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Abstract

Metal additive manufacturing (AM) techniques are promising to build complex components
in automotive, aerospace and biomedical industries. However, as built AM parts generally
present residual stresses which may degrade the fatigue resistance of the material. Although
the AM techniques have been substantially studied, few data about the residual stress level
and distribution are available in literature. This paper presents residual stress measurements
and analysis on the metal powder bed AM parts using the crack compliance method. Both
electron beam melting (EBM) and selective laser melting (SLM) processes are investigated for
two manufactured alloys, i.e., Ti6Al4V and AlSi10Mg. It is found that: (i) the EBM process
results in negligible residual stresses; (i) the SLM leads to compressive stresses in the middle,
accompanied by tensile stresses at the bottom and the top of the built part; (iii) preheating the
build platform in the SLM process significantly reduces the residual stresses and effectively
mitigates the porosity. Moreover, we show that post-treatment by friction stir processing inverts
the residual stress distribution compared to the SLM process while significantly reducing the
porosity.

Keywords: Residual stresses, electron beam melting, selective laser melting, crack compliance

method, friction stir processing

1. Introduction

Metal powder bed additive manufacturing (AM) offers the possibility of building complex

geometry structural components which cannot be achieved by conventional machining methods.

*corresponding author: Ivzhao@hust.edu.cn
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It thus attracts substantial attention from both the scientific community [1, 2] and engineering
field such as automotive, aerospace and biomedical industries. Among the powder bed AM
processes, selective laser melting (SLM) is still dominating [3, 4], while electron beam melting
(EBM) is developing rapidly since it has potential to improve the productivity compared to
SLM [5].

In addition to the advantages related to part geometry, the AM techniques also allow pro-
ducing high strength materials with tensile strengths larger than their counterparts fabricated
by traditional methods, such as casting and conventional powder metallurgy [3]. However, the
production of metal AM parts for high demanding applications still faces challenges in terms of
fatigue resistance. Indeed, the AM process generally leads to defects such as microstructure in-
homogeneity [6], porosity [7, 8] and surface roughness [9, 10]; these defects are deleterious for
material ductility and fatigue life. Moreover, during the layer by layer construction of the AM
part, material experiences repeated thermal cycles which consist of rapid heating and cooling,
leading to residual stresses (RS) [11]. It has been shown that tensile RS may reduce the fatigue
life [12] and the fracture toughness [13], alter the fatigue crack growth rate [14] and eventually
cause distortion or cracking of the manufactured part [15, 16], which degrade the accuracy or
the integrity of the designed geometry.

As the heat history evolves in the building direction during the manufacturing, a non-
uniform RS distribution is expected. Moreover, the RS level might depend on the AM technique
(electron or laser beam based) as well as the metal to be manufactured (titanium, aluminum or
steel). To understand the impact of the RS on mechanical performance, it is necessary to deter-
mine the RS level and distribution in the built part. To avoid ambiguity, the RS descriptions in
both literature and the present work will follow the convention of coordinate system presented
in Fig. 1.

In literature, many numerical works have been devoted to investigate the RS nature, level
and distribution. In the framework of laser beam based AM processes, Matsumoto et al. [17]
studied the temperature and stress within a single solidified metallic layer on the powder bed
in selective laser melting (SLM) process. With two-dimensional (2D) finite element (FE) simu-
lations, the authors showed that a large tensile stress between the solidified neighboring tracks
would appear at the side end of the solid part, which may drive the in plane (xy plane) cracking
of the layer. A three-dimensional (3D) thermal FE model was proposed by Fu et al. [18], which

could capture the temperature gradient and thermal history in the multilayer buildup process
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Figure 1: Convention of coordinate system in additive manufactured part. The directions x, y, z denote the longi-

tudinal, transverse and building directions, respectively.

when simulating SLM Ti6Al4V. It was found that the temperature gradient in the depth direc-
tion (z direction) is much higher than that in width (y direction) and laser scanning (x direction)
directions which could result in anisotropic residual stresses. Indeed, a more recent work [19]
based on 2D thermomechanical simulations confirmed that the non-uniform temperature gradi-
ent led to anisotropic in plane (xy plane) residual stresses, i.e., the longitudinal component (o)
was larger than the transverse component (o ,,). Mukherjee et al. [20] proposed a 3D transient
heat transfer and fluid flow model and predicted the RS distribution in large scale simulations
(up to 16 mm in the building direction). The authors addressed the RS field in the whole mod-
elled part (including the build platform), and showed that the RS level was higher in materials
presenting a larger yield strength.

