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Abstract: In additive manufacturing of metals as compared to conventional processing, the
directional track-by-track and layer-by-layer nature of the fabrication process can lead to
residual stresses that locally are both directionally and spatially heterogeneous. Much of the
existing literature has focused either on the macroscale residual stress inside the entire part, or
on the microscale residual stresses that are created around a scan vector, thereby neglecting the
intermediate length-scale of the different layers. The objective of this research is to investigate
such mesoscale residual stress distributions across several layers in Ti-6Al-4V components
produced by laser metal deposition process. The incremental centre hole drilling and
incremental slitting methods provide measurements with excellent spatial resolution within and
across the layer length scale. In this work, the two methods complemented each other to
quantify both mesoscale and directional variations of residual stress that correlate with the
deposition pattern. Our findings also provide strong evidence that an oscillatory residual stress
variation persists even after thermal cycling that occurs during deposition of subsequent layers.

Keywords: Residual stress; intralayer; oscillatory wvariation; additive manufacturing;

incremental centre hole drilling; incremental slitting.
1. Introduction

Laser metal deposition (LMD) —classified in the ASTM 2792-12a standard as a “directed
energy deposition” or DED technique [1]- is one of the main additive manufacturing (AM)
processes to produce complex metallic structures. During LMD, the small scale of the melt

pool compared to the part dimensions leads to high thermal gradients. The thermal history that
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the material goes through due to the track-by-track and layer-by-layer nature of the process
causes unique residual stress (RS) distributions [2],[3]. According to Mercelis and Kruth [4],
two main mechanisms have been proposed to contribute to RS in metallic AM. The first
mechanism is the temperature gradient mechanism (TGM). The TGM mechanism does not
include the liquid and is a solid state phenomenon that is exploited in laser forming [5], but is
detrimental in AM. The TGM mechanism is a result of the rapid temperature gradient
development caused by the laser spot, the heating and cooling of the solid material around the
melt pool and the localized plastic deformation of that material. During the deposition, the local
increase in temperature reduces the strength of the material. The hot material wants to expand
but it is constrained by the surrounding material, leading to plastic compression. After
subsequent cooling, the total shrinkage experienced will be larger for the plastically
compressed material, leading to tensile stresses in the previously hot material at the surface.
The second mechanism is associated with the addition, solidification, and thermal shrinkage of
the melt pool. Both mechanisms contribute to a residual stress state consisting of tension at the

top surface, balanced by compression below [4].

Several studies have been performed on LMD components (mainly in thin wall components)
which linked the macroscale RS distribution with geometrical features and process parameters
[3,6—11]. Pratt ef al. [12] concluded that the scanning speed does not significantly affect the
magnitude of the stresses, while internal stresses are slightly increased with increasing laser
power. As early as 1999, Nickel et al. [13] studied the effect of the deposition patterns on RS,
highlighting that distortions and thus stresses are greater in the direction of the deposition
tracks. Griffith et al. [14] used holographic hole drilling in a hollow H13 tool steel box made
by LENS. Measurements performed on a thin wall revealed tensile stresses in both horizontal
and vertical direction along the vertical edges, as well as horizontal tensile stresses and

compressive vertical stresses in the middle part of the wall. Additionally, RS measurements



using the hole drilling method on LMD components in Ref. [15] demonstrated that the stresses
in the deposited material are lower than those in the substrate regions. In general, the literature
indicates that residual stresses in LMD components are largest in the build direction. Tensile
stresses on the outer surfaces are balanced by compressive stresses in the centre of the part
[16], while the magnitude of the stress increases with increasing number of deposited layers
[17]. To date, RS characterization of AM parts was mainly focused either on the macroscale
distribution [18-20], or on the effect of orientation and length of scan vectors within one layer
[21,22]. To the author’s best knowledge, there are no studies in the literature which have
investigated stress variations within a layer. Stress variations over the layer length scale are
also important and sufficient to affect fatigue crack growth rates, for example, and therefore
the life of a structural part.

