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Abstract

Residual stresses play an important role for the structural integrity of engineering components. In this
study residual stresses were determined in titanium alloy (Ti-6Al-4V) and Inconel 718 samples
produced using selective-laser-melting (SLM) additive manufacturing. The contour method and a
numerical simulation approach (inherent-strain-based method) were used to determine the residual
stress distributions. The inherent-strain-based method reduces the computational time compared to
weakly-coupled thermo-mechanical simulations. Results showed the presence of high tensile residual
stresses at and near the surface of both titanium and Inconel alloys samples, whereas compressive
residual stresses were seen at the center region. A good agreement was seen between the results
obtained from contour method and the numerical simulation, particularly 1 mm below the surface of
the samples.

Keywords: Selective laser melting, additive manufacturing, residual stress, inherent strain-based

method, contour method.

1. Introduction

Selective laser melting (SLM) is a form of powder-bed fusion additive manufacturing [1]. It works by
melting and bonding successive layers of powder metal to produce three-dimensional shapes with the
use of a high-power laser [2]. The process usually takes place under an inert gas. Computer-Aided
Design (CAD) software is used in the SLM process, which converts the full three-dimensional
geometry to a series of layers for each laser pass. The thickness of each layer and a tool path are also
defined [1]. A variety of complex and small shapes can be produced with SLM. The surface finish of
parts built with SLM is generally better than other additive manufacturing processes [3].

Titanium (Ti-6Al-4V) and Inconel 718 alloys both find applications with the aerospace industry. The

cost of these materials is high, and conventional machining of parts can have high rates of scrap
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materials produced, hence SLM provides a cost-effective solution due to little material wastage and
less or no final machining required.

Selective laser melting is known to generate tensile residual stresses during the build process [4, 5, 6].
During the SLM process a large amount of heat is produced which causes thermal gradients in the
components [7]. Shrinkage during SLM additive manufacturing is the main cause of generation of
residual stress, which is similar to the case for fusion welds. The layer-by-layer build-up changes the
original tensile residual stress to compressive. The shrinkage in SLM additive manufacturing is
considered to be anisotropic due to the fast cooling rate [8]. As a result of this the residual stress
distribution in the top surface layer is not uniform [9]. The top surface layer ends up with tensile
residual stress and compressive residual stress below it [7].

Numerical simulation [10, 11] as well as experimental techniques [5, 6, 12, 13] have been used to
characterize residual stress in SLM parts. For example, residual stresses in metal SLM have been
previously characterized in austenitic stainless steel AISI 316L using X-ray diffraction [13]. Digital
image correlation has also been used to measure residual stresses [14]. Thermo-mechanical numerical
prediction showed tensile residual stresses approaching 300 MPa in the top layer of a cantilever sample
along its length direction, which were significantly reduced after removing the sample from the base
plate [10]. A thermo-mechanical numerical prediction of AISi10Mg over a few micro-seconds duration
during the build process showed relatively high compressive residual stress (about —80 MPa) at the
sample inner surface which decreased towards the edges (reaching about —38 MPa) [15]. A small
tensile residual stress was also predicted at the start and end locations of the printing [15]. High tensile
residual stress approaching 600 MPa was predicted in the top layer of an SLM steel sample [16]. A
good correlation has been reported between the residual stresses obtained from the contour method and

neutron diffraction for laser-direct-metal deposited Waspaloy [12].

Coupled thermo-mechanical finite element simulation has successfully been used to predict the
phenomena of differential shrinkage and generation of residual stress. A summary of the relevant
literature can be found in [17]. The problem with even weakly-coupled thermo-mechanical simulations
is the long run-time. In spite of all the progress in finite element solver technology and hardware, it
still takes more than one night to come to a prediction of residual stress in an industrial-size powder-
bed part. In the present work it was therefore decided to sacrifice modelling fidelity in exchange for
solving speed, by using an inherent-strain-based method to simulate metal SLM. The use of inherent
strain to analyze residual stress in welded structures was first described in [18] and successfully applied
to various cases thereafter [19, 20]. The inherent strain method originally is a method to measure three-
dimensional residual stresses. The inherent strain is defined as an incompatible strain in a body
producing residual stress. Inherent strain may contain strains from various sources such as thermal and
plastic strain [20]. This method allows dividing the three-dimensional inherent strains to longitudinal
and traverse components (e.g. for welds). The stresses for both components are then analyzed
separately, and by adding both components it allows estimation of three-dimensional stresses [19].
Metal SLM differs from those conventional welding cases by the large number of passes made by a

