is inherited
from SLM 3D-printing and retained for longer than 6 months. The stresses vary (from —80 to
+180 MPa) over a significant proportion of the material yield stress (from —1/3 to 3/4). All residual
stress evaluation techniques considered returned comparable values of residual stresses, regardless
of dramatically different dimensional scales, which ranged from millimeters for the contour method,
laser speckle interferometry, and XRD down to small fractions of a mm (70 um) for Xe pFIB-DIC
ring-core drilling. The use of residual stress evaluation is discussed in the context of optimizing
printing strategies to enhance mechanical performance and long-term durability.

Keywords: SLM; Al-Si-Mg alloy; residual stress; contour measurements; laser speckle-pattern
interferometry; Xe pFIB-DIC; FEniCS

1. Introduction

Selective Laser Melting (SLM) 3D-printing as a technology of rapid fabrication of
net shape or near-net shape metal parts for various applications has matured in last
20 years and reached the stage of readiness for mass-production. In this context, issues of
quality stability and service life management have become the principal focus of further
development. This is especially important for 3D-printable Ti, Ni, and Al alloys that
have recently began to see increasing use in the aerospace domain [1-3]. Fatigue fracture
tolerance is known to be sensitive to microstructure variability and tensile residual stress
(RS) that persist after various fabrication operations [4]. Gas turbine engine components
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made of Ti and Ni are susceptible to fatigue linked to flight-related thermal and mechanical
cyclic loading, and to the higher frequency loading related to turbine rotation and blade
vibration [5]. To pave the way for widespread adoption, 3D-printed parts made from these
alloys must be carefully assessed in terms of fatigue durability with the same rigor as
traditional materials [6].

SLM 3D-printable Al-Si-Mg alloy has been recently utilized for the fabrication of ther-
moregulation casing of a gamma-ray detectors used in satellite applications [7]. Heating-
cooling cycles are typical for many outer-space structures and devices forming parts of
satellite equipment that alternatively pass lit and shadowed zones. These thermal excur-
sions cause cycles of expansion and contraction that may promote fatigue cracking in
3D-printed parts, especially when tensile residual stress (RS) is inherited after fabrication.
Relaxation annealing or surface modification (shot peening or laser shock peening) are
traditional approaches to controlling the residual stresses. Both techniques have some
drawbacks: annealing may cause intolerable distortions that require subsequent machining
that brings additional costs and new residual stresses in the surface layers, while surface
modification may increase roughness and give rise to significant residual stresses in the
non-treated core regions.

Repeated localized laser melting that leads to the fusion of metal powder particles fol-
lowed by cooling are the fundamental physical mechanisms involved in SLM 3D-printing.
The complexity of the thermal history of a certain material volume becomes apparent if
many important phenomena are considered, e.g., the completeness of homogenization in
the liquid phase, phase separation for alloys with a solid solution phase and the associated
liquation and localized oversaturation of solid solutions, grain nucleation and growth from
overcooled liquids. shrinkage at solidification, aging of solid solutions, and many others.
High-temperature gradients and steep cooling rates during building provoke diverse struc-
ture formation and variation processes that ultimately give rise to non-uniform plastic
deformation and the associated permanent inelastic strains (eigenstrains) that act as the
origins of residual stresses [8].

The amount of literature and accompanying technical information devoted to additive
manufacturing at large and laser printing with metals is vast and difficult to cover within a
specific research paper (not a review article). Rational studies devoted to this topic seek to
distil the key underlying relationships between processing conditions and sample shapes,
with different degrees of success, e.g., [9-13] The present authors have made a number
of contributions to this effort [9-13] that address different aspects of AM productivity,
dependence on printing sequence and orientation, analysis of the microstructure, etc.
The present study represents another step towards improving the reliability of analysis
and interpretation.

The quantitative evaluation of residual stresses in SLM 3D-printed metallic materials
has come into the focus of research interest since the first decade of the 21st century [14],
which paved the way for new techniques based on X-ray scattering and various sectioning-
based methods at the macro- to micro- to nano-scales. Currently, dozens of publications on
this subject are published annually, including highly cited comprehensive overviews [15].
Steels of the stainless and maraging varieties, Ti-6Al-4V, and Ni alloys (Inconels and
Invars) are leading in terms of the number of publications devoted to residual stresses
in SLM 3D-printed metals. Nevertheless, a significant number of reports [16-25] have
been published recently aiming to elucidate different aspects of residual stresses in SLM-
printable Al-Si-Mg alloys.

To the best of the authors” knowledge, the first article on residual stresses in a SLM 3D-
printed aluminum alloy (AlSi10Mg) [16] was published in 2018, reporting the use of the X-
ray diffraction method for experimental measurements. Tensile and compressive stresses as
high as 100 MPa were found in 3D-printed thin (¢ = 1.2 mm) sheet parts of complex curveted
shape. Generally speaking, laboratory X-ray diffraction remains the dominant method for
experimental evaluation of residual stresses due to its non-destructive nature, in spite of the
numerous known disadvantages such as the shallow region of interaction and large lateral
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averaging area. Other non-destructive (e.g., precise external shape measurements by means
of contact and contactless scanning) and destructive techniques (such as hole drilling) have
been applied and reported. The interpreting and modeling of residual stresses commonly
require various computational data processing approaches and computer simulations.