In this work, we present novel results specific to mesoscale residual stress variations in AM
Ti-6Al-4V parts produced by the LMD process. Residual stresses are customarily divided into
three types depending on the length scale over which they vary continuously and equilibrate
[23]. Type I, or macrostresses, vary over the dimensions of a part, typically mm or larger.
Type II, also known as microstresses or intergranular stresses, vary from grain to grain in a
polycrystal, typically on the order of 10’s of um. Type III, subgrain or atomic scale stresses,
vary over sub-micron dimensions. Type II and especially type III stresses are often considered
unimportant for life assessment of metallic components [24]. The type I-III length scale
classification still holds for AM parts, but AM processes introduce an additional important
length scale called the mesoscale corresponding to the characteristic length scale of the build
layer thickness. We present results at the scale of build layer thickness, which lengthwise is
between type I and II scales although the process-based cause makes these mesoscale stresses

physically more similar to macrostresses.



Incremental centre hole drilling (ICHD) [25-27] and the slitting method [28-30] are two
residual stress measurement techniques that are widely known to both academia and industry.
These methods are particularly suited to capture in-plane directional residual stresses and the
mesoscale gradient therein over the range of several layers. In contrast, diffraction based
techniques tend to focus on macroscale residual stresses [31], which are inaccessible to ICHD
and struggle with the mesoscale because a proper statistical sampling of grains is difficult to
achieve. In this work, we investigate directional residual stress distribution at the part scale (i.e.
differences between the two in-plane stresses) of Ti-6Al-4V samples produced by LMD. The
results in this work uncover additional directional residual stresses across the layers which is

related to the alternating laser path in subsequent layers.

2. Material and methods
2.1 Sample production and preparation

The Ti-6Al-4V samples of this investigation were produced using the LMD AM process
with a coaxial powder feed. LMD was carried out using a IPG fibre laser with outcoupling fibre
with a diameter of 600 um and a maximum power of 7 kW. The focal lens of 250 mm and
collimator with a focal length of 125 mm result in a laser spot diameter of 1200 um on the
substrate. The specimens were built at a constant laser power of 500 W while the nozzle was
moving at a linear scan speed of 1000 mm/min. The metal powder was fed into the melt pool
created by the laser through a continuous coaxial nozzle (Fraunhofer—Institiit fiir
Lasertechnik, Munich, Germany) using argon as transport and shielding gas. The transport gas
flow rate varied between 6—8 L/min blowing 2.96 g/min Ti-6Al-4V particles into the melt pool.
The contour of each layer was deposited first and then filled via a continuous bidirectional scan
strategy with a spacing of 600 pm between neighbouring scan tracks. The layer thickness was

500 pm and the scanning direction of successive layers was rotated by an angle of 90°. Ti-6Al-



4V grade 5 alloy powder with a particle size of 45-100 um was used. Samples were built on
Ti-6Al-4V flat substrates with a thickness of 18 mm.

Figure 1 shows the geometry of the samples. The z orientation is always along the build
direction (BD) and the other two coordinates (x and y) correspond to the laser scan directions
that make up the layer plane. After production, the samples (XY, XY single and XZ) were
removed from the substrate (Figure 1(a)) by wire Electrical Discharge Machining (EDM). Each
of the larger XY and XZ samples were subdivided into four sections using wire EDM equipped
with a 250 pm brass wire, each section was about 14.8 mm thick (Figure 1(b)). The effect of
the sectioning on the measured residual stresses will be discussed later. The mechanical
properties in two loading directions, vertical and horizontal, are shown in Table 1, as measured
via tensile tests on flat, standard size “dogbone” shaped specimens according to ESM-16a. The
samples were extracted from rectangular samples, the final shape was cut by wire EDM (gauge
volume 6x3x32 mm?), and deformations during tensile testing measured using a 25 mm gauge
length extensometer. ‘Horizontal’ corresponds to loading along the layer plane, perpendicular
to the BD, and ‘vertical’ to loading parallel to the BD. This data is later used in processing of

the ICHD and slitting results.
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Figure 1: (a) Ti-6Al1-4V laser metal deposited samples on the substrate and (b) schematic
representation of the samples and the cuts made by EDM (dimensions in mm).



Table 1. Bulk material properties of laser metal deposited Ti-6Al-4V specimens obtained by static
tensile testing. ‘Horizontal’ corresponds to loading along the layer plane, perpendicular to the build

direction, and ‘vertical’ to loading parallel to the build direction.