Regarding the electron beam based AM processes, numerical studies on electron beam melt-
ing (EBM) are still at a relatively early stage of development, compared to the SLM simula-
tions [21], due to the fact that more physical mechanisms are involved during the EBM while
less experimental data could be found in literature. Galati et al. [22] proposed a pure thermal
model to mimic the electron energy source and simulate the thermal events involved in the
EBM process. They recently implemented a fully coupled thermomechanical model and pre-
sented the thermal stress evolution as a function of time at a given point of a single track [23].
A similar investigation was documented by Vastola et al. [24] where they predicted the residual
stress distribution for single-track electron beam melting of Ti6Al4V. They revealed that the RS
level was highly dependent on the preheating temperature of the powder bed, each increase by
50°C resulting in a stress reduction by roughly 20% in the temperature range between 650°C

and 900°C.
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Concerning experimental studies, a variety of RS measurement techniques exist [25] and
have been used to measure the RS level and distribution in SLM or EBM processed alloys [4].
The measurements can be categorized as local and global assessments according to the length
scales, or as destructive and non-destructive according to whether they involve breaking the in-
tegrity of the sample or not. The typical local techniques are X-ray diffraction (XRD) and hole
drilling strain gauge method (HDM). XRD was used to measure RS in a variety of SLM metals,
for instance AISI 316L steel samples [26, 27], Ti6Al4V alloys [28, 29] or AlSi10Mg parts [30].
Although this technique could determine the local stress nature (tensile or compressive) and
capture the influence of process parameters on RS, it does not allow assessing the RS distribu-
tion in the bulk material, given that XRD is limited to subsurface level and requires a polished
surface. The hole drilling method (HDM) could overcome some of the above mentioned disad-
vantages. It allows conducting measurements at a deeper position from the surface and does not
necessitate surface finishing. Using the HDM, Ali et al. [31] studied the correlation between the
RS level and the scanning strategy for SLM Ti6Al4V; they showed that 90° alternating scan-
ning strategy and re-scanning could result in significant reduction in residual stresses. Knowles
et al. [15] showed that the HDM could be used to evaluate local RS on a complex geometry
SLM Ti6Al4V specimen. They found that the residual stresses could locally approach the yield
strength of the material. Moreover, the HDM can be used to assess the RS distribution in the
hole drilling direction, as performed by [32, 33]. Nevertheless, the spatial resolution would be
limited for the technique to be used for assessing large scale RS distribution in the building
direction or the scanning direction, since the holes should be spaced far apart from each other
to avoid interference.

Besides XRD and the HDM, another local approach, the instrumented indentation (II) tech-
nique, was used to assess the RS in both EBM Ti6Al4V and SLM Inconel 718 parts [34].
This technique shares however similar drawbacks with XRD and cannot be applied to mea-
sure RS distribution in bulk materials. When assessing a RS profile or field, more appropriate
approaches should be employed. In recent years, newly emerging methods for residual stress
measurement, such as digital image correlation (DIC) and laser ultrasonic technique, have been
used for AM parts. Bartlett et al. [35] used three-dimensional DIC curvature measurements to
monitor in situ in plane RS of SLM 316L steel. This technique is based on the intrinsic texture
and contrast on the printed parts, which are captured by two cameras and converted to surface

contours through 3D-DIC algorithms. It can be used generally in layer-by-layer deposition pro-
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cesses such as spray coating [36, 37] and metal AM. The surface contours can be translated into
stresses with an analytical model. The 3D-DIC is very appealing to assess instantaneous RS
distribution in the current top layer during the AM process, but it cannot ensure the validity of
measurements for previous building layers, since RS would be redistributed. Zhan et al. [38]
applied the laser ultrasonic (LU) technique to measure RS in laser AM Ti6Al4V. Although this
technique is capable of extracting a RS field, it is also limited to surface RS. Neutron diffraction
(ND) offers a possibility of measuring internal stresses in bulk materials. Sochalski-Kolbus et
al. [39] carried out neutron diffraction to measure RS in both EBM and SLLM Inconel 718. They
found that the maximum RS in the EBM sample was roughly 400 MPa lower than that in the
SLM sample. Furthermore, neutron diffraction was used to measure RS in an SLM thin-walled
structure made of Inconel 625 [40]. The authors revealed a stress (o ,,) distribution such that
the RS was low and compressive in the middle but high and tensile towards the two ends of the
SLM part.