highly focalized heat-source, to build up a generally very complex shape (such as highly optimized
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“bird skeleton” designs). A true steady-state welding condition is therefore not always achieved and it
can be anticipated that the inherent strain field in such a part is highly inhomogeneous. This has been
illustrated in the pure eigenstrain-approach reported in [21]. Generally eigenstrain is considered as a
permanent strain in a material developed due to phase transformation, thermal expansion, and plastic
deformation [22]. The eigenstrain theory accounts for the eigenstrain in material and calculates the
resulting residual stresses. In the present paper, the inherent strain is defined as the strain resulting from
the material-process combination in steady-state conditions, like in a classical metal weld at some
distance from the start and the end points. It represents the material-process combination at the weld-
pool scale. The term eigenstrain, on the other hand, is used in [21] for the more general mathematical
construct of Mura [22] and especially Korsunsky [23]. It allows application of a strain field to a
continuum to reproduce an arbitrary stress field.

Previous research [21] highlights the difficulty of reconstructing an eigenstrain field that can predict
both residual stress and part distortion in SLM. On the other hand, the inherent-strain-based method
greatly reduces the computational effort compared to even weakly-coupled thermo-mechanical
simulations, hence the choice of the inherent-strain-based method for the present work. A constant
inherent strain was assumed, and application was done layer-by-layer. This approach has also been
called the “mechanical layer equivalent” [24] and was used in this study. Mechanical layer equivalent
approach (a numerical simulation approach) is based on the inherent strain concept and works on the
macroscopic level. It is assumed that each microscopic layer (or micro-weld) in the SLM additive
manufacturing undergoes similar thermo-mechanical conditions. This approach reduces the

computational time and therefore can be applied to large parts.

The contour method is an experimental residual stress measurement technique. Figure 1 shows the
working principle of the contour method. In this method a sample of interest is cut into two halves with
wire electro-discharge machining (WEDM). Owing to the residual stress in the sample the cut surface
distorts. The stress component being measured is the normal to the cut surface. The relaxed surface
profile of both cut surfaces is measured with a coordinate measuring machine (CMM). The captured
surface displacement data are then averaged, cleaned and smoothed. Then a three-dimensional finite-
element (FE) model of one of the cut surfaces is built, and the reverse of the measured contour is
applied to it as displacement boundary conditions. Finally a linear-elastic FE analysis is performed to
calculate the residual stress in the sample [25].

For the contour method the cutting operation is the first and most influential, as a number of errors can
be incorporated into the final results [26]. Wire EDM is the only method presently used for applying
the contour method. Other cutting techniques (e.g. water jet cutting, laser cutting, etc.) may not work
for the contour method owing localized surface deformation, re-cutting the already cut surface, or
greater surface roughness. Wire EDM machine low power settings tend to avoid a number of errors
arising from surface roughness and changes in the material properties. Wire EDM cutting artefacts
have an impact on the residual stress estimation, therefore where necessary a procedure for

determination and correction of the cutting artefacts should be carried out [27].
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Tensile | stress zone —_— —_— e

T Surface relaxation FE model of one Apply reverse of measured
Location of cut due to residual stress cut half displacements to FE model
to get stress
Fig. 1: Principle of residual stress measurement with contour method
In this paper the contour method was selected to estimate the residual stress along the SLM samples
build direction as well as to validate the results of the numerical simulation. The contour method was
applied to measure a single residual stress component along the build direction in titanium (Ti-6Al-4V)
and Inconel 718 samples which were fabricated by the selective laser melting (SLM) additive
manufacturing process. The titanium samples were of double cantilever geometry and had a distortion
from the manufacturing process (Figure 2a), whereas no significant visible distortion was seen for the
Inconel cubes (Figure 2c). One of the biggest advantages of the contour method is that it provides a full
through-thickness and two-dimensional residual stress map. It is not sensitive to material
microstructure as compared to diffraction techniques such as X-ray diffraction (XRD) and neutron
diffraction (ND). Also, the contour method is relatively easily accessible compared to neutron and
synchrotron XRD sources, which only have a few installations around the world.