Specimen E [GPa] Oyiela [MPa] er [%o] Y
Ti-6Al-4V (horizontal) 1123+14 1,022 +18.4 4+1.4 0.31+0.01
Ti-6Al-4V (vertical) 113.6£2 830 +11 13.9+2.8 0.32+£0.01
Ti-6Al-4V (averaged) 113 926 9 0.315

2.2 Incremental centre hole drilling and slitting method

To capture the mesoscale residual stress variations, the measurements were performed using
ICHD with precision milling system according to ASTM standard E837-13a [32]. A tungsten
carbide inverted cone drill with a nominal diameter of 1.6 mm was used. To prepare for ICHD,
soft grinding with 1200 grit sand paper was applied on the surfaces created by wire EDM to
remove the recast layer and allow better adhesion of the strain rosettes. Strain gauge rosettes
(CAE-06-062UL-120) were installed on both sides of each section. Figure 2(a) shows the
schematic representation of the sections (XZ and XY) with the orientation of the layers and the

strain gauge installation of the ICHD measurements.
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Figure 2: Schematic illustration of the installation of the strain gauge (SG) rosettes on the (a)
XZ and XY sections from the case of the incremental centre hole drilling and (b) on the XY



section 1 that was subjected to the slitting process. The orientation of the layers is indicated in
the 3D representations and the cross-sections.

During ICHD the strains were recorded in 50 um increments of depth while the drilling
speed was 0.07 mm/min. The drilling was performed creating holes of roughly 2 mm diameter.
The final hole depth was 1 mm deep. After the ICHD process, the diameter of the drilled hole
was measured by an optical microscope. The measured relaxed strains and the diameter of the
holes were used to calculate the RS using the Internal Stress Instrumentation Software (ISIS)
provided by VEQTER Ltd.. For all the cases, the stress along the BD corresponds to c. In the
case of XZ samples, the measured in-plane stress corresponds to the ¢, and ox. For the case of
XY samples, the measured stresses correspond to the oy and oy.

Note that in ICHD, uncertainties such as the hole depth and eccentricity errors can be
introduced in the results. Uncertainties in material properties could also potentially increase the
errors, while the sensitivity of strain gauges decreases with increased depth [33]. The latter
limitation is the main reason for the limited depth of the hole. When stresses are too high,
localised plastic yielding in the region around the hole is a main contributor for the total
uncertainty. According to the ASTM Standard E837-13a [32], depending on the thickness of
the material, the measured residual stresses should not exceed 50% to 80% of the material yield
stress. In this study, the residual stresses never exceed 30% of the yield stress (830 MPa).

In parallel with ICHD, the slitting method [28,29] was used to both independently verify the
ICHD results and to see if mesoscale variations are present across multiple layers. Recent
improvements in slitting have enabled the ability to resolve detailed stress variations on small
length scales [34-36], although that resolution has never before been demonstrated over the
length scale that was measured in this study. After the ICHD measurements, incremental
slitting was performed in section 1 of the XY sample. Using a conventional arrangement for

through-thickness measurements, two strain gauges were installed at the top of the sample,



which would be the face opposite of the slit. Figure 2(b) shows that the strain gage and slit
locations were selected to minimize any effects from the drilled holes. The sample was slit
using wire EDM with a 100 um diameter brass wire and skim cut settings to minimize any
EDM-induced stresses [37]. The slit cut was performed along the z direction (build direction)
though the thickness of 14.78 mm, oriented to measure the in-plane oy.

Achieving mesoscale resolution though the whole part required pushing the state-of-the-art
both experimentally and analytically for the slitting method. During the slitting, 10 cut
increments per 0.5 mm thick layer would be ideal to oversample and allow calculation of the
stress variations in the presence of experimental noise. For the 14.78 mm thick sample, that
would give nearly 300 cut increments, an order of magnitude more than the 30-40 cuts
commonly needed to resolve a macrostress profile in the presence of noise [38]. As a
compromise with experimental time, the initial cut depth increments of 51 um were doubled
to 102 um after about 8 build layers, doubled again after about 5 more layers, and then halved
back to 102 um for the final 7 layers. This cutting strategy resulted in 161 cut increments, still
far more than has ever been reported for slitting.

Calculating stresses from the strain data requires solving an elastic inverse problem to
account for the stress re-arrangement during the cutting [39]. Such solutions must smooth out
noise effects in the data to accurately capture the physical results without amplifying data noise.
Traditional series expansion methods for solving the inverse problem [29,40,41] lack the
flexibility to resolve the mesoscale variations. Instead, the newer pulse regularization method
[39], which has proven vastly superior for resolving complicated, localized stress variations
[30,34,42] was applied. The calculations require a “compliance matrix” to relate RS to
measured strain, and this was developed from a set of elastic finite element analyses customized
to this sample, following a standard approach [43], and assuming plane strain conditions [44].