When assessing RS distribution in a particular direction, simple and fast measurements can
be achieved by the crack compliance method (CCM) [41, 42] or the contour method (CM) [43].
Both techniques are based on the introduction of a crack which results in deformation or a
crack surface contour that can be measured and used to compute the residual stresses. Mercelis
and Kruth [11] proved the pertinence of assessing RS by CCM in SLM 316L steel. They
found similar stress profile in the building direction as highlighted by neutron diffraction [40].
Vrancken et al. [14] and Ahmad et al. [44] applied the CM to assess RS in SLM Ti6Al4V; a
similar conclusion was obtained in terms of stress profile.

From the above mentioned experimental works (summarized in Table 1), it can be seen
that there are fewer experimental data for the EBM process compared to the SLM process.
Despite numerous local assessments, the overall RS distribution in SLM parts was however in-
sufficiently revealed. In particular, the effect of preheating the SLM build platform was rarely
documented in literature. Moreover, to mitigate the intrinsic drawbacks related to the metal ad-
ditive manufacturing process, such as residual stresses and porosity, it is necessary to perform
post-treatments on the as built parts, prior to industrial applications. Heat treatment has been
recommended as a systematic post-treatment process by SLM machine manufacturer [46, 47],
as it dramatically enhances material ductility [45, 48, 49]. In contrast to heat treatment reliev-
ing residual stresses [45], thermomechanical post-treatments may alter the RS distribution in the

AM part, which remains to be clarified. For example, friction stir processing (FSP) has been
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Table 1: Summary of residual stress measurements of SLM and EBM parts in literature. XRD (X-ray diffraction),

HDM (hole drilling method), II (instrumented indentation), DIC (digital image correlation), LU (laser ultrasonic),

ND (neutron diffraction), CCM (crack compliance method), CM (contour method).

AM  Point measurement Field or line measurement
(method / material) (method / material)

SLM XRD/316L [26, 27]/Ti6Al4V [12, 29]; DIC/316L [35]; LU/Ti6Al4V [38];
XRD/AISi10Mg [30, 45]; II/IN718 [34]  ND/IN625 [40]/IN718 [39];
HDM/Ti6Al4V [15, 31]/AISi10Mg [33] CM/Ti6Al4V [14, 44]/INT18 [44]
HDM/AISI Marage 300 steel [32] CCM/316L [11];

EBM XRD/Ti6Al4V [28]; ND/Ti6Al4V [7]; ND/IN718 [39]

II/Ti6Al4V [34]

shown to significantly improve microstructure [50], enhance tensile [6, 51] and fatigue [8] per-
formance of SLM Ti or Al alloys, and eventually process AM metal based composites [52], but
its impact on the RS should however be assessed to fully evaluate this post-treatment method.
To compare the residual stresses for parts produced by different metal additive manufacturing
techniques and post-processed by FSP, the present work deals with RS measurements in as built
EBM Ti6Al4V, SLM Ti6Al14V, SLM AlSi10Mg and post-treated AlSi10Mg samples, using the
crack compliance method. The CCM is chosen due to its simple implementation and capacity of
assessing RS distribution throughout the whole sample. Our study is focused on the in plane RS
(0., 1n particular) level which has been found to be generally larger than the normal (building

direction) RS level in both simulations [53, 54] and experimental measurements [29, 40].

2. Crack compliance method

2.1. Theory of the method

The crack compliance method (CCM) is dedicated to measure internal residual stresses
within a bulk material. It is based on the measurement of deformation of the part when internal
residual stresses are relieved by an artificially introduced crack [42], see Fig. 2. This method
allows evaluating the RS distribution along the crack line, under the assumption that the stress
is uniform throughout the sample thickness (for instance the direction perpendicular to the xy

plane in Fig. 2).
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The principle of the CCM is presented in Fig. 2. The uncracked and undeformed sample
with residual stresses o ,,(x) can be equivalent to the deformed part due to crack introduction
(by cut) plus a stress field applied to the crack face to force it returning to its undeformed shape.
When the cut width is small compared to its length, the cut can be considered as a perfect crack
so the analytical equations of the linear elastic fracture mechanics can be used to establish the
relation between the residual stress and the strain at the measurement point M. In the framework
of CCM for RS measurement, as the crack length is known, the measured strain can thus be used

to calculate the load (residual stress).

X Vo \2 $
I
a : a
4
: =ly
= ! + ! !
I ! !
! : !
| : |
M : |
Uncracked and Part deformed Stress applied to face of
undeformed body with due to crack crack to force returning
residual stresses introduction to original shape

Figure 2: Schematic drawing replotted from [42] to present the principle of the CCM. M refers to the measurement

point.