The FIB-DIC micro-ring-core drilling method is the extension of the hole drilling
method towards the microscopic dimensional scale. The method has been a developing
project since the middle of 2000s [26]. At present, this method gives unprecedented op-
portunities to correlate structural peculiarities and residual stresses and is clearly relevant
for 3D-printed materials. The FIB-DIC micro-ring-core drilling method requires the use of
relatively complex dual FIB-SEM microscopes and skilled operators, but the robustness of
the measurements has already reached the pre-standardization stage [27]. There are very
few reports of using the FIB ring-core drilling method to measure residual stresses in SLM
3D-printed materials [22] and no reports on SLM 3D-printed Al-alloys were found in the
literature to date. One of the reasons is believed to be the scale factor; the correspondence
of the drilled ring diameter and average grain size is very important for the FIB ring-core
drilling method. In order to probe Type I stresses (equivalent to engineering scale residual
stresses), the diameter of a ring must be set to several grain sizes, a condition that is hard to
satisfy with the most popular Ga FIB-SEM microscopes for large and medium-size grains
(20 pm and bigger) in materials such as Al-Si-Mg printable alloys.

Most recent published reports devoted to residual stresses in SLM 3D-printed Al-
Si-Mg alloy components consider geometries that are either over-simplified (rectangular
blocks) or overly complex, i.e., containing multiple features that are difficult to parameterize
and draw firm conclusions from. In the present study, a simple “double tower” sample
geometry was chosen that consists of a larger and a smaller block, representing a change in
the horizontal cross-section causing a modification of the heat flow and introducing the
possibility of local (residual) stress concentration.

Furthermore, previous studies have typically employed conventional experimental
characterization techniques based on X-ray diffraction, the contour method, and mechanical
blind hole drilling. These approaches have limitations in terms of achievable spatial
resolution and their applicability to samples of complex shape. This is particularly worth
emphasizing considering that the ease and economic viability of fabricating complicated
shapes constitute a principal motivation for the use of 3D-printing.

The “double tower” prismatic sample shape is a good example of an “incremental”
approach in the expansion of knowledge. This shape represents a step forward from
a simple 3D prismatic element towards parts containing abrupt reductions of sample
cross-section. Protruding shapes are commonly used in engineering design, especially in
casings, guides and fitting parts, or actuators, making such objects relevant to practical
engineering use.

The present authors recently studied the peculiarities of grain structure and mechani-
cal performance of 3D-printed RS-333 Al-alloy parts [28,29] and considered the possible
influence of the residual stresses on the variation of mechanical response. In the present
article, we report a systematic comparative study of under-surface residual stresses in
3D-printed RS-300 series (AlSi10Mg) alloy samples using a number of macroscopic de-
structive techniques such as the contour method, hole drilling coupled with laser speckle
interferometry, and microscopic Xe-ion pFIB-DIC ring-core drilling. Conventional X-ray
diffraction (sin? ) measurements were also carried out to complete the multi-technique
characterization study. This approach was purposefully and systematically implemented
to highlight the fundamental hierarchical character of RS at scaling dimensional levels with
the Xe-FIB-DIC microscopic method to investigate the details, which were not captured
with methods at the macroscopic level. To the best of authors” knowledge, this approach has
not been systematically applied to the majority of SLM 3D-printed metals and especially
not to Al alloys, where RS are relatively small.

It has been experimentally found that the high levels of tensile and compressive
residual stresses inherited after SLM 3D-printing vary in the range from 40 to 200 MPa
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(i.e., up to the yield stress) and remain unrelaxed for at least 6 months. All evaluation
techniques return comparable estimates of residual stress values, in spite of the dramatically
different dimensional scales, from millimeters for the contour method and laser speckle
interferometry down to 70 um for Xe pFIB-DIC ring-core drilling. In the concluding part of
the manuscript, the authors address the subject of how the tuning of printing parameters
may offer an approach to rational residual stress management to enhance both mechanical
performance and service lifetime.

2. Materials and Methods
2.1. Sample Manufacturing and Preparations

The double tower-shaped prismatic object shown in Figure 1 with its respective
dimensions was purposely designed to incorporate an abrupt change in the cross-section
and the corresponding temperature and stress gradient. Samples were printed under
argon atmosphere using an EOS M290 SLM printer (EOS GmbH, Maisach, Germany)
equipped with a 400 W Yb-fiber laser (IR irradiation with the wavelength of 1075 nm).
Powdered RS-300 alloy (contains 9.75% Si, 0.22% Mg, 0.2% Fe) was produced via nitrogen
atomization and supplied by Valcom-PM Ltd. (Volgograd, Russia). The scanning speed
used was 1200 mm/s and hatch distance was 0.17 mm at the laser power of 370 W. Base
plate temperature was 35 °C. The layer thickness was set to 30 um. “Core” parameters were
applied to the whole sample without any additional treatment of contours and surfaces.
The 10 mm thick support base (filling ratio 50%) was mechanically cut. No post-printing
heat treatment (aging) was applied to release residual stress. The sample was shelved for
6 months in ambient conditions and dry atmosphere before any further manipulations.