Uncertainties were estimated using strain error propagated through the inverse solution and



also uncertainty in the Tikhonov regularization parameter B [38]. This approach has been
shown to capture the most significant sources of random uncertainty [38]. The most likely
source of bias errors would be plasticity as the stresses rearrange during slitting. The
methodology in [45] was applied and confirmed the lack of plasticity errors in these
measurements.

In this work, we assume that elastic anisotropy due to texture does not have a significant
effect on the stress calculation. Furthermore, although the stress relaxation from material
removal is localized, the resulting strains are measured some distance from the hole or slit and
are averaged over a finite size strain gauge. The strain gauge sets the scale over which the
elastic properties are effectively averaged. Thus, it is appropriate to use the bulk elastic
properties on both measurements. The RS of the XY and XZ specimens were calculated using
the elastic constants of Table 1. The elastic constants of the horizontal loading direction were
used for the XY specimen. For the XZ sections, the average value of both horizontal and
vertical elastic constants was used for the calculations.

After the measurements, a Zeiss Axio Imager.M2m and an Axioskop 40A/40 Pol
microscope was used to study the microstructure around the slit and the hole in order to relate
the position of the layers to the measured RS profile. Samples were embedded in epoxy resin
and ground using 1200 grit SiC paper, polished using a 0.25 pm SiO»/ H,O, suspension and
etched for 5 seconds in a solution of 50 ml H>O, 25 ml HNO3z and 5 ml HF. Following the
etching procedure, samples were left in a 10% boric acid solution overnight to neutralize

leftover HF.

3. Results

3.1 ICHD: In-plane residual stresses of the XY and XZ individual sections

Figure 3(a) and (b) show the schematic representation of the XY sections and the single XY
sample respectively. Figure 4 shows the schematic representation of the XZ sections. The
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illustrated dashed lines indicate the regions where the samples were EDM cut and the grey
planes specify the sides of the sections where the measurements took place. The RS distribution
through the ICHD depth of 1 mm is shown for five representative sections of the XY sample
in Figure 3(a) and for four representative sections for the XZ sample in Figure 4. Figure 3(b)
shows the RS distribution of the two sides of the XY single sample. Throughout, cx, 6y and &,
are represented by blue, red and green markers respectively. The stresses are representative of

the central location of each plane.
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Figure 4: Schematic illustration of the sample geometry with representative graphs of the
residual stress distribution as measured via incremental centre hole drilling (ICHD) along the
1 mm depth for the sections of the XZ sample. The grey planes indicate the sides where the
representative graphs of the ICHD measurements took place and the dashed lines indicate the
extracted sections.
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Figure 3: Schematic illustration of the sample geometry with representative graphs of the
residual stress distribution as measured via incremental centre hole drilling (ICHD) method
along the
1 mm depth of: (a) the sections of the XY sample and (b) the single XY sample. The dashed
lines of (a) indicate the extracted sections. The sides where the representative graphs of the
ICHD measurements took place are shown in grey and the build direction (BD) corresponds to

the z stress component.

The XY sample indicates that the maximum RS (in-plane 6x and cy) magnitude is present
at section ‘1’ extracted from the bottom (nearest the substrate) of the initial XY sample (120
MPa) while the sections that were extracted from positions closer to the top of the initial XY
sample indicate lower residual stresses (between -15 and 60 MPa). Similar RS distribution was

also observed at the single XY sample (see Figure 3(b)). Figure 4 shows the RS distribution of
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the individual sections extracted from the XZ sample. Residual stresses ranging from -100 MPa
to 330 MPa are present in the sections of the XZ sample. The highest tensile stresses exist at
the free surfaces of the sample while the highest compressive stress (-100 MPa) is located in
the middle of the sample.

A remarkable feature of all graphs of Figure 3(a) and Figure 3(b) is the mesoscale directional
oscillatory RS wvariation in the x and y stresses. Notably, the oscillatory variations are
significantly larger than the uncertainties. This variation was also observed in the
measurements performed on the other XY sections that are not shown in the current paper.
Moreover, when ox reaches a maximum, oy tends to be near its minimum, indicating strong
directionality. On the other hand, for the XZ sample, the hole drilling direction is parallel to
the layers rather than perpendicular and only macroscale stress variations are observed. Figure
4 shows that the horizontal oy is larger than the vertical 6, on the extreme sides of the sample.
Additionally, the ox and o, displayed similar behaviour as a function of drilling depth, in

contrast to the ox and oy in the measurements of the XY sections.