2. Methodology

Two titanium (Ti-6Al-4V) and two Inconel 718 SLM additively manufactured samples were used in
this study. Figure 2 shows the samples used. The size of the Inconel cube was 20 x 20 x 20 mm? and
the dimensions of the titanium double-cantilever sample are shown in Figure 2(b). Note that in this case
the titanium coupons were scaled up to double the usual size in order to make it easier to perform an
accurate measurement. With the geometrical scale-up, however, the risk of cracking increases, and the
present coupons indeed cracked near the attachment to the baseplate, at or very near the end of the
printing. The cantilever-type samples have been used in powder-based additive manufacturing to study
the distortion associated with the process [9], as they result in significant distortion which is easy to
measure.

A number of titanium cantilever samples were built on machines from different vendors using their
proprietary and optimized build parameters. The part-to-part variability in distortion was measured by
making builds with multiple cantilevers spread throughout the build volume. The build-to-build
variability in distortion was measured by including one such cantilever in seven different production
builds. The distortion was found to be always within £5% of the average of the total population. This
result will of course depend on the stability of the user-controlled build parameters. The residual stress
measurements were done on only a few of the cantilevers, and were assumed to be fully representative
of the entire population. The optimized SLM process parameters for the titanium cantilevers were then
also used for the Inconel cubes.

The SLM printing parameters which were same for both titanium and Inconel samples are as follows:

e 30 um layer thickness
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e Three contour passes in each layer

e Stripe scanning for infill, stripe width 5 mm

e  67° layer-to-layer rotation
The laser power and speed were adjusted to achieve a stable process. No further changes to the process
parameters were made during the build process. The main focus of the study was to predict and
measure residual stress after the stable build and therefore the effect of the individual process
parameters was not considered. The additive layers build-up direction for the titanium cantilever

sample is also shown in Figure 2(a).

Layers build-up direction

(b)
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A

()

Fig. 2: Additively manufactured samples (a) Titanium (Ti-6Al-4V) cantilever sample; (b)
Dimensions of titanium (Ti-6Al-4V) cantilever sample (all dimensions are in mm), and (c) Inconel
718 sample

A number of cutting trials were carried out to select the wire EDM machining parameters before
undertaking the contour method cutting of the titanium (Ti-6AI-4V) cantilever samples. For this
purpose small cubes of 20 mm size were used, which were made with similar material and
manufacturing process. The main aspects investigated for optimization in the cutting trials were the
surface roughness and cut surface profile. The samples were cut on a Fanuc Robocut a-C600i wire
electric discharge machine with a 0.25-mm-diameter brass wire: a 0.1-mm-diameter brass wire was
also trialed however it resulted in wire breakage during the cut. A small diameter wire removes less
material and is therefore most suitable for thin parts. The samples were symmetrically clamped and
water injection nozzles from top and bottom sides of the samples were used to flush the removed
material. The contour cut location for the stress component of interest (i.e., along the build direction) of
the titanium cantilever sample is shown in Figure 2(a).

The surface displacement profiles of the cut halves of the samples were measured with a Zeiss Contura
g2 coordinate measuring machine (CMM) by using a 3-mm-diameter touch probe. The distance
between the measurement points as well as from the sample perimeter was set as 0.25 mm. The
measurements were carried out in a temperature-controlled room. The displacement data from the cut
surfaces of the samples were processed with Matlab data analysis routines for alignment, averaging,
cleaning, flattening and smoothing [28]. For data smoothing a cubic spline with a knot spacing of 4 mm
was used. For finite element (FE) analysis the geometry of one cut half of the sample was modelled.
An 8-node brick element in Abaqus software with a non-uniform mesh was used. The FE mesh
converges to a distance of 0.1 mm between adjacent nodes at the sample edges, and in the center region
of the samples this distance was about 0.5 mm. A linear-elastic FE analysis was performed. The
following material properties were used:

Modulus of elasticity E = 105 GPa, Poisson’s ratio v = 0.342
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The minimum material mechanical properties for the SLM Ti-6Al-4V are experimentally determined
by the Airbus and are as: Modulus of elasticity E = 105 GPa, Yield strength = 1020 MPa, Ultimate
tensile strength = 1150 MPa