4 15 mm

Figure 1. The appearance of the double tower shape sample in the as-printed state: (a) front view, (b) side view,

(c) dimensions.

A special casing was machined from a piece of hardened aluminum alloy D16 (Russian
designation of AA2024) to ensure tight fixation of the double tower specimen during EDM
cutting using a Mitsubishi MV-1200R machine (Mitsubishi Electric Europe B.V., Ratingen,
Germany), which was performed with the slowest cutting speed. This casing is shown in
Figure 2. The two halves of the specimens were then studied with a number of approaches:
the contour method, macroscopic hole drilling with laser speckle interferometry, X-ray
diffraction, and Xe pFIB-DIC micro-ring-core drilling. Each of these methods is capable of
evaluating the in-plane residual stresses that persist at the surface of the cut plane(s).

2.2. Contour Method

Optical 3D scanner RangeVision PRO Base (RangeVision Ltd., Moscow, Russia) was
used to acquire volumetric profilometry data (surface point positions). This procedure was
used to generate a digital geometry image (digital twin) of the double tower sample as a
cloud of points before and after EDM cutting along the red line shown in Figure 2b. The
scanner parameters were the following: working distance 260 mm, 3D resolution 0.05 mm,
scanning resolution 18 um. 3D models before and after EDM cutting are shown in Figure 3.
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Figure 2. The appearance of the double tower sample (a) before and (b,c) after EDM cutting: (b) top view with the indicated

cut plane (red line) and (c) sectional view.

(a)

30 mm

Figure 3. The appearance of double tower shaped sample as 3D models: (a) before and (b) after EDM
cutting in half with the indicated primary coordinate system according to which all used methods
are aligned.

FEniCS, an open-source (LGPLv3) computing platform for solving partial differential
equations (PDEs), was used to formulate and solve the continuum mechanics problem
using the refined set of scanned digital data (cloud of points) as a reconstruction of the
“true” surface geometry. The current paper represents the first use of FEniCS to effect
the contour method reconstruction of residual stresses that was carried out at the Multi-
Beam Laboratory for Engineering Microscopy (MBLEM). The experimental data was
processed using the method described in the previous study by the authors of [30] for the
determination of out-of-plane surface displacements as a result of stress relaxation induced
by non-disturbing EDM sectioning. Following the contour method approach, the reverse
of surface displacements was assigned as the displacement boundary conditions of the
numerical model geometry on the surface that corresponds to the EDM cut.

It is important to point out at this stage that the contour method was developed and
validated for the calculation of residual stresses in continuously processed bodies [31].
However, the sample geometry considered in the present study had the 3D shape of
a “double tower” composed of larger and smaller area segments. This property of the
part, along with the complexity of the SLM 3D printing process, means that the situation
no longer corresponds to the continuously processed body assumption. Nevertheless, a
numerical model was developed and applied that uses real geometry to reconstruct the
residual stresses within the sectioned half of the sample. Partial validation of the approach
was sought by comparison with local residual stress evaluation using FIB-DIC micro-ring-
core milling method [32]. For the purpose of comparison, another numerical model was
used for a continuously processed (plane strain) body of extrusion for both larger and
smaller area segments.

2.3. Hole Drilling and Laser Speckle Interferometry Method

The hole-drilling method is a destructive technique that measures local deformations
in the vicinity of a drilled hole (increment or decrement of hole diameter). Drilling removes
a certain amount of stressed material and, as a result, causes elastic strain redistribution
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of the typical order of magnitude ~1073. Holes a few millimeters in diameter generate
displacements of several micrometers that can be measured with sufficient accuracy. Elec-
tronic laser speckle-pattern interferometry technique applied for this purpose visualizes
the interference fringe patterns generated by in-plane displacements. The corresponding
interferograms were recorded by two symmetrical side detectors (digital cameras) when a
diode laser of wavelength 532 nm was directed at the surface containing the drilled hole.
The phase shift between the two surface states before and after drilling forms alternating
dark and light interference patterns known as fringes. Typical interference fringe patterns
used for residual stress determination at the point of drilling are shown in Figure 4. The
number of fringes is linearly related with the diameter increment or decrement. These
quantities are related by the multiplication factor 25,1%' where A is the incident illumination
light wavelength and 26 is the angle between the incident and reflected beams [33]. Drilling
was conducted on the cut plane as well as on the outer faces of the cut-in-half double tower
specimens using a drill bit diameter of from 1.9 to 2.5 mm. The drilling depth was set equal
to the drill bit diameter. The values of the hole diameter increment in the principal stress
directions were used as the initial experimental information for further calculation of the
principal residual stress components. The typical uncertainty inherent in the determination
of the maximum in-plane principal residual stress component is in the order of 5%. The
approach is thought to be valid for residual stress values that do not exceed 60% of the
material yield stress.

