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Abstract

Despite the ongoing success of metal additive manufacturing and especially the selective laser melting
(SLM) technology, process-related defects, distortions and residual stresses impede its usability for
fracture-critical applications. In this paper, results of in situ X-ray diffraction experiments are
presented that offer insights into the strain and stress formation during the manufacturing of multi-
layer thin walls made from Inconel 625. Using different measuring modes and laser scanning
parameters, several experimental observations are discussed to validate and extend theoretical models
and simulations from the literature. As a sample is built-up layer by layer, the stress state changes
continuously up until the last exposure. The localized energy input leads to a complex stress field
around the heat source that involves alternating tensile and compressive stresses. The correlation of
temperature and yield strength results in a stress maximum at a certain distance to the top layer. The
present study demonstrates the potential of high-energy synchrotron radiation diffraction for in situ

SLM research.
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1 Introduction

Selective laser melting (SLM), also known as laser powder bed fusion (LPBF), is a powder bed based
additive manufacturing technique with the capability to produce parts with complex geometry while
maintaining good mechanical properties. Though the market of SLM systems has been growing
rapidly in the last years [1], process-inherent variations in part quality and mechanical properties
inhibit the use of SLM-produced parts in fracture-critical applications [2]. This is particularly due to
residual stresses [3,4] and crack-inducing defects [4] in the produced parts, which have a negative
effect on fatigue strength. In order to solve process-related quality variations, a profound

understanding of the formation of defects and residual stresses is necessary.

During the manufacturing process, a thin layer of metal powder is melted locally by a focused laser
beam, then solidifies and bonds with the already solidified layers beneath. After the spreading of a
new powder layer, the laser beam scans again and the cycle is iterated until the part is completed. The
SLM process leads to a complex thermal regime in the part as the temperature distribution varies
rapidly with time and location during manufacturing [5]. As a layer is exposed, the laser energy is
focused on a very small spot size, with a typical laser spot diameter of dp, = 50 um to 200 um [6],
which leads to a rapid heating of the exposed area. The metal powder is molten, then solidifies rapidly
while the heat is dissipated into the surrounding volume. At the same time, the laser scan continues
and heats the adjacent area so that a track is formed, which again necessitates the dissipation of heat

energy.

The numerous repetitions of this procedure on continuously changing positions result in steep
temperature gradients. Previously exposed layers are also affected by this and experience cyclic
heating and cooling, all of which affects the microstructure of the part, its mechanical properties and
the stress state during and after production. During production, as the part is built up layer by layer,
heat accumulates in certain areas of the part caused by the increasing distance to the substrate plate
and the poor heat conduction in the surrounding metal powder [7]. This adds another thermal

boundary condition to be considered.

The phenomena described here, the highly focused heat source, the cyclic heating and cooling as well
as the heat accumulation lead to a complex stress development in the part, which was described by
Mercelis and Kruth [8]. During the formation of the current topmost layer, its contraction upon
cooling is hindered by the underlying material, which leads to tensile stresses in the top layer. As more
and more layers are built on top of it, these tensile stresses turn into compressive stresses that balance
the tensile stresses of the above layers. The temperature gradient mechanism (TGM) describes the
phenomenon of the development of compressive stresses surrounding the laser spot due to high
temperature gradients. The residual stresses generated during the SLM process can reach the yield

strength of the material [8] and generally lead to undesired behavior such as distortion, cracking and



early onset fatigue [9—11]. Controlling the stress state by optimizing the process parameters

necessitates knowledge of the fundamental physical mechanisms.

Stress measurements have been performed with several methods on different geometries and process
parameters. Researchers have used neutron diffraction [12—14], X-ray diffraction [14—16] and
synchrotron radiation diffraction [14,17] experiments or mechanical testing [ 18—20] to determine the
residual stress state of parts created via SLM. However, the temporal history of the temperature
distribution has a crucial role in the generation of residual stresses [21] and cannot be investigated by
ex situ measurements. Controlling the thermal regime during the process is the key to improve the
properties of the part. Some modern SLM systems feature melt-pool monitoring and thermal imaging
systems to detect hot spots and potential defects during the process [22]. These techniques deliver
valuable data about the surface of the part. To gather information about the inner conditions of the
part, simulations are a useful tool. Due to the complex heat distribution, simulating the moving heat
source and its impact on the underlying material is associated with some uncertainties. Therefore, the

simulations have to be validated experimentally.

In situ measurements on bulk properties in general have been scarce, with X-ray imaging techniques
emerging only recently. Several research groups have performed X-ray imaging experiments
observing melt pool dynamics, pore formation and powder scattering [23—34] in the SLM process.
Other experiments provided insights in powder recoating dynamics [35,36] and surface smoothing by
laser remelting [37]. Furthermore, the feasibility of in situ X-ray diffraction during SLM was
demonstrated [33,34]. However, a comprehensive study of the stress buildup in SLM parts via in situ
diffraction is yet to be presented in the literature. The metrological prerequisites to capture the SLM
process with good temporal resolution have emerged only in recent years. The latest improvements in
synchrotron radiation sources generate highly brilliant radiation and new, fast detectors enable quick

image acquisition and high spatial resolutions simultaneously.

