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Giovanni Bruno1,4

1Bundesanstalt für Materialforschung und –prüfung (BAM), Unter den Eichen 87, 12205 Berlin, Germany
2Department of Mechanical Engineering, Ecole Polytechnique de Montreal, Chemin de la Rampe, Montreal, QC 5155 H3S 5G4,

Canada
3Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Hahn-Meitner Platz 1, 14109 Berlin, Germany
4 Institute of Physics and Astronomy, University of Potsdam, Karl-Liebknecht-Str. 24-25, 14476 Potsdam, Germany

Received: 22 June 2020

Accepted: 9 November 2020

� The Author(s) 2020

ABSTRACT

The relationship between residual stresses and microstructure associated with a

laser powder bed fusion (LPBF) IN718 alloy has been investigated on specimens

produced with three different scanning strategies (unidirectional Y-scan, 90�
XY-scan, and 67� Rot-scan). Synchrotron X-ray energy-dispersive diffrac-

tion (EDXRD) combined with optical profilometry was used to study residual

stress (RS) distribution and distortion upon removal of the specimens from the

baseplate. The microstructural characterization of both the bulk and the near-

surface regions was conducted using scanning electron microscopy (SEM) and

electron backscatter diffraction (EBSD). On the top surfaces of the specimens,

the highest RS values are observed in the Y-scan specimen and the lowest in the

Rot-scan specimen, while the tendency is inversed on the side lateral surfaces. A

considerable amount of RS remains in the specimens after their removal from

the baseplate, especially in the Y- and Z-direction (short specimen dimension

and building direction (BD), respectively). The distortion measured on the top

surface following baseplate thinning and subsequent removal is mainly attrib-

uted to the amount of RS released in the build direction. Importantly, it is

observed that the additive manufacturing microstructures challenge the use of

classic theoretical models for the calculation of diffraction elastic constants

(DEC) required for diffraction-based RS analysis. It is found that when the Reuß

model is used for the calculation of RS for different crystal planes, as opposed to

the conventionally used Kröner model, the results exhibit lower scatter. This is

discussed in context of experimental measurements of DEC available in the

literature for conventional and additively manufactured Ni-base alloys.
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Introduction

Inconel 718 (IN718) is a Ni-based superalloy with

widespread application at high temperatures (up to

650 �C) and corrosive environments such as those

encountered in gas turbines, due to an excellent

combination of strength, resistance to oxidation and

corrosion, favourable weldability, as well as good

fatigue and creep properties [1]. Nevertheless, the

low thermal conductivity and high hardness of IN718

pose limitations to the use of conventional forming

processes. The use of additive manufacturing (AM)

techniques can greatly resolve these limitations [2, 3],

offering the advantages of increasing design com-

plexity and cost saving via the optimization of

material usage.

The AM process parameters highly influence the

resulting microstructure, the level of residual stress

(RS) and the defect content. In particular, the scan-

ning strategies have a remarkable effect on the

solidification texture as they control the directionality

of the heat flux [4]. Also, the cooling rates at the melt

pool can lead to columnar, mixed, or equiaxed grain

growth depending on the scanning strategy used [5].

The columnar grains are usually formed with the

longest axis parallel to the building direction

(BD). Note that the cooling rates induced in the bulk

are not usually the same at the free surfaces, which

tend to develop equiaxed grains regardless of the

technique, material, and process parameter utilized

[6–8].

Laser powder bed fusion (LPBF) is an AM tech-

nique whereby a thin layer of metallic powder under

an inert gas atmosphere is selectively melted via a

high energy laser beam. This technique is known to

introduce high magnitudes of internal stresses that,

when uncontrolled, may lead to specimen cracking,

RS, and distortion [9–11]. RS are inhomogeneous self-

equilibrating stresses (and moments) present in a

body in the absence of external forces, temperature

gradients, or moments. They appear whenever a

material experiences a heterogeneous inelastic strain

such as when the material is plastically deformed in a

non-uniformly manner [12]. The residual stresses are

often defined by the length scale over which they

balance. The long-range macro-stress (termed Type I)

equilibrates over the whole body (e.g. over a com-

ponent). The shorter-range micro-stresses, intergran-

ular (Type II) and intragranular (Type III) balance

over many grains or over a single grain or part of a

grain, respectively. The current study focuses on the

long-range macro-stresses (i.e., Type I).

The principal mechanisms controlling the residual

stress build-up during LPBF have been described to

be twofold [3, 13]: (i) the temperature gradient

mechanism (TGM), which refers to the induced

stresses and strain occurring locally in the laser-beam

irradiated area; and (ii) the cool-down phase mech-

anism, which accounts for the shrinkage mismatch

between the previously melted material and the

solidifying layer. In the general case, the resulting RS

fields tend to be tensile at the surface and compres-

sive in the bulk. This trend has also been observed in

LPBF IN718 alloys, where tensile RS close to the yield

strength has been observed at the surface regions,

while the bulk exhibits compressive RS magnitudes

of lower magnitudes than the tensile ones [14–16].

One of the widely adopted RS mitigation strategies

consists of adapting the scanning strategies in order

to homogenize and reduce thermal stresses during

the process [17–19]. For example, unidirectional

scanning strategies localize the heat over the same

path upon deposition of successive layers. More-

over, using a scanning vector parallel to the longest

dimension of a specimen leads to steeper thermal

gradients. On the other hand, an interlayer alterna-

tion in the direction of the scan-vector reduces the

heat concentration at a particular location. In this

regard, a 67� interlayer avoids the repetition of the

scan-vector direction for a maximum number of

layers and it has been reported to reduce distortion,

anisotropy, and surface roughness [20].

In LPBF, the surface roughness principally varies

depending on the process parameters and on the

orientation of the build direction with respect to the

recoating blade [21–23]. The surface roughness

severity is a limiting factor when measuring surface

and near-surface RS since it locally relaxes the stress,

creating gradient of increasing stress towards the

interior [24, 25]. Thus, the influence of the process

parameters (in our case the scanning strategy) on the

surface roughness needs to be considered when

measuring surface/near-surface RS.

In spite of the considerable amount of work

reported so far on the characterization of AM IN718

alloys, there are still some remaining uncertainties

due to the limited reproducibility, predictability, and

microstructural complexity of the resulting products.

These uncertainties have a considerable influence on
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the interpretation of results, sometimes invalidating

comparisons among available literature sources.

Moreover, the coarse-grained and strongly textured

microstructures, which can be characteristic of certain

AM processes or scanning strategies, pose a challenge

to data analysis when using diffraction-based tech-

niques. For instance, the chosen diffraction elastic

constants (DEC, used for the connection between the

diffraction measured micro-strain and the macro-

stress) can lead to significant variations of the calcu-

lated residual stress [26]. The correct determination

of the magnitude of residual stresses is expected to be

crucial for the understanding of the mechanical per-

formance of components. In this regard, the DEC

measured in a LPBF Ti–6Al–4V alloy have been

already reported to deviate from the DEC values of

conventionally produced Ti–6Al–4V [27]. Note that

the need to assess the validity of conventional DEC is

not exclusive to AM materials, since this requirement

is valid for any new material exhibiting unconven-

tional microstructures.

