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Abstract

Due to an increased understanding of additive manufacturing processes and the availability
of new equipment for industrial production, the use of metal powder-based processes for
industrial applications is growing. Particularly in the case of some titanium alloys, like
titanium aluminide alloys, for which Electron Beam Powder Bed Fusion (EB-PBF) is the
only method of production. The deposited layers are driven to rapid thermal cycles during
the EB-PBF process. Residual stresses may be created by severe temperature gradients.
The effective functioning and structural integrity of manufactured parts can be affected by
residual stresses. In this study, the semi-destructive hole-drilling method is utilized to
measure and compare the residual stresses on Ti 48-2-2 and Ti 6-2-4-2 parts produced by
EB-PBF. The technique employs an empirically determined relationship between the
magnitudes and directions of the principal stresses and the strain relaxation around the hole
to calculate the magnitude and principal directions of residual stresses at the hole location.
The trends of residual stresses are compared for different surfaces of these two materials
and on simple and more complex geometries.
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Chapter 1

1. Introduction

1.1 Metal Additive Manufacturing: A Review

Additive manufacturing (AM), formerly known as Rapid Prototyping, was first developed
in the 1980s. (Industrial use of Rapid Prototyping as a material additive manufacturing
technique begun a decade ago) is defined by the American Society of Testing and Materials
(ASTM) as “The process of joining materials to make objects from 3D model data, usually
layer upon layer, as opposed to subtractive manufacturing methodologies; Synonyms: 3D
printing, additive fabrication, additive process, additive techniques, additive layer
manufacturing, layer manufacturing, and free-form fabrication.” [1]

AM is genuinely revolutionary; it offers up new possibilities and lends itself to a wide
range of applications for businesses seeking to increase their production efficiency. AM
simplifies existing approaches tremendously and has the potential to become mainstream
in the upcoming years. AM, according to various academic studies, is a strong instrument
for reducing supply chain complexity in a variety of means.

AM provides five distinct benefits over conventional manufacturing: Cost, speed, quality,
innovation/transformation, and impact. (See Figure 1.1) [2].
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Figure 1.1 Five main advantages of AM over traditional manufacturing

Traditional manufacturing processes will not be replaced by AM. It is, nevertheless,
projected to transform a number of specialized fields. Exponential growth is projected in
the near future. Table 1.1 summarizes the advantages of additive manufacturing over
traditional production [2].

Table 1-1 Advantages compared to traditional manufacturing
Areas of Application Advantages

Rapid Prototyping Reduce time to market by accelerating prototyping

Reduce the cost involved in product development

Making companies more efficient and competitive at innovation
Production of Spare Parts Reduce repair times

Reduce labor cost

Avoid costly warehousing

Small Volume Manufacturing Small batches can be produced cost-efficiently
Eliminate the investment in tooling
Customized Unique Items Enable mass customization at low cost

Quick preduction of exact and customized replacement parts on site
Eliminate penalty for redesign

Very Complex Work Pieces Produce very complex work pieces at low cost

Machine Tool Manufacturing Reduce labor cost

Avoid costly warehousing
Enables mass customization at low cost

Rapid Manufacturing Directly manufacturing finished components
Relatively inexpensive production of small numbers of parts
Component Manufacturing Enable mass customization at low cost

Improve quality

Shorten supply chain

Reduce the cost involved in development
Help eliminate excess parts

On Site and On-Demand Manufacturing of | Eliminate storage and transportation costs
Customized Replacement Parts Save money by preventing downtimes
Reduces repair costs considerably

Shorten supply chain

The need for large inventory is reduced
Allow product lifecycle leverage

Rapid Repair Significant reduction in repair time
Opportunity to modify repaired components to the latest design

The spectrum of AM technologies is categorized into various divisions by the ASTM.
(Table 1.2): binder jetting, material jetting, direct energy deposition, sheet laminations,
material extrusion, powder bed fusion, and vat photo-polymerization [1],[3]. Each category
has multiple unique techniques; however, they all follow the same approach for selective
layer modeling. Due to the stacking of layers, the components produced by AM methods
exhibit some anisotropy in a unique direction. Anisotropy can be decreased by choosing
the right orientation during the manufacturing of the part [4].



Table 1-2 ASTM classifications (2012)

Process categories Technology ! Materials
3D Printing !
. . Ink-jetting [ Metal
Binder Jetting : + Polymer
S-Print ; Ceramic
M-Print
Direct Metal Deposition |
Laser Deposition © Metal:
Direct Energy Deposition | [ ager Consolidation : powder

Electron Beam Direct

i and wire

Material extrusion fuised Depasition
Modeling
Polyject o |
S b Ay e ¢ Photopolymer
Material Jetting Ink Jetll'nb | Wax
Thermojet i
i Selective Laser Sintering | pfetal
Powder bed fusion | Selective Laser Melting Polymer
: ! Ceramic

Sheet lamination

Vat photopolymerization

Stereolithe

Electron Beam Melting

Laminated Object _
Manufacture 1

Digital Light Processing

Ultrasonic Consolidation | Hybrids
| Metallic
Ceramic
ngraphy
+ Ceramic

Photopolymer

Material feedstock, energy supply, build volume, and other factors may all be used to
classify and categorize AM systems. Table 1.3 contains a list of equipment manufacturers
and their products. Manufacturing systems are grouped into three major divisions in this
table (although there are many others): There are three types of powder bed systems:
(1) powder bed systems, (ii) powder feed systems, and (iii) wire feed systems. The energy

source for these systems (electron beam, laser, arc, etc.) is also given [5].

Table 1-3 Sources and specifications for representative AM equipment

System Process Build volume (mm) Energy source
Powder bed
ARCAM (A2)(a) EBM 200 x 200 x 350 7 kW electron beam
EOS (M280)(b) DMLS 250 x 250 x 325 200-400 W Yb-fiber laser
Concept laser cusing (M3)(b) SLM 300 x 350 x 300 200 W fiber laser
MTT (SLM 250)(b) SLM 250 x 250 x 300 100-400 W Yb-fiber laser
Phenix system group (PXL)(c) SLM 250 x 250 x 300 500 W fiber laser
Renishaw (AM 250)(d) SLM 245 x 245 x 360 200 or 400 W laser
Realizer (SLM 250)(b) SLM 250 x 250 x 220 100, 200, or 400 W laser
Matsuura (Lumex Advanced 25)(e) SLM 250 x 250 diameter 400 W Yb fiber laser; hybrid
additive/subtractive system
Powder feed
Optomec (LENS 850-R)(f) LENS 900 x 1500 x 900 1 or 2 kW IPG fiber laser
POM DMD (66R)(f) DMD 3,200° x 3°,670° x 360° 1-5 kW fiber diode or disk laser
Accufusion laser consolidation(g) Le 1,000 x 1,000 x 1,000 Nd:YAG laser
Irepa laser (LF 6000)(c) LD Laser cladding
Trumpf(b) LD 600 x 1,000 long
Huffman (HC-205)(f) LD CO; laser clading
Wire feed
Sciaky (NG1) EBFFF(f) EBDM 762 x 483 x 508 >40 kW @ 60 kV welder
MER plasma transferred arc selected FFF(f) PTAS FFF 610x610x 5,182 Plasma transferred arc using two
350A DC power supplies
Honeywell ion fusion formation(f) IFF Plasma arc-based welding

Country of Manufacturer: (a) Sweden, (b) Germany, (c) France, (d) United Kingdom, (e) Japan, (f) United States, and (g) Canada




Figures 1.2,1.3 and 1.4 are the schematics of a generic powder bed system, an AM powder
feed system and a wire feed unit ,respectively [5].
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Figure 1.2 Generic illustration of an AM powder bed system
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Figure 1.3 Generic illustration of an AM powder feed system
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Figure 1.4 Generic illustration of an AM wire feed system

In PBF, a high-energy beam, such as a laser or an electron beam, is used to entirely melt
thin layers of metal powders out of a powder bed in an inert or vacuum atmosphere to



produce a 3D object. Single or more laser sources are utilized to totally melt 30 - 50 m
thick powder layers in an inert atmosphere in a typical laser-based PBF system (selective
laser melting SLM). Another form of PBF process, electron beam melting (EBM), was
initially commercialized by Arcam and employs an electron beam as a heat source to melt
metal powder materials in a high vacuum chamber with a layer thickness (100 m) generally
higher than laser PBF. When compared to SLM, a significant amount of powder bed
preheating is used in EBM to reduce temperature gradient and residual stress in the
construction. Unlike PBF, DED manufactures components by melting feedstock material
directly using either feeding powder or feeding wire. The heat source in DED, like PBF, is
generally a laser or an electron beam. However, owing to the thicker layer thickness and
higher energy deposition rate, DED has a substantially higher material deposition rate than
PBF. However, DED has a lower part accuracy than PBF, which is a disadvantage. Other
advantages of DED over PBF include the ability to manufacture small features on curved
surfaces and the ability to remanufacture high-value components when combined with the
machining process [6].

In terms of materials, AM may employ a wide range of polymers, ceramics, metals, and
composites. The type of AM technique utilized determines which materials may be
employed [4]. AM is a significant method with a lot of promise for lowering the cost of
making traditional components out of relatively costly materials like titanium alloys. Due
to the high cost of Ti in contrast to other materials, global Ti component production is
limited. As a result, AM techniques aimed at zero waste products have been highlighted as
promising avenues for expanding Ti component fabrication, which is often hindered by
difficult and extensive machining. Because of its desirable properties such as high specific
strength paired with outstanding corrosion and oxidation resistance, Ti is widely employed
in the space, aerospace, nuclear, marine, and chemical sectors. Although titanium is a
valuable metal, its application in AM processes is complicated by its low heat conductivity,
which leads to issues including an uneven temperature field and poor interlamination
integration. By avoiding heavy machining and fabricating Ti components in a near net-
shape successive layers fabrication, the cost of producing Ti parts may be greatly reduced.
When a part is machined from forged billet, the buy-to-fly ratio is normally 10-20, but it
may reduce to practically 1 when using AM methods. There are a variety of AM techniques
that may produce complicated geometries that are near to their net-shape. When it comes
to powder-based technology, the melting power source is commonly a laser or an electron
beam. Selective Laser Melting (SLM) and Electron Beam Melting (EBM) for powder-bed
processes, and Laser Metal Deposition (LMD) or laser cladding (CLAD) [szost8] for
blown-powder techniques are among the most investigated. In comparison to the WAAM
and CLAD methods, the EBM process is often employed for industrial production of Ti—
6A1-4V components because of its low operating costs, excellent energy efficiency, and
faster scan speed (500 mm s 1). However, because the powder bed geometry determines
the size of EBM AM components, WAAM or CLAD techniques are preferable for bigger
parts manufacturing. Unfortunately, despite the promising future of net-shape
manufacturing, all AM techniques must contend with a number of issues, including lack of
fusion, cracking, vaporization, high porosity level, uncontrolled grain size, distortions, and
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residual stress, the latter of which is one of the most important in determining component
performance. Additive manufacturers have been attempting to solve these issues by doing
considerable research into AM process parameters, with the goal of maximizing the
economic and environmental benefits of additive manufacturing over traditional
manufacturing. Because these advantages are strongly bound to deposition rates capability,
which also determine geometrical precision and surface polish, meeting a precise target
requirement is difficult. Previous research on Ti—6Al-4V AM components has been
conducted, however these studies have mostly focused on changes that occur as a result of
AM process parameter changes in a single system. Certain AM processes, on the other
hand, may be more suited to producing certain components than others. Modeling,
benchmarking, and standards are still needed for these relatively new manufacturing routes,
therefore comparisons of the same geometry components produced by different methods
are critical. For understanding the physics of AM and defining all variables that impact the
final output, detailed research and comparisons of AM processes and their parameters are
critical. There hasn't been much research examining and comparing residual stresses in
titanium components fabricated using various processes. The purpose of this work was to
look at the differences in residual stresses generated and microstructure in Ti (T-shape)
specimens produced using two distinct AM methods [7].