The contour cut location for the Inconel 718 sample is shown in Figure 2(c). Both samples were cut
with a 0.25-mm-diameter brass wire. The measurement setup and procedure for the Inconel samples
was similar to the titanium cantilever samples. In this case for the finite element (FE) analysis a
uniform mesh on the cut surface was used with a distance of 0.2 mm between adjacent FE nodes. The
following material properties were used:

Modulus of elasticity E = 200 GPa, Poisson’s ratio v = 0.278

For numerical simulation the mechanical layer equivalent approach was used for both sample types
(i.e. titanium Ti-6Al-4V & Inconel 718), by adding layers of finite elements one by one with the
*Model Change keyword in the commercial finite element solver Abaqus. Hexahedral meshes with
linear reduced integration elements of 0.25 x 0.25 x 0.25 mm? size were used. The nodes of the faces
on the baseplate were completely constrained during the build simulation: U1 =U2=U3=0. To
simulate the cutting of the coupon from the baseplate, an analysis step was added in which these
boundary conditions were changed to purely isostatic. The inherent strain was applied directly to the
integration points of the elements being added, using Abaqus’ UEXPAN interface. All elements, either
already added or being added in the current time step, were given the same elastic-plastic material

properties.

3. Results

The surface displacement profile (for the measured stress component) of the titanium (Ti-6Al-4V)
cantilever sample is shown in Figure 3. The data shown are the averaged data of the two cut halves and

gives a sufficiently smooth relaxed surface profile.
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10.02
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-0.02
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-0.03

-0.05

Fig. 3: [sometric view of surface displacement profile of titanium (Ti-6Al-4V) cantilever sample
The contour stress maps for the two titanium cantilever samples are shown in Figure 4. Tensile residual
stress in the sample build-up direction (i.e. from one layer upward to the next) and at its mid height is
seen along the edges of the samples. Comparative to other locations in the sample high tensile residual
stresses are seen along line 1 (as per Figure 6). The locations of the samples that gave highest tensile
residual stress are shown in Figure 5 and these locations are around the start and end locations of the
line 1 (as per Figure 6). The high tensile residual stresses along line 1 may pertain to SLM printing
sequence (i.e. start of printing). The compressive residual stress mainly occupied the center region of
the samples. A similar trend of the stress profile was seen for both samples. Samples no.1 & 2 showed
the following maximum stress values:

Sample no.1: Tensile residual stress = 905 MPa, Compressive residual stress = —335 MPa

Sample no.2: Tensile residual stress = 920 MPa, Compressive residual stress = —-334 MPa.

Comparatively a slight variation in stress magnitude is also seen along the edges of these two samples.
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Fig. 4: Comparison of contour stress maps of titanium (Ti-6Al-4V) cantilever samples (a) No. 1,

and (b) No. 2
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Locations of highest

tensile residual stress

Fig. 5: Locations of highest tensile residual stress seen in titanium (Ti-6Al-4V) cantilever samples
Figure 7 shows the comparison of the stress line profiles for the two titanium samples along lines 2, 3,
5 & 6 (as per Figure 6). The stress line profiles along the center and diagonal of the samples showed
little variation in the stress distribution and magnitude. Nearly identical stress profiles for both samples
shows excellent repeatability for the contour method results at these particular locations.

For a more detailed presentation of the stress distribution in the sample, a number of lines/locations are

identified for the extraction of line plots as shown in Figure 6.

Iy £l

3 5 4

X

Mate: Lines 1 & 4 are along sample perimeter 1

Fig. 6: Locations and directions of stress line profiles for both titanium (Ti-6Al-4V) and Inconel

718 samples
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Fig. 7: Stress profiles for two titanium (Ti-6Al-4V) samples along (a) Lines 2 & 3, and (b) Lines 5
&6

The surface displacement profile of the Inconel 718 sample is shown in Figure 8. The displacement

data plotted are the averaged data from the two cut halves of the sample.
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Fig. 8: [sometric view of surface displacement profile of Inconel 718 sample

The contour stress maps for the Inconel 718 samples no. 1 & 2 are shown in Figure 9. Tensile residual
stress in the build-up direction for these samples was also seen along the edges of the samples. The
residual stress distribution in the Inconel samples is similar to the titanium cantilever samples (as noted
earlier). Compressive residual stresses were present at the center region of the samples. Both samples
showed similar stress distribution with small variation in the stress magnitude.