The classic theoretical models of Voigt, Reuß, and

Kröner continue to be used to calculate the DEC for

the RS analysis from diffraction data. The Voigt

model represents a limiting case whereby each dif-

ferent grain has the same strain [28]. It is generally to

be avoided for the calculation of RS in materials with

high anisotropy since it does not take elastic aniso-

tropy of the various hkl reflections into account. The

Reuß model represents another limiting case and

assumes that the stress is constant between grains

[29]. Crystallites in a polycrystalline aggregate

develop strains proportional to the anisotropic mod-

ulus for their particular orientation. The Kröner

model allows both stresses and strains to vary

between grains that have arbitrary orientations. It

takes advantage of the Eshelby inclusion model to

calculate the overall stiffness of a grain embedded in

a continuum matrix, which is exposed to a specific

homogeneous stress field [30, 31]. Introduction to

these models can be found in textbooks such as

[26, 32]. Many efforts have been and continue to be

dedicated to the improvement of the fundamental

models [33–35]. Such improvements have been

directed to include the effect of texture.

With this view, we consider that two fundamental

points are so far missing in the AM literature: (i) the

textured microstructures resulting from AM necessi-

tates a redefinition of the diffraction elastic constants

(DEC) used for the calculation of macro-stresses; and

(ii) the formation of RS and microstructure are so far

addressed in the literature as two independent

results from the selection of the scanning strategy: we

propose that in fact they are interconnected, and that

this relationship needs to be studied in further detail.

In this regard, a previous work by the authors has

shown that highly textured columnar grains (i.e.,

anisotropic grain structure), as opposed to mildly

textured elongated grains, can more easily accumu-

late strain dislocations along the building direction,

which is considered to lead to increased RS relaxation

[25].

The present work compares the near-surface RS

state and degree of distortion upon removal from the

baseplate of a LPBF IN718 material produced using

different scanning strategies. The studied interlayer

scanning strategies are Y-unidirectional (corre-

sponding to the shortest XY-plane direction), XY-al-

ternation, and 67�-rotation. The investigation was

conducted by combining laboratory X-ray diffraction

(LXRD), synchrotron X-ray energy-dispersive

diffraction (EDXRD), and optical profilometry tech-

niques. Detailed characterization of the microstruc-

ture via scanning electron microscope (SEM), energy-

dispersive spectroscopy (EDS), and electron

backscatter diffraction (EBSD) allowed further inter-

pretation of the EDXRD results. The pertinence of

using the Reuß model instead of the Kröner model

for AM materials is evaluated. Finally, the differences

in microstructure and RS states as a function of the

scanning strategy are discussed.

Materials and experimental methods

Materials and processing

The specimens were supplied by Siemens AG, Power

and Gas Division, Berlin, Germany. The manufac-

turing was performed using an EOS M290 machine in

an argon atmosphere with low level of oxygen to

avoid oxidation. An IN718 pre-allowed powder was

used entirely in a virgin (not recycled) condition and

the powder layer thickness was 40 lm. Figure 1a–c

shows the three scanning strategies investigated in

the present work. Note that the three studied speci-

mens were produced in the same build job, have the

same orientation with respect to the recoater and the

inert gas flow, and are aligned at different positions

along the Y-axis. The hatching stripe (HS) width
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corresponds to 1/10 of the length of the specimens (in

the X-direction). The specimen dimensions are

100 9 20 9 20 mm3 (see Fig. 1d). The building

direction (BD) corresponds to the Z axis. The top

surface of all the specimens was subjected to an up-

skin process (corresponding to the last three layers,

*120 lm), where the volumetric energy density was

4% lower than that applied to the rest of the speci-

men. The remaining process parameters are propri-

etary to Siemens AG and cannot be disclosed. The

nominal yield strength in the as-fabricated condition

is ry//BD = 632 MPa (parallel to the Z/BD-direction)

and ry\BD = 806 MPa (perpendicular to the build

direction). These values are similar to those reported

in the literature [36, 37].

Microscopy

Microstructural characterization of the specimens

was performed using a LEO 1530VP (ZEISS) scanning

electron microscope (SEM) equipped with an electron

backscatter diffraction (EBSD) Bruker Nano e-Flash

HD 5030 detector, as well as an energy-dispersive

spectroscopy detector (EDS, XFlash 5030). The SEM

was operated at an acceleration voltage and beam

current of 20 kV and &7 nA, respectively. The

ESPRIT 1.94 package from Bruker Nano was used for

data collection and pattern indexing. Post-process-

ing was performed using MTEX software [38]. The

microscopy samples (see Fig. 1d) were prepared

using standard metallographic grinding and polish-

ing. The final polishing was achieved using 0.02 lm
colloidal silica suspension.

Note that the microscopy samples were extracted

from one end of the specimen. This extraction was

conducted while the specimens were still attached to

the 36 mm thick baseplate. It has been shown that

this sectioning has a negligeble effect on the RS state

of the other end of the specimen [39].

Laboratory X-ray diffraction (LXRD)

The specimens were examined in three conditions:

(i) the As-Built condition, corresponding to the state

with the original baseplate thickness (36 mm), (ii) the

Thin-Baseplate condition, corresponding to the state

after baseplate thinning to 6 mm thickness, and (iii)

the Released condition, corresponding to the state

where the baseplate was completely removed from

the specimen. Both the thinning of the baseplate and

the removal of the specimens from baseplate were

performed using electro-discharge machining (EDM).

Note that the use of the LXRD technique was con-

fined to study the effect of the baseplate thinning on

the top surfaces along a central line parallel to the

X-direction.

The surface RS analysis was performed using a

Xstress G3 diffractometer (StressTech, Vaajakoski,

Finland). This instrument works in angular disper-

sive (AD) X-ray diffraction mode and is equipped

with a movable arm carrying an X-ray source and
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Figure 1 Schematic illustration of the studied scanning strategies

corresponding to a the Y-scan specimen, b the XY-scan specimen,

and c the Rot-scan specimen. The black arrows indicate the

rastering directions and the blue arrows the direction of

advancement of the rastering within each strip. d Illustration

showing the specimen geometry (units in millimetres) and the

location where the microscopy samples were extracted (top). The

location of the microstructural observations (SEM, EBSD, EDS) is

shown at the bottom.
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two position-sensitive detectors that revolve around a

stationary specimen. A MnKa radiation source was

used with a collimator aperture of 2 mm in diameter.

The exposure time for each recording was 5 s. The

penetration depth of the X-ray laboratory source in

Ni is estimated to be *5 lm. The Ni-311 reflection

(2h = 156�) was measured in an angular tilt range

from w = -45� to w = 45� with a total of 19 steps. The

acquired data were processed with the software

Xtronic and the Pearson VII function was used for the

peak fitting. The RS was calculated using the sin2 w-
method with the elastic constants for Ni-311 reflec-

tion calculated by the Reuß model (Young’s modulus

of 178 GPa and Poisson’s ratio of 0.34).