1.2 Definition of residual stresses

The stresses that persist within a material or body after fabrication and processing in the
absence of external forces or thermal gradients are known as residual stresses. Service
loading can potentially cause inhomogeneous plastic deformation in the component or
specimen [8].

Residual stresses are "locked-in" stresses in materials and structures that remain even when
no external loads are present [9]

The stress that persists in a body that is fixed and in balance with its environment is known
as residual stress [10]. The stresses are self-equilibrating, meaning that localized tensile
and compressive stresses combine to produce zero force and moment resultants across the
material or structure. Figure 1.5, for example, shows how a residual stress distribution can
exist without an external force over the thickness of a sheet of toughened glass. The
compressive stresses at the surfaces are balanced by tensile stresses in the central region

[9].
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Figure 1.5 Schematic representation of the cross-section of a sheet of toughened glass depicting how residual
stresses can occur in the absence of an external load

Accordingly, residual stresses are not caused by loads (forces or moments), therefore they
have to be globally balanced, i.e.:

I/Jdﬂ=0 (1)
/chm:D (2)

where o is the solicitation in a point, dA is any infinitesimal area in the welded member
and z is the distance from any reference point [8].

1.3 Residual stress types

Residual stresses can be either macro or micro in nature, and both can exist in the same
component at the same time. Macro residual stresses, also known as Type I residual
stresses, fluctuate over a significantly greater range inside the body of the component than
grain size. Micro residual stresses, which are caused by changes in a material's
microstructure, are classed as Type II or III. Type II residual stresses act at the grain-size
level, whereas Type III residual stresses are created at the atomic level.

The existence of distinct phases or constituents in material might cause micro residual
stresses. Over distances corresponding to the grain size of the material under analysis, they
can change sign and/or magnitude [11].

Because they fluctuate constantly across large distances, the macro stresses just described
are type L. (Figure 1.6). This contrasts with residual stresses which vary over the grain scale
(type II or intergranular stresses) or the atomic scale (type III). The misfitting portions in
these circumstances are microscopic or submicroscopic in size. Because the elastic and
thermal characteristics of differently oriented neighboring grains are varied, low level type
II stresses almost always exist in polycrystalline materials. When the microstructure
comprises many phases or phase transformations, more severe grain scale stresses develop.
Stresses caused by coherency at interfaces and dislocation stress fields are usually
classified as type IIl. Because the techniques available sample a range of length scales,
various stress values may be recorded. Figure 1.11 shows how different forms of stress



equilibrate over length scales of 10,1, 10,II, and 10,III. The macro stress in a two-phase
material is constant throughout phases, while the type II and III stresses are not [10].
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Figure 1.6 (a) Residual stress fields are classified according to the length scales across which they self-equilibrate:
10,1, 10,11, and 10,111. 10,1 constitutes a significant portion of the component in type I; 10,11 is equivalent to grain
dimensions in type II; and 10,111 is less than grain diameter in type II1.

(b) The scale of each type of residual stress: Type I macro-stresses that persist after plastic bending, Type 11
intergranular stresses induced by preferred slip orientation misalignment and Type 11 lattice stresses generated by

substitutional atoms or vacancies [12].
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To conclude, residual stresses are divided into the following categories:

Type I macro residual stresses occur in the body of a component on a scale bigger than the
material's grain size.
Type Il residual stresses are micro residual stresses that fluctuate on a grain-by-grain basis.

Because of anisotropy in grain behavior, such stresses are likely to exist in single-phase
materials. Because of the various characteristics of the distinct phases, they can also form

in multi-phase materials.

Type III residual stresses are micro residual stresses that arise inside a grain as a result of
dislocations and other crystalline defects. Micro stresses are generally classed together as
Types II and IIL

Only type I residual stresses, which alter across long distances, such as the dimensions of

the part, are investigated in this study. Large deformations of the part can occur as a result
of these macro stresses. Type Il and type III residual stresses, which arise because of



distinct phases in the material and dislocations at the atomic scale, are not taken into
account in this study since they have a minor impact on the material's strength.
Furthermore, most test techniques do not have a high enough measurement precision to
detect type II and type III residual stresses [13].

1.4 Origins of Residual Stresses

Most manufacturing processes include material deformation, heat treatment, machining, or
processing operations that modify the shape or properties of material induce residual
stresses. They can come from a variety of sources and can be found in unprocessed raw
materials, during manufacture, or as a result of in-service loading. The source of residual
stresses can be characterized as follows:

Differential plastic flow, differential cooling rates, phase transformations with volume
variations, and so on [8].

Residual stresses are created in almost every industrial process. Furthermore, during the
service life of the manufactured component, stresses might occur. These stresses emerge
as a result of the component's elastic reaction to incompatible local strains, such as non-
uniform plastic deformations. To maintain dimensional continuity, the surrounding
material must deform elastically, resulting in residual stresses. The following are some of
the mechanisms that cause residual stresses:

1. Plastic deformation that is not uniform. Forging, rolling, bending, drawing, and extrusion
are examples of industrial operations that modify the shape of a material, as well as in
service during surface deformation, as in ball bearings and railway rails.

2. Modification of the surface. Manufacturing processes such as machining, grinding,
plating, peening, and carburizing, as well as corrosion and oxidation in service, are
examples.

3. Changes in material phase and/or density, which frequently occur in the presence of
substantial thermal gradients. Instances in manufacturing processes include welding,
casting, and quenching, as well as a phase transition in metals and ceramics, precipitation
hardening in alloys, and polymerization in polymers, as well as radiation damage in nuclear
reactor components and moisture changes in wood [9].

Residual stresses are caused by misfits between distinct areas, as seen in Fig. 1. In many
cases, these misfits span large distances, for example, those caused by the non-uniform
plastic deformation of a bent bar. Sharp thermal gradients, such as those created during
welding or heat treatment processes, can also induce them (Fig. 1). These pressures,
whether mechanically or thermally produced, can be beneficial, as in shot peening and
glass toughening [10].

Most manufacturing processes that include material deformation, heat treatment,
machining, or processing operations that modify the shape or properties of material



produce residual stresses. They can come from a variety of places and can be found in
unprocessed raw materials, during manufacture, or during in-service loading. On a
microscopic and macroscopic level, residual stresses may be substantial enough to produce
local yielding and plastic deformation, which can have a significant impact on component
performance. As a result, it's critical to be able to derive some information about the
internal stress condition from measurements or modeling predictions [11].

The magnitude and distribution of residual stress can have a significant impact on
performance and should be taken into account when designing a component. Any free-
standing body must maintain stress equilibrium, which means that a component's tensile
residual stress must be matched by compressive stress elsewhere in the body. Tensile
residual stresses on a component's surface are typically undesirable since they can induce
fatigue failure, quench cracking, and stress-corrosion cracking, and are often the primary
source of these problems. Compressive residual stresses in the surface layers are typically
favorable since they improve the bending strength of fragile ceramics and glass, as well as
fatigue strength and resistance to stress-corrosion cracking. Residual stresses are often
helpful when they work in the plane of the applied load and are in the opposite direction
(for example, a compressive residual stress in a component subjected to an applied tensile
load) [11].

Residual stresses in a component can be categorized as follows [11]:

- Mechanical
- Thermal
- Chemical

Manufacturing processes that result in non-uniform plastic deformation frequently create
mechanically induced residual stresses. They can form naturally during processing or
treatment, or they can be intentionally introduced to provide a certain stress profile in a
component. Rod or wire drawing (deep deformation), welding, machining (turning,
milling), and grinding (normal or harsh conditions) are examples of procedures that cause
undesired surface tensile stresses or residual stress gradients. Figure 1.7 depicts typical
residual stress profiles arising from three distinct grinding techniques. It can be observed
that traditional and extremely abrasive grinding caused tensile strains near the surface,
whereas gentle grinding produced compressive stresses. Shot peening, autofrettage of
pressure vessels, toughening of glass, or cold expansion can all create compressive residual
stresses that improve performance [11].
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Figure 1.7 Characteristic residual stress distributions in a hardened steel from three distinct grinding operations

[14].

Thermally-induced residual stresses are frequently the result of non-uniform heating or
cooling activities on a macroscopic level. When this is combined with the material
constraints in the bulk of a large component, significant thermal gradients and the growth
of significant internal stresses can result. Quenching steel or aluminum alloys, for example,
result in surface compressive stresses that are balanced by tensile stresses in the bulk of the
component. As a result of the CTE mismatch between distinct phases or constituents,
microscopic thermally induced residual stresses can form in a material during manufacture
and processing [11].

Chemical stresses can arise as a result of volume changes caused by chemical reactions,
precipitation, or phase transition. Chemical surface treatments and coatings can result in
significant residual stress gradients in the component's surface layers. Because of the
expansion of the lattice and the precipitation of nitrides, nitriding and carburizing induce
compressive stress in the diffusion area. The magnitude of residual stresses created in
coatings may be quite large; at the interface of certain thermal barrier coatings (TBCs),
compressive forces on the order of 6-8GPa or greater have been reported [11].

Figure 1.8 graphically depicts several common methods in which residual stresses in
engineering materials are formed. The illustrations show how localized dimension changes
require elastic deformation of the surrounding material to maintain dimensional continuity,
resulting in residual stresses. The upper left panel, for example, depicts shot peening, which
compresses a material's surface layer vertically by striking it with little hard balls. The
plastically deformed layer tries to expand horizontally in reaction but is limited by the
material layers below. As seen in the graph, this constraint results in compressive surface
stresses balanced by tensile inner stresses. Plastic deformation caused by cold hole
expansion and bending follows a similar principle, although with a completely different
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geometry. Residual stresses can also be caused by phase transformations, such as
martensitic transformations in steel, which cause the dimensions of a material portion to
alter relative to the surrounding regions. Welds with significant tensile and compressive
residual stresses are caused by solidification and differential shrinkage. While molten, the
weld metal is stress-free, and residual stresses can only be supported after solidification.
Because the very hot weld metal and heat-affected zone (HAZ) cool across a wider
temperature range than the colder surrounding material, it shrinks more. Large longitudinal
tensile residual stresses are formed in the weld metal and HAZ is balanced by compressive
stresses in the surrounding material to ensure dimensional continuity through compatible
longitudinal strains [9].
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Figure 1.8 Examples of common methods in which residual stresses in engineering materials are formed.
Reproduced with permission from [10], Misfits (eigenstrains) between different regions or phases within the
material cause residual stresses: various types of residual macro and micro residual stress are demonstrated.

1.5 Effects of Residual Stresses

The presence of residual stresses may not be easily evident due to their self-equilibrating
nature, and as a result, they may be disregarded or ignored during engineering design. They
are, nevertheless, stresses that must be treated similarly to stresses caused by external
forcing [15].

The fundamental effect of residual stresses on material strength is that they add to the
loading stresses. Relative to the sign and position of the residual stresses, the contribution
of residual stresses might be useful or destructive. Because glass is brittle and has low
tensile strength, the surface compressive residual stresses in the toughened glass seen in
Figure 1.1 reinforce the overall structure. Crack growth is the failure mechanism, however
most cracks (scratches) occur near the surface. As a result, the compressive residual
stresses operate to bias the loading stresses in the regions of the tension-sensitive surface

12



fissures towards compression. Because there are few, if any, cracks in the center region,
the material can withstand the higher local tensile stresses. The combined stresses have the
effect of increasing the glass component's capacity to withstand external loads. Shot
peening uses a similar idea to produce surface compressive stresses by impacting a surface
with tiny hard balls. Increased fatigue life is obtained by biasing the mean of the varying
stresses at the surface towards compression, which is where fatigue cracks typically begin.