Practically, the relation between the measured strain and the residual stress is built through
the stress intensity factor (SIF). According to [55], the SIF at the incrementally extended crack

tip can be expressed as a function of strain change:

E’ dSM
Z(a) da

Where E’ stands for the generalized Young’s modulus (i.e., E’ = E for plane stress condition

Klrs(a) = (1)

and E’ = E/(1-v?) for plane strain condition); Z (a) is the so called influence function which
only depends on the sample geometry, the crack plane and the location of the measurement
point regardless of the residual stress distribution; £, denotes the strain measured by the strain
gage (The subscript M represents the measurement point). The determination of Z(a) for a

rectangular sample with the strain gauge located at the rear surface is given in [41]:

—2.532

(W - a)>

Z(a) = \/ - 25( ~ 0.22[5:926(02 - 72)" - 0.288(0.2 = =) + 1] @)
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On the other hand, the SIF can be expressed as a function of the residual stresses [55]:

Kirs(a) = f i h(x,a)o(x)dx 4
0

Where h(x, a) is the weight function as introduced by [56]; o,,(x) denotes the residual stress
along the crack plane and can be considered as the load to force the crack closure so that the
sample returns to its uncracked shape. The weight function only depends on the geometry
(including the crack length) of the sample. It can be found in literature for various cases [41,
42, 55]. According to Wu et al. [57], the weight function proposed by Wu and Carlsson [58]
provides an accurate approximation of the SIF for a very large range of crack length (0 < a/W <

0.9). The expression of the weight function given by Wu and Carlsson [58] reads:

! =
e = = Zﬂ(a) (1-2) (5)

The parameters g; (i =1,2,3,4,5) are function of normalized crack length (¢ = a/W). Based

on the work of Ribeiro and Hill [59], the parameters S; are fitted and presented below:

Bi(a) = 2.0

Bo(a) = 5)3 > (9.616° = 57.57&° + 103.12¢* — 93.58£7 + 39> — 0.53¢ + 0.96)

Bs(a) = f)’ B (102 32¢° —218.518° + 180.72&% — 58.65&° + 14.09£2 — 2.93¢ + 1.16) (6)
Baa) = 6)3 B ( 139.42£° + 304.94&° — 262.76&* + 100.3&° — 17.84&8 + 1.76¢€ — 0.37)
Bs(a) = (51 25¢5 — 113.6£° + 100.08£* — 40.66&° + 7.49¢% — 0.26¢ — 0.08)

5)3/2
From the experimentally determined K;,;(a) with measured deformation, it is possible to
calculate the initial residual stress distribution, o,,(x), by inversion of Eq. 4, as will be presented

in the following section.
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2.2. Computation procedure

The computation of residual stresses is stepwise as the crack extension is incremental. The
deformation for every crack extension Aa is recorded. After calculating the stress intensity
factor with Eq. 1, the residual stresses o, can be calculated using Eq. 4. For the first cut
increment (i.e., the range 0 < x < a;), the stress level, denoted by oy, can be easily calculated

from the well known relation between the SIF and the stress for a short edge crack [60]:

Klrs(al)

T 112vra

Then, it is possible to compute o, corresponding to the crack extension from a; to a, (a; =

(7

g1

a; + Aa):
1 a2
Kirs(a2) = 0y f h(x, ay)dx + 0 f h(x,ay)dx ()
0 ajp
Therefore, the average stress o-; in the range a;; < x < a; can be obtained by the following
equation:
a i-1 aj ai
K s(a;) = o f h(x,a)dx + Z O'jf h(x,a)dx + O','f h(x,a;)dx 9
0 =2 aj-1 a;-

Using Egs. 7 and 9, the residual stress o-; versus the cut depth a; can therefore be computed.

3. Materials and experiments

3.1. Material manufacturing

3.1.1. Electron beam melting Ti6AI4V

The manufacturing of the EBM Ti6Al4V samples was conducted with the Arcam A2 EBM
machine. The build platform, provided by the machine manufacturer, is made of stainless steel
and has a dimension of 210x210x10 mm. The samples were rectangular plates with a di-
mension of 150 mm X 35 mm X 5 mm. 35 mm corresponds to the dimension in the building
direction. Two samples were manufactured with the standard parameters optimized for the layer
thickness of 50 um: a focus offset (FO) of 3 mA, a speed function (SF) of 98. Note that the
FO denotes the current used by the focusing coils to focus the electron beam, the SF controls

the beam speed as a function of the current so that a constant melt depth is maintained. The
9
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powder was heated up to 850°C for each layer before being melted by the electron beam. Dur-
ing the hatching, the electron beam moves parallel to the principal directions of the machine
(x" or y’), and rotates 90° between layers. The samples built with the standard parameters are
oriented 45° with respect to the principal axes of the beam scanning (machine coordinate sys-
tem (x’,y’,7’) in Fig. 3) so that the scanning length is the same after the rotation of 90°of the
electron beam. To evaluate the effect of the parameters on the residual stresses, the FO and SF
were changed for two additional samples. Note that the change of FO will change the spot size,
thus the energy density of the electron beam, while the variation of SF will alter the melt pool
depth [21].