Synchrotron X-ray energy-dispersive
diffraction (EDXRD)

Near-surface RS analysis was performed at the EDDI

beamline [40], at the synchrotron facility BESSY II

(Helmholtz Zentrum Berlin (HZB), Germany). This

beamline operated in energy-dispersive mode and

provided a white beam with an energy range of about

10 keV–150 keV. Apart from the increased penetra-

tion power due to the higher X-ray energies available,

the advantage of energy-dispersive (ED) diffraction

compared to angle dispersive (AD) is the data

acquisition. Only single line profiles are usually

measured in the AD mode for set-ups with fixed

positions of both specimen and detector. On the other

hand, the ED mode of diffraction gives complete

diffraction spectra with a multitude of reflections for

the equivalent set-up (i.e., fixed scattering vector).

The fact that each reflection corresponds to different

X-ray energies leads to the measurement of a depth-

resolved residual stress profile.

The RS state (corresponding to Type I stresses) was

investigated by mapping the equivalent regions

on the top surfaces and one of the lateral surfaces

(termed Surface 1) of all the specimens (see Fig. 2a).

The reflection-mode measurements were taken with

the specimens mounted on an Euler cradle. Since this

cradle could not carry more than 5 kg, only the Thin-

Baseplate and Released conditions were investigated

with EDXRD (Fig. 2b). The diffraction angle was set

at 2h = 10� for all experiments (Fig. 2c). The prismatic

sampling gauge volume was defined by the inter-

section of the incoming beam (defined by slits with a

vertical and horizontal opening of Hv = 1 mm and

Hh = 1 mm, respectively) and the diffracted beam

(the secondary slits vertical opening is Hd = 30 lm).

The effective gauge volume (corresponding to the

immersed volume) length was LeffGV = 5.9 mm. The

detector was a liquid-nitrogen cooled Ge solid-state

detector from Canberra (model GL0110). The count-

ing time was 2.5 min per spectrum.

Since the measurements were taken in the near-

surface region using the reflection mode, the stress

component normal to the investigated surfaces could

be assumed to be zero (biaxial plane stress state). Full

diffraction patterns were acquired at nine w angles.

The lattice strain (euw) in the u and w directions is

defined according to:

e0�w ¼ 1=2S2 � r0� � sin2wþ S1 � rX þ rYð Þ ¼ d0�w � d0
d0

ð1Þ

50
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Figure 2 a Illustration of the location of the EDXRD

measurement points, as well as the specimen coordinate system

(units in mm). b Image of the reflection set-up at EDDI beamline

corresponding to the u = 90� and w = 0� positioning of one of the
investigated specimens. c Schematic illustration of the diffraction

information area (in grey) corresponding to the set-up

utilized during the measurements.
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e90�w ¼ 1=2S2 � r90� � sin2wþ S1 � rX þ rYð Þ

¼ d90�w � d0
d0

; ð2Þ

where u = 0� and u = 90� correspond to the Y and X

principal components in the Top Surface, respec-

tively, S1 and �S2 are the diffraction elastic constants

(DEC) [32], and d0 is the unstrained interplanar lat-

tice spacing. The assumption of a plane stress state

supersedes the need for an accurate d0 value. Since d0
is simply a multiplying factor of the linear regression

slope when calculating ru, it can be approximated by

the value measured at zero degrees, du,w=0�, giving

rise to errors in the stress of only fractions of a per-

cent. In addition, duw is the interplanar spacing

measured in the direction described by angles u and

w [26]. The DEC used in this study correspond to the

Reuß model [29] and are shown in Table 1 (see also

the discussion section).

Based on the dhklw � sin2w linear regression, RS val-

ues can be calculated through the following relation:

ru ¼ m
1=2S2

; ð3Þ

where m is the slope of the linear regression. When

using the sin2w-method, the information depth to

which the measured diffraction signal can be

assigned is defined by:

shklw ¼ sinh

2lðEhklÞ
� cosw; ð4Þ

where l(Ehkl) is the energy-dependent linear absorp-

tion coefficient. The maximum information depth is

achieved at w = 0 and denoted shkl0 hereafter. The

Laplace methods are used to obtain the depth

resolution of each hkl reflection directly from the

exponential beam attenuation law for X-rays when

passing through matter [41]. All the RS maps shown

in the results section correspond to the crystallo-

graphic plane (311). This plane was chosen because of

its low plastic anisotropy in conventional Ni-base

alloys [42]. Note that we generated r�shkl0 plots,

instead of generating them with the average hshkli, as
recommended in [43]; this led to a discrete depth

distribution, which coincides with the actual Laplace

stress depth. For the 311 reflection, the maximum

information depth is s3110 = 42 lm. The EDDIDAT

program system provided by the X-ray CoreLab

(HZB) [44] was used for handling the measured data

and stress calculation.

In order to compare RS with distortions, Von Mises

(VM) stresses were calculated for the Top Surface,

according to:

rVM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2X � rXrY þ r2Y

q

: ð5Þ

Note that both VM RS and distortions are not

related to hydrostatic stresses [45].

Distortion and surface roughness evaluation

The Z-displacement of the upper surface of the speci-

mens (i.e., Top Surface) was measured using a white

light (diode emitting between 400 and 3400 nm) pro-

filometer (an FRTMicroProf device with an FRT CWL

sensor). This device used an interferometer to calculate

the distance from the specimen surface to the sensor.

The area investigated was 18 9 60 mm2 using a scan-

ning speed of 794 lm/s and a step size of 20 lm. The

data acquired after removal from the baseplate were

post-treated to correct for parallelism defects.

The surface roughness was measured using a

HommelWerkeTKL300 system, equippedwith a tip of

5 lm radius. The surface of the region of interest was

30 9 8 mm2. Four lines parallel to the X-direction (test

length of Lt = 15mmwith Lc = 2.5mmof cut off) were

measured at Vt = 0.5 mm/s from bottom to top with

incremental spacings ofX = 5 mmandY = 2 mm.The

roughness values Ra (arithmetic mean height), Rz

(maximum height), and Rmax (maximum peak height)

were calculated using the HOMMEL-ETAMIC soft-

ware according to ISO:4287:210 [46].

Table 1 Plane-specific DEC values of the Reuß model

corresponding to the Ni crystal

hkl S1, MPa-1 9 10–6 �S2, MPa-1 9 10–6

111 - 0.763 4.1

200 - 2.94 10.6

220 - 1.31 5.73

311 - 1.92 7.56

400 - 2.94 10.6

331 - 1.15 5.26

420 - 1.9 7.5
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Results

Microstructure

The as-manufactured microstructures characterized

by SEM in backscattered electron (BSE) mode display

similar columnar dendritic cells (width between 0.4

and 0.8 lm) for all three scan strategies (see Fig. 3a,b,

where, for the sake of brevity, only the Y-scan and

Rot-scan microstructures are given). In the case of the

Rot-scan microstructure (Fig. 3b), the dendrite cell

growth direction varies across the different regions.