Residual stresses can also be dangerous, reducing material strength and leading to
premature fracture. Longitudinal fractures in an aluminum alloy direct chill cast ingot, a
precursor to hot rolling, are seen in Figure 1.9. Residual stresses created by inhomogeneous
cooling after solidification during casting cause the cracks.

Figure 1.9 Cracking in a cast aluminum ingot due to excessive residual stresses.

Tensile residual stresses, for example, are typically damaging since they can contribute to,
and are frequently the principal cause of, fatigue failure and stress-corrosion cracking in a
component or structural member. Indeed, compressive residual stresses created in the
(sub)surface layers of material by various methods are typically favorable because they
avoid fatigue crack initiation and propagation while also increasing wear and corrosion
resistance. Welding, machining, grinding, and rod or wire drawing are examples of
operations that cause destructive tensile stresses.

1.6 Residual stress sources in metal AM

The fast heating, cooling rates, and melt-back characteristics of metal AM are
defined by simultaneous melting of the top material layer and re-melting of
underlying previously solidified layers. The severe residual stress gradients
induced by this unique thermal cycle in metal AM are a key concern for the
manufactured parts since they cause component distortion. In the instance of
PBF, part distortion during the process might result in recoater blade damage,
and distortion of the finished component would drastically reduce its
functioning. Several strategies for reducing residual stress and part distortion in
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metal AM have been investigated. The most common method for reducing
residual stress is to lower the temperature gradient by preheating the feedstock
material or the substrate. This study is focused on the residual stress issue in EB-
PBF process.

The distinctive rapid heating-cooling thermal cycle of AM, which is extremely
similar to welding, causes residual stress in AM parts, as discussed in the
preceding section. Welding and AM have a lot in common when it comes to
residual stress creation [16]. Mercelis et al. used the temperature gradient
mechanism (TGM) model and the cool-down phase model to describe the
residual stress formation mechanism. During the heating state of the TGM
model, the high-energy heat source rapidly heats up the feed stock material, and
the heated material expands, but this thermal expansion is limited by the lower-
temperature surrounding components. As a result, a compressive stress state
forms at the heated zone. When the heat source is eliminated during the cooling
stage, the previously formed heated zone cools down, and materials in this zone
shrink, but the shrinkage is partially restricted by the plastic strain formed
during the heating stage.

Finally, in the heated zone, tensile residual stress is formed, which is balanced
by a compressive zone. Due to its layer build-up process characteristic, the cool-
down phase model is another explanation for residual stress creation mechanism
in metal AM [13]. A re-melting and re-solidification cycle will occur for the
majority of the previously melted material. The material shrinkage is
fractionally limited by the previously deposited material during the cooling
down cycle after re-solidification, and a tensile stress condition is created in the
freshly deposited material.

While the narrative explanation is useful in understanding residual stress, the
graphic model does not correspond to the contents. As a result, in Figure 1.10, a
novel model of residual stress formation is suggested. The residual stress field in
a practical AM process is substantially more extensive since the quantity and
pattern of heat source paths and heat transfer are exceedingly complex [6].
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Figure 1.10 Model for the formation of residual stress: (a) heating-phase, (b) cooling-phase

Welding is an important industry manufacturing technique that creates a lot of residual
stresses. Differential contractions occur as the weld metal solidifies and cools to ambient
temperature, causing them to develop in the structure. Welding, in reality, adds a lot of heat
to the material being welded. As a result, the material experiences non-uniform heat
distributions, plastic deformations, and phase transformations. Different residual stress
patterns emerge in the weld region and the heat-affected zone as a result of these variations
(HAZ). As demonstrated in Fig. 1.11, each stress generating process has its unique
consequences on the residual stress distribution. Residual stresses caused by molten area
shrinkage are generally tensile. At the sections of the HAZ where the temperature exceeds
the threshold values for phase transformations, transformation-induced residual stresses
develop [8].
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Figure 1.11 Change of residual stress due to metallurgical processes during welding [17]

1.7 Classification of residual stress measuring techniques
The measurement of residual stress is part of the inverse problem study field, where output
strains or equivalent displacements are used to reverse the magnitude and direction of
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residual stresses [18]. Residual stress measuring methods almost often measure strains
rather than stresses, and residual stresses are then calculated using material parameters like
Young's modulus and Poisson's ratio. The stresses are implicitly expected to be constant
within the measurement volume, both in the surface plane and across the depth, when only
a single stress value is reported [11].

Many alternative methods for detecting residual stresses in various types of components
have been developed throughout the years. As illustrated in Fig. 1.12, approaches for
measuring Type I residual stresses, with the exception of diffraction which preferentially
samples "special" grains, i.e. those appropriately orientated for diffraction, can be
characterized as destructive, semi-destructive, or non-destructive.

The destructive and semi-destructive procedures, commonly known as the mechanical
method, rely on inferring the original stress from the displacement caused by removing
material to entirely or partially relieve the stress. These approaches rely on the
measurement of deformations caused by residual stresses released when material is
removed from the specimen. The main destructive and semi destructive procedures used to
quantify residual stresses in structural elements include sectioning, contour, hole-drilling,
ring-core, and deep-hole.

Destructive testing procedures are relatively straightforward to carry out, and test accuracy
is normally good, although surface damage is sometimes undesirable. Nondestructive
testing procedures that measure the physical properties of the material itself with
specialized types of equipment were quickly developed to prevent the samples from being
degraded. These methods are ideal for residual stress measurement in most cases and do
not influence the continuous use of the workpiece after measurement; as a result, they are
rapidly becoming the development direction of residual stress testing.

X-ray or neutron diffraction, ultrasonic techniques, and magnetic methods are examples
of non-destructive procedures. These procedures generally measure the change of a stress-
related parameter. They're becoming more significant for assessing fatigue-related damage
since numerous structural components, such as bridges, aircraft structures, and offshore
platforms, must be monitored on a regular basis to avoid serious damage or even failure.
Small, portable, and easy-to-handle instruments are necessary for inspection in the field or
on huge constructions. Furthermore, lowering costs necessitates quick measuring times
without the need for time-consuming part preparation prior to the test [8]-[10], [18].
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Figure 1.12 Classification of different residual stress measurement methods

Figure 1.13 summarizes a number of methods in terms of spatial resolution and the ability
to measure residual stress deep within a specimen (the "penetration"). To determine a
suitable choice of a residual stress measuring technique for a specific application,
numerous elements must be carefully addressed and weighed [9].
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Figure 1.13 Measurement penetration vs. spatial resolution for various residual stress measuring
techniques.

1.7.1 non-destructive methods

The term "non-destructive" refers to the fact that the component may be put back into
service once residual stresses and stress fields have been measured and analyzed. As a
result, either the instrument must be portable and compact enough to transport the
component, or the component must be transported, intact and without sectioning, to the
instrument [9].

Diffraction Methods

Non-destructive ways for measuring residual stresses are possible with diffraction
methods. The capacity of electromagnetic radiation to detect the distance between atomic
planes in crystalline or polycrystalline materials is used by diffraction techniques. The
material deforms in reaction to any external mechanical or thermal load, as well as
incompatible strains. When the reaction is in the elastic range, the deformation is linear.
Diffraction methods accurately measure a crystal inter-planar dimension that may be linked
to the magnitude and direction of the stress state present in the material. Whether the stress
is residual or applied has no bearing on these measurements.

When electromagnetic radiation, such as X-rays and neutrons for residual stress
measurements, interacts with atoms or crystallites that are organized in a regular array,
such as atoms in crystals, diffraction occurs. The radiation is absorbed and then reradiated
at the same frequency, resulting in significant emissions at some orientations and minimal
emissions at other orientations. Bragg's Law describes the angles at which significant
emissions occur as:

nA=2dsin 0 (1.1)

where n is an integer, A is the wavelength of the electromagnetic radiation, d is the distance
between the diffracting planes (inter-atomic lattice spacing) and 0 is the Bragg angle. These
quantities are depicted in Figure 1.14. Equation (1.1) represents the situation in which the
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extra diffracted radiation path length (the three-line segments illustrated in Figure 1.14)
from each crystal plane is an integer number of radiation wavelengths. As a result, the
radiation components diffracted by the different lattice planes appear in phase.

A variety of angles is scanned for stress assessment using X-ray and neutron diffraction,
and the angle at which the most intense radiation is recorded is determined as the Bragg
angle. Type II and Type III stresses are reflected by small variations in the associated d-
spacing that tend to widen the diffracted peak. For synchrotron diffraction, 6 is sometimes
maintained constant while the detector scans a variety of energies to determine the A that
satisfies the Bragg condition. The measured lattice strains are "absolute" values, meaning
they are measured against a zero-strain datum. This is an important aspect of diffraction
techniques because it allows residual as well as applied stresses to be quantified. Strain
gages, on the other hand, can only measure the differential strains associated with applied
stresses, that is, the strain difference between the initial and subsequent conditions when
the strain gage was attached [9].
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Figure 1.14 Radiation diffraction within a crystal structure d = spacing between lattice planes,
0 = Bragg angle, and A = wavelength of the radiation

1.7.1.1 X-ray Diffraction
The inter-atomic lattice spacing, which is indicative of the strain in the irradiated area, may
be measured using X-ray diffraction (XRD) methods [19].

Most X-ray wavelengths employed in stress measurement are incapable of penetrating
deeply into most materials. X-rays with wavelengths spanning from 0.7 to 2° Angstroms
(18 to 5 keV in energy) are usually employed from a certain anode or target of an X-ray
tube, such as copper, chromium, or iron. X-ray penetration is typically on the order of 0.025
mm, making it a surface stress measuring technique in most cases. For assessing these
stresses, X-ray techniques have become the most extensively utilized method [19].

he X-rays barely penetrate a few microns in the XRD technique. The assumption that the
stress normal to the surface is zero is accommodated by the shallow depth. As a result, the
irradiated volume or gage volume under study is said to be in a plane stress state. This
condition allows the stress-strain equations to be simplified and eliminates the requirement
for precise measurement of the unstressed lattice plane dimension. To extrapolate the strain

19



condition to a vector in the plane of the surface, simple equations based on the difference
between certain lattice planes at different angles to the surface plane are utilized[19].

Despite the fact that X-rays can only evaluate stress to a depth of around 0.025 mm, non-
contact X-ray diffraction techniques are the only genuinely non-destructive approaches for
measuring surface residual stresses currently available. Their reliability has been shown
analyzed and documented numerous times [19].

XRD stress measurement is covered by three ASTM Standards. E915-10 is for validating
an instrument's alignment, E1426-98 is for establishing a material's effective elastic
parameter, and E2860-12 is for XRD stress measurements in bearing materials.

In the recent two decades, instrumentation for bringing XRD measurements from the
laboratory to field applications has evolved significantly, with a focus on portability,
compactness, and speed of operation. These devices are known as X-ray diffraction stress
apparatus, and they are built particularly for X-ray stress measurements. They should not
be confused with traditional X-ray diffraction instruments that have been modified with
stress measurement attachments. X-ray diffraction allows for measurement times of a few
seconds and spatial resolutions of less than one square mm, as well as automated stress

mapping [9].

Liu et al. [20] investigated the effects of processing parameters on the stress distribution.
X-ray diffraction (XRD) was used to map residual stresses within the 316L stainless steel
components manufactured by selective laser melting (SLM). Three samples 1, 2, and 3 had
a fixed width and thickness of 30 mm % 1 mm, and heights were 12, 16, and 20 mm,
respectively. According to the results, Higher energy input and longer track length cause
more residual stress in the horizontal direction. The stress parallel to the scanning direction
is substantially greater than the stress perpendicular to the scanning direction, and residual
stress peaks near the start of scanning tracks. Based on their finding, appropriate actions
may be implemented to decrease residual stress or avoid stress concentration, therefore
increasing SLM process stability.

Yan et al. [21] also utilized the XRD method to measure residual stresses in hot work tool
steel H13 Cubic samples (10 x 10 x 10 mm?). Results showed high residual stresses present
in SLM as-built H13 samples in the range of 940—1420 MPa, in comparison to its yield
strength of ~ 1650 MPa. This proves that in the AM of complicated H13 dies or moulds
by SLM, very large residual stresses might be a concern.