Figure 4. (a) general view of vertical outer face of the half-cut double tower perpendicular to the sectioning plane with the
drill hole, and (b,c) interference fringe patterns obtained as a result of 1.9 mm diameter hole drilling: (b) the horizontal
in-plane displacement component and (c) the vertical in-plane displacement component.

2.4. X-ray Diffraction Method

The X-ray diffraction method of residual stress evaluation commonly known as the
sin? ¢ method is widely applied and reported in the literature. Laboratory X-ray sources
with Cu cathodes generate ~8 keV characteristic radiation that probes the shallow subsur-
face layers to the maximum depth of ~20 um for Al alloys. In this situation, the surface
roughness issue becomes critical, as in the case of SLM 3D-printed parts without post-
printing surface treatment. The typical peak-to-trough measure of roughness is believed to
be comparable with the average size of the powder particles, i.e., 20 um [28]. Therefore, the
cut plane of a half of the double tower samples was ground using a sequence of sandpapers
in several steps corresponding to 220, 500, 1000, 2000, and 4000 grit, respectively. This
was followed by polishing using diamond suspensions with an average particle diameter
1-3 pm, and finished with colloidal silica with an average particle diameter of 60 nm.
The appearance of the cut surface after grinding and polishing is illustrated in Figure 5a.
It should be noted that surface finishing by grinding and polishing may cause the re-
distributing of existing residual stresses and may introduce new ones in the near-surface
layers. However, provided good practice procedures are followed, the estimate for the
thickness of the affected sub-surface layer corresponds to a few (typically, three) diameters
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of the final finishing silica particles [34]. This is much shallower than the penetration depth
of Cu irradiation, so the values of residual stress obtained with the help of X-ray diffraction
can be taken as a relevant measure of the pre-existing state of the samples.

o

3DP Al specimen

(a)

3D-printed
goniometer-like
holder

Figure 5. Appearance of the polished half-cut double tower sample: (a) mounted in con-
ductive resin for FIB-SEM studies, (b) fixed in the goniometer-like sample holder for X-ray
diffraction measurements.

A Bruker D8 Advance (Bruker AXS Inc., Madison, W1, USA) diffractometer equipped
with a Cu cathode tube (K, wavelength of 0.154 nm) in the line collimation mode was
used in combination with a special tailor-made goniometer-like sample cradle that allowed
omega-tilting mode for sin?  analysis. The cradle was designed and made in-house out of
polylactide polymer (PLA) by FFF 3D-printing using a conventional FDM printer and PLA
filament, facilitating w (iso) and ¢ (side) tilting to reach ¢ values up to 60° with 10° steps.
This holder is shown in Figure 5b. Digital X-ray diffraction spectra were processed using a
conventional procedure that included fitting and subtracting the background, the stripping
of Kg peaks, approximation of the peak profile with a Gaussian function, calculation of
dpykr from the 26 position of the peak center, and finally, the least squares fitting of the
£ = (g{?“ — 1> vs sin? 1) dependence with a linear function and the determination of the

HKL
residual stress component from the fitted slope s using the X-ray Elastic Constant (XEC) of
the material using
E % de hkl

(1+v) " d(sin’y)

Oiso = XEC X 5 = 1

2.5. Xe pFIB-DIC Micro-Ring-Core Drilling Method

The semi-destructive method known as FIB-DIC micro-ring-core drilling monitors
the evolving strains at the top surface of the cylindrical core during ion etching of a ring-
shaped trench in a FIB-SEM system. The strains are evaluated by means of digital image
correlation algorithms capable of detecting displacements of pixel clusters with subpixel
accuracy. Datasets of high-resolution images are accumulated by collecting good quality
SEM images after each step of serial ion milling. As a rule, the full depth of the ring trench
drilled with ions lies in the range of 1-2 core diameters in order to guarantee the complete
relaxation of residual stresses in the core zone. The value of the complete relief strain is
used to calculate the residual stresses present at the ring-core location prior to drilling. The
FIB-DIC micro-ring-core method is sensitive to a number of factors that must be considered
to ensure robust residual stress evaluation [26]. Optimal density of surface features must
persist at the top surface during ion ring milling without being adversely affected by the
re-deposition processes or by etching by divergent ion beams.

Xe plasma FIB has been less frequently used for residual stress analysis [35] compared
to the conventional Ga FIB. A significant reason for the lower usage of Xe pFIB-SEM
instruments for residual stress measurements concerns the higher cost of Xe pFIB-SEM



Metals 2021, 11, 2064

8 of 19

microscopes in terms of purchase, maintenance, and consumables. On the other hand, the
higher plasma FIB milling currents offers the opportunity to drill larger rings with typical
diameters in the range from 20 to 100 um in reasonable time. This offers the possibility of
filling the spatial resolution gap between the Ga FIB-DIC method (from 1 to 20 pm) and
mechanical drilling (from 500 to 3000 pm). It is the authors’ opinion, substantiated with
the results presented below, that the technical difficulties related to material re-deposition
can be overcome through careful optimization of milling parameters.