This indicates that the heat flow locally varies within

the melt pool, even though the overall heat flow is

expected to be approximately parallel to the building

direction, as shown in Fig. 3a.

During the solidification of the melt pool, elemen-

tal solutes are ejected to dendrite surfaces leading to

the localization of alloying elements around the

dendrite-cells. The elemental mapping analysis

(Fig. 3c) via EDS indicates that the brighter regions

surrounding dendritic cells contain higher concen-

tration of the alloying elements Nb, Mo, and Ti. The

EDS analysis also indicates (not shown in Fig. 3c) that

these regions are depleted of Fe, Cr, and, to a lower

extent, Ni. It has been reported that these segregated

regions occur at the level of dendritic cells, subgrains

(formed by a group of adjacent dendritic cells with

2 μm

001

111
101 (g) (i)

YX
BD/Z

(h)

600 μm 600 μm 600 μm

(d) (f)(e)
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Y
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Y
BD/Z
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Mo Ti

400 nm
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Figure 3 High-magnification backscattered electron (BSE) image

of the interdendritic segregation obtained on the ZY-plane of a the

XY-scan sample and b the Rot-scan sample (the red arrows

indicate the presence of either aluminium oxides or porosity).

c EDS composition maps of some of the alloying elements. Low-

magnification EBSD orientation maps in the ZY-planes of d the

Y-scan specimen, e the XY-scan specimen, and f the Rot-scan

specimen. Low-magnification EBSD orientation maps on the XY-

plane of g the Y-scan specimen (reproduced from [25]), h the XY-

scan specimen, and i the Rot-scan specimen (reproduced from

[25]). In all EBSD maps the scattering vector is perpendicular to

the images (i.e., conventionally termed IPF-Z maps).
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low angle (about\ 5�) misorientations), and grain

boundaries [47, 48]. Some authors also report the

presence of nanometric Laves (Ni,Cr,Fe)2(Nb,Ti)

particles with in these micro-segregated regions

[49–53]. The EDS results presented in this study are in

agreement with transmission electron microscopy

(TEM) observations shown in [54]. Moreover, scan-

ning transmission electron microscopy elemental

maps (STEM-EDS) show heterogeneous distributions

of alloying elements (notably for Ti and Al), which

are in fact related to the presence of Laves [48, 55]

and carbide phases MC (Nb,Ti)(C,N) [53, 56]. Finally,

the spherical black dots indicated with red arrows in

Fig. 3a,b could be either aluminium oxides [57] or gas

porosity [53]. It must be noted that our work is

focused on the influence of the different grain struc-

tures and textures on RS; therefore, a detailed TEM

comparison of the micro-segregation is beyond the

scope of this article.

The EBSD orientation maps show that the Y-scan

specimen developed columnar grains with a domi-

nance of\101[ -grain orientation (Fig. 3d). The scan-

vector direction is clearly noticeable in the XY-plane

(Fig. 3g), where thin lines of\001[-grains are formed

in-between the thicker\101[ -grain bands. Note that

the cluster of purple small grains observed in the

centre of Fig. 3d possibly corresponds to one of the

thin bands of\001[-grains observed in Fig. 3g. The

alternating XY-scan also forms columnar grains along

the BD, although the dominant grain orientation is

\001[and the vertical length of the grain is reduced

(Fig. 3e). The scan-vector direction remains

noticeable in the XY-plane, but the texture intensity is

reduced (Fig. 3h), with clusters of\101[-grains being

formed. The Rot-scan specimen exhibits elongated

grains (i.e., their aspect ratio is lower than that of

columnar grains) with complex shapes and

where almost all crystal orientations are observed

(Fig. 3f). The XY-plane microstructure appears chao-

tic in comparison to the other two scanning strategies:

the scan-vector direction is barely noticeable and

some smaller clusters of \101[-grains are observed

(Fig. 3i).

LXRD results

The surface stresses along the central line of one half

of the specimens Top Surface are shown in Fig. 4a.

These measurement locations correspond to the

opposite end of the specimen from where the

microscopy samples were extracted. rX in the As-

Built condition shows values in the range of

300–650 MPa, with the highest values corresponding

to the Y-scan specimen and the lowest to the Rot-scan

specimen (Fig. 4b–d). The thinning of the baseplate

induces a significant rX relaxation (about 300 MPa) in

the region between 0 and 30 mm. The values at the

tip region (35 to 50 mm) remain close to those

observed in the As-Built condition in all specimens.

Again, the highest rX values in the Thin-Baseplate

condition correspond to the Y-scan specimen

(*250 MPa against *150 MPa observed in the Rot-

scan sample).

The rY values in the As-Built condition vary from

400 to 700 MPa, with the XY-scan specimen having

the highest values (by only 50 MPa, see Fig. 4e–g)

while Y-scan and Rot-scan specimens exhibit similar

values. The baseplate thinning does not induce sig-

nificant RS relaxation in the Y-scan specimen. Nev-

ertheless, a RS relaxation of *50 MPa and

*100 MPa is observed in the 0–30 mm region of the

XY-scan and Rot-scan specimens, respectively. Note

that the rY profile in the Thin-Baseplate condition

exhibits two undulations at 13 and 32 mm in the Rot-

scan specimen. These undulations could result from

the grooves generated between hatching stripes

during processing (see the white lines in Fig. 4m),

which would be more noticeable in the Thin-Base-

plate condition due to distortion.

When the VM stresses are compared, it is observed

that the Rot-scan sample exhibits the highest relax-

ation (Fig. 4h–j). This relaxation induces an upward

bFigure 4 a Illustration of the specimen geometry showing the As-

Built and Thin-Baseplate conditions. RS profiles of the

X-direction component before and after baseplate thinning for

b the Y-scan specimen (replotted from [25]), c the XY-scan

specimen, and d the Rot-scan specimen (replotted from [25]).

RS profiles of the Y-direction component before and after

baseplate thinning for e the Y-scan specimen (replotted from

[25]), f the XY-scan specimen, and g the Rot-scan specimen

(replotted from [25]). RS profiles of the Von Mises (VM)

component before and after baseplate thinning for h the Y-scan

specimen, i the XY-scan specimen, and j the Rot-scan specimen.

Distortion maps showing the difference between the As-Built

minus Thin-Baseplate conditions for k the Y-scan specimen,

l the XY-scan specimen, and m the Rot-scan specimen (the white

lines indicate the location of some of the grooves created between

hatching stripes). The average error of the LXRD results is

± 24 MPa.
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bending of the specimens (Fig. 4k–m). The Y-scan

and Rot-scan specimens exhibit similar distributions

in the distortion maps, although the Z-displacement

in the tip region (35–50 mm) is slightly higher in the

Rot-specimen (10 lm, which is in agreement with the

VM results). In contrast, the highest measured

Z-displacement of the XY-scan specimen occurs near

the opposite end of the specimen, with values that are

almost half of those recorded in the tip region of the

other two specimens.