To perform such in situ experiments, a custom-built SLM machine is necessary, preferably close to an
industrial standard system. Up until now, all presented in situ studies were focused on single track or
single layer measurements. For the experiments presented here, a custom-built process chamber based
on an industrial standard SLM system is utilized [38]. It allows for in situ X-ray transmission
experiments featuring an automated powder recoating system with adjustable layer thickness, a
moveable building platform and part geometries up to 70 x 3 x 10 mm?. This machine is capable of
fabricating multi-layer samples automatically while simultaneously the synchrotron radiation beam is
irradiating a specific, desired gauge volume anywhere in the sample before, during and after laser
exposure. Using this machine, Wide Angle X-ray Scattering (WAXS) experiments were performed at
the HEMS-beamline P07 at PETRA-III (DESY, Hamburg, Germany) and 2D diffraction patterns were
analyzed to gather unprecedented experimental insights on the buildup of strains and stresses in

samples made of the Nickel base alloy Inconel 625.
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2 Materials and methods

2.1 Modified selective laser melting system

The SLM system used in the experiments is a modified AconityMINI from Aconity3D GmbH
(Herzogenrath, Germany) with a custom-built process chamber developed and built at Technische
Universitdt Berlin. The laser system consists of a continuous wave Ytterbium fiber laser YLR-400-AC
from IPG Laser GmbH (Burbach, Germany), which emits radiation at a wavelength of A = 1070 nm
with a nominal power output of 400 W. The laser fiber is connected to a 3-axis deflection unit
Axialscan-30 from Raylase GmbH (Wessling, Germany) via a collimator. Through the deflection unit,
the laser beam with a focus diameter of about 60 um in a working distance of 445 mm is directed onto
a powder bed with a size of 70 % 3 x 10 mm (length x width % height). The powder bed is limited by a
replaceable S355J2 steel substrate on the bottom and two glassy carbon plates, supplied by HTW
Hochtemperatur-Werkstoffe GmbH (Thierhaupten, Germany), with a thickness of 1 mm in X-ray
transmission direction each. The funnel-based fully automatic powder recoating mechanism and an

adjustable layer thickness enable the buildup of samples with a maximum height of 10 mm.

Before each experiment, a new steel substrate was mounted on the sample holder and sandwiched
between the glassy carbon plates. Then, the first powder layer was deposited as thinly as possible and
checked visually to assure bonding of the melted layer on the substrate. The process chamber was
sealed and purged with argon gas until an oxygen level below 2000 ppm was reached. Throughout
every experiment, the oxygen content at powder bed level was monitored. In addition, the argon gas
atmosphere was circulated by the installed circulation pump and filtered continuously in order to
remove welding fumes from the laser beam path. The sample holder was positioned in transverse
direction depending on the desired position of the X-ray gauge volume. Inlet and outlet windows of
the process chamber for synchrotron radiation are made of Kapton foils (DuPont, Wilmington USA),
with a thickness of 50 um. Consequently, the synchrotron radiation beam passes through ambient air,
Kapton foils, argon and glassy carbon, besides the desired Inconel 625 sample, with overall negligible

noise.

In order to keep the boundary conditions concerning the heat flow close to the industrial process, the
samples were produced with a maximum thickness of 2.5 mm in transmission direction. Hence,
between sample and glassy carbon, a powder barrier with a thickness of about 0.25 mm on both sides
was established. Since the thermal conductivity of solidified Inconel 625 is at least one order of
magnitude higher than thermal conductivity of Inconel 625 powder [39,40], heat conduction occurs
primarily through the solidified parts of the sample. Taking into account simulative results on heat
transfer in the formation of melt tracks with steel powder [41], it is derived that the powder barrier in

the experiments adequately mimics heat transfer conditions of the conventional SLM process.
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Figure 1 a) Experimental Setup at PETRA-III P07 EH3 (DESY, Hamburg, Germany) and b) Example parts that were
built using the custom SLM system. From left to right: PL =275 W, L-scan and T-scan. PL = 165 W, L-
scan and T-scan. PL =55 W, L-scan and T-scan. Part geometry 20 x 5 x 2.5 mm?®. Parts are built upon steel
substrates.

2.2 Materials
The samples were built using an Inconel 625 (UNS N06625/W .Nr. 2.4856) metal powder supplied by

m4p materials solutions GmbH (Magdeburg, Germany). The particle size ranged from 20 to 63 um

according to the manufacturer. The metal powder has a nominal chemical composition of 20.7 wt%

Cr, 8.4 wt% Mo, 0.6 wt% Si, 0.4 wt% Mn, 3.5 wt% Nb and 0.5 wt% Fe.

2.3 Experimental procedure

The SLM process in general is adjusted and optimized via a large range of parameters [42] with
estimations of more than 130 parameters affecting part quality [43]. In the experiments presented here,
the number of variables was reduced to both simplify the manufacturing process as much as possible
and to highlight the basic mechanisms at work. Furthermore, a simple geometry was chosen for the
samples. Thin walls with dimensions of 20 x 5 x2.5 mm?* were manufactured using different sets of

parameters, see Figure 1b.