The present study made use of Xe pFIB-DIC micro-ring-core drilling to match the
large average grain size in the material (>20 pm) to fulfil the requirement of the core
diameter including many or at least several grains [34]. A Tescan Clara SEM equipped
with an Oxford Instruments NordlysNano EBSD detector was used to visualize the grain
microstructure using 20 kV, 30 nA beam settings. The area of 500 x 500 um? was scanned
using a 1024 x 1024 pixel matrix, corresponding to the scanning step of 0.5 um.

Xe pFIB FEG-SEM Helios 5 microscope (FEI, Thermo Fisher Scientific Inc, Agawam,
MA, USA) was used for pFIB-DIC ring-core drilling and synchronized SEM visualization
using an SE detector of the surface topography at the FEG acceleration voltage of 5 kV and
an electron beam current of 3.2 nA. Optimal voltage and current parameters of ion milling
were empirically adjusted through trial-and-error to the optimal setting of 30 kV voltage
and 200 nA ion current. The tilt stage angle of 52° was used, with the ring-core diameter of
70 pum and the outer diameter of 100 um. Datasets of 38 images per milling were collected,
with the first 30 images corresponding to the step of 2 pm and the final 7 images taken with
the step of 6 um, yielding the overall milling depth of ~100 um.

The quality of the EDM-sectioned plane provided a good density of irregular surface
features. However, increased surface roughness impedes uniform ion drilling and syn-
chronous SEM imaging due to the low visibility of the ring milling features at the 52° stage
tilt required for ion milling, due to the high surface asperities caused by EDM cutting. On
the other hand, sufficient density of contrasting surface features within the ring-core were
found after silica finishing and thus provided satisfactory contrast for robust DIC analysis,
which was therefore used for pFIB-DIC evaluation. Open-source MATLAB-based software
iStress [36] was applied to evaluate the strain values in the range from 10~# to 1072 using
image datasets of up to 60 images for the ring-core diameters of 70 pum.

3. Results and Discussion
3.1. Residual Stress Evaluation by the Contour Method

Calculations of the linear elastic numerical model were performed by setting Young's
modulus and Poisson’s ratio to the values of 67 GPa and 0.33, respectively, in accordance
with the values determined by mechanical testing of the 3D-printed Al alloy samples.

The conventional formulation of the contour method [37] assumes that the object
being considered satisfies the assumptions for the so-called continuously processed body.
To rationalize these assumptions based on a firm theoretical footing it is best to state that
the object finds itself in the state of plane eigenstrain. This means that the permanent
inelastic strains that act as the sources of residual stress are distributed within a prismatic
body of extrusion as a function of the transverse coordinates only. As a consequence,
each transverse cross-section of the body finds itself in an identical state of residual stress.
This, in turn, can be recovered by performing minimally disturbing planar cuts, e.g.,
using Electric Discharge Machining (EDM) of metallic alloy components, in order to map
the out-of-plane displacements (deplanation) and apply them to a numerical model as a
boundary condition with the opposite sign to re-create the out-of-plane stress distribution
as a contour map. Although some theoretical and practical limitations of this approach
can be identified, the method has been shown to be successful and was validated by
comparison with independent measurements, e.g., by neutron diffraction [38]. Another
important aspect of the contour method concerns the reconstruction of in-plane stress
components: although this consideration is not included in the original formulation by
Prime [38], attempts have been made subsequently to address this important matter, e.g., by
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Uzun et al. using the eigenstrain approach [30]. In the discussion below, the conventional
contour method treatment based on the continuously processed body (plane eigenstrain)
assumption is compared and contrasted with the use of the real component geometry for
residual stress reconstruction.

Figure 6a,c show the z-component of residual stresses obtained for the real and
continuously processed geometry models, respectively, calculated using the displacements
defined as boundary conditions on the EDM-cut front face of the model located at the
positive z side. The displacements induced in the body are illustrated in Figure 6b,d. On
the other hand, residual stresses vanish with increasing depth along the z-axis in the main
body in a way characteristic of the contour method [31]. The calculations that belong to the
main body are consistent with the continuously processed body assumption. The stress
magnitudes within the smaller area segment in the real and continuously processed body
model geometries show high discrepancy, while similar distributions are observed in the
larger area segments. The discussion and understanding of the mathematical implications
of this difference lie outside the scope of the present study and will be examined separately.
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Figure 6. Illustration of the distribution of the zz-component of residual stresses (a,c) and z-component of displacements

(b,d) in the real (a,b) and continuously processed (c,d) geometry models, respectively.