EDXRD results

Detailed RS maps of the three principal geometrical

components (X, Y, Z(BD)) were obtained for the Thin-

Baseplate and Released conditions of the XY-scan

and Rot-scan specimens. Due to the limited beamtime

available on EDDI, the RS state of the Y-scan speci-

men was not measured in the Released condition. We

will see that this does not impact the conclusions of

our work. The RS plots in the Thin-Baseplate condi-

tion of the Y-scan and Rot-scan specimens are taken

from reference [25] for comparison with the XY

scanning strategy, as well as for the study of the

relaxation following release from the baseplate.

Regardless of the scanning strategy or condition, the

rX stress maps generally exhibit a similar tendency,

with the highest values being observed in the tip

region (30–47 mm, see Fig. 5). In the Thin-Baseplate

condition, the RS values vary over all scan strategies

in a range between 50 and 500 MPa, with similar

distributions in the XY-scan and Rot-scan specimens.

In contrast, the Y-scan specimen exhibits higher val-

ues (50 MPa on average). The baseplate removal

(Released condition) induces a 100 MPa relaxation in

the tip region, and the similarity between the XY-scan

and Rot-scan specimens is maintained.
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Figure 5 Top Surface RS maps of the X-direction component in

the Thin-Baseplate (TB) condition for a the Y-scan specimen

(replotted from [25]), b the XY-scan specimen, and c the Rot-scan

specimen (replotted from [25]). Top Surface RS maps of the

X-direction component in the Released (Re) condition for d the

XY-scan specimen and e the Rot-scan specimen. The small black

squares indicate the location of the measurement points. The

average error for all the points is ± 28 MPa.
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In the 0–25 mm region for the Thin-Baseplate

condition, the highest values also correspond to the

Y-scan specimen (100 MPa higher than those of the

other two specimens, Fig. 5a). A slight asymmetry

with respect to the X-axis is observed, principally in

the Y-scan specimen. The stress distributions are also

similar in the XY-scan and Rot-scan specimens, with

the XY-scan values being slightly higher (50 MPa,

Fig. 5b–c). A small stress relaxation ([ 50 MPa) is

observed after the baseplate removal; however, the

similarity between the two specimens (XY-scan and

Rot-scan) is not affected (Fig. 5d–e). The low degree

of rX relaxation following the baseplate removal

suggests that most of the stress relaxation occurred

after the thinning of the baseplate.

The rY maps for the Thin-Baseplate condition dis-

play points with RS values approaching the yield

strength of the material (806 MPa) in the case of

Y-scan and XY-scan specimens (Fig. 6a–c). The

Y-scan specimen shows the highest (850–700 MPa)

values, and the Rot-scan specimen the lowest

(750–600 MPa). In all the specimens, but particularly

in the XY-scan and Rot-scan, the highest values tend

to be localized at the tip region (35–47 mm).

The baseplate removal induces both an average

relaxation of 200 MPa in the XY-scan specimen and a

reduction of the homogeneity of the stress distribu-

tion (Fig. 6d). The lowest values (400–500 MPa) are in

this case observed in the tip region (42–47 mm). A

central strip parallel to the X-direction exhibits the

highest values (600–750 MPa). This strip is asym-

metric, and a small band of high values

(600–700 MPa) is observed connecting Surface 1 to

the central strip between 35 and 40 mm. The stress

values in the rest of the specimen vary between 500

and 550 MPa. The baseplate removal also induces an
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Figure 6 Top Surface RS maps of the Y-direction component in

the Thin-Baseplate (TB) condition for a the Y-scan specimen

(replotted from [25]), b the XY-scan specimen, and c the Rot-scan

specimen (replotted from [25]). Top Surface RS maps of the

Y-direction component in the Released (Re) condition for d the

XY-scan specimen and e the Rot-scan specimen. The average error

of the points shown in these maps is ± 34 MPa.
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average relaxation of about 200 MPa in the Rot-scan

specimen (Fig. 6e). The lowest values (400–500 MPa)

are also observed at the tip region (42–47 mm), and

the values in the rest of the specimen vary between

500 and 550 MPa. Note that neither the stress map in

Fig. 6c nor the one in Fig. 6e shows traces of the two

undulations observed in Fig. 4m. This indicates that

the depth of the grooves induced by the hatch-

ing stripes is smaller than the depth (42 lm for 311

reflection) being probed by the X-rays.

The rZ values in the building direction on the lat-

eral surface of the specimen (Surface 1) in the Thin-

Baseplate condition are quite homogeneous (see

Fig. 7). Here, the tendency is inversed with respect to

the Top Surface; whereby the Rot-scan specimen

exhibits the highest values, which in some regions are

higher than the bulk yield strength reported for the

material. The lowest values (600–700 MPa) are

observed at the bottom of the specimen, where the

prism is connected to the thin baseplate. The XY-scan

specimen shows intermediate stress values between

500 and 600 MPa, and the Y-scan specimen has lower

stresses between 450 and 500 MPa. In this Y-scan

specimen, the lowest values are also observed at the

bottom of the face.

The baseplate removal induces a rZ gradient from

bottom to top in all the specimens. A relaxation of

300 MPa is observed at the bottom of the Y-scan and

XY-scan specimens (Fig. 7e, f), although the values

are barely relaxed at the top line. The stress relaxation

is more significant near the bottom of the Rot-scan

specimen (450 MPa). When compared to the bottom

measurement line, the stresses at the top line exhibit a

lower degree of stress relaxation (*100 MPa).

The rX maps of Surface 1 show values close to

0 MPa for all three specimens in the Released
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Figure 7 Surface 1 RS maps of the Z-direction component in the

Thin-Baseplate (TB) condition for a the Y-scan specimen

(replotted from [25]), b the XY-scan specimen (note that the

intermediate points at 10 mm height are missing), and c the Rot-

scan specimen (replotted from [25]). Surface 1 RS maps of the

Z-direction component in the Released (Re) condition for d the

Y-scan specimen, e the XY-scan specimen (note that the

intermediate points at 10 mm height are missing), and f the Rot-

scan specimen. The average error of the points shown in these

maps is ± 27 MPa.
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condition, particularly in the Y-scan specimen (see

Fig. 8; note that the baseplate prevents the evaluation

of the X-direction stress component in the Thin-

Baseplate condition because the X-ray beam is

blocked). The XY-scan specimen shows stresses close

to -100 MPa at some point of the bottom and top

measurement lines, which could be related to the

distortion of the specimen. The Rot-scan specimen

exhibits some points with compressive stresses at the

top line (also close to -100 MPa) and some points

with tensile stresses (close to 150 MPa) at the central

line at 10 mm height.

The rVM maps of Y-scan and XY-scan specimens in

the Thin-Baseplate condition display similar stress

levels (650–700 MPa) with some unevenly distributed

localized regions containing higher values (750 MPa,

see Fig. 9a–c). The Rot-scan specimen shows overall

lower values (500–650 MPa). The baseplate removal

induces a similar effect on the XY-scan and Rot-scan

specimens, with the most significant relaxation

(250 MPa) observed at the tip region (42–47 mm,

Fig. 9d–e). In the 0–40 mm region, an average stress

reduction by 100 MPa is observed in both XY-scan

and Rot-scan specimens.