The laser scanning pattern was identified as one of the drivers of thermal management and therefore
stress generation [44]. Industrial SLM systems employ various scanning strategies in one part to
ensure a good surface finish as well as little to no porosity. To create a smooth finish, the contour of a
part is scanned with a different set of laser parameters than the ‘filling’. For the diffraction
experiments in transmission mode, this would result in irradiating a gauge volume made up of scanned
tracks in different directions and with different scanning parameters. This impedes interpretation and
complicates the attribution of phenomena to a specific set of parameters. Therefore, no contour scans
were employed in the manufacturing of the samples presented here. Furthermore, only unidirectional
scanning patterns without meandering were used. Two resulting scanning patterns were investigated
and consequently named ‘longitudinal scanning’ (L-scan) and ‘transversal scanning’ (T-scan)
following the orientation of the scanning vectors in relation to the incident synchrotron radiation

beam, see Figure 2.



The second parameter that was varied is the energy input, i.e. laser power Pr and scanning speed vr.
Three sets of scanning parameters were used and are shown in Table 1. A laser power of PL =275 W
and the corresponding scanning speed of vi, = 760 mm/s (set 1) represents an industrial standard
parameter set that ensures high density parts. Set 3 features the lowest acceptable laser power that still
leads to ~99.5 % relative density, as was found in preliminary tests. The low scanning speed of

vr = 50 mm/s in turn led to good temporal resolution and a favorable data-to-noise ratio. Set 2 was

chosen as an intermediary energy input between the two extremes.

In combination with the two scanning strategies, a total of six sets of parameters were investigated.

The other manufacturing parameters were kept constant. Major ones are also presented in Table 1.

In Figure 2, the experimental procedure concerning the measuring positions is illustrated. For each
set, three samples with varying measuring positions were built. Furthermore, two measurement modes

were employed. Most of the samples were observed using measurement mode 1 (MM1). In this

Table 1 Sample parameters. a) Laser parameter sets b) Scanning patterns c) Process parameters that were kept
constant for all samples.

a) La;eLr[;;;\]zver Scilin[i;i]s/s]e ed c) Constant process parameters

Set 1 275 760  Layer thickness Az 50 pum
Set 2 165 456  No. of layers 100

Set 3 55 50  Hatch distance h 120 pum
b) Hatch length [mm]  No. of hatches Laser spot diameter d. ~60 pm
L-Scan 2.28 168  Jump speed v; 1000 mm/s
T-Scan 19.8 20  Sample geometry 20x5%2.5 mm?

Laser
Scanning patterns
T-Scan L-Scan

Synchrotron
radiation beam

Measurement modes

MM1 @ Layer + 1

el 1

MM2 Q Fixed

Figure 2 Experimental Procedure. Measurement Mode 1 (MM1) - Gauge volume in fixed distance to top layer.
Measurement Mode 2 (MM2) - Gauge volume in fixed height. Schematic representations of scanning
patterns evaluated. For the T-scan, the hatching direction is oriented along LD, while for the L-scan, the
hatching direction is oriented along TD.



configuration, the gauge volume changes from layer to layer and stays in a fixed distance of 150 um to
the top layer. On the other hand, the gauge volume in measurement mode 2 (MM2) stays in a fixed
position during the whole process. Furthermore, the three major axes are illustrated in Figure 2. The
longitudinal direction (LD) and the transversal direction (TD) span the working plane of the laser on
the powder bed, with the longitudinal direction referring to the beam direction of the incident
synchrotron radiation beam. The building direction (BD) is perpendicular to the working plane and

refers to the sample height direction.

2.4 In situ high energy synchrotron X-ray diffraction
The in situ diffraction experiments were performed at the HEMS P07 beamline at DESY (Hamburg,

Germany) [45] using an energy of E = 98.02 keV (A = 0.12649 A). An X-ray beam size of
750 x 70 um? was chosen. This enabled good spatial resolution in build direction. The width of the
beam was set accordingly to ensure enough grains being irradiated so that full diffraction patterns

could be collected. A schematic setup of both the experiment and the data analysis is shown in Figure

3.

The modified process chamber was set up on the heavy-duty hexapod provided by Helmholtz-Zentrum
Geesthacht. In Figure 1a, the setup in the experimental hutch at the beamline is shown. The distance
between sample and detector was 1521.147 mm to capture full Debye-Scherrer rings of the first five
(hkl) reflections. Lanthanum hexaboride (LaBs) was used to determine the sample-to-detector
distance, see supplementary section 6.2. The Perkin-Elmer XRD1621 detector was used with an
exposure time of t = 0.1 s and a frame rate of f = 10 Hz. Maximum intensity ranged from 100 to 300
counts depending on the reflection chosen. In supplementary Figure 11, a comparison of a powder

sample diffraction pattern and an in situ measurement of solidified material is shown.

The diffraction patterns were segmented into cake pieces and integrated using Fit2D [46] to gather
1D-26-profiles from the 2D diffraction patterns. The 1D profiles were batch-processed using custom
Python scripts that featured the ‘Imfit‘ package [47]. A Voigt function was used to fit the experimental
data and determine the peak position, full-width half maximum (FWHM) and integrated intensity of
the (311) reflection. As mentioned in section 2.1, there was a powder barrier between the glassy
carbon plates and the sample, which was irradiated as well. As the powder barrier is thin compared to
the solidified material, contributing to ~13 % of irradiated mass, its diffracted intensity is much lower
than the bulk material. Unlike the bulk material, the powder does not experience mechanical stresses
that induce peak shifts in the diffraction patterns. The superposition of unstressed powder with low
diffracted intensity and stressed bulk material with a high diffracted intensity produces asymmetric

peaks, which reduce the accuracy of the fitting function. To account for the powder layer, thus only
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Figure 3 Schematic data generation and evaluation process: a) Experimental setup with relevant direction
denotations, b) Example diffraction pattern and analyzed directions and c) Illustrative data visualizations
of a sample manufactured using a laser power of PL=55 W and L-scan in MM2 with the gauge volume in
the center of the 5™ layer of the sample. The red circles mark the data points that have been extracted for
all layers and subsequently plotted to generate Figure 4.

the top 60 % of the peak data was used for the peak fitting. This way, the diffracted intensity of the
powder barrier and the resulting asymmetry was filtered out and did not distort the subsequent

analysis.