The four samples, two built with standard parameters and two with modified parameters,
were made in the same batch: two samples with standard parameters (the same used by de
Formanoir et al. [61], FO = 3 mA, SF = 98, layer thickness = 50 um, line offset = 100 wm),
named as EBM-Ti-STD1 and EBM-Ti-STD2; one sample with modified speed function (FO =
3 mA and SF = 60), referred to as EBM-Ti-FOO03-SF60; one sample with modified focus offset
(FO = 14 mA and SF = 98), named EBM-Ti-FO14-SF98.

1.
z' X'

Figure 3: Orientations of the EBM parts on the hatching pattern, with the electron beam moving along the principal
directions (x’ and y’ axes). The built sample is oriented 45° with respect to principal axes. The red straight arrows
denote the scanning direction of the electron beam, the blue curved arrows indicate that the electron beam rotates
90° between layers. The coordinate systems (', y’, z’) and (x, y, z) are associated to the EBM machine and the built

samples respectively.

3.1.2. Selective laser melting Ti6Al4V and AlSilOMg

Two different SLM materials, Ti6Al4V and AlSi10Mg, were studied. Both were manufac-
tured with an EOS M290 machine with the machine manufacturer suggested parameters. The
build platform has a dimension of 252x252x25 mm. It is made of Ti6Al4V alloy and EN AW
5083 aluminium alloy for the production of Ti6Al4V and AlSi10Mg samples, respectively. The

processing started with building a reticulated support and then continued with the desired part
10
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(see Supplementary material, section 1). All the SLM samples share the same geometry with the
EBM samples. The SLM Ti6Al4V samples were built with the "Ti64_Performance M291 1.10”
parameters delivered by the machine manufacturer EOS [47], which sets the layer thickness to
30 um. A rotation of 67° was conducted between layers, see Fig. 4. The build platform temper-
ature was 35°C. The Ti6Al4V sample was named SLM-Ti-35C. The SLM AlISi10Mg samples
were built with the EOS parameters ”AlSi10Mg_Speed 1.0” [46] and ”AlSi10Mg_200C” [62]
(with layer thickness equal to 30 pm and scan rotation equal to 67°for both), which set the
build platform temperature to 35°C and 200°C, respectively. The two different temperatures
will allow to evaluate the effect of preheating on the RS level. The corresponding samples were

named SLM-AI-35C and SLM-AI-200C, respectively.

Lo AN

Rotation of 67° Rotation of 67°

———— i

Rotation of 67°

Figure 4: Orientations of the SLM parts with respect to the hatching pattern, with the laser beam rotating 67° be-
tween layers, as indicated by the blue curved arrows. The red straight arrows denote the scanning direction of the
laser beam. Note that the schematic just shows the rotation of the scanning direction between layers, the angle of

67° does not allow full hatching repetition.

3.1.3. Friction stir processing of SLM AlSi10Mg

To assess the residual stresses generated by FSP, as this post-treatment has been proven
to highly enhance fatigue life of SLM AlSil10Mg alloy [8], two SLM-AI-200C plates were
friction stir processed (FSPed) nearly throughout the thickness. FSP was conducted with a
conventional milling machine. The backing plate and the clamping system were installed in a
tank containing cutting oil, which allows increasing the cooling rate. The used FSP tool was
composed of a scrolled shoulder of 20 mm in diameter and a pin of 6 mm in diameter and 4.6
mm in length. One single FSP pass was performed in the center of the sample with a rotational
speed of 1000 rpm and a traverse speed of 500 mm/min. The FSPed samples are referred to as

SLM-AI-200C-FSP.
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3.1.4. Chemical composition

The chemical compositions of the built samples were measured by the inductively coupled
plasma optical emission spectroscopy (ICP-OES) technique and are given in Table 2 and 3. The
chemical compositions are consistent between the EBM-Ti and the SLM-Ti-35C samples, as

well as between the SLM-AI-35C and the SLM-AI-200C samples.

Table 2: Chemical composition in wt.% of the EBM-Ti and SLM-Ti-35C samples.

Ti Al A% Fe

EBM-Ti Bal. 587 397 0.20
SLM-Ti-35C  Bal. 596 405 0.17

Table 3: Chemical composition in wt.% of the SLM-AI1-35C and SLM-AI-200C samples.