Even though the rVM maps indicate similar level of

relaxation for the XY-scan and Rot-scan specimens,

the distortion maps show considerable differences.

The bending that followed the removal of the thin-

baseplate is relatively low in the Y-scan and XY-scan

specimens. However, the tendency is inverted in

these two specimens when compared to that of

Fig. 4h–i; the Y-scan specimen shows the highest

Z-displacement values (16 lm) in the region nearing

the flat end of the specimen, while the XY-scan

specimen shows the highest values at the tip (22 lm).

On the other hand, the Rot-scan specimen exhibits a

considerably higher upward Z-displacement of the

tip region (Z = ? 150 lm). When the Released con-

dition is compared to the As-Built one, the total

Z-displacement occurring at the tip is about

Z = ? 240 lm.

Surface roughness results

The surface roughness results of the three specimens

are summarized in Table 2. For the lateral Surface 1,

the Rot-scan strategy exhibits the lowest surface

roughness, while the Y-scanning displays the highest.

The up-skin scanning strategy applied on the Top

Surface is assumed to lead to similar roughness in the

three specimens; thus, only the Top surface of XY-

scan sample was measured.

Discussion

Influence of microstructure on diffraction
measurements

All d311w � sin2w plots of the EDXRD measurements

displayed a linear dependence (Fig. 10, top graphs,

where the average error is about ± 30 MPa). The

lattice spacing versus sin2w plots show insignificant

w-splitting [25] and, therefore, the absence of shear

stresses is assumed.

The linearity of the d311w � sin2w plots indicates that

the microstructure probed during the EDXRD mea-

surements contains low texture and a reasonably
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Figure 8 Surface 1 RS maps of the X-direction component in the

Released (Re) condition for a the Y-scan specimen, b the XY-scan

specimen (note that the points at 10 mm height are missing), and

c the Rot-scan specimen. The average error of the points shown in

these maps is ± 26 MPa.
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small grain size. The integrated intensity of the

diffraction peaks (Iint ¼
R1
�1I 2hð Þd2h) corroborates

this statement, as it shows limited oscillations.

Interestingly, the Iint profiles are similar for all the

investigated specimen surfaces. The integral breadth

(IB ¼
R

Ið2hÞd2hÞ=Imax), which depends on the orien-

tation spread of the diffracting grains, on lattice

intragranular strains, and on crystallite sizes, dis-

plays a similar tendency and values for all three

specimens on the Top Surface. However, the Z-axis

values on Surface 1 are observed to be systematically

higher than the values measured at the Top Surface.

Such an effect seems more related to the different

grain sizes. In fact, EBSD investigations of the near-

surface regions of the Top Surface and of Surface 1

(Fig. 11) confirms the above conjecture. Significant

differences in crystallite sizes and texture between

the near-surface and bulk regions appear on all

specimens. The up-skin grain structure is similar for

all three specimens. The Y-scan specimen is given as

an example of the near-surface grain structure: the

difference between the Top surface and the bulk

microstructure is more noticeable (Fig. 11a). The bulk

columnar grain growth is halted at the up-skin bor-

der (dashed line in Fig. 11a). From this border

upwards, new grains, usually spanning the entire up-

skin thickness are formed and both the texture

intensity and the grain size are reduced.

On the other hand, the grain structures below

Surface 1 exhibit a surface to bulk transition with
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Figure 9 Top Surface maps of the Von Mises RS in the Thin-

Baseplate (TB) condition for a the Y-scan specimen, b the XY-

scan specimen, and c the Rot-scan specimen. Top Surface maps of

the Von Mises RS in the Released (Re) condition for d the XY-

scan specimen and e the Rot-scan specimen. Distortion maps

showing the difference in Z-displacement between the Thin-

Baseplate and Released conditions for f the Y-scan specimen, g the

XY-scan specimen, and h the Rot-scan specimen.

Table 2 Summary of the

surface roughness measured

on the top and lateral

surfaces (Surface 1)

Top Surface Surface 1

Ra (lm) Rz (lm) Rmax (lm) Ra (lm) Rz (lm) Rmax (lm)

Y-scan 11.49 ± 1.1 71.7 ± 9.8 84.35 ± 10.8

XY-scan 4.1 ± 0.5 22.0 ± 3.8 30.9 ± 7.4 9.43 ± 1.0 54.96 ± 6.3 74.7 ± 12.4

Rot-scan 4.52 ± 1.1 31.83 ± 9.8 39.8 ± 14.2

J Mater Sci



significant differences between the specimens. In the

Rot-scan specimen (Fig. 11b), there is a first layer

below Surface 1 (thickness of *50 lm) containing

close-to-equiaxed grains. Below this first layer, the

grain structure resembles that of the bulk region

shown in Fig. 3e. The grain structure of Y-scan

specimen can be considered as tri-layered

(Fig. 11c,d). The first layer below Surface 1 (of

*150 lm thickness) also contains relatively small

grains. Next, a layer of *700 lm thickness is formed,

which exhibits \001[-grain orientation dominance

and relatively larger columnar grains. From a depth

of 850 lm inwards, the microstructure shows fea-

tures similar to those observed in the bulk region

(Fig. 3c), i.e., larger columnar grains and\101[-grain

orientation dominance. Interestingly, the first layer of

small elongated grains seems not to be present in the

XY-scan sample (Fig. 11e, f). Moreover, the transition

between the second layer and the bulk microstructure

(occurring at *700–800 lm depth, and indicated

with a white arrow in Fig. 11e) is less noticeable than

in the Y-scan specimen.

Finally, it is noteworthy that the up-skin grains

tend to be larger than the ones observed in the near-

surface of Surface 1 (Fig. 11), confirming that a

smaller crystallite size seems to be the main reason

behind the Top Surface-to-Surface 1 difference

observed in the Integral Breadth plots (a gap of 0.1,

Fig. 10).

Influence of surface roughness on RS

In general, an increased surface roughness is expec-

ted to lead to significantly lower RS magnitudes, as

reported in the literature (e.g. [24]). As shown in

Fig. 12, the RS state at the first measurement points

(corresponding to the {111} and {200} families of lat-

tice planes) at the Top Surface is not strongly affected

by the surface roughness. However, the effect of

surface roughness on the near-surface RS state of

Surface 1 is clearly noticeable in the 0–45 lm depth,

where the stress values tend to progressively increase

from the {111} plane up to the {311} plane. Note that

the stress increase is more significant in the Y-scan

and XY-scan specimens (about 300 MPa) than in the

Rot-scan specimen (about 150 MPa), in agreement

with the higher surface roughness measured in these

two specimens (Table 2). A plateau is reached in all

specimens between the {311} and {420} planes, indi-

cating that the RS measured in these depths (45 lm
and deeper) are no longer influenced by the stress

relieving effect of the surface roughness.