Residual stress measurement via XRD method at different depths and at two outer surfaces
of the austenitic stainless steel AISI 316L (EN 1.4404) samples additively manufactured
by SLM has been made by Simson et al. [22]. The results revealed the existence of
significant tensile stresses with an oscillatory nature on the as-built components, which the
standard post-processing processes were unable to reduce. The stresses in the area of the
edge layer grow dramatically at suitably large distances from the top surface, then fall
again. The value and orientation of the principal stress components that arise are depending
on the layer being studied. The residual stresses are larger in the scan direction than in the
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perpendicular direction at the top surface. The maximal main stress at the lateral surface,
on the other hand, is parallel to the building direction and perpendicular to the scan.

Similarly, Fergani et al. [23] modeled the residual stress in the 316L Stainless Steel samples
produced by SLM via the analytical prediction and validated by XRD measurement
method. The results showed a good agreement between these two methods.

The residual stress variation throughout the B91 steel component is quantified using
sequentially coupled thermomechanical analysis of WAAM B91 steel by Jimenez et al.
[24]. X-ray diffraction measurements were used to validate the stress model's results, and
the numerical results are in good agreement with the experimental data.

1.7.1.2 Synchrotron Diffraction

This approach uses X-rays in the same way that the traditional XRD method does, but the
X-rays are much more powerful and have a lot higher energy, allowing them to penetrate
materials much deeper, on the order of mm. This deep penetration enables the measurement
of bulk stresses, which is not possible with conventional XRD. Synchrotron radiation
facilities are the source of the X-rays, and “hard” X-rays with energy more than 50 keV
(less than 0.25 ° Angstrom wavelength) are typically used. Traditional XRD, on the other
hand, uses "soft" X-rays with energies ranging from 18 to 5 keV (0.7 to 2 Angstroms’ in
wavelength). The strain measurement is based on Equation (1.1), but instead, on the
occasions, the Bragg angle is held constant and the energy of diffracted X-rays is measured.

An energy dispersive X-ray detector measures the diffracted energy, which changes with
strain (change in lattice spacing). Advances in detector technology have made the
synchrotron approach practicable, allowing for more precise energy measurement [25].
Low Bragg angles are employed, on the order of 10 degrees

The stress state on the irradiated area, gage volume, cannot be addressed under plane stress
condition since the higher intensity radiation from synchrotron sources penetrates many
tens or even hundreds of millimeters into a material. Instead, the whole three-dimensional
stress condition must be considered. As a result, strain is estimated by subtracting the
unstressed lattice parameter from the stress parameter. This necessitates the accurate
knowledge of the unstressed lattice parameter, and this requirement can bring significant
uncertainty into the strain measurement. Because composition (alloy content), phase
composition, and other factors might impact the unstressed lattice parameter, it is seldom
known accurately. As a result, in synchrotron diffraction residual stress measurement, the
uncertainty of the unstressed lattice parameter is a primary source of inaccuracy. Most of
the limits of synchrotron X-ray diffraction remain the same as those of neutron diffraction
(see Section 1.1.3) [9].

Chen et al. [26] utilized the synchrotron X-ray imaging and diffraction method to measure
residual stresses in the nickel-base superalloy, IN718, parts additively manufactured by
Directed Energy Deposition Additive Manufacturing (DED-AM). In a single job, eight
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parallelepiped 30 x 20 x 10 mm? samples in EOS AISil0Mg aluminum alloy were
fabricated. Thermal effects dominate the accumulated stresses in the high-temperature
zone, according to the findings. The stress is significant enough to yield the material as
soon as it solidifies and when it cools further. The stresses, rather than causing further
strengthening phases or recrystallization, exhaust the material's ductility and, due to the
high solidification range, are likely to cause liquation cracking.

Ganeriwala et al. [27] used a thermomechanical model to calculate the residual stress in
the Ti-6Al-4V bridge-shaped specimens additively manufactured by LPBF and validated
their results via the method of x-ray synchrotron diffraction which was utilized to
determine the residual elastic strains in these parts. The results showed that the
methodologies are in good agreement.

Residual strains and stresses measurement via neutron diffraction, synchrotron x-ray
diffraction, and the contour method at various length scales in the Inconel 625 (IN625) AM
components manufactured by LPBF have been made by Phan et al. [28]. The samples were
bridge-shaped structures with 12 legs of varying lengths. 12 legs are made up of four
identical sections which there are three different leg sizes in each section: 5 mm, 0.5 mm,
and 2.5 mm. The results demonstrate good agreement between the methods, with the top
of the part exhibiting high longitudinal (X) tensile strains.

Similarly, Huang et al. [29] modeled the residual stress in the Thin-wall builds from
Inconel alloy 625 (IN625) produced by the laser powder bed fusion (LPBF) via the explicit
finite element analysis (FEA) and then the experimental measurement using x-ray
synchrotron diffraction validated the estimated residual elastic strain distribution. The
dimensions of the two builds for FEA simulation were A46 (10 mm x 1 mm X% 25 mm) and
AS51 (50 mm % 1 mm % 25 mm). The average thickness of the actual A46 wall sample for
experimental measurement was 0.8 mm. The results showed the numerical model's
predicted elastic strain agrees well with x-ray synchrotron measurements, demonstrating
remarkable accuracy in residual stress modeling. The elastic strain and residual stress have
a high gradient in width and thickness direction, according to the numerical model. The
vertical stress shows strong tensile stress near the build's surface, but compressive stress
inside the build.

Aminforoughi et al. [30] measured the residual stress in the well-known Ni-base alloy
INCONEL 718 specimens produced by LPBF via the method of x-ray synchrotron
diffraction. Samples with a size of 20 x 40 x 1 mm?® were grown on a substrate. They also
validated the results using in situ tensile tests on the 100Cr6 tensile test samples. Both
approaches (Hooke's approach and sin? a approach) were used to determine residual
stresses. In comparison to Hooke's technique, the simulations clearly demonstrated the
robustness of the sin® a approach.

1.7.1.3 Neutron diffraction
Non-destructive residual stress measurements have gotten a lot of attention lately for
obvious reasons, and neutron diffraction is one of the most prominent and standardized
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methods. ISO 21432:2019, the most recent standard, provides comprehensive guidelines
for engineering applications and scientific research [31].

Due to the great penetrating power of neutron beams, neutron diffraction is a non-
destructive technique that is particularly well suited for measuring 3D residual stresses
within bulk materials and engineered components [8].

As with the previous two diffraction methods, neutron diffraction (ND) employs
penetrating radiation; however, neutrons interact directly with the nucleus of the atom, and
their contribution to the diffracted intensity differs from that of X-rays, which interact with
electrons. Light (low atomic number, Z) atoms often contribute just as powerfully to the
neutron diffracted intensity as big Z atoms, and so neutrons penetrate high Z and low Z
materials equally well. The scattering property changes by 16 Practical Residual Stress
Measurement Methods vary randomly from isotope to isotope instead of linearly with
atomic number. Iron is a strong X-ray scatterer, although it scatters less than X-rays,
allowing neutrons to penetrate several centimeters into the body. The measuring of bulk
stresses is possible owing to this penetration. Fission or spallation can generate neutrons
for ND. In ND stress measurement, neutron energies with wavelengths ranging from 0.7
to 3° Angstroms are usually utilized.

Neutron diffraction can measure the elastic strains induced by residual stresses throughout
the volume of components of thickness in the 0.1—1.5 m range with a spatial resolution less
than one mm. Such capabilities provide for the measurement of residual stress inside of
components without the necessity of sectioning or layer removal. ND methods, as with
XRD methods, measure the Bragg angle of the scattered radiation, which is related to the
spacing between crystallographic planes. And this spacing is affected by residual and
applied stress. However, unlike traditional XRD techniques, the accuracy of ND techniques
requires that the unstressed lattice spacing of the measured crystallographic planes be
precisely known since the stress state is, in principle, tri-axial at depth.

With a spatial resolution of less than one mm, neutron diffraction can measure the elastic
strains caused by residual stresses in the volume of components with thicknesses ranging
from 0.1 to 1.5 m. Without the need for sectioning or layer removal, such capabilities allow
for the measurement of residual stress within components. The Bragg angle of scattered
radiation, which is related to the spacing between crystallographic planes, is measured by
ND methods, just as it is by XRD methods. Residual and applied stress both have an impact
on spacing. Since the stress state is tri-axial at depth, unlike traditional XRD techniques,
the accuracy of ND approaches necessitates that the unstressed lattice spacing of the
measured crystallographic planes be exactly specified.

Nonetheless, residual stress measurements in weldments, rolled rods, plastically deformed
plate [32], rocket case forgings [33], and many other types of components have been
performed using the ND methods [9].

The determination of the variation in diffraction angle, which is attributed to a change in
lattice parameter due to tensile or compressive stress within the material, is the premise
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behind neutron residual stress analysis. It is possible to calculate the average strain in the
gauge volume collected for a given direction and specific {hkl} crystallographic planes
using [34]:

dha—dony _ SINbo it
do ni Shl

(1)

Ehkl =

where dni 1s the lattice plane spacing and On the angle in between the incident beam and
the scattering planes {hkl}. don and Oonk are the reference of values for the stress-free
material. In many cases it is often difficult to directly measure strain free lattice spacing
and reference values are thus calculated. There are various methods available to estimate
do,nx1 and Oo it [7].

The material type, sample size, component geometry, testing depth, and magnitude of the
expected stress gradient are key factors for neutron diffraction operation, with
comprehensive requirements available in standard specifications. The X-ray diffraction
method is used for most regular test over neutron diffraction because it is less expensive.
A comprehensive comparison of neutron diffraction and X-ray diffraction techniques are
presented in [35] and [36], while they are both widely used for measuring type I residual
stress. Small-scale strains, such as those stored inside grains, can be characterized using
the neutron diffraction approach [31].

Brown et al. [37] measured the residual stress in the 17—4 class stainless steel Charpy test
specimens produced by powder-bed, laser melting technique on an EOS M280 direct metal
laser sintering (DMLS) machine via the method of Neutron Diffraction (ND). 14 samples
with Charpy geometry were grown on a single square stainless-steel plate (252 mmx252
mm). The residual stresses were found to be rather unaffected by the support structure's
characteristics, with the biggest stress component being around 2/3 of the material's yield
stress in the long direction of each sample. When the specimen was removed from the
support structure, the stress field changed dramatically.

Residual stress measurement via Neutron Diffraction in the Ti —6A1 -4V AM components
manufactured by Wire + Arc Additive Manufacturing (WAAM) and laser cladding process
(CLAD) have been made by Szost et al. [7].Ti—6A1-4V was used in form of wire or powder
in the WAAM and CLAD samples, respectively. Both specimens were produced in similar
dimensions and were deposited on similar baseplates (Ti—6Al1-4V rolled plates) clamped
in the same way. In WAAM 40 layers of approximately 250 mm long, 5.9 mm wide, and
1.0 mm high were deposited on a 250 x 60 x 7 mm baseplate and with CLAD 65 layers of
approximately 0.85 mm high and 250 mm long were thus deposited on a 250 x 60 x 8 mm
baseplate following this method. In the longitudinal direction, the highest tensile stress is
seen around the baseplate-wall transition in both samples. The WAAM sample had the
higher value, with a peak of 480 MPa, whereas the CLAD sample had a maximum of
around 280 MPa.
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Wu et al. [38] measured the residual stress in the 3161 Stainless Steel samples, L-shaped
rectangular and quadrilateral prism, produced by laser-powder bed fusion (L-PBF) via a
destructive surface residual stress measurement method of Digital Image Correlation (DIC)
and validated by a non-destructive volumetric evaluation method, Neutron Diffraction
(ND). A parametric investigation on the impacts of laser scanning pattern, power, speed,
and build direction on residual stress was performed. The results demonstrate that lowering
scan island size, increasing island to wall rotation to 45 degrees, and increasing applied
energy per unit length (laser power/speed) reduce residual stress. While scan island rotation
affects in-plane residual stresses, axial residual stresses remain unaltered, according to
neutron diffraction experiments.