The samples no.1 & 2 showed the following peak residual stress values:

Sample no.1: Tensile residual stress = 805 MPa, Compressive residual stress = -434 MPa

Sample no.2: Tensile residual stress = 837 MPa, Compressive residual stress = -459 MPa.

S, S33
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(a)
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Fig. 9: Comparison of contour stress maps of Inconel 718 samples (a) No. 1, and (b) No. 2

The slight variation between stress magnitudes in the Inconel samples particularly at the near surface
locations, other than fluctuations in the additive manufacturing process parameters, may pertain to
errors arising from the wire EDM cutting, CMM measurement, and data smoothing [25].

The line profiles of residual stress for the Inconel samples are compared in Figure 10. Figure 10(a)
gives the variation of stress along the center locations (i.e. along lines 2 & 3 as per figure 6) of the
samples, and Figure 10(b) shows the stress line profiles along the diagonals (i.e. along lines 5 & 6 as

per figure 6) of the samples. Only a slight variation in the stress profile along these lines can be seen.
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Fig. 10: Stress profiles for the Inconel 718 samples along (a) Lines 2 & 3, and (b) Lines 5 & 6
Residual stresses predicted by the simulation for the titanium (Ti-6Al-4V) cantilever coupon, and for
the stress component of interest at the mid build height is shown in Figure 11. The scale for Figure 11
is adjusted with respect to the contour method stress results shown in Figure 4. Tensile residual stresses
were seen at and near the surface of the square block. Compressive residual stresses were present
below and around the center of the square block surface. The square block corners showed lower

tensile residual stress compared to the center region of the edges.
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Fig. 11: Predicted residual stress in build-up direction of titanium (Ti-6Al-4V) cantilever, halfway
through the build height and with comparison to the contour method results (sample no. 2)

The residual stress prediction for the Inconel 718 is shown in Figure 12. The Inconel 718 coupon
showed tensile residual stresses at and near the outer surface, and compressive residual stresses below
the outer surface and in the center of the coupon. Similar to the titanium sample, the Inconel coupon
corners showed lower tensile residual stress in comparison to the center of the edges. However contrary

to the titanium coupon the depth of the tensile residual stress at the opposite edges stays the same.
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Fig. 12: Predicted residual stress in build-up direction of Inconel 718 cube, halfway through the

build height and with comparison with contour method results (sample no. 2)

4. Discussion

The titanium (Ti-6Al-4V) cantilever samples used in this study showed significant distortion following
fabrication. The contour method measurements were performed at the center of the square block region
in the sample. The shape of residual stress distribution was found to be identical in each titanium (Ti-
6AI-4V) and Inconel 718 sample, with little variation in stress magnitudes and depth of tensile residual
stress, although there was difference in the stresses between the two materials as a consequence of the
different properties. The titanium and Inconel samples showed the following maximum residual stress
values:

Titanium: Tensile residual stress = 920 MPa, Compressive residual stress = —335 MPa.

Inconel: Tensile residual stress = 837 MPa, Compressive residual stress = -459 MPa.

The contour method results showed highest magnitude of tensile residual stress at the corners of the
samples.

The titanium coupon partially detached from the baseplate due to cracking. Figure 13 shows the
cracking that occurred at or very near the end of printing. The high temperature gradient and
developed residual stresses can often lead to formation of cracks during SLM [29]. A similar
simulation approach was used for both titanium and Inconel coupons. However for the titanium coupon
additional simulation was done to account for the cracking, and this then showed a slightly different
stress distribution for the titanium coupon as compared to the Inconel.

High tensile residual stresses approaching 875 MPa have been reported in bridge-shaped Ti-6Al-4V
coupons manufactured with powder-bed fusion additive manufacturing [30]. The residual stress
associated with the SLM additive manufacturing of titanium (Ti-6Al-4V) has been previously found to
be close to the material yield strength, and the stresses were seen to be higher in the direction of

samples build-up [9].
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Fig. 13: Partial detachment of the titanium (Ti-6Al-4V) samples from the base plate

In these coupons, the highest tensile residual stresses occurred at the surface. Agreement between
predicted stress field and measurements is acceptable given the low computational cost: a simulation
based on the constant inherent strain takes little time to set up, is very robust with respect to
convergence and can be completed in minutes, depending on the implementation and hardware
available [20].