Choice of DEC for residual stress analysis

As mentioned in the Introduction, the microstruc-

tural and texture characteristics of AM material

challenge the common procedures of RS analysis,

particularly those using diffraction techniques. In the

absence of experimental determination of DEC via
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Figure 10 The d311w � sin2w linear regressions (top), the 311

Integrated Intensity (middle), and the 311 Integral Breadth

(bottom) of the principal components (X-, Y-, and Z-directions)

in the Thin-Baseplate condition for a the Y-scan specimen, b the

XY-scan specimen, and c the Rot-scan specimen.
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in situ loading tests, RS has been usually calculated in

conventionally manufactured IN718 specimens using

the Kröner model [31]. In the case of the present RS

results, there are two main reasons that led to the

application of the Reuß model instead of the Kröner

model. The first issue when using the Kröner model

arises from the high magnitude of the calculated RS.

Using this model, near-surface residual stresses of

001

111
101

(c)

200 μm

750 μm

Top surface

Y
B

D
/Z

(b)

Y

B
D

/Z

Surface 1

(a)

150 μm

Surface 1
Surface 1

(d)

Y

B
D

/Z

Y

B
D

/Z

150 μm

(d)

X

X X

X

750 μm
Y

B
D

/Z

X

(e)

Surface 1

Surface 1

(f)

Y

150 μm

B
D

/Z

X

Figure 11 EBSD orientation

maps (the scattering vector is

along the X-direction) of the

near-surface regions for the

cases of: a the Y-scan

specimen below the Top

Surface (the dashed black line

indicates the approximate

location of the border with the

up-skin layers (also reported

in [25]), b the Rot-scan

specimen below Surface 1

(reported in [25]), c the Y-scan

specimen (low magnification)

below Surface 1 (note that the

surface roughness is cropped-

out when setting the indexed

region of interest), d a higher

magnification of the Y-scan

image shown in (c) (reported

in [25]), e the XY-scan

specimen (low magnification)

below Surface 1 (the white

arrow indicates the

approximate border between

the subsurface region,

150–850 lm, and the bulk

microstructure), and f a higher

magnification on the XY-

scan specimen, which

corresponds to a region outside

of the zone shown in (e).
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Figure 12 Depth profile plots corresponding to a point in the Top Surface (black solid line) and in Surface 1 (red dashed line) for a the

Y-scan specimen (also reported in [25]), b the XY-scan specimen, and c the Rot-scan specimen (reported in [25]).
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magnitudes nearing 1200 MPa are calculated, even

though the bulk yield strength of the studied material

varies between 632 and 806 MPa. Subsequent ageing

heat-treatment processes can increase the yield

strength up to 1200 MPa through precipitation

hardening [58]. However, SEM-BSE observations

show that the characteristic interdendritic micro-

segregation of the as-manufactured microstructure is

preserved in the near-surface, so that such a signifi-

cant precipitation hardening should be excluded.

There are other factors that can locally increase the

yield strength at the near surface. Given than the

grain size is relatively smaller in the near-surface

region compared to the bulk, a local increase in the

yield strength could also be induced by the Hall–

Petch effect. Moreover, a near-surface triaxial stress

state, as is the case in composites, can also lead to

magnitudes of residual stresses higher than the yield

strength. However, the origin of such interphase,

intergranular (Type II) stresses in the as-manufac-

tured material is not obvious. High interphase stres-

ses between the cell walls (where micro-segregation

of alloying elements and high dislocation content at

the subgrain boundaries occur) and the cell interior

might be able to induce such triaxial state. This point

would require further investigation using local tech-

niques (i.e., focused ion beam-digital image correla-

tion (FIB-DIC)) and cannot be taken as a fact here.

Even if these effects (Hall–Petch and triaxiality) were

combined, it is unlikely that they could induce an

increase in the yield strength of about 400 MPa. As

shown in Fig. 6a and b, the RS magnitudes calculated

by the Reuß model are only slightly higher (maxi-

mum at 870 MPa) than the maximum bulk yield

strength values. This slight increase seems much

more realistic.

The high spikiness of the depth profiles (i.e., jumps

between adjacent r ðshkl0 Þ values) also gives indication

of the unsuitability of using the Kröner model for this

material (Fig. 13a). The use of Reuß model has an

effect of reducing this spikiness on the depth profiles,

meaning that this model gives a more accurate

description of the intergranular behaviour of the

studied materials [43]. It is worth mentioning that in

the present calculations the {331} reflection is broadly

model-independent, representing a fixed point that

does not change its magnitude when the applied

grain-integration model is changed.

A plot of the Young’s moduli of some reflections

against the stiffness anisotropy factor (denoted as

Chkl ¼ ðh2k2 þ k2l2 þ l2h2Þ=ðh2 þ k2 þ l2Þ2) is given in

Fig. 13b, where the Kröner and Reuß models are

compared to experimental Ehkl data available in the

literature for both conventional and AM Ni-base

alloys [59–62]. Note that the Kröner model is suited

for quasi-isotropic materials more typical of conven-

tional processing, while the Reuß model seems suited

to describe the textured microstructures of IN718 AM

materials. One possible explanation for this observa-

tion is that in the case of highly textured materials,

the crystallites could provide lower constraint to each

other and can therefore expand more or less freely

[63]; in other words, the columnar microstructure

(see Fig. 3d, e) fits well to the ideal microstructure
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Figure 13 a Depth profile plot showing the differences between
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line) models for DEC calculation in Surface 1 of the Rot-scan

specimen. b Plot of Young’s moduli of some reflections obtained

from the literature [58–62] against the anisotropy factor Chkl
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schematic of the Reuß model (parallel blocks under-

going the same applied stress).

Since Fig. 13a shows that the Reuß model leads to a

lower scatter, it can be concluded that even the finer

near-surface grains should also display significant

texture effects. Further research is needed to deter-

mine if the models developed for materials with

preferred texture (i.e., macroscopically anisotropic

microstructures) can provide a better description of

the IN718 AM intergranular behaviour.

Considerations on the RS results

The results presented in this study show a small

asymmetry of the RS fields with respect to the X-axis

(see Figs. 5 and 6). The direction of the inert gas flow

is proposed as one of the factors that can contribute to

the development of this asymmetry [24]. Hence, the

influence of the gas flow on RS build-up is a topic of

interest for future work.

It is also observed that the rX component under-

goes a significant relaxation after the baseplate thin-

ning and all specimens exhibit some degree of

bending. The removal of the specimen from the thin

baseplate mainly relaxes the Z-direction component

at the bottom of the lateral Surface 1, creating a stress

gradient. As shown in Fig. 9, the XY-plane VM RS

maps do not correlate to the degree of distortion

observed upon removal from the thin baseplate. This

suggests that a larger stress relaxation in the Z-di-

rection most likely exerts the greatest influence on the

higher distortion observed in the Rot-scan specimen

(Fig. 9h).