3.2 Incremental slitting: y stress measurement through the thickness of an XY section

The slitting method was performed in section ‘1’ of the XY sample (Figure 2(b)). Because
the use of slitting to measure mesoscale stresses over such a long range was unproven, the raw
strain data is examined in Figure 5 prior to stress calculation. The strains measured by the two
gauges show a long-range trend into compression with slope changes over regions of several
mm. The data also appear to show a finer length scale signal. To extract the finer scale signal,
the data were fit using smoothing splines limited to macroscale variations on the order of
several mm. The difference between the macroscale fits and the data are then plotted as misfits
on the smaller strain scale on the right axis. These misfits show a very clear alternating signal
with a wavelength of 1 mm, consistent with the ICHD results in Figure 3a. The peak-to-valley

amplitude of this mesoscale signal range from a minimum of about 4 pe to about 20 ue at the
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end of the cut, well above the 1 pe resolution limit of the strain instrumentation. There is clearly

a mesoscale oscillatory stress variation causing this aspect of the data.
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Figure 5: Through thickness strain profile of the section 1 of sample XY as determined by the

slitting process.

The macroscale difference between the two strain gauges indicates that the residual stresses
were not constant along the y direction of the sample (see Figure 2(b)). Considering the path
dependent nature of the AM process, such variation is quite plausible. The data from each
gauge was analysed separately to provide an indication of that variation.

Figure 6 shows the slitting results of oy as a function of the first 4 mm along the thickness
of the section 1 of the XY sample. It is apparent that the alternating signal with a wavelength
of 1 mm previously observed in the ICHD measurements is also observed in the slitting RS
distribution of oy (see Figure 6), but now over the depth of about eight build layers. As with
the ICHD measurements, the oscillations are significantly larger than the uncertainties. As
previously mentioned, the increment size of the ICHD measurements was 50 um while the
increment size of the slitting was 51 um only for the first 4 mm. The full depth slitting results,

including the lower resolution regions, will be presented in the next section. In Figure 6, the
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directional residual stresses (ox and the oy) of the ICHD measurements for the same sample
are also shown. It can be seen, that the oy results of the ICHD measurements are in good
agreement with the oy results of the slitting measurements, with the magnitudes falling between
the two slitting results from slightly different locations. The small z offset between the hole
drilling and slitting results may be caused by different surface preparation and by experimental

uncertainties in the initial cut/hole depth.
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Figure 6: Residual stress as a function of depth over the first 4 mm along the thickness of the
section 1 of the XY sample. Slitting gl and g2 respectively correspond to strain gauge 1 and
gauge 2 used for slitting.

4. Discussion

4.1 Effect of sectioning on interpretation of measured residual stresses

The RS that are built up in a component during manufacturing should attain equilibrium
between tensile and compressive stresses. Accordingly, the macroscale tensile stresses on the
outer surfaces must be balanced by compressive stresses in the centre.

The cuts used to section the specimen prior to ICHD and slitting certainly perturbed the
stresses in a region near the cut. Had the sectioning cuts been used for a contour method RS
measurement, the change in the stresses could have been determined [34,46]. Nonetheless, such

effects are well understood [47,48] and are expected to have minimal effect on the
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interpretation of mesoscale in-plane stress variations. Since the proof by Bueckner [49], it has
long been understood that the change in all residual stress components from a cut is entirely
determined by the stresses that existed on the plane of the cut and only the stresses with a
component normal to the cut (e.g., 62, Txz, and 1y, for a cut with normal in the z-direction, the
ones that are fully relaxed on the cut plane). Pagliaro er al. shows in [46] that the sectioning
effect on all stress components is localized to a region near the cut, in accord with St. Venant’s
principle!. The extent of the affected region is largest for longer-wavelength stress variations
and smaller for shorter-range stress variations [47] and the stress change will generally smooth
out stress variations as it decays away from the surface.

Therefore, importantly, a macrostress distribution released by the cut could not alter the
mesoscale stress variation. Any mesoscale stresses observed post-sectioning had to exist prior
to sectioning. Longer range stress variations, such as the background parabolic distribution

over the whole range, are likely changed by the sectioning.