Al Si Mg Fe
SLM-AI-35C Bal. 968 043 0.13
SLM-AI-200C  Bal. 9.60 043 0.14

3.2. Mechanical strength characterization

Before assessing the residual stresses of the above mentioned materials, uniaxial tensile tests
were performed to characterize their mechanical strength and to evaluate the relative residual
stress levels. For the EBM Ti6Al4V alloy, only the samples built with the standard parameters
were tested for mechanical performance, given that the variation in focus offset and speed func-
tion does not remarkably affect the mechanical strength [61]. Horizontally oriented (with regard
to the SLM building platform) round tensile specimens were extracted by machining from the
as built plates and from the FSP center zone. The locations where the tensile specimens were
cut from the samples are illustrated in Supplementary Fig. 2. The tests were carried out with
a Zwick tensile machine, using a gauge length of 25 mm and a loading rate of 1 mm/min. At

least two samples were tested for each material to ensure the reproducibility of the tests.
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3.3. Residual stress measurements

Prior to performing the residual stress measurements, the built plates were detached from
the build platform. Two additional SLM-AI-200C samples were friction stir processed. The
strain gauge was glued at the center of the rear surface for all the samples. The top surface
was selected as the rear plane (see Fig. 5) as the bottom surface was too rough and could have
caused distortion of the strain gauge. The attachment of the gauge is depicted in supplementary
material, section 3. Correspondingly, the cutting was planned to start from the center of the
bottom surface and was maintained perpendicular to the rear surface. The bottom-to-top profile
of the residual stresses in the x axis (o) was thus measured. Note that the x axis is consistent

in all the figures of the present work.

(a) Strain gauge

1

X

I
I
I
I
I
|
: 35 mm
I
I
I
I
I
I
I
I

'Building direction Cutting path

150 mm

(b) Strain gauge

FSP direction ——>

T |
\@\ KKC\\\K\C\\K\\(C\g\Q N

Building direction utting path |

150 mm

Figure 5: Sketch of the CCM sample incorporating the strain gauge as well as the pre-defined cutting path. As
built AM samples (a), FSPed samples (b). AS and RS in (b) denote the advancing side and retreating side of FSP,

respectively.

Electron discharge machining (EDM, Agie Charmilles Cut 20P) was used to extend the
crack step by step. The wire diameter was around 250 pm, and the induced crack width was
around 400 pum. As presented in Fig. 6, the sample was mounted at one edge in the machine
clamping system, using a single screw, to avoid any constraint against the deformation generated
by the RS relief. The crack extension was incremental, the wire advanced 1 mm for each step
for all the as built samples. However, a refinement of cut, i.e., a step of 0.5 mm, was performed

in the FSP stir zone (from 8 mm to 27 mm), since it has been shown that this region could
13
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exhibit complex RS distribution [63, 64, 65]. Every subsequent cut was launched when the
strain gauge signal became stable after the previous extension. The final crack length was 33

mm; the crack tip was thus 2 mm away from the attached strain gauge.

Figure 6: Mounting of the sample in the EDM machine.

4. Results

4.1. Mechanical strength

The engineering tensile curves are presented in Fig. 7. The yield strengths of the EBM-Ti-
STD and the SLM-Ti-35C samples are 1020+7 MPa and 1150+12 MPa, respectively. The SLM
process imparts higher strength but lower ductility compared to the EBM process (see Fig. 7a).
Regarding the SLM AlSi10Mg alloy, the SLM-AI-35C, SLM-AI-200C and SLM-AI-200C-FSP
present a yield strength of 287+2 MPa, 200+2 MPa and 189+3 MPa, respectively. Interestingly,
it is found that the preheating of build platform leads to both lower strength and ductility (see
Fig. 7b). The FSP post-treatment brings about a significant increase in ductility, accompanied
by a slight decrease in strength.

Note that the tensile tests probe the material properties in the same direction as the residual
stresses (the x direction in Fig. 5). The mechanical strength of the sample can thus serve as a

reference for the residual stress level.

4.2. Residual stress distribution
The residual stress measurements covered the as built EBM Ti6Al4V, SLM Ti6Al4V, SLM
AlSi10Mg and post-treated AISi10Mg samples. The results allow to assess the effect of the AM

process, the material properties, the preheating as well as the post-treatment on the RS level and
14
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Figure 7: Tensile curves of the studied materials. (a) EBM-Ti-STD and SLM-Ti-35C samples, the elongation
to fracture is 0.13+0.009 and 0.07+0.003 for the EBM-Ti-STD and SLM-Ti-35C, respectively, (b) SLM-Al-
35C, SLM-AI1-200C and SLM-AI-200C-FSP samples, the elongation to fracture is 0.11+0.007, 0.095+0.004 and
0.18+0.01 for the SLM-AI-35C, SLM-AI-200C and SLM-AI-200C-FSP, respectively. Note that the tensile tests

were well reproducible and only one representative curve is presented for each material.

distribution. The data of measured strain versus cut depth for all the tested samples are provided
in supplementary material (see Supplementary material, section 4). It should be noted that only

the longitudinal residual stresses (o) are assessed.