2.5 Strain free lattice parameter

The strain free lattice parameter is dependent of the chemical composition and crystallographic
structure of the material. Wang et al. showed that the chemical composition of Inconel 625 processed
via SLM can actually change as the part is being built up [48]. This in turn alters the strain free lattice
parameter. To verify if this was the case in our samples as well, wavelength-dispersive X-ray
spectroscopy (WDX) measurements were performed on the TD-BD plane of the specimen at ZELMI,

Technische Universitdt Berlin. One sample per set of parameters, six in total, was investigated.

Seven alloy elements were analyzed: Ni, Cr, Mo, Nb, Fe, Si and Mn and a circular spot size of

d =20 um was used. To investigate potential concentration gradients in both TD and BD, line scans



with a step size of 500 um, ranging from the lower edge of the part to the top edge were performed in

three locations, i.e. left edge, center and right edge. The substrate was cut off for this investigation.

Contrary to Wang et al., our samples showed no concentration gradients of the alloy elements —
neither over the height (BD) of the sample nor its length (TD). While there was a standard deviation of
0.25 to 0.29 wt% of chromium, the most volatile alloy element, for each line scan, the changes in
concentration over the sample height and width were stochastic and did not follow any monotonous

trends.

Comparing the gauge volume of WDX, 20 pum in diameter, to the one used for the in situ WAXS
measurements, 750 x 70 x 2500 um?, the diffraction measurements average over a much larger volume.
Therefore, the strain free lattice parameter is insusceptible to the slight local differences in
composition shown by WDX. As no compositional gradients emerged from our measurements, a

single dy is proposed to be sufficient to characterize the whole sample.

To determine dy, small cuboids with an edge length of 700 um were cut out of the parts using micro
electrical discharge machining (EDM) for subsequent diffraction experiments. Opening the aperture to
1 x 1 mm?, this sample size enabled ‘bathing’ the cuboids in the synchrotron radiation beam so that all
cuboid surfaces were irradiated. By irradiating the whole volume of the specimen, a stress-free state
can be assumed considering the force and moment equilibrium. The strain free lattice parameter can

therefore be calculated from the peak position.

Additionally, the do-measurements were performed in a DHS1100 furnace from Anton Paar GmbH
(Graz, Austria) to assess the temperature dependence of dy for temperatures up to T = 800 °C, which

was found to be linear for all of the samples investigated, see supplementary Figure 14.

2.6 Strain and stress analysis

Using the do measurements, the lattice spacings were converted into strains following
311 311

d - do

311
dO

)

This was done for the two assumed principal directions of stress, TD and BD, see analogous
procedures for the calculation of asymmetric strains in high pressure research [49]. To prevent a beam
center error, the lattice spacings extracted from two opposing cake pieces were averaged as illustrated
in Figure 3. Hence, dmp is calculated by averaging the lattice parameter at 1 = 0° and 1 = 180°, the
lattice parameter in building direction dgp by averaging 1 = 90° and 1 = 270°. The strains calculated
this way are the sum of the elastic and the thermal component, though. Without knowledge of the
exact temperature, the purely elastic component cannot be determined. Since do itself is temperature-
dependent, the calculation of absolute strains is not possible. Therefore, the absolute strain values

given in the plots are not discussed further, as they are arbitrarily based on a constant, temperature-

9



independent do. Nevertheless, the visualization of the directional strains is a valuable tool to detect

differences in trends between TD and BD.
On the other hand, the strain difference between TD and BD is calculated as

d311 _ g311
311 _“TD BD
ETD-BD = T 2
0
Because both lattice parameters are calculated from the same diffraction pattern and gauge volume,
any difference between the two cannot be due to a difference in temperature and is therefore purely
elastic. Furthermore, the temperature-dependence of do has a negligible effect on the strain difference.

From the strain difference erp-gp, the stress difference can be calculated with equation (3),

E311

Orp — Ogp = (1 + v310)(1 = 29310) [(1 = v3")(erp — epp) + v (epp — €1p)] 3)

which was derived from Hauk et al. [50] The temperature-dependence of the elastic constants was
extrapolated from the single crystal constants presented by Wang et al. [51]. In supplementary
section 6.4 the relevant data is presented. The coefficient of thermal expansion was calculated from
the experimental data described in the section 2.5. It is shown in supplementary Figure 14. In this
way, the stress difference was determined for a number of different temperatures. Temperature
gradients in the gauge volume cannot be resolved. Due to the gauge volume’s geometry, the
temperature gradients are more pronounced in TD than in BD, therefore leading to a higher

uncertainty of the stress values in TD.