Ghasri-Khouzani et al. [39] investigated the effect of component dimensions on residual
stress and distortion distribution. Neutron diffraction was used to map residual stresses
within the components both before and after build plate removal of the base plate and
support structures. Direct metal laser sintering (DMLS) was used with the same process
parameters to create many 316L stainless steel components with the same geometry (disk)
but various dimensions (diameters of 25—-80 mm and heights of 1-30 mm). The temperature
distribution within the component, and therefore the residual stresses and distortion level,
were predicted to be affected by changes in disk diameter and height (number of powder
layers).

Masoomi et al. [40] utilized neutron diffraction to evaluate residual stresses at various
locations along with stainless steel (SS) 17-4 PH specimens. Two of the specimens were
vertically stacked rods (diameter=8 mm, length=80 mm) and one was a parallelepiped
(8x80x9 mm3) with its longest edge parallel to the ground.

1.7.1.4 Magnetic methods

Magnetic Barkhausen Noise (MBN) is the most extensively used magnetic residual stress
measurement method [41]. During magnetization reversal, MBN analysis entails the
measurement of the number and magnitude of abrupt magnetic re-orientations made by the
magnetic domains in a ferromagnetic material. These reorientations appear as pulses with
random amplitudes, durations, and temporal separations, and are hence referred to as noise.
MBN is not applicable to many engineering materials since they are not ferromagnetic.
Most steels and some ceramics, however, are ferromagnetic and produce MBN.

The MBN technique has a rather narrow range of stress sensitivity (about =300 MPa) and
a measurement depth of only a few millimeters. Acoustic Barkhausen Emission (ABE), an
ultrasonic analog to MBN, could deal with the latter situation. The sensitivity of either of
these techniques to other qualities and characteristics of metallic components, and the
subsequent need for calibration with a nearly the same specimen, restricts and limits
MBN's reliability, precision, and applicability. Magnetic methods allow for measurement
times of a few seconds and spatial resolutions in the sub-mm range [9].
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1.7.1.5 Ultrasonic methods

Many ways for determining material properties such as crystallographic orientation, grain
size, phase composition, and stress (residual and applied) are available using ultrasonic
acoustic methods. The reflected, transmitted, or scattered wave is measured after an
ultrasonic (acoustic) wave is created in the medium. The velocity of some mode of
ultrasonic wave is measured for stresses. There are three types of waves: longitudinal,
transverse, and surface waves.

Materials can be probed using ultrasonic technology in a variety of wave modes. Bulk
waves like longitudinal and shear, as well as Rayleigh-type surface waves, are examples
of these modes. To extract information, each mode has its own set of characteristics. The
velocity of ultrasonic propagation in metals is primarily affected by stress-induced strain.
Wave velocity, shear wave birefringence, and dispersion measurements can all be used to
discover this effect.

The uncertainty in using ultrasound to quantify residual stress stems from the fact that
ultrasound velocity is impacted not only by stress, but also by a variety of other
microstructural attributes such grain size, second phases, crystallographic texture, and so
on. The accuracy of the ultrasonic stress measuring method is affected as a result of these
additional attributes. Despite the impact of microstructural variations on manufactured
products, successful applications has been obtained in the use of ultrasonic technologies to
residual stress assessment in several specific cases [42], [43]. The ultrasonic approach
allows for measurement times of a few seconds and volume resolutions of several cubic
millimeters [9].

1.7.1.6 Thermoelastic methods

The measurement of thermoelastic residual stress is based on the coupling of mechanical
elastic strain and changes in thermal energy of an elastic material. Under adiabatic
conditions, the rate of change of the principal stress sum determines the rate of change in
temperature of a dynamically loaded body. To detect changes in infrared emission due to
minute changes in the temperature of dynamically stressed material, an SPATE (Stress
Pattern Analysis by Measurement of Thermal Emission) approach was developed. Static
stresses, including such residual [44], are similarly sensitive to temperature variations.
However, the method's application is currently limited due to the very small change in the
thermal impact caused by residual stress. As a result, the thermoelastic approach is more
qualitative and hence best suited to comparing components to see if they differ
significantly [9].

1.7.1.7 Photoelastic methods (Birefringent methods)

Birefringent methods are another name for photoelastic methods. Many transparent
materials become birefringent when stressed, meaning their refractive index changes in a
directional manner. A colored fringe pattern is created when polarized light is transmitted
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through the stressed material, illustrating the shear stresses within the material [45]. The
technique is only applicable to transparent materials. It's most typically employed for stress
analysis in transparent model structures, but it can also be utilized to quantify residual
stress. A common application is in high-quality lenses, where birefringence due by residual
stresses can degrade image quality dramatically. Shear stresses can be measured
quantitatively with the use of calibration. Coating the component with a photoelastic
polymer is a modification on the procedure for opaque materials. When stress variations in
the component are developed, such as via hole drilling, strain is induced in the coating, and
the resulting birefringence can be visualized and measured using a reflection polariscope

[9].

1.7.1.8 Indentation methods

Residual stresses have a little impact on material hardness levels determined by indentation
methods, with tensile stresses tending to reduce apparent hardness and compressive
stresses tending to raise it. This influence could be used to calculate residual stresses. Many
experiments have been conducted throughout the years to improve the indentation
technique in order to produce better quantitative findings [46]. However, the measured
effect is small, and the indentation method's precision is now inadequate to that of XRD
and hole drilling. Indentation methods allow for measurement times of a few minutes and
spatial resolutions of less than one square mm [9].

Relaxation Measurement Methods (Semi-Destructive and Destructive methods)
When residual stresses in a component are removed in some form, the stresses with force
components operating on the cut surface are relieved, and the stresses within the remaining
material are redistributed to maintain internal force equilibrium. The component distorts as
a result of the stress redistribution strains, which can be extremely significant [15], [47]. A
large class of residual stress measuring methods, generally referred to as "relaxation" or
"destructive" methods, is based on the deformation caused by residual stress redistribution
after material cutting. The original residual stresses can be mathematically estimated by
measuring the deformations after the material has been cut in some way [10], [48].

Figure 1.9 depicts the structural deformation that develops when residual stresses are
released through cutting or material removal, as well as the stress redistribution that occurs.
Because these deformations ("relaxations") are typically elastic, the deformation size and
the released residual stresses have a linear relationship [47]-[49]. While there are many
various measuring technologies, specimens, and cutting geometries employed, all methods
aim to find residual stresses from observed deformations induced by material cutting or
removal, hence the alternative name "destructive" methods. The deformation/stress
relationship can be computed analytically for some specimen geometries, but finite element
calibrations are required for others. The deformation/stress relationship is nearly always
complicated by the fact that the stress is eliminated from one area of the specimen while
the measurements are taken in another area where only partial stress relief occurs.
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Over the years, many "relaxation" methods for detecting residual stresses for both general
and specialized types of specimens have been developed. Despite significant changes in

geometry and experimental approach, all methods are based on measuring deformation
resulting by local cutting of stressed material [9]

1.7.2 Semi-Destructive methods
1.7.2.1 Strain gauge hole-drilling method

The most widely employed relaxation method to evaluate residual stress is standardized as
ASTM E837 [50] and described in detail in Chapter 2.

The hole-drilling method is simple and quick, and it is one of the most often used semi-
destructive residual stress evaluation methods since it's able to measure residual stress
distribution across the thickness in magnitude, direction, and sense. It has the advantages
of high accuracy and reliability, standardized test methods, and ease of applicability in
practice. The specimen's damage is localized to the small, drilled hole and is usually
tolerable or repairable. The principle entails drilling a tiny hole (about 1.8 mm in diameter
and up to 2.0 mm depth) in the area where residual stresses are to be measured. The locked-
up residual stresses are released by drilling the hole, and the associated strains on the
surface are measured using suitable strain gauges bonded around the hole on the surface
(Figure 1.15(b)) [51]. Using equations and calculations derived from experimental and
Finite Element Analyses, the residual stress can then be estimated from these strains. The
residual stresses are computed using proper calibration constants derived for the particular
type of strain gauge rosette instrumented, as well as the most appropriate analysis approach
for the type of stresses expected, from the strains measured around the hole [11].

Strain gage
rosette
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Figure 1.15 (a) Schematic representations of the use of hole-drilling methods for residual stress measurement[51].
(b) conventional hole-drilling method [47]

It entails drilling a small hole in the specimen's surface and employing strain gages or,
more recently, full-field optical techniques to measure the deformations of the surrounding
surface. The method is depicted in Figure 1.10(a). The hole-drilling approach is popular
because it may ensure reliable and quick results with a wide range of specimen types while
causing only localized and typically tolerable damage. The measurement approach is
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extensively developed [52], [53] and can determine the in-plane residual stress through-
depth profile to a depth nearly equal to the hole radius [9].

A hole is created in the component at the center of a specific strain gauge rosette in practice.
The strain relief is practically complete close to the hole, but the approach has limited strain
sensitivity and potential errors and uncertainties linked to hole dimensions (diameter,
concentricity, profile, depth, and so on), surface roughness, flatness, and specimen
preparation. Incremental hole drilling increases the versatility of the approach and allows
for the measurement of stress profiles and gradients [11].

Figure 1.16 depicts a variety of current residual stress strain gauge geometries. Type A
strain gauges are the most common and are suggested for general purpose measurements.
Type B strain gauges are excellent when measurements must be taken close to an obstacle
or close to a fillet or radius. Type C, which employs six grids, was recently developed to
improve strain sensitivity [11].

Typ'A Type B Type C

A 2 o m8
@i i

Figure 1.16 Geometries of typical residual stress strain gauge rosettes

The stress near the hole is released and redistributed after drilling a small hole in the
workpiece plane with a residual stress, as shown in Fig. 1.17. (a). The radial strain data can
be measured using three groups of strain gauges on the same circumference (Fig. 1.17(b)),
as indicated above. Finally, Eq. (2) can be used to compute the magnitude and direction of
the residual principal stress in the plane stress state on the basis of the stress—strain equation
for in-plane elastic mechanics, as shown in Eq. (1) [54], [55].

Area of stress relief Residual stress value before drilling o,
\/( TIInTtte
Stress value redistributed after drilling — R
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“ 135° —
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(a) Stress release (b) Stress state of strain gauges

Figure 1.17 Schematic illustration of strain gauge hole-drilling method

With the through-hole approach, the strain release coefficients A and B, which are one of
the most important elements impacting accuracy, may be estimated directly using the
Kirsch theory, whereas the blind-hole method requires calibration experiments. In Egs. (1)
and (2), the radial strains are denoted by &, £99, and &;35. The principal stresses are
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denoted by oy and o5; and the angle between the 0 strain gauge and the first principal stress
direction is denoted by h [54], [55].

EZA(O'1+O'2)+B(O'1—O'2)C0520 (l)
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At the moment, this method's equipment is fairly prevalent. Advanced devices, such as
SINT Technology's MTS3000-Restan stress measuring instrument, can perform residual
stress measurements with a maximum depth of 2 mm. The accuracy of the strain gauge
hole-drilling method is influenced not only by errors in the calibration coefficients A and
B, but also by the strain gauge's sticking quality, eccentricity error, and drilling center.
Noncontact measures paired with the hole-drilling approach, such as ESPI, have rapidly
developed to reduce measurement operational error. The Stresstech Company in Finland
produces a residual stress analyzer that follows this idea and is a relatively precise and
reliable residual stress measuring device. Although the hole-drilling method is widely used,
the sensitivity of the release strain is lower than that of other mechanical methods, such as
the ring-core method, making it unsuitable for low-level residual stress measurements;
there are also other drawbacks, such as a small measurement depth, that limit the method's
application [18].