Although the numerical model calculates all normal and shear components of residual
stress in the whole body, only the z-component of the results for the “cut double tower”
model geometry is reliable on the front face of the bottom segment. The results that belong
to the upper segment and other components of the stress are thought to be less reliable, but
may represent a good predictive approximation. Figure 7 illustrates x- and y-components
of direct residual stress at the examined cut surface. Figure 8 shows all components of
residual stress along the lines illustrated in Figure 7. The results show that the calculations
of the contour method solution provide a good match with FIB-DIC evaluations of the x-
component of residual stress in both real and continuous geometry models, but the quantity
and quality of experimental measurements should be increased in order to state that all
direct components of residual stress can be calculated reliably using the present approach.
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In addition, the comparison between the line plots of the real and continuous geometry
models shows that residual stresses in the real geometry model lie within the elastic region,
while they extend far beyond the yield strength of the material in the continuous geometry
model. Accordingly, it can be stated that the real and continuous geometry models provide
similar distributions in the large section of the model that satisfies the requirements of
continuous processing, while they show disagreement in the small area section.
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Figure 7. Illustration of distribution of xx- (a,c) and yy- (b,d) components of residual stresses in the real (a,b) and continuous
(c,d) geometry models, respectively.
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Figure 8. Line plots of xx (s11), yy (s22), and zz (s33) components of residual stress along the (a) horizontal (x) and (b) vertical
(v) lines illustrated by the dashed lines on the sectioned surface in Figure 12 below.

The contour method depends on the elastic response of the material subsequent to
non-disturbing EDM sectioning. This relationship allows reconstructing the out-of-plane
residual stress component within the section corresponding to the state of the component
before sectioning. On the other hand, the x-component of residual stress evaluated using
Xe-pFIB micro-ring-core milling technique belongs to the sectioned surface. On this surface,
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the out-of-plane component of residual stress is completely relaxed, while the x- and
y-components of residual stress obtained from the contour method correspond to the
pre-sectioning state. It is worth noting that according to Lunt et al. [39], sectioning involves
a relief of in-plane residual stresses proportionally to (1 — v?), where v is Poisson’s ratio.
Based on the outputs of that study, it can be stated that the effect of sectioning on the
Xe-pFIB residual stress evaluation corresponds to ~10% modification.

The relatively high cooling rate in the top-of-tower and bottom-of-basement locations
suggests that fast thermal contraction in respect to the middle regions is balanced by
tensile residual stresses. This provides a well-founded explanation for the mechanical
response of dog-bone samples SLM 3D-printed in different orientations under tension and
the beneficial effect of sand-blasting described in [29]. Specifically, the sample oriented
identically to the bottom of the base of the double tower specimen was found to possess
the lowest strength. This is likely to be linked to the inherited tensile residual stresses, but
it is dramatically improved in terms of ductility after sand-blasting, which is known to
introduce compressive residual stresses [40].

The middle part of the SLM 3D-printed sample is relatively thermally insulated; thus,
it cools and shrinks last and, being thermally expanded because of this, inherits compressive
residual stresses. Vertical outer surfaces of the heavy basement adjacent to the cut plane
seem to be weakly stressed (small tensile or zero residual stresses), perhaps because of
relatively slow cooling due to the significant thermal mass of the basement, contrary to the
case of tower, where the temperature gradient is sharp enough to cause intensive heat flow
(perhaps even from the basement), fast cooling, and large tensile residual stresses. This
observation, while quite trivial and obvious, is nevertheless of great practical importance,
suggesting that slim cross-sections and protruding elements should be repetitively printed
at slower scanning speeds to retain high temperatures as long as possible. Annealing or
shot peening post-processing treatments are recommended to be deliberately focused on
these locations.

3.2. Residual Stress Evolution by Hole Drilling and Laser Speckle Interferometry Method

EDM cutting of the double tower specimen causes the residual stresses to be redis-
tributed and relieved. Nevertheless, as discussed above, this effect is relatively moderate
in magnitude (in the order of 10%) and takes place primarily in the vicinity of the cut.

Figure 9 demonstrates the locations of the probing holes, with the diameter of Point 1
equal to 2.5 mm, and all other points having diameters of 1.9 mm. The axes are designated
at each probed face, with examples of interferograms with fringes shown for Point 1.
Table 1 summarizes the estimations of residual stresses at six locations where fringes were
reliable detected. Four of the drilled holes revealed no fringes, indicating low magnitude
of residual stresses at the probed locations.

Unfortunately, the size of samples was not appropriate for drilling numerous holes, as
would have been desirable to collect further data for accurate mapping with satisfactory
spatial resolution.

Despite the fact that out-of-plane residual stresses (evaluated in the contour method)
are not and should not be equivalent to in-plane residual stresses in the same locations, we
must notice that the middle of the basement (Points 5 and 7) is stressed in compression.
This observation fully corresponds to the findings of the contour method for out-of-plane
residual stresses in the same locations. We suggest that the middle of the basement
is hydrostatically compressed by residual stresses due to the late cooling (and thermal
expansion) balanced by compression. On the contrary, the outer faces are residually
stressed in tension, as discussed above.

The components of residual stresses perpendicular to the cut plane (and parallel to the
out-of-plane residual stresses measured by the contour method) on the faces adjacent to the
cut plane—points 3 and 9—are, however, relatively small (from —17 to +11 MPa), both for
vertical and horizontal bottom-of-basement faces, perhaps due to the relaxation caused by
EDM cutting. The vertical outer face parallel to the cut plane and far from cut plane-points
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1,2, and 10 reveals strong tensile residual stress, the values of which, along horizontal axis
(from 118 to 128 MPa), are close to one third of the yield strength of this alloy after SLM
3D-printing, that is, in the range of from 280 to 350 MPa [41]. Residual stresses along the
vertical axis are at least three times smaller, suggesting uneven cooling along this face.

e ——

2
o @ ° v
10 1

X
-"

Figure 9. Locations of holes for the hole drilling method with the indicated axis.