However, the lattice spacings for TD and BD are extracted from the same diffraction pattern from the
same gauge volume. They are therefore affected by the temperature gradients in the same magnitude.
Thus, the uncertainty of the lattice spacings in TD and BD is the same and mostly dependent on the

fitting uncertainty of the raw data, which was negligible in our case.

3 Results

3.1 Influence of heat input on strains

One of the key origins of stresses during SLM are the thermal gradients inherent to the process [8].
During the manufacturing process, the heat distribution changes continuously. To demonstrate this, it

is suitable to investigate the development of certain strain values over the course of production.

One example is shown in Figure 4. The data is derived from three samples, which were built using the
same set of parameters, i.e. L-scan and a laser power of PL = 55 W, while respectively observing the
three measuring positions, i.e. left edge, center and right edge, of the sample. The experiments were
performed in MM 1. In Figure 4, the data points represent the strain values at the start and at the end of
each layer for all layers over the course of manufacturing, whereby ‘layer’ means during exposure and

laser-metal-interaction, see Figure 3.
10



L o e B e e 1 L S i e e B By BSOS B B

[ Left Edge Right Edge 1| —— TD Start
I 10 1t ]| —= TDENd

0.6 —HF - —&— BD Start
i 17 1T —o— BD End
= PL=55W
& L-Scan
K MM1

P L PR PRI L1 L
20 40 ©60 80 20 40 60 80 20 40 60 80

_OIZ...F...I...I...I...--...I..

Layer Layer Layer

Figure 4 Strain progression for TD (light blue) and BD (dark blue). Triangular markers show the first strain value
measured in the gauge volume for that layer after the laser was turned on, circle markers show last strain
value of that layer before the laser was turned off.

The first strain value for each layer delivers information about the strain state after recoating and
subsequent cooling of the sample. Then, during the production of one layer, the laser passes over the
gauge volume and leads to a sharp increase in the strains. After the laser passage, the gauge volume
cools again, but the strains stay elevated, which is mirrored by the last strain value for each layer. For
each of the measuring positions, the start values stay relatively constant for all layers, but there are

distinct trends in the progression of the end values over the course of the manufacturing process.

The constant values at the start of each layer can be explained with the inter-layer dwell time due to
recoating. After the previous layer has been fully exposed, the sample is coated again with a new
powder layer. The recoating process takes about 15 s. During this time interval, the whole sample and
therefore the gauge volume cools down. Therefore, the temperature and the strain state are constant at
the beginning of each layer. At the end of one layer, the gauge volume is obviously hotter than in the
beginning, which explains the difference between start and end values in one layer. As more layers are
built, the top surface of the sample and accordingly the gauge volume increases its distance from the
substrate, which serves as a heatsink. As the distance rises, the heat transfer away from the heat source
and the gauge volume is hindered by heat accumulation. Therefore, the end strain values increase with

an increasing number of layers.

The L-scan utilized for these samples illuminates another effect, which is heat accumulation in lateral
direction from left to right, which is in accordance with simulative results from Parry et al. [52]. The
graphs for the end values get much steeper from left to right. The gauge volume in the left measuring
position is exposed right at the start of each new layer when the sample in total has cooled due to the
coating procedure. This allows for a fast heat transfer away from the gauge volume and results in

moderately constant end values for each layer. The gauge volume on the right side of the sample is

11
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Figure S Strain progression in MM2, measuring position in the center of the sample. Each subplot shows the
progression for one layer. The gauge volume was placed in the 5™ layer, so the first subplot shows the strain
progression with 5 additional layers above the gauge volume; in the second subplot, 15 layers are above
the gauge volume and so on. The data points marked in light blue show the strains in TD, dark blue ones
show BD.

exposed in the end of each layer. At the point that the laser passes over the gauge volume, about 95 %
of the sample has already been exposed and therefore heated significantly. This inhibits the heat
transport away from the gauge volume and leads to a sort of lingering heat, which in turn results in a

steep increase in the end strain values.

While Figure 4 shows the values for a moving gauge volume (MM1) and thus delivers information
about the upper region of the sample, Figure 5 demonstrates the impact of the laser in the lower
region of the sample. The figure shows the strain progression in a fixed gauge volume (MM2) placed
in the 5th layer of the sample. Each subplot shows the strains at a point where a specific number of

layers has been processed, yet the gauge volume stays in the 5™ layer.

A number of observations can be supported by this figure. Each laser passage over the gauge volume
influences the strain state, regardless of the gauge volume’s distance to the heat source. This figure
illustrates that the laser has an impact on the strain state of the first layers until the very end of the
manufacturing process, despite there being about 4.5 mm of material above the gauge volume. While
the strains in TD and BD converge over time, the laser passage still leads to a visible peak in the
strains. At the same time, the laser does not have the same effect on both directions. The strains in TD

are affected more, resulting in a higher peak there.

The occurrence of a peak is expected as a result of the heat flow from the top layer during exposure,
which in turn leads to thermal expansion throughout the sample. On the other hand, the difference in
peak height is surprising and cannot be attributed to temperature. Instead, it is proposed that tensile
stresses are induced in TD. The lower peak in BD is a reaction to the tensile stresses in TD and a result
of transverse contraction due to the constant volume boundary condition. As the laser scans the top
layer, the thermal expansion in BD is uninhibited due to the free surface at the top. In TD on the other

hand, the surrounding material acts as a fixation, so that the thermal expansion of the top portion of the

12
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Figure 6 Strain Progression in MM 1, measuring position in the center of the sample. Each subplot shows progression
for one layer. The data points marked in light blue show the strains in TD, dark blue ones show BD.

sample induces tensile stresses in the gauge volume, which leads to the peak visible in the figure.
After the laser has passed, the strains in TD and BD converge again at a higher strain point than at the
beginning of the layer. This demonstrates that the strain state in the observed gauge volume is altered

by the laser up to the last layer.