To achieve good bonding of the strain gauges, some surface preparation is required when
the hole drilling is done, although care must be given not to remove too much material,
especially if residual stresses near to the surface are significant. The selection of a suitable
strain gauge and drill size is critical (and the two are intertwined) because it determines the
measurement's maximum depth. The size of the gauge is significant, and it should be
examined with respect to the types of stresses that are present. Small gauges provide a more
localized measurement, but they are more difficult to handle, provide restricted depth
information (because to the small drill size), and may be prone to bigger inaccuracies due
to misalignment or surface irregularities [11].

Denlinger et al. [56] measured the residual stress in the electron beam—deposited, wire-fed
Ti-6Al1-4V sample produced by powder-bed, laser melting technique on an Sciaky VX-300
system via the method of the hole-drilling. A one-bead-wide deposition with a height of 16
layers and a width of 203.2 mm is constructed on the substrate which was a Ti-6Al-4V
plate that is 254 mm long, 101.6 mm wide, and 12.7 mm thick. When considering that the
measurement error of blind hole drilling can be £50 MPa, the observed residual stress on
the deposition is 20.0 MPa, which is in good agreement with the model's prediction of 3.15
MPa. The deposition's residual stress is lower than the substrate's.

Knowles et al. [57] utilized the hole-drilling strain gauge method to measure residual
stresses at two different diameters of two Ti-6Al-4V specimens. Results showed high
residual stresses present in SLM Ti-6Al-4V specimens, and in some areas reached and
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exceeded the material's yield strength. This proves that residual stresses are to cause the
deformation observed during manufacture.

Galati et al. [58] performed the investigation of residual stress state using the hole-drilling
method for samples made of Ti-48-2-2, belonging to a family of gamma-TiAl intermetallic
alloys. They evaluated the effect of EBM process parameters on residual stress.
Parallelepipeds having a cross-section of 18 x 18 mm2 and a height of 30 mm were used
as specimens. The more uniform temperature distribution produced by the post-heating
results in a reduced residual stress state on the top surfaces of all samples. The residual
stresses on the lateral surfaces fluctuate with measurement depth, emphasizing the
influence of the thermal gradient between the surrounding powder, exterior, and interior
zones.

Residual stress measurement via the hole-drilling method in the AISil10Mg parts after
building by SLM, stress-relieving, and shot-peening, respectively have been made by
Salmi et al. [59]. Using an SLM EOSINT M 270 eXtended machine, eight parallelepiped
30 x 20 x 10 mm?® samples in EOS AISi10Mg aluminum alloy were manufactured in a
single job. For samples with and without supports, the evolution of the profile of residual
stresses is shown as a function of the process phase (as-built, after thermal treatment, after
shot-peening). The results revealed the existence of significant tensile stresses with an
oscillatory nature on the as-built components, which the standard post-processing
processes were unable to reduce.

Piscopo et al. [60] investigated the effect of machining operations on the residual stress
state. The semi-destructive hole-drilling method was used to map the surface residual
stresses and subsurface residual stress distributions induced by face milling within the
components. L-PBF was used to create two AISi10Mg components in a single job and with
dimensions of 30 x 20 x 15 mm?. For comparison, an aluminum alloy specimen (80 x 80
x 15 mm?) made by traditional sand casting and shot-peened was measured. The milling
process caused surface tensile stress and a subsurface compressive state. The compressive
stress created on the AM component is lower than on a conventional part made of the same
material.

1.7.2.2 Ring-core method

The hole-drilling method [61], [62] is a "inside-out" variant of the ring-core method. Unlike
the hole-drilling method, which involves drilling a central hole and measuring the
surrounding surface deformation, the ring core method includes measuring the deformation
in a central area generated by the cutting of an annular slot in the surrounding material. The
ring-core approach, like the hole-drilling method, offers a simple implementation for
evaluating in-plane stresses [62], as well as an incremental implementation for determining
the stress profile [63]. The geometry is shown in Figure 1.18. The ring-core approach has
the advantage of providing considerably larger surface strains and identifying larger
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residual stresses than the hole-drilling method. However, it causes far more specimen
damage and is more difficult to put into practice [62], [63].

Strain gage
rosette

Figure 1.18 ring-core method

The ring-core method works on the same premise as the hole-drilling method, which is a
stress-relieving technique. A crown milling cutter is used to manufacture a ring groove
with diameter D in the specified area, releasing residual stress in the ring core. Figure 1.19
depicts a schematic. The residual stress in the ring-core region is determined using the same
technique as the hole-drilling approach, utilizing a specific strain gauge rosette bonded in
the centre of the region. When the diameter D of the annular groove is small, the ring-core
method has a considerable strain release, and nearly 90 percent of the residual stress is
released when the inner diameter D of the ring is 5.6 mm, which represents a higher
sensitivity than the hole-drilling method [64]. As a result, the impact of errors during the
data collecting process is decreased, and the method's accuracy and reliability are typically
higher than the hole-drilling method. When the workpiece is made of steel, the precision
can be as high as =15 MPa [63].
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Figure 1.19 Schematic representations of Ring-core measurement

1.7.2.3 Deep-hole method

The deep hole method [65], [66] [is a variant of the hole-drilling and ring-core procedures
that combines elements of both. A hole is cut through the thickness of the component in
the deep-hole approach. The hole's diameter is precisely calculated, and a core of material
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surrounding the hole is trepanned out, releasing residual tensions in the core. The hole's
diameter is remeasured, allowing the residual stresses to be estimated based on the change
in diameter. The geometry is shown in Figure 1.20. Because a hole is left in the component,
the diameter of the hole can be relatively small and may coincide with a hole that needs to
be machined later, the deep hole method is classified as a semi destructive method of
residual stresses measurement. The method's key advantage is that it allows for the
measurement of deep interior stresses. Steel and aluminum castings weighing several tons
are examples of huge specimens [8].

Trepan

Air
| probe

Reference
hole

L

Figure 1.20 Schematic illustrations of Deep-hole method

The ability to predict residual stress is an important engineering technique since residual
stress can have a substantial influence on material failure processes. The deep-hole (DH)
method is one of the few appropriate methods for through-thickness residual stress
measurement for thick steel components (e.g., thickness t >50 mm) [48]. The measurement
region may theoretically be weld repaired after residual stress measurement because the
approach depends on the removal of only a tiny core of material, less than 20+50 mm in
diameter. Another benefit of DH is that it may possibly be used in the field; as a result,
structures only need to be taken out of service for the measurement and subsequent repair.
Further improvement of the DH approach is desirable, given the method's positive
attributes [66].

The DH approach is illustrated in Figure 1.21, and the steps are as follows [67]:

1. Gun-drilling a reference hole through the component (Figure 1.21(a)). Any sudden
variations in diameter are removed by polishing the reference hole.

2. Accurate diameter measurements of the initial reference hole are performed at various
angles around the reference hole axis y and at various depth increments z (Figure 1.21(b)),
obtaining d(6,z).

3. Using a plunge electric discharge machine, a core of material containing the reference
hole is trepanned free of the remaining of components (Figure 1.21(c)).

4. After removing the core, measure the diameter of the reference hole in the same way as
previously (Figurel.21(c), inset), obtaining d'(©,z).
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5. The through-thickness distribution of residual stress in the component is calculated using
variations in the diameter of the reference hole [66].

a0, 2)

d@, z)
\J
¥

(@ (b) (©
Figure 1.21 Schematic representation of steps of the DH method

1.7.2.4 Slitting method (crack compliance method)

The slitting approach, shown in Figure 1.22, is theoretically similar to the hole-drilling
method, but instead of a hole, it uses a long slit. The crack compliance technique, the saw-
cut method, and the slotting approach are all other names for the same thing. At first, the
strain gauges are bonded on the front or back surfaces, or both sides, and the relieved strains
are measured when the slit is steadily expanded in-depth using a thin saw, milling cutter,
or wire EDM. The benefit of the slitting approach over the hole-drilling method is that it
can analyze the stress profile throughout the whole depth of the specimen. However, it only
delivers residual stresses that are normal to the cut surface [68], [69].

Surface strain gage

Back strain gage

Figure 1.22 Slitting method. with permission from [47]

The concepts of elasticity and linear superposition govern all mechanical methods of
residual stress measurement. The superposition for the slitting approach, as illustrated in
Figure 1.23, is derived from Bueckner's crack propagation concept. The stress on the cut
site is released (case B) when a cut of depth a is introduced to a section with residual stress
(case A). This procedure is equivalent to applying a stress field of the same magnitude as
the stress in (case A) but with a different sign on the cut site (case C), resulting in a stress-
free slit face in case B. Because there is no change in deformation in case A, we utilize
case C to compute the deformation or compliance functions owing to the implementation
of the cut in case B. When external loads are present, the superposition indicated in Figure
1.23 remains true. F or a body having predefined displacement boundary conditions, as
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illustrated in Figure 1.24, even though, the boundary condition must be appropriately
maintained. It's worth noting that in case C, the displacement at the boundary should be set
to zero. Both the residual stress and the predefined boundary condition in case A cause the
stress estimated from the deformation measured in case B and the compliance functions
computed in case C [68].
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Figure 1.24 Linear superposition with prescribed displacement conditions for the slitting method

1.7.3 Destructive methods

1.7.3.1 Splitting method
Figure 1.9 shows how the splitting approach [70], [71] mimics the deformations found in
material cracking owing to severe residual stresses. Figure 1.25(a) shows a deep cut into a

35



specimen, and the opening or closing of the adjacent material reflects the sign and
approximate size of the residual stresses present. This approach is often used for quality
control during material manufacture as a rapid comparative test. The "prong" test for
measuring stresses in dried lumber uses the same testing geometry [72].

Another form of the splitting approach, shown in Figure 1.25(b), is used to analyze
circumferential residual stresses in thin-walled heat exchanger tubes. Stoney's Method
[73], commonly known as the curvature method, is a generalization of this process. It
entails measuring the deflection or curvature of a thin plate produced by the addition or
removal of material containing residual stress. The technique was created to
estimate stresses in electroplated materials, but it may also be used to assess stresses caused
by shot-peening [9].

LS S=

(a) (b)
Figure 1.25 The splitting method (a) for rods and (b) for tubes

1.7.3.2 Sectioning method

To measure residual stresses inside a particular specimen, the sectioning approach [74],
[75] incorporates various additional methods. Attaching strain gages or, in certain cases,
using diffraction measurements and cutting off segments of the specimen sequentially. The
strain relaxations measured when the various components are cut out give an useful source
of information that may be used to determine the size and position of the original residual
stresses. Figure 1.26 is an example of a series of cuts used to determine residual stresses in
an [-beam [75].
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Figure 1.26 Sectioning method. with permission from [75]

1.7.3.3 Layer removal method

Observing the deformation induced by the removal of a sequence of layers of material is
part of the layer removal method [76]. The approach works well for flat plate and
cylindrical specimens with residual stresses that vary with depth from the surface but are
uniform parallel to it. Examples of the layer removal method (a) on a flat plate and (b) on
a cylinder are shown in Figure 1.27. As parallel layers of material are removed from the
opposite surface, the approach entails measuring deformations on one surface, for example
using strain gages. Deformation measurements can be taken on either the outer or inner
surface (if hollow) of a cylindrical specimen, while annular layers are removed from the
opposite surface [9].