Table 1. Residual stresses at half-cut double tower sample faces.

N Description of Location o, MPa

1 120 (03y )
2 Vertical outer face parallel to the cut plane 118 (ox)
10 129 (0x)
3 Vertical outer face perpendicular to the cut plane =31 (0%2)
5 —47 (0xx)
7 Cut plane 217 (000)
9 Bottom of the base 11 (oxx)

3.3. Residual Stress Evolution by X-ray Diffraction Method

The roughness R; = 1.9 pm and R; = 11.2 um were measured by the optical pro-
filometer of the NanoScan-4D system (TISNCM, Troitsk, Russia) at the outer surface of
double-tower as-printed. The penetration depth of Cu-K, irradiation (ca. 20 pm) is com-
parable to roughness and, therefore, the measurements are not representative. X-ray
diffraction (sin? 1) method shows modest compressive residual stresses (from —300 to
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—350 MPa) in the polished cut plane, as shown in Figure 10. On the other hand, it is
clearly seen in Figure 11 that few coarse scratches are still present somewhat affecting the
results. This method measures in-plane residual stresses only and, as is also very important,
assumes that all grain subsets (and all grain in a subset) diffracting at different ¢ angles
are evenly and equally stressed as those grain subsets having (HKL) planes perpendicular
to the cut plane (sin® ¢ = 1). Averaging over the lighted area (from a few tens to a few
hundreds of mm? typical for laboratory X-rays) in the middle of cut plane gives no spatial
resolution, which potentially can be improved with dedicated setups utilizing fine focus
tubes and advanced sample positioning systems. We consider these results as elective.
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Figure 10. Details of X-ray measurement of residual stresses at the cut plane: (a) measured I ~ 26 plot for the specimen
(highlighted red plane (420) was selected for the next calculations); (b) egx; ~ sin? @ plot.
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Figure 11. Details of Xe-pFIB ring-core drilling measurements of residual stresses at the cut plane: (a) combined EBSD map
with the Euler’ colors and milled ring, and (b) measured relief strains with the fitting curve.

3.4. Residual Stress Evolution by Xe pFIB Ring-Core Drilling Method

Robust application of the FIB-DIC method of RS evaluation requires the presence of a
sufficient number of irregular surface features to allow tracking of small displacements
(down to sub-pixel) caused by the strain relief during plasma or Ga ion milling of micro-
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ring-cores. In view of this, a balanced approach can be taken to surface polishing, in that
the quality must be sufficient for reliable EBSD indexation but does not need to be any
better. Figure 11 depicts the typical appearance of ion-drilled ring-core holes at the rough
and polished surfaces of the cut plane at different half-cut double tower specimens with the
corresponding dependence of relief strain over depth. It is clearly shown that the quality
of surface polishing allowed collecting good EBSD maps to reveal the dimensional ratio
between the grain size and ring-core diameter. For instance, it is apparent in Figure 11a that
the core contains parts of many grains to achieve good averaging between grain orientations
for the purpose of estimating Type I RS for engineering purposes that is comparable with
the values returned by other methods. Furthermore, the application is presented as the
result of a scratch-eliminating procedure as described and shown in Appendix A. Figure 12
maps residual stresses along the x axis at six points on the polished cut plane, and the
values of evaluated in-plane residual stresses are in satisfactory agreement with the results
obtained for out-of-plane residual stresses (contour method). The stress profile along line
H1-H2-H3 corresponds to the change of residual stresses from strong tensile (exceeding
yield strength level) at the top of the tower to modest compressive (about 1/3 of yield
strength). The stress profile along line H5-H3-H4 demonstrates weak tensile residual
stresses close to the vertical faces and somewhat stronger compressive residual stresses in
the middle of the cut plane. All determined residual stresses are summarized in Table 2.The
Xe-pFIB ring-core drilling method returns the estimation of residual stresses in location H6,
which contradicts the contour method and requires further deeper investigations. Taking
into account that the outer diameter of the ring hole is 100 pm and may be easily reduced
down to 20 um, one can expect that the accessible spatial resolution of residual stresses
varies over the range of from 60 to 300 um (three ringhole diameter). That is simultaneously
attractive for fundamental scientific research purposes and practical engineering tasks,
since 100 pm scale Xe-pFIB drilling fills the gap between mechanical drilling with 0.5 mm
drills and Ga-FIB drilling with maximal rational ring holes of 20 um diameters. Economical
aspects must, therefore, be carefully assessed before the conduction of high-resolution FIB
ring-core drilling mapping of residual stresses.

100 pum

Figure 12. Mapping of residual stresses using Xe-pFIB ring-core drilling method.
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Table 2. Residual stresses at faces and cut plane of half-cut double tower specimens.