The transverse contraction hypothesis is also supported by the T-scan experiments. In Figure 6, the
strain progression for nine consecutive layers in a T-scan sample is shown. The strains in TD form a
steep slope in each layer. This is caused by the uniform heating of the gauge volume via the T-scan. In
contrast to the L-scan, here the laser passes over the gauge volume about 20 times in total during the
exposure of a single layer. Therefore, the gauge volume heats more uniformly than in the L-scan,
where a visible peak is formed as seen in Figure 5. The increase in temperature leads to a rise of the
lattice strains, as visible in TD. In BD on the other hand, the slope is minimal and for some of the
layers displayed in the figure, e.g. for layer 10 and 14, the values even stay constant at &*'! = 0 %.
Therefore, the increase in lattice strain due to thermal expansion has to be counteracted and
compensated by a different mechanism. As discussed earlier, tensile stresses are induced in the gauge
volume in TD due to hindered contraction. These lead to a further increase in lattice strains in TD. As
a result of these tensile stresses, a transverse contraction is induced in BD. The transverse contraction

offsets the thermal expansion so that the net lattice strain is close to zero percent.

3.2 In-plane stresses and out-of-plane stresses

So far, results referring to the influence of temperature and heat distribution on the strain state have
been described using the in situ measurements. The next step is the validation of existing models for

stress formation during the SLM process.

As mentioned in section 2.3, BD is the direction perpendicular to the working plane and therefore
characterizes out-of-plane stresses. The working plane is defined by LD and TD. Therefore, in-plane

stresses are characterized by TD as the experimental data delivers no information in LD.
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Figure 7 Median d*'! values over the whole process sorted by process parameters. Light blue bars represent the
median lattice spacing in TD and dark blue bars in BD. For all sets of process parameters, the median lattice
spacing in TD is larger than in BD.

In all of the experiments using MM 1, the lattice spacings in TD were larger than in BD. This is
demonstrated in Figure 7, which shows the median lattice spacings for all sets of parameters. This
effect is a result of the cooling of the top layer. The solidified material shrinks as it cools. The
underlying, colder material inhibits the contraction, which induces compressive stresses in TD in the
top layer and tensile stresses in TD in the underlying material. In response, the tensile stresses cause a
transverse contraction in BD. These two mechanisms lead to the difference in the median lattice
spacings, shown in Figure 7. Because the temperature in the gauge volume and therefore for TD and

BD is the same, the difference has to be explained as a stress effect.

In the literature, divergent results have been presented. Bass et al. found that the stresses in build
direction were larger than the in-plane stresses on the outside of their cylindrical parts, but smaller
closer to the center of the part [53]. Nadammal et al. on the other hand reported stress distributions that
were similar in TD and BD in both the middle of their part as well as the edge [54]. Our experiments
show that during the manufacturing process, the stresses are higher in TD than BD in all of the
examined measuring positions. In layers with increased distance to the top, the findings might be

different and are subject to further investigations.

3.3 Thermal gradient mechanism
In 2006, Mercelis and Kruth proposed the thermal gradient mechanism (TGM) as one of the driving

factors in the generation of residual stresses during SLM [8]. They argue that the rapid heating by the
laser beam leads to steep temperature gradients. As the material’s strength drops due to the increase in
temperature, it expands for the same reason. The expansion is hindered by the colder material below
and thus, compressive stresses are induced in the hot material. These compressive stresses caused by

the laser can be observed in the experiments presented here.
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Figure 8 Strain progression MM 1, measuring position at left edge of the sample. The data points marked in light
blue show the strains in TD, dark blue ones show BD. Red circles mark the minimum strain value in TD
for each layer. Low data density and missing values are caused by the high laser scanning velocity of
vL =456 mm/s and an unfavorable data-to-noise ratio.

Figure 8 shows the strain progression in a section of nine layers for a sample that was scanned
longitudinally with a laser power of P = 165 W. This sample showed local minimal strain values in
TD right before the strain peak in 76 out of 100 layers. The minimal values are marked with red
circles. The drop occurs as the laser approaches the gauge volume. Therefore, the gauge volume is
heated up, which should result in an increase in strains due to thermal expansion. Right before the
laser passes the gauge volume, the compressive stress field induced by the laser and described by
Mercelis and Kruth counteracts the thermal expansion to a degree that shows up as an actual drop in
strains. Mercelis and Kruth do not distinguish between in-plane and out-of-plane stresses in their
model, though. Following their argument, the drop in strains should be visible in both directions,
which it is not. This might be caused by the proximity of the gauge volume to the top layer. Perhaps a
strain decrease in BD would be visible in a gauge volume further below the top layer. If both the
mechanical and thermal boundaries of our experimental setup are incorporated into the model by

Mercelis and Kruth, an additional stress-inducing mechanism is possibly present here.