Strain gages Strain gages

Layers to be
removed

___________________ Layers to be
---------------------- r removed

(a) (h)

Figure 1.27 Layer removal method (a) flat plate and (b) cylinder. with permission
from [47]

1.7.3.4 Contour method

Figure 1.28(a-c) shows the Contour [77], [78], a recently developed approach for
measuring full-field residual stress. It entails utilizing a wire EDM to cut through the
specimen cross-section and using a coordinate measuring machine or a laser profilometer
to measure the surface height profiles of the cut surfaces. The cut releases the residual
stresses illustrated in Figure 1.28(a), causing the material surface to deform (pull inward
for tensile stresses, bulge outward for compressive stresses), as seen in Figure 1.28(b). By
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determining the stresses necessary to restore the deformed surface shape to a flat plane,
finite element computations may be used to estimate the initially existent residual stresses
corresponding to the cut. In practice, the surfaces on both sides of the cut are measured and
the average surface height map is utilized to eliminate any measurement asymmetry effects.
The contour approach is unique in that it produces a two-dimensional map of the residual
stress distribution throughout the whole cross-section of the material. Figure 1.28(d)
depicts an example measurement of the axial residual stress profile within a railway rail
cross-section [79]. Other methods, such as layer removal and hole drilling, produce one-
dimensional profiles [9].
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Figure 1.28 Contour Method (a) original stresses, (b) stress-free after cutting, (c) stresses to
restore flat surface and (d) profile of measured stress in cased of a railway rail.
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The contour method consists of four steps: (1) cutting the sample into two parts, (2)
measuring the normal displacements to the cut surface, (3) processing the data of measured
displacements, and (4) constructing the 2D stress map using an elastic finite element
analysis with the processed displacements as boundary conditions. The biaxial stress maps
in the specimens were measured using the two-cut contour technique in this investigation.
Figure 1.30 depicts the cut planes found in the specimens. The contour approach may be
used to determine the hoop stress (x-direction stress in Figure 1.29) on the first cut plane
after the first cut. The release of part axial stress on the second cut plane occurs as a result
of the first cut, as determined by a finite element analysis of the stress construction after
the first cut. The axial stress (y-direction stress in Figure 1.29) on the second cut plane can
be assessed using the stress deduced from the second cut plane's deformation contour and
the released axial stress on the second cut plane induced by the first cut, according to the
stress superposition principle [80].
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Figure 1.29 Schematic diagram of the cut planes: (a) flat specimen and (b) curved specimen

1.8 Performance and Limitations of Methods

Table 1.4 highlights some common considerations on commonly used residual stress
measuring techniques. Because of the vast range of practice and application of the
numerous methodologies provided, this chart should only be used as a rough reference.
Because few if any formal accuracy assessments have been undertaken for numerous
approaches, the majority of the numerical values mentioned are essentially personal
estimations. The measurement precision of the different described methods is expected to
be near the lower end of the precision estimates in the second column of Table 1.4.
Precision results at the lower end of the scale may be expected from an experienced expert
who has taken numerous measurements over a long period of time, while precision results
in the intermediate to the upper range can be expected from generalists with less
experience. This is not to say that the generalist lacks competence or care; rather, many of
the procedures, while seemingly simple in principle, have subtle details that must be
mastered via experience in order to get the most precise outcomes [9].

Table 1-4 Features of different residual stress measurement methods. Percent accuracy estimates are for

measurements of large stresses (~50% of yield stress), for measuring small stresses, the percentage values will be
higher. The precise values mentioned are mostly for steel alloys.

Precision Depth Penetration Works Best For Has Limitations With
Splitting 20-50% Specimen thickness Routine comparative quality Non-uniform and untypical
control stresses
Sectioning 10-30% Specimen thickness Specimens with more Challenging calculations for
regular-shaped geometry multiple sectioning
Stoney 5-20% Layer thickness Thin layers on flexible beams Determining layer thickness
accurately
Layer Removal 10-30% Specimen thickness Flat plates and cylinders of Time consuming procedure
uniform thickness subject to measurement drift
Hole Drilling 5-20% Up to 2mm typically Near surface measurements of Stresses often are not uniform,
(uniform stress) in-plane uniform stresses max. stress = 70% of yield
Hole Drilling 10-30% Up to 2 mm typically Near surface measurements of Sensitivity to noisy data, max.
(stress profile) in-plane stress profiles stress = 70% of yield
Deep Hole 5-15% Specimen thickness Large components Now done only by specialists
and compromised by
plasticity
Slitting 5-20% Specimen thickness 1-D perpendicular stress in Stresses that are non-uniform

prismatic shaped specimens

across width
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Table 1.4 (continued)

Contouring 5-20%

X-ray Diffraction ~20MPa

Synchrotron ~50MPa
Diffraction

Neutron ~50 MPa
Diffraction

Magnetic BNA >25MPa

Ultrasonic =25MPa

Thermoelastic Qualitative

Photoelastic 10-30%

Indentation Qualitative

Specimen X-section
<0.03 mm

=5mm

25 mm steel 100 mm Al

I mm

1-20mm

Varies

Specimen thickness

<] mm

2-D perpendicular stress in
prismatic shaped specimens

Near surface measurements on
crystalline materials

Deeper non-destructive
measurements than X-ray

Deeper non-destructive meas.
than synchrotron

Ferromagnetic materials only

Low-cost comparative
measurements

Low-cost comparative
measurements

Full-field measurements in
transparent materials

Comparative measurements

Requires very accurate cutling,
not good for near-surface

Variations in grain structure
and surface texture

Requires synchrotron radiation
source and zero stress
reference

Requires neutron radiation
source and zero stress
reference

Requires material-specific
calibration

Requires material-specific
calibration

Results are not quantitative

Transparent materials, Results
are not quantitative

Results are not quantitative

1.9 Strategies for Measurement Method Choice

The aspects of the various relaxation approaches vary widely, such as the appropriate
specimen geometry, the cutting operation, the measuring approach, the residual stress
components found, the spatial resolution, and so on. The nature of the specimen may
demand a certain test process, but most of the time, a decision must be taken to choose the
best measuring method. This chapter's section 1.7 discusses some practical ways for
selecting a measuring method [9].

Some major factors to consider are:

1. Measurement Objective?

. Specimen damage: acceptable, not acceptable?

. Specimen shape: simple geometry, complex shape?

. Specimen dimensions: bench top size, very large, very small?

. Measurement environment: lab or field use?

. Availability of required equipment and experience in doing the measurements.
. Nature of the residual stresses: uniform, rapidly varying, surface, interior?

. Specimen material: metal, crystalline, amorphous, high and low yield strength?

O 00 9 O W B~ W

. Accuracy and spatial resolution: detailed or approximate results needed?
10. Cost and duration of test procedure: specimen value, number of evaluations?

11. Other important features: radioactive, high temperature, and so on
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Table 1.5 illustrates some of the key features of the residual stress measuring techniques
addressed in this chapter. It might serve as a good beginning point for additional in-depth
studies into measuring technique selection [9].

Table 1-5 Features of different residual stress measurement methods. X= feature is somewhat present, XX = feature
is substantially present

Low Damage Field Use General General Quick, Quantitative Stress Near Deep
Geometry Material Low Cost Profile Surface Interior
Splitting XX XX XX
Stoney X XX XX X XX
Sectioning X XX X XX X XX
Layer Removal X XX XX XX X XX
Hole Drilling X XX XX XX X XX X XX
Deep Hole X XX XX XX XX XX
Slitting XX XX XX XX XX
Contouring XX XX XX X XX
X-ray Diffraction XX XX XX X X XX XX XX
Synchrotron XX XX X X X XX
Diffraction
Neutron XX XX X X X XX
Diffraction

Magnetic BNA XX XX XX XX X XX XX
Ultrasonic XX XX XX XX XX X XX XX
Thermoelastic XX X X X X X X
Photoelastic XX X X X X X
Indentation X XX X XX XX X XX
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Chapter 2

2. Materials and methods

The experimental procedure used to evaluate the residual stresses present in the EBM
manufactured Ti 48-2-2 (Gamma titanium aluminide Ti-48AI1-2Nb-2Cr) and Ti 6-2-4-2
(Ti-6Al1-2Sn-4Zr-2Mo-0.1Si) is the hole drilling method (ASTM standard test method E
837). Even if the stresses are nonuniform along the depth, the hole-drilling strain-gage
technique measures in-plane strains (caused by the installed RS) at the surface of a part to
a particular depth and calculates the corresponding average RS. The magnitude (maximum
and minimum) and direction of the RS may be determined using this approach. The higher
tensile stress or, in the case of compressive stresses, the lower compressive stress correlates
to the maximum principal stress. The minimal principal stress, on the other hand,
corresponds to a lower tensile or higher compressive stress and is deflected 90° from the
maximum stress. The beta (B) angle, which is measured from the strain-gage A (additional
information in ASTM E837(2013)), defines the direction of the maximum principal stress
[81].

2.1. Specimen details
In this work, two types of samples were produced for residual stress analysis: Cube (18 x
18 x 18 mm?®) and blade-shaped (20 x22 x 18 mm?®). The EBM Ti-48Al-2Nb-2Cr and Ti-
6Al-2Sn-4Zr-2Mo-0.1S1 specimens supplied by the Integrated Additive Manufacturing
(IAM) at the University of Politecnico di Torino consisted of one parallelepiped sample
and one blade-shaped sample of each material (Totally 4 samples). These specimens shown
in Figure 2.1 below were manufactured on an Arcam A2X EBM machine.
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(€ (b)

Figure 2.1 EBM specimens received for residual stress testing: (a) Ti 48-2-2 samples without support; (b) two
different views of Ti 62-2-42 samples with support

2.2 Specimen preparation

To reach the exact bonding roughness criteria (2-4 pum), the required surfaces of each
specimen were polished with a 180-grain abrasive paper and subsequently with a 320-grain
abrasive paper with a manual polishing machine MINITECH 250 SPIL

(€ (b) ()

Figure 2.2 (a) 180 and 320 grit sandpapers (b) Manual polishing machine (c) Polished samples

2.3 Residual stress measurement according to the ASTM E837-13a standard

The hole-drilling strain gauge method includes drilling a small hole in the center of a three
grid strain gauge rosette to assess residual stresses. For each drilling step, the strains
released by the tested material are recorded and utilized to determine residual stresses in
accordance with ASTM E837-13a [82]. Because the hole is unable to carry any stress, the
strains surrounding it must change to meet this change in the stress state. A set of equations
are then used to link the strain change to the stress state [54].

The following is an experimental summary of the method:

* A strain gauge (three elements) rosette is positioned and fixed to the specimen, then
connected to a multi-channel static strain-measuring indicator.

* A precision drilling platform is positioned around the specimen so that the drill piece is
centered exactly on the strain gauge rosette center.

* The strain is registered at incremental depths of the hole so that the residual stress
change with depth can be determined.

* The orientation and magnitude of the principal stresses are determined using data
reduction relationships [57].

Before gluing the rosette, the surface was cleaned using an RMS 1 spray solvent (HBM
GmbH, Darmstadt, Germany), which is a mixture of acetone and isopropanol. The rosette
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was then bonded using a Z70 (HBM GmbH, Darmstadt, Germany) cold-curing superglue
(HBM GmbH, Darmstadt, Germany) [58]. The wires were glued to the specimen using an
X60 cold-curing adhesive (HBM GmbH, Darmstadt, Germany) to avoid wire fracture.
Before beginning the measurement, the specimens were fixed to the working base using
the same adhesive [81]. An image of the rosette strain gauge installed on samples is shown
in Figure 2.3.

On cubic specimens, two strain gauges were attached, with one positioned on the top
surface (drilling parallel to the build direction), and another on the lateral surface (drilling
perpendicular to the build direction) On the vertical surfaces with the normal parallel to
the rake movement, strain gage rosettes were installed in order to locate the center of the
grid pattern along the vertical centerline (€) of the face and at y = 5 mm from the above
edge (the surface that was in contact with the build platform) (Figure 2.3).

(a) (b) (0

Figure 2.3 Rosette attachment on the two different surfaces of the parallelepiped samples: (a) Positioning of drilling
center of Rosette in two different directions (b) Top surface (drilling parallel to the build direction); (c) Lateral
surface (drilling perpendicular to the build direction).