Line profiles of the residual stress obtained with numerical simulation and contour method for the
titanium (Ti-6Al-4V) coupon are compared in Figure 14. The line numbers are as per Figure 6. The
correlation between the experimental results from the contour method and the numerical simulation is
quite good (i.e., with respect to stress profile and magnitude) for the diagonal line no. 6. The stress
profile along line no. 3 also showed reasonably good correlation, however the near surface tensile
residual stress was not well-correlated. The contour method results showed highest magnitudes of the
tensile residual stress at the corners, whereas numerical simulation predicted it at the center of the
edges of the coupons. This situation is clearer from the stress along lines no. 1 & 4. From the stress
profiles for lines no. 2 & 3 it was found that the two opposite edges of the titanium coupon showed

greater depth of tensile residual stress, which is confirmed by both contour method and simulation.
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Fig. 14: Comparison of simulation and contour method stress profiles for the titanium (Ti-6Al-
4V) samples along (a) Lines 3 & 6, and (b) Lines 1, 2 & 4, for the lines defined in figure 6

Line profiles of residual stress for the Inconel 718 coupon are compared in Figure 15. The stress
profiles for lines no. 1 & 4 again showed that the contour method measured highest tensile residual
stress at the corners, while the numerical simulation predicted highest tensile residual stress at the
center of the edges. The simulation results showed that the magnitude and depth of the residual stress at
all four edges is identical, which slightly contradicts the contour method results. A satisfactory

correlation was achieved below the surface of the coupons from both approaches.
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Fig. 15: Comparison of simulation and contour method stress profiles for the Inconel 718
samples along (a) Lines 3 & 6, and (b) Lines 1, 2 & 4, for the lines defined in figure 6

The agreement between the residual stress measured with the contour method and predicted with the
numerical simulation approach is satisfactory for the stress component of interest. Obtaining an
accurate residual stress distribution near-surface with the contour method is challenging due to errors
arising from WEDM, CMM and the data smoothing. During the WEDM cutting the surfaces of the
sample at the locations of start & end of cutting as well as at EDM wire entry & exit locations are more

prone to errors [26]. These errors arise due to different material removal rate at those locations.
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Sacrificial layers have been used in the past around the perimeter of the cut surface to minimize the
magnitude of such errors [27]. Also the measurement of displacement profile of the cut surface near the
sample edges may not be accurate due to slippage of the measurement probe. A small diameter CMM
probe might be useful to avoid slippage to some extent near the sample edges.

The overall agreement between the results from numerical simulation and the contour method
measurements is interesting from an industrial point of view, given the low cost and low lead-time of

the numerical simulation based on the inherent strain.

5. Conclusions

In this study residual stresses were characterized in SLM additively manufactured titanium (Ti-6Al-
4V) and Inconel 718 coupons using a numerical simulation (inherent-strain-based method) and
experimentally with the contour method. It was found that high tensile residual stress is present near
the surface and along the edges of the samples. Compressive residual stress was seen at the center
region of the samples. A good correlation was achieved between the numerical predictions and the
contour method.

The key findings are summarized as below:

e SLM additive manufacturing developed high magnitude of tensile residual stress along the
build direction, at the outer surfaces of the titanium (Ti-6Al-4V) and Inconel 718 coupons.
Compressive residual stress was present at the center region of both alloys.

e The numerical simulation showed highest magnitude of tensile residual stress at the center of
the edges for both types of samples. The contour method measurements showed highest
tensile residual stresses at the corners of the both titanium and Inconel samples.

e A good correlation of residual stress was achieved between the numerical simulation and the
contour method. The correlation was particularly good below the surface (> 1 mm depth) of
the samples.

e  Additional simulation, was performed for the titanium coupon to account for the partial
detachment of sample from the base plate due to cracking that occurred at near or end of
printing the samples. This led to slight variation seen between the simulation results of the

titanium and Inconel coupons.
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