The gauge volume is fixed in the center of the sample. During the L-scan, the laser scan is headed
from left to right. Right before the laser passes over the gauge volume, the part of the sample that is
left of the gauge volume is very hot while the rest of the sample is at a low temperature, see
supplementary Figure 12 for reference. There is a temperature gradient in both TD and BD, though.
The material’s response in BD can be imagined as that of a cantilever beam in this scenario, because
there is a free surface that permits uninhibited thermal expansion while the substrate acts as the fixed
end. TD on the other hand can be pictured as a beam that is fixed on both sides due to the material
bonding to the substrate. The fixed beam is heated on one side. Before any heat flow can occur, the
heated part expands due to thermal expansion. Because the beam is fixed on both ends, the other side,
where the gauge volume is located, has to be compressed. This difference between BD, free end, and

TD, fixed on both ends, causes the drop in lattice spacing to occur only in TD.
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3.4 Thermally induced stress maximum

The magnitude of thermally induced stresses varies during the process depending on the distance of
the observed volume to the heat source. To illustrate this, the median stress difference for each layer is
calculated and shown in Figure 9. At this point, the utilized custom-built SLM system does not feature
a temperature measuring device. Since the mechanical properties and the strain-free lattice parameter
change with temperature, the stress progression is shown for a range of temperatures from room
temperature up to T = 1200 °C. Regardless of the exact temperature of the gauge volume, there is a

noticeable trend in the stress progression.

Up until layer 11, the median stress difference is increasing in every layer. Since the stress difference
between TD and BD is analyzed instead of absolute stresses in either direction, it is not possible to
distinguish between tensile and compressive stresses in the individual directions. Nevertheless, in
conjunction with the results described earlier, it seems plausible that a combination of a maximum in
tensile stresses in TD and a resulting maximum transverse contraction in BD lead to the observed
maximum in stress difference. The data shows that the stress difference reaches a maximum about
300 um below the top layer and the heat source. After that, the stress differences decrease and
converge to almost zero. This does not mean that the directional stresses are equal to zero, but the

stress anisotropy is greatly reduced.

In the first data points in Figure 9, the gauge volume is located directly below the top layer. Here, the
temperature of the gauge volume is very high, therefore leading to a significant reduction in the
material’s yield strength Gy. Due to the reduced strength of the material, the magnitude of stresses
resulting from the hindered contraction described earlier is limited. As more layers are built, the gauge
volume’s temperature decreases, which in turn results in an increase in yield strength oy. The material,
now being colder and having higher strength, can endure higher elastic stresses, which leads to the

maximum in stress difference visible in the plot. After reaching the maximum, the impact of the
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hindered contraction in the top layer on the gauge volume diminishes, leading to a reduction of the
stress difference until it eventually converges to zero. The repeated laser scans with each layer act as a

stress-relieving heat treatment, thereby further reducing the stress anisotropy.

For subsequent investigations, MM2 will be used at varying layer counts to investigate whether the
appearance of the maximum stress difference changes over the course of production or whether it is

constantly to be found about 300 um below the top surface.

3.5 Stress fields in the heat affected zone

The results presented in the previous sections illustrate the generation of stresses during the SLM
process in various ways. By combining these results, a schematic depiction of the heat affected zone
(HAZ) surrounding the laser spot was developed. The HAZ encompasses varying stress fields caused
by the heating and cooling of the material, which were observed in the various experiments discussed
here. In Figure 10, a qualitative illustration of the HAZ is shown. Furthermore, the strain progression
for a single layer representative of all of the following effects is given to show the corresponding data

points.
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Figure 10 Model of the HAZ, its stress fields and the corresponding data points observed
during the in situ measurements. Top: Schematic representation of the HAZ.
Bottom: Strain progression during a single layer, excerpt from Figure 8.
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The HAZ consists of the melt pool, a plasticized zone around the melt pool, the cooling zone trailing

the laser spot and a compressive zone, which was first described in the present study.

During the exposure of a single layer, the strain progression in a fixed gauge volume can be segmented
into four distinct zones. In both zone 1 (cold zone) and zone 4 (cooling zone) the TGM causes the
strain difference. During the exposure of the previous layer, the material in zone 1 was exposed and
plasticized. Due to the high temperature, the associated low strength and the hindered expansion, the
material was compressed plastically. Then, after being exposed by the laser, the material cooled down.
At this point, the shrinkage was hindered by the underlying material. The hindered contraction has a
much higher impact in-plane of the layer (TD) than out-of-plane (BD). Therefore, the tensile stresses
described by the TGM are induced in TD. Subsequently, BD is compressed due to transverse

contraction, thusly explaining that the strains in TD are generally higher than in BD.

The analogous process happens in zone 4. After the exposure by the laser at t = 1.0 s, the material
cools down and experiences the same stress inversion as zone 1 in the previous layer, resulting in high
strains in TD due to tensile stresses and lower strains in BD as a result of transverse contraction. As
shown in section 3.4, the magnitude of this effect changes with the vertical distance between the laser

spot and the gauge volume.

In zone 2 (compression zone) a new effect not previously observed is at play. The thermal conduction
is slower than the reaction of the material to heat. Therefore, the HAZ expands rapidly while zone 2 is
still cold and therefore, with respect to Figure 10, compressed by the incoming hot material on the

left.

The position of the gauge volume relative to the heat-affected zone (HAZ) around the laser is of great
importance. Due to the extremely high heating and cooling rates of up to 10° K/s during cooling as

investigated by Bertoli et al. [55], some of the effects are only observable in very specific locations.