On blade-shaped specimens, three strain gauges were used, with one glued on the top
surface (drilling parallel to the build direction) at a distance equal to 5 mm from the bottom
edge, another one on the lateral surface (drilling perpendicular to the build direction), and
the last one on the curved surface (again drilling perpendicular to the build direction) at a
distance equal to 10 mm from the bottom edge (Figure 2.4).

Figure 2.4 Rosette attachment on the three different surfaces of the blade-shaped samples: (a) First surface (drilling
parallel to the build direction); (b) Second surface (drilling perpendicular to the build direction); (c) Third surface
(drilling perpendicular to the build direction)

The residual stresses were measured using a SINT Technology MTS3000 RESTAN system
(Figure 2.5a), which is based on the hole-drilling strain gauge method. The strain gauges
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utilized in this investigation were K-RY61-1.5/120R Type B 3-element rosettes (HBM
Italia s.r.1., Italy), with each strain gauge linked in a half-bridge arrangement to a DQ430
espressoDAQ USB amplifier (HBM Italia s.r.1., Italy) [58].

(@) (b) ©
Figure 2.5 (a) MTS3000 RESTAN (REsidual STress ANalyzer) system by SINT Technology during a measurement

phase; (b) glued rosette strain gauge and cable blocking; (c) Positioning of the rosette on the specimens (top view)
with permission from [83].

To operate the system and the test method, as well as to obtain the relaxed deformations,
the RSM 7 software package (SINT Technology s.r.l, Italy) was employed. Incremental
hole drilling tests were carried out by executing 48 drilling steps to a depth of 50 um, in
compliance with the ASTM E837-13a standard; The relaxed deformations were recorded
at the conclusion of each increment with a delay of 10 seconds to get a more stable signal
and setting an acquisition duration for averaging of 5 seconds. A coated carbide end mill
(1.8 mm diameter) with an inverted cone shape was utilized with a feed rate of 0.1 mm/min.
A hole with 1.2 mm depth was made progressively in 48 drilling steps of 50 um.

The residual stress profile was estimated after post-processing the collected surface
deformations with EVAL 7 software (SINT Technology s.r.1, Italy) [58]. In case of Ti 48-
2-2 (Gamma titanium aluminide), a Young’s modulus of 176 GPa [84] and a Poisson’s
ratio of 0.27 [85] and for Ti 6-2-4-2 samples, Young’s modulus of 113.8 GPa [86] and a
Poisson’s ratio of 0.32 [86] were used to determine the RS. The tool for generating residual
stresses from measurement data was made fully in Excel, and the trend of residual stresses
in the sample thickness was assessed using the Integral Method, as recommended by
ASTM E837-13a.

The calculations were performed to a depth of 1 mm in 20 calculation steps with a linear
distribution of calculation steps, according to the standard. To optimize the analysis at 1
mm depth, the hole was drilled to a depth of 1.2 mm, providing more data for strain
interpolation. The strain data was filtered using a polynomial interpolation (degree 20). To
reduce strain measurement errors caused by a high number of drilling stages (48 steps),
Tikhonov regularization was utilized [81].
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Chapter 3

3. Results and Discussion

The following are the findings of the tests carried out according to the technique previously
outlined. Line graphs, residual stress-depth graphs for RS magnitude, and beta-depth
graphs for RS direction were produced to aid in the processing and discussion of the data.
Furthermore, the evolution of the profile of residual stresses on the surfaces of samples
with and without supports is compared to one another.

3.1. Comparison of the trends of the residual stresses on the top and lateral
surfaces of parallelepiped Ti 48-2-2 sample without support
Figure 3.1 shows a comparison of the trends of the principal residual stresses as a function
of depth for top and lateral surfaces of the parallelepiped Titanium aluminide sample
without support. Through top surface, the residual stresses have an much more oscillatory
trend.

On the top surface of parallelepiped samples, the residual stresses in the titanium aluminide
sample reach a value of approximately 180 MPa at a depth of 0.16 mm, indicating that the
residual stresses are lower than the material's yielding strength (400-650 MPa). From 0.4
to 0.9 mm depth there is a completely different behavior in both surfaces. In top surface, a
superficial compression state is formed but in lateral surface, the tension stress state is
increasing.

The angle between strain gauge 1 and the primary stress direction is the angle g that
describes the main direction of the stresses as a function of depth (Figure 2.5(c)). This
signifies that the principal stress is at g + 45° degrees with regard to the recoater travel
direction (x-axis). There is a small difference in the RS direction between the two surfaces,
but practically all values are between -70° and 80°.
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Figure 3.1 Comparison of the RS results for different surfaces of the parallelepiped Ti 48-2-2 sample constructed without support:
(a) Stress magnitude on the top and lateral surfaces (b) Stress direction on the top and lateral surfaces.
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3.2 Comparison of the trends of the residual stresses on the three different surfaces
of blade-shaped Ti 48-2-2 sample without support

Figure 3.2 depicts the comparison of the trends of the principal residual stresses as a
function of depth for surfaces of a blade-shaped sample additively manufactured of gamma
titanium aluminide. The residual stress state on the first surface (top surface) is positive
and ranges between zero and 50 MPa except for the depth 0.5 to 1 mm, where the material
is under moderate compression. The lateral surfaces (second and third surfaces) have larger
residual stresses and a more noticeable oscillation behavior than the top surfaces. Residual
stresses on the second surface near the build platform range from 5 to 100 MPa and are
uniform throughout the thickness up to 0.6 mm, then rapidly increase to 207 MPa with a
maximum at 0.8 mm. There are the same residual traction stresses on the second and third
lateral surfaces. However, second surface shows a greater stress state than that in third
surface There is a small difference in the RS direction between the two specimens, but
practically all values are between -90° and 80°.
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Figure 3.2 Comparison of the RS results for different surfaces of the blade-shaped Ti 48-2-2 sample constructed without support: (a)
Stress magnitude on the three surfaces (b) Stress direction on the three surfaces.
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3.3 Comparison of the trends of the residual stresses on the top and lateral surfaces
of parallelepiped Ti 6-2-4-2 sample with support

The profiles of the residual stresses on the top and on the lateral surfaces of parallelepiped
Ti 6-2-4-2 sample as a function of depth are shown in Figure 3.3. Through both surfaces,
the residual stresses have an oscillatory trend. There are residual traction stresses in the
thickness evaluated for both surfaces, as can be shown. The lateral surface, on the other
hand, indicates a higher stress state than the top surface.
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Figure 3.3 Comparison of the RS results for different surfaces of the parallelepiped Ti 6-2-4-2 sample constructed with support: (a)
Stress magnitude on the top and lateral surfaces (b) Stress direction on the top and lateral surfaces.
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3.4 Comparison of the trends of the residual stresses on the three different surfaces
of blade-shaped Ti 6-2-4-2 sample with support

The principal residual stresses on the second and third surfaces of blade-shaped Ti-6-2-4-
2 specimen were not successfully measured due to an unforeseen damage of RS
measurement system. Then the RS findings can't be fully compared in Figure 3.4.
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Figure 3.4 Comparison of the RS results for different surfaces of the parallelepiped Ti 6-2-4-2 sample constructed with support: (a)
Stress magnitude on the three surfaces (b) Stress direction on the three surfaces.
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3.5 Comparison of the trends of the residual stresses on the top surface of
parallelepiped samples without and with support

Figure 3.5 depicts the trends of the principal residual stresses as a function of depth for
surface 1 (top surface) of the two different parallelepiped samples. On the top surface of
parallelepiped samples, the residual stresses in the titanium aluminide sample reach a value
of approximately 180 MPa at a depth of 0.16 mm, indicating that the residual stresses are
much lower than the material's yielding strength (400-650 MPa). However, a superficial
compression state is formed (for a depth of around 0.05 + 0.85 mm) for the Ti-6-2-4-2
sample with support, with a subsequent general drop in the tension stress state along with
the depth. From 0.1 to 0.4 mm depth there is a completely different behavior from each
other. After a depth of 0.4 mm the magnitude profiles are similar for both specimens which
have A slight decreasing trend. There is a small difference in the RS direction between the
two specimens, but practically all values are between -70° and 80°.
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Figure 3.5 RS results for as-built condition: (a) Stress magnitude on the top surface of parallelepiped samples; (b) Stress direction on
the top surface of parallelepiped samples.
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3.6 Comparison of the trends of the residual stresses on the lateral surface of
parallelepiped samples without and with support

The trends of the principal residual stresses as a function of depth are shown in Figure 3.6.
There are residual traction stresses in the thickness tested for both samples, as can be seen.
Furthermore, the residual stresses in Figure 3.6 have an oscillatory trend. This could be due
to the fact that the residual stresses generated during the EBM process are the sum of the
stresses caused by hardening phenomena resulting from the solidification of the deposited

layers, as well as the thermal stresses caused by the lack of thermal expansion and stiffness
correspondence.
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Figure 3.6 RS results for as-built condition: (a) Stress magnitude on the lateral surface of parallelepiped samples (b) Stress direction
on the lateral surface of parallelepiped samples.
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3.7 Comparison of the trends of the residual stresses on the first surface of blade-
shaped samples without and with support

Figure 3.7 shows a comparison of the trends of the principal residual stresses as a function
of depth for the first surface of the two samples built without and with support. In top
surface of titanium aluminide sample without support, a superficial compression state is
generated although an oscillatory pattern is formed through the top surface of Ti 6-2-4-2
sample constructed with the supports.
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Figure 3.7 RS results for as-built condition: (a) Stress magnitude on the first surface of blade-shaped samples (b) Stress direction on
the first surface of blade-shaped samples.
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3.8 Comparison of the trends of the residual stresses on the second surface of blade-

shaped samples without and with support
The principal residual stresses on the second surface of blade-shaped Ti-6-2-4-2 specimen
were not successfully measured due to an unforeseen damage of RS measurement system.

Then the RS findings can't be fully compared in Figure 3.8.
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Figure 3.8 RS results for as-built condition: (a) Stress magnitude on the second surface of blade-shaped samples (b) Stress direction
on the second surface of blade-shaped samples.

54



3.9 Comparison of the trends of the residual stresses on the third surface of blade-
shaped samples without and with support

The principal residual stresses on the third surface of blade-shaped Ti-6-2-4-2 specimen
were not successfully measured due to an unforeseen damage of RS measurement system.
Then the RS findings can't be fully compared in Figure 3.9.
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Figure 3.9 RS results for as-built condition: (a) Stress magnitude on the third surface of blade-shaped samples (b) Stress direction on
the third surface of blade-shaped samples.
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Conclusion

In this study, the residual stress state of samples produced by EB-PBF technology in two
Ti alloys, Ti 48-2-2 (Gamma titanium aluminide) and Ti 6-2-4-2, was investigated by
hole-drilling method. The experimental operation allowed to assess the trend of residual
stresses down to 1 mm depth in relation to the presence or absence of supports. As a
consequence of the findings, it has been determined that:

e direct contact (with or without supports) between the sample under construction and
the support plate has a substantial impact on the entity and trend of the residual stress
state;

e The residual stress values are oscillatory in origin, and these oscillations are maintained
despite a decreasing spread;

e the various geometry of the samples causes a completely different residual stress state
on the surface of the specimens;

e the surface tensile stress on the Ti 6-4-2-2 is lower than that induced on Ti 48-2-2;

e The residual stresses in the specimens were found to be moderate, and in certain areas
were substantially lower than the material's yield strength. Generally, Due to the low
level of residual stresses, EBM additively manufactured components do not require
post-processing stress relieving heat treatment. SLM parts, on the other hand, have a
significantly greater amount of residual stress, according to other studies, and stress-
relieving is crucial in that case;

e The residual stresses on the lateral surfaces fluctuate with the measuring depth,
emphasizing the influence of the temperature gradient between the surrounding
powder, external and internal zones. This research showed that residual stresses must
be assessed for EBM components as well.
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