4.2.1. EBM Ti6Al4V

The residual stress profiles of the EBM Ti6Al4V are presented in Fig. 8. It is noticeable that
the residual stresses are nearly negligible in all the measured samples. The very low RS level is
coherent with the relatively small strain values measured by the strain gauge (see Supplementary
Fig. 4). The change in the focus offset from 3 mA to 14 mA brings no impact on the RS. The

decrease in the speed function from 98 to 60 seems to increase slightly the RS at the top of the
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built part, however, the absolute RS level remains extremely low compared to the yield strength
of the EBM-Ti-STD sample which is 1020 MPa, as mentioned in section 4.1. Therefore, it can
be concluded that the EBM process results in nearly RS free Ti6Al4V alloy in the present work.

In literature, the residual stresses in EBM samples were mostly assessed by the X-ray
diffraction or neutron diffraction methods. Edwards et al. [28] revealed that the residual stresses
were nearly zero at the center of the top and bottom planes of the EBM Ti6Al4V samples.
Hrabe et al. [7] also showed that the RS level was very low (the RS values are in the same order
of magnitude as the standard error of 30 MPa) in EBM Ti6Al4V. Sochalski-Kolbus et al. [39]
evaluated the RS in Inconel 718 built by both EBM and SLM. They revealed that the maximum
RS in the EBM samples was 400 MPa lower than that in the SLM samples. Therefore, the

results in the present work are in line with previous studies.
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Figure 8: Residual stress profiles in the EBM Ti6Al4V manufactured with different focus offsets and speed func-

tions. The position of x=0 corresponds to the bottom surface of the built plate.

4.2.2. SLM Ti6Al4V

Regarding the SLM Ti6Al4V samples, the two measurements present an excellent repro-
ducibility. The built samples exhibit compressive stresses in the center region and tensile
stresses at the top and the bottom (see Fig. 9). Note that the zero crack extension corresponds to
the bottom surface of the sample. This RS profile is qualitatively coherent with the theoretical
prediction [11] as well as the measurement by the contour method [14] for the SLM process.
The maximum tensile stress is around 250 MPa and the maximum compressive stress is roughly
-200 MPa, or 22% and 17% of the yield strength, respectively. The RS profile is not strictly

symmetric along the building direction, as the valley of the profile is closer to the top plane of
16
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the sample. Moreover, it can be expected that the RS at the top plane would be higher than that
at the bottom plane if an extrapolation was done to extend the cut to 35 mm. This particular
distribution shape does not match perfectly well with the predicted one given by the simplified
theoretical model [11], which reveals a quasi symmetric RS distribution, with the valley of the
stress profile slightly shifting towards the bottom of the sample when adding more layers to the

part.
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Figure 9: Residual stress profiles in the SLM Ti6Al4V. The position of x=0 corresponds to the bottom surface of

the built plate.

Quantitatively, the tensile stresses at both the top and the bottom are close to what has been
obtained by the X-ray diffraction method (top: 200 MPa, bottom: 260 MPa) in a previous in-
vestigation [12]. However, the XRD data for the central region was not reported in literature.
Indeed, the crack compliance method used here allows easily assessing the stress evolution
throughout the building direction, which would require much heavier work with X-ray diffrac-

tion.

4.2.3. SLM AlSi1OMg

The residual stresses of the SLM AlSi10Mg with the two build platform temperatures are
plotted together in Fig. 10 to have a direct comparison. The good reproducibility also ensures
the reliability of the assessment for each condition. It can be noticed that the RS in the SLM-
AI-35C shares the distribution profile with the SLM-Ti-35C. The discrepancy lies on the fact
that the valley is more shifted towards the top part of the SLM-AI-35C sample. The maximum

tensile stress is around 50 MPa and the maximum compressive stress is approximately -41 MPa,
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Figure 10: Residual stress profiles in the SLM AlSil0Mg with build platform temperatures of 35°C and 200°C.

The position of x=0 corresponds to the bottom surface of the built plate.