4.2 Effect of the build layers and the scanning direction on the in-build-plane residual stresses

The results of Figure 3(a), highlight that the height of the sample influences the RS
distribution, as was also discussed in Ref. [7,50]. In the case of the single sample, the top
measurements correspond to a location approximately 30 layers above the substrate, while in
the larger XY sample the top of section 4 corresponds to a location approximately 120 layers
above the substrate. As mentioned in section 3.1, the highest RS is located near the bottom.
Moving from the bottom to the top, the magnitude of the stress decreases. The cooling rate for
a layer high up in the sample is lower than that for the first layers [51]. During deposition of
the first layers, the base plate, which acts as a heat sink, is at room temperature and in close

proximity to the deposition. Thus, cooling rates are high. As the build progresses and the part

! For further clarity, the reader is referred to Figure 2 of the referenced article [46].
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becomes taller, the base plate warms up considerably and gets farther from the deposition,
reducing the temperature differential and the thermal conductivity. As a result, the cooling rate
is significantly lower when depositing at the top of the build. Observationally, this manifests
as a considerably longer visual afterglow when depositing layers near the top, than during
deposition of layers near the substrate. Consequently, the temperature gradients and cooling
rates are smaller near the top, resulting in lower residual stresses.

The directional oscillatory variation of the ox and oy of Figure 3(a) and (b) was present
every 1 mm, meaning that the distance between a maximum and minimum for a particular
stress direction is roughly 0.4 to 0.5 mm. The sinusoidal trend is more pronounced for the
sections with higher stress magnitudes (see the two graphs of the bottom section of Figure
3(a)). The slitting measurements also indicated an oscillatory behaviour of the oy with a
periodicity of 1 mm, i.e. the distance between a maximum and minimum is 0.5 mm. This
behaviour of the stress in each direction is offset with respect to each other, indicating that the
ox and oy oscillate out of phase with each other. Those crossovers are present only in the XY
samples where the ICHD and slitting measurements were conducted perpendicular to the
layers.

Figure 7 shows micrographs of the cross-section through both holes in the single XY sample.
The dashed lines on the sides of the micrographs represent the layer boundaries, which are
made visible in the microstructure due to a small heat affected zone (HAZ). It is revealed that
the micrographs and the directional residual stress oscillations match the layers of the sample.
The micrograph from the top of the single XY sample is shown in Figure 7(a). The oy (shown
in red) reached the minimum value (-16 MPa) on the boundary of layers 1 and 2 and approaches
a maximum of 50 MPa near the final hole depth of 1 mm. On the other hand, the ox appears to
peak somewhere inside the layers. Similar results are observed also in Figure 7(b) where the

cross section of the sample’s bottom part is depicted. The exact location of the maxima and
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minima in the RS distribution with respect to the layer boundaries is determined by the initial
RS creation due to the deposition of a layer, but also by the thermal cycles induced by
deposition of subsequent layers. These cycles lead to partial remelting of a layer and may
induce stress relief in the HAZ. The exact influence thereof is unknown, but the results in this
paper suggest that the layer boundary is still the most likely location for the local maxima and

minima in the RS distribution.
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Figure 7: Micrographs of the single XY sample and the ICHD residual stress distribution for
the (a) top and (b) bottom of the section. The white dashed lines indicate the layer boundaries.

As previously mentioned, the scanning direction was rotated 90° for every layer. The
presented results indicate that the oy periodically reaches a maximum at the bottom of a layer

that was scanned in the Y direction, while the same is true for the ox and layers scanned in the
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X direction. The maxima are offset by one layer thickness, and each minimum of the stress in
one direction coincides with a maximum of the stress in the other direction. It is widely known
from the literature that the stress in the direction of the scan vectors is always larger than the
stress perpendicular to the vectors [13,52—54]. Gusarov et al. [52], for example, postulated that
the stresses parallel to the scan vectors are about twice as high as those perpendicular to them.
One of the main reasons of this directionality is the constraints that are acting on the scan vector
during shrinkage. The solid material of the previously deposited layers beneath it restricts the
longitudinal contraction of the scan vector. A similar effect is also taking place for the
transverse contraction; however, the transverse contraction is considerably smaller due to the
dimensional aspect ratio of the newly deposited material and the fact that the material is only
restricted on one side by the previously deposited scan vector. For the first time, this paper
confirms that the directional residual stresses within one layer persists in Ti-6Al1-4V LMD
samples despite the deposition of additional layers (and their associated HAZ) on top.