4 Conclusions

Utilizing a custom-built SLM system, the first comprehensive in situ diffraction experiments were
performed for this emerging manufacturing process at the P07 HEMS beamline at DESY. Different
measurement modes were employed that allowed both tracking a single, fixed gauge volume in the
sample and fixing the gauge volume relative to the top surface. Several thermal phenomena during the
SLM process were shown experimentally, including lateral heat accumulation in a single layer as well
as vertical heat accumulation in build direction. Furthermore, the results provide insights in a number
of stress-related phenomena during laser-metal interaction. In-plane strains were found to be generally
higher than out-of-plane strains, with tensile stresses in TD resulting in a transverse contraction in BD.
The localized heat input induces a complex stress field that involves an outer halo of compressive

stresses, which was experimentally detected in TD. Furthermore, the TGM model was confirmed and
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a mechanism that clarifies directional differences in the emerging stress field was introduced. During
the SLM process, the stress state of the sample is altered by the laser up to the very last layer. A
maximum stress difference between in-plane and out-of-plane stresses was found about 300 um below
the top layer when using the L-scan, a laser power of PL =55 W and a scanning speed of

vL = 50 mm/s.

For the first time, the strain and stress development during the manufacturing of SLM parts was
investigated using in situ X-ray diffraction. The presented results prove the feasibility of in situ
diffraction experiments for multi-layer samples in SLM based on a custom-built process chamber for
an industrial scale machine. In situ diffraction experiments offer remarkable and promising insights
into the strain and stress development as presented in this study. Furthermore, in future, the 2D
diffraction data will yield significant findings regarding texture development and, when using different

materials, phase transformations during the process.
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1 6 Supplementary Information
2 6.1 Supplementary Figures

Figure 11 Example diffraction patterns of a) Inconel 625 powder measured ex situ and
b) bulk Inconel 625 processed by SLM measured in situ. The powder
diffraction pattern shows a uniform intensity distribution and perfectly
circular rings, while the in situ measurement of solidified material shows an
uneven intensity distribution, which indicates the growth of coarser grains and
preferred orientations.
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Figure 12 Model representation of material's response to approaching heated zone.
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6.2 Calibration using LaBs

LaB¢ powder is commonly used in diffraction experiments to calculate the sample-to-detector distance
and the detector tilt. To perform the calibration, the powder sample was fixated between the glassy
carbon plates in the process chamber in place of a sample. Diffraction patterns were acquired with the
same exposure parameters as during the in situ measurements. As a powder, LaBgs is stress-free and
therefore shows perfectly circular diffraction rings. Since the lattice spacings of LaBs have been
determined very precisely in the past, the software Fit2D, which was used for the subsequent image
analysis, can determine the experimental parameters sample-to-detector distance and detector tilt by

fitting a number of Debye-Scherrer rings.

In Figure 13a, an example diffraction pattern of LaBs is shown. After calibration and full azimuthal
integration over 360°, the result is Figure 13b, where the vertical axis corresponds to the azimuthal
angle and the horizontal axis corresponds to the diffraction angle. There, it is clear to see that the

diffraction rings, projected as lines, are vertical and parallel, therefore the calibration was successful

and the subsequent image analysis of Inconel 625 diffraction patterns was correct.

a

Figure 13 LaBs powder diffraction pattern a) before calibration and b) after calibration and full azimuthal
integration.
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6.3 Strain-free lattice parameter

55 W
d3'! [nm]

165 W
d3'! [nm]

0.1098

0.1096

0.1094

0.1092

0.1090

0.1088

0.1086

0.1084

0.1098

0.1096

0.1094

0.1092

0.1090

0.1088

0.1086

0.1084

Figure 14 Results of temperature-dependent do measurements.

L-Scan

T-Scan

d311(RT) = 0.10845
a=16.37 E-6

F d311(RT) = 0.10841
| a=16.72 E-6

d311(RT) = 0.10845
a=1524E-6

200 400
T[°C]

600

800




25
26

27
28
29

30
31

32

33
34

35
36

37
38

6.4 Temperature-dependent X-ray Elastic Constants

From Wang et al. the single crystal constants ci1, ¢i2 and c4s for room temperature, 600 °C and 700 °C

were used to calculate the corresponding Young’s modulus and Poisson ratio via the Kroner model.

Afterwards, those values were used for a linear regression to extrapolate to higher temperatures as

shown in Figure 15.

In Table 2, the single crystal constants from Wang et al., the derived Young’s moduli and Poisson

ratios as well as the extrapolated values used to calculate Figure 9 are given.
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Figure 15 Calculated Young’s modulus and Poisson ratio based on the singly crystal constants determined by
Wang et al. [47]. Extrapolation using a linear regression.

Table 2 Numerical values of elastic constants used for the calculation of stresses in Figure 9

Wang et al. [47] Kroner
Temperature e o Y Y -
[GPa] [GPa] [GPa] [GPa]
25°C 2433 156.7 117.8 198.7 0.321
600 °C 214.8 153.1 101.1 161.0 0.345
700°C 2052 1493 993 153.3 0.348

Extrapolation for Figure 9
311 311

Temperature [GPa] M
300°C 180.5 0.332
900 °C 140.4 0.357
1200 °C 1204 0.369