There exists a tendency for the rX and rY values on

the Top Surface to decrease from the highest in the

Y-scan specimen to the lowest in the Rot-scan speci-

men. This tendency is inversed on the lateral Sur-

face 1 and the rZ values decrease from the highest in

the Rot-scan specimen to the lowest in the Y-scan

specimen. The XY-scan strategy always sits between

these other two. Using stress balance considerations,

we can interpret the bulk behaviour using the near-

surface results. In fact, the lowest near-surface tensile

rZ values measured on Surface 1 should translate

into the lowest compressive bulk RS in the Y-scan

specimen. In one of our previous works, we have

shown that the bulk microstructure of the Y-scan

specimen is suspected as the principal factor leading

to the lower RS values in the Z-direction of this

specimen [25]. It is predicated here that the Y-scan

microstructure should be considered softer (i.e., due

to a large grain size, it is easier to move and accu-

mulate dislocations and subsequently relax RS) and

less constrained (i.e., due to texture, the intergranular

mismatch induced by the dislocation accumulation is

less significant, subsequently leading to a reduced

macroscopic plastic heterogeneity) than that of the

Rot-scan specimen, where grain boundaries can more

easily hinder dislocation movements. Furthermore,

the grain structure and RS state of the XY-scan

strategy appear to be between those observed in the

Y-scan and Rot-scan strategies.

Before continuing with the rationalization of the

differences in RS state observed in the three investi-

gated specimens, a brief description on the prior

knowledge in the formation of dislocation cell struc-

ture is due. Even though the mechanisms controlling

dislocation generation during AM are still subjected

to debate in the literature [64, 65], it is generally

assumed that, independently of how they form, the

periodic fluctuations in dislocation density are more

stable than uniform arrays [66]. The spatial arrange-

ment of the dislocation cell structure is controlled by

the dendrite-cell geometries at the time of solidifica-

tion [48]. During solidification, some geometrical

necessary dislocations are formed at the cell walls to

accommodate misorientations between dendrite

arms. Also, the post-deposited material is subjected

to thermal stresses induced by subsequent deposition

passes. Thus, some dislocations would form at the

dendrite cell interior, probably ending up entangled

at the cell walls as a result of the ongoing thermal

cycling. It follows that, presumably, the higher the

thermal stresses induced by the processing, the

higher the entanglement of dislocations. But how this

entanglement affects the built-up of RS?

The role played by the grain structure, texture, as

well as the thermal gradients on the built-up of RS is

proposed to follow the schematics illustrated in

Fig. 14. The grain structure is assumed to be similar

in the XY-plane for all three samples (as far as the

amount of grain boundaries is concerned, see, for

example, Fig. 14a–c). Based on this assumption, all

three microstructures would provide similar levels of

constraint between the grains. In other words, the

accumulation/entanglement of dislocations caused

by plastic strain in the XY-plane should be similar in

all three microstructures. In this case, we propose

that the thermal gradient (TG) controls the build-up

of RS in all three specimens (note that the situation
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could be different in the early stages of cooling,

where the microstructure does not possess its final

features). However, this would not be the case in the

ZY-plane, where the RS would notice the differences

in microstructure (Fig. 14d–f). Due to smaller

columnar grains and lower texture intensity than for

the Y-scan strategy, the XY-scan microstructure

would be expected to both increase the hindering of

dislocation motion (i.e., to reduce the stress relaxation

effects during processing) and induce higher inter-

granular stress mismatch. Finally, the Rot-scan spec-

imen (for the same reasons) would be expected to

have the lowest thermal gradient but the highest

intergranular stress mismatch and lowest relaxation,

thereby leading to the largest RS build-up. In sum-

mary, this assumption implies that the slip is acti-

vated in such a way that dislocations mainly

propagate along the length (BD/Z-axis) of the

columnar/elongated grains [48].

It is noted that the shape of the thermal fields in

Fig. 14 has been simplified in order to emphasize the

differences between the presumed magnitudes of the

gradients. The shapes and sizes of the thermal

gradients are expected to vary depending on the

process parameters [8, 67].

Even though the above discussion is qualitative, it

paves the road to future investigations. For instance,

further assessment of the microstructural contribu-

tion to the RS built-up would require the use of

neutron diffraction for the analysis of the bulk

residual stresses and/or some local characterization

using techniques such as FIB-DIC [68]. Additionally,

comparison of the experimental results with finite

element modelling of the process could help to fur-

ther rationalize the relaxation mechanisms proposed

here.

Conclusions

A comprehensive investigation of the influence of

three different scanning strategies (X, XY, and Rota-

tion) on the resulting RS state and microstructure as

well as on the distortion upon baseplate removal was

performed by means of laboratory X-ray diffraction,

synchrotron energy-dispersive diffraction, and elec-

tron microscopy techniques. The following conclu-

sions can be drawn:
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Figure 14 Schematic illustration of the effects of the bulk thermal

gradients (TG, indicated with shaded areas) and microstructures

(MS, with grain boundaries indicated by solid black lines and grain

orientations following the colour code in the inset) on the residual

stresses (RS) build-up occurring in the XY-plane of a the Y-scan

specimen, b the XY-scan specimen, and c the Rot-scan specimen;

as well as in the ZY-plane of d the Y-scan specimen, e the XY-scan

specimen, and f the Rot-scan specimen. The size of the arrows

indicates the intensity of each contributing factor.
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1. The thinning of the baseplate mainly relaxes the

X-direction component, rX, also leading to the

upward bending of specimens (i.e., along the

build direction Z).

2. The XY-scan specimen shows intermediate RS

values of rX and rY at the Top Surface and of rZ
at the lateral surface (Surface 1), when compared

to the Y-scan and Rot-scan specimens. At the Top

Surface, the RS (rX and rY) magnitudes are

observed to be highest for the Y-scan specimen.

At Surface 1, the RS (rZ) magnitudes are highest

for the Rot-scan specimen.

3. The stress relaxation upon Thin-Baseplate

removal is more significant for rZ at Surface 1,

where a stress gradient in the Z-direction forms

to comply with changed boundary conditions.

4. The specimens in the Released condition retain a

considerable amount of RS, although the X-direc-

tion stress in the lateral surfaces practically

vanishes.

5. The distortion in the Released condition is the

highest for the Rot-scan specimen, likely induced

by the higher rZ values observed on the Surface 1

of this specimen.

6. The grain structures and intensity of texture

observed in the bulk vary from specimen to

specimen, although the interdendritic micro-seg-

regation is considered similar in all specimens

and regions investigated.

7. Finer grain sizes and lower texture in the near-

surface regions yield close-to-linear sin2w-scans.
Due to the up-skin processing, all three speci-

mens show similar microstructures below the

Top Surface. In contrast, the microstructure

below Surface 1 varies with the scanning

strategy.

8. The Reuß model for DEC calculation is consid-

ered more suited than the Kröner model to

describe the intergranular behaviour of IN718

AM materials, since it yields more realistic RS

values in this study and displays better agree-

ment than Kröner for DEC experimental data

reported in the literature on AM Ni-base alloys.
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