In Figure 8(a) the RS distribution of the full thickness of section 1 of the XY sample
(14.7 mm) is presented. The through-thickness slitting measurement in Figure 8 of the oy
through nearly 30 layers shows that the mesoscale stress variations persist throughout the
sample, which confirms and extends the ICHD results through only the first two layers near
the EDM cut surfaces. To match the RS profile with the actual layer locations, the RS graphs
are shown on the top of micrographs of the cross-section of the sample. The BD and the slitting
cut direction (SD) are indicated on both illustrations. The increment size of the slitting cut
along the thickness of the sample is indicated as Aa. Despite the poorer spatial resolution in
regions with larger cut increments, the stresses reveal the same mesoscale oscillatory variation
that was observed in the case of the ICHD measurements. A more detailed plot of the first 4
mm where the slitting increment cut was (51 pum) is shown in Figure 8(b). The grey dots

indicate the y-oriented layers with an out-of-plane scan direction, in which the crescent-shaped
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melt pools are visible. It is apparent from Figure 8(b) that the oy is reaching the maximum

tensile value at the bottom of the y oriented layers.
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Figure 8: Micrographs of the cross-sections of the section 1 of the XY sample and the residual
stress distribution of the y stress component as determined by the slitting process. In (a) the
full thickness of the sample (14.7 mm) is shown and in (b) a higher resolution micrograph of
the first 4 mm of the sample’s thickness is presented. The build direction (BD) and the slitting
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cut direction (SD) are also shown on the illustrations and grey dots correspond to the y-oriented
layers. The residual stress uncertainties are between + 5-30 MPa.

Overall, the stress profiles indicate significant variations across the interface of each
subsequent layer. Even though the addition of new layers affects the stress state within one
layer by effectively thermally cycling the previous layer, this research provides strong evidence
that the local mesoscale directional residual stresses survives that deposition of subsequent
layers and the associated thermal and plastic effects. This is important for local crack growth
behaviour in cyclically loaded applications because localized stress risers provide likely
nucleation points for crack formation. Although that literature indicates that the HAZ does not
significantly affect the crack initiation in titanium welded joints [55], the presence of the
maximum stress at the HAZ can affect the crack nucleation. The results indicate that the
maxima in the stress coincides with the laser track direction which is also consistent with the
literature [4],[13,56—60].

Moreover, these results are particularly important for the development of predictive
computational models. The current results suggest that localized temporal and spatial gradients
in temperature within a single layer might be needed in the assumptions of computational
models in order to predict mesoscale residual stresses. Recent efforts to model the residual
stress development during AM based upon adding a full layer of material at a time [61-63]
are inherently unable to predict the extreme spatial gradients in temperature and residual

stresses within a single layer.

5. Conclusions

The directional mesoscale residual stress distributions in additively manufactured
Ti-6Al1-4V components produced by laser metal deposition (LMD) process were investigated
by means of incremental centre hole drilling and the slitting method. Using two complementary

measurement techniques allowed broader insight into the stress state. Note that the use of these
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well-established methods for the characterization of the mesoscale residual stresses support the
fidelity of the novel findings of this article. Incremental centre hole drilling revealed the out of
phase sinusoidal behaviour of the x and y build-plane stress components and showed a
mesoscale directional oscillatory variations over two near-surface layers. Conversely, slitting
showed that the mesoscale oscillatory variations persist across the entire part. The maximum
stresses within a layer are found near the bottom of that layer, parallel to the scan direction.
Combined, the results show that directional intra-layer residual stresses induced by the
deposition pattern persisted during deposition of subsequent layers. The presented results can
be used to provide essential insight on the mesoscale directional residual stress distribution in
Ti-6Al1-4V parts produced by LMD that would be of high importance for computational models
of the AM process and for prediction of critical material behaviours such as crack growth rates,
crack paths, and delamination. Future work will focus on the effect of various scan strategies
on the mesoscale residual stresses. Certainly, those investigations can be accompanied by
experimental results on crack growth behaviour as well as investigations on parts with complex
geometries. With respect to the methods, future measurements could use more sophisticated
approaches to account for the sectioning used to access internal stresses [34,46]. The slitting
measurements could be repeated without sectioning and still access the internal mesoscale

stress variations.
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