N oxx, MPa
H1 62.1
H2 —49
H3 —45.8
H4 334
H5 22.8
Ho6 —78.7

4. Conclusions

The residual stresses formed during additive manufacturing are dependent on the
model geometry even under nominally identical 3D-printing conditions, albeit in indirect
ways associated with the change of cross-section, the presence of supports, and the filling
ratio, which strongly affect the thermal flux conditions and thermo-mechanical gradients.
We believe that the conception of uneven cooling rates as a principal cause of RS is gen-
erally applicable for arbitrary shapes and models. Specific local values of RS may vary
significantly depending on the sample geometry and printing conditions, which may be
large enough to cause cracking.

The rational design of SLM 3D-printed parts is of great importance and must not
be limited to geometry optimization. In the ultimate perspective, the design of a SLM
3D-printed part integrates geometrical modeling, thermo-mechanical numerical simulation,
molding conditions, etc. The 3D mapping of RS must hold an important role in rational
design for robustness and reliability.

As pointed out in the body of the article, the authors chose a particular geometry that
combines simplicity with key features related to RS generation in 3D printing, but the path is
open towards the consideration of a much wider range of sample shapes in connection with
numerical process modeling, in order to extract key processing—structure-property relationships.

The systematic comparative study undertaken in this research provides evidence
that multi-scale, multi-modal evaluation of RS supported by robust computer modeling
delivers reliable mapping of RS distributions at a desirable spatial resolution and satis-
factory precision. This approach can be readily expanded to arbitrary shapes and real
engineering parts, e.g., elements of aerospace components, thereby forming a solid basis
for future investigations.

The paper appears to be the first to report the results of multi-scale and multi-modal RS
evaluation using several independent methods ranging from non-destructive sin? ¢y XRD
analysis to macroscopic sectioning to micro-scale ring-core FIB milling with digital image
correlation analysis. The comparative study showed good agreement across dimensional
scales from tens of micrometers to tens of millimeters. The plasma Xe-FIB-DIC method
was used to obtain evaluations within material volumes of the order of 100 um across.
Significant tensile RS of up to +200 MPa was identified at the top of the upper tower, whilst
moderate RS present in the lower block was compressive in all directions (hydrostatic) in
the middle and tensile at the surface. The relationship between the cooling rate during
3D-printing, on the one hand, and the RS that persist in the sample as a consequence was
put forward and justified.

Figure 13 shows a comparison plot of all used methods. The results show that the
calculations of the contour method solution provide a good match with FIB-DIC and hole
drilling evaluations of the xx-component of residual stress, but the quantity and quality of
experimental measurements should be increased in order to state that all direct components
of residual stress can be calculated reliably using the present approach.
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Figure 13. Comparison of all used methods: (a) the locations of the measured points and the plotting line, superimposed on

the contour map of the horizontal stress component reconstructed by the contour method; (b) residual stress line plot.

The present paper opens up new avenues toward further systematic studies of RS
in 3D-printed parts and components. In particular, the paper established clear ways to
distinguish and evaluate Type I, II, and III residual stresses, and identified the approaches
most suitable, in the authors’ opinion, for experimental assessment of the dependence of
these parameters on the fabrication and processing conditions.

To sum up, residual stresses in SLM 3D-printed metal parts appearing as a result
of complex thermal history are frequently discussed in respect to many aspects of their
mechanical performance and operation service life. Although recovery annealing or various
surface treatments (sand blasting, shot peening, etc.) are readily applicable, the efficiency
of these measures can hardly be assessed without relevant and robust techniques for
routine experimental measurements. The popular X-ray diffraction method, especially in a
laboratory, has a number of disadvantages, with shallow probing and averaging over large
lighted areas being the most obvious of them.

Today, a growing number of experimental investigations are still based on X-ray
diffraction measurements, which deprives researchers of much valuable information. SLM
3D-printable Al-Si-Mg alloys seem to the least studied in comparison with printable steels
and Ti and Ni alloys.

We deliberately undertook comparative residual stress evaluation using methods of
contour measurements, mechanical drilling with speckle-pattern interferometry, X-ray
diffraction, and Xe-pFIB ring-core drilling with DIC analysis. These destructive and non-
destructive methods have spatial resolutions ranging from tens of millimeters for contour
measurements to units of millimeters for speckle-pattern interferometry, and finally, down
to 70 micrometers for Xe-pFIB ring-core drilling. All methods returned estimations of
residual stresses in good agreement in terms of signs and values regardless of dramatically
different spatial resolution.

The surface of SLM 3D-printed parts are residually extended, with stresses having
values equal to and exceeding yield strength at the locations where the fastest cooling
takes place: protrusions, slim cross-sections, and supports. The middle parts of large
cross-sections are residually compressed (perhaps hydrostatically), with relatively weak
stresses of about from } to 1 /5 of yield strength.

We believe that these findings rationally explain the anisotropy of mechanical re-
sponses for the parts printed with different orientations in respect to fast scanning and
growth direction.
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Appendix A

The scratch eliminating procedure was performed using the open-source OpenCV
Python library using cv2.inpaint function [42], based on the algorithm proposed by Alexan-
dru Telea [43]. The result is shown on Figure Al.

100 um 100 uym

Figure A1. EBSD map (a) before and (b) after scratch elimination using inpainting procedure.
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