Regarding the SLM AlSi10Mg manufactured with the build platform preheated to 200 °C,
the measured residual stresses are lower than 5 MPa, indicating that the preheating leads to
significant RS mitigation during the SLM process. The order of magnitude of the peak stress
level for both building conditions of the SLM AISi10Mg samples (35°C and 200°C) is in good
agreement with the measurements performed by X-ray diffraction: 40-80 MPa at the center of
the sample top surface for the build platform at room temperature [30]; around + 7 MPa in the

sample top plane for the build platform heated to 200 °C [45].

4.2.4. Effect of friction stir processing

Friction stir processing has been recently applied to AM parts as a post-treatment method,
leading to superior tensile properties [6] and fatigue performance [8]. From Fig. 10, it is known
that the SLM-AI-200C plate is nearly RS free before FSP. The residual stresses in the SLM-Al-
200C-FSP samples are thus completely generated by the post-treatment. Fig. 11 presents the
induced RS distribution after 1 FSP pass. The "M” shape, as typically seen in FSPed aluminum
samples [63, 64, 65], is observed: the FSP stir zone presents relatively low tensile stresses (<50
MPa); the tensile stresses increase towards the two sides of the sample and reach a maximum
(around 100 MPa) near the FSP tool shoulder edge; the residual stresses then decrease and
become compressive (-125 MPa) near the two edges of the FSPed sample. It should be noted

that if the sample had been wide enough, the residual stresses would have decreased to zero far
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Figure 11: Residual stress profiles in the FSPed SLM AlSi10Mg manufactured with build platform temperature of
200°C. The position of x=0 corresponds to the bottom surface of the built plate. AS and RS denote the advancing
side and retreating side of FSP, respectively. The shoulder and the pin of the FSP tool are represented to highlight

the RS distribution with respect to the FSP zone.

Considering the mechanical properties of the SLM-AI-200C, the maximum tensile residual
stress in the FSPed sample reaches approximately 50% of the yield strength of the base material.
This ratio falls well in the range between 42% and 53% measured in the friction stir welded
Al6082-T6 alloy (with various process parameters) presenting a similar yield strength (241
MPa) [65].

5. Discussion

As one of the key issues hindering the widespread application of the metal powder bed fu-
sion additive manufacturing parts, residual stresses have received extensive attention. Through
the crack compliance method, we provide here an overall estimation of the RS distribution
along the building direction of both the electron beam melting and the selective laser melting
processes, involving the two widely studied alloys in the AM community, i.e., Ti6Al4V and
AlSi110Mg. The obtained stress profiles and levels are in qualitative agreement with the theoret-
ical predictions and close to the reported values estimated by other measurement methods, as
summarised in Table 4. The good agreements therefore build a solid ground for discussion as
follows.

It is widely accepted that residual stresses are generated due to high cooling rate and strong
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Table 4: Comparison of residual stresses measured by the crack compliance method in the present work with
residual stresses measured by X-ray diffraction reported in literature. The measurements were all conducted on

samples removed from build platform.

Material Position RS value in this work Ref. RS value Reference
(MPa) (MPa)

EBM-Ti Bottom center 0.2 0 [28]

SLM-Ti-35C  Bottom center 220 260 [12]

SLM-AI-35C  Top center 50 40-80 [30]

SLM-AI-200C Top surface -5 +7 [45]

a. The preheating temperature of the EBM process was 700°C in [28];
b. The parameters used in [12]: laser power of 200 W, layer thickness of 50 um, scan rotation of 67°C;
c. The parameters used in [30]: laser power of 400 W, layer thickness of 50 pum, horizontal sequential pattern;

d. The preheating temperature of build platform of the SLM process was 200°C in [45].

thermal gradient during manufacturing [11, 66]. As presented in the schematic drawing in
Fig. 12, a steep thermal gradient is developed during the rapid heating, leading to much larger
thermal expansion at the upper layers; during the rapid cooling, the upper layers shrink very
fast due to thermal contraction, which will be inhibited by the underlying layers, thus inducing
longitudinal tensile stress in the current layer and longitudinal compressive stress below. With
the layer accumulation, the RS will be redistributed in a way that the compressive stresses are
generally present in the build platform, while the built part exhibits tensile stresses [11]. In
the present work, it is found that preheating significantly mitigates RS, regardless of preheating
every layer of powder (EBM-Ti, Fig. 8) or only the build platform (SLM-AI-200C, Fig. 10).
The RS mitigation is expected to result from reduction of cooling rate and thermal gradient due
to temperature increase of the underlying material. Post-fabrication heating can also reduce or
eliminate the residual stresses, aiming at improving the fatigue life, as practiced in previous
works [8, 67]. However, preheating the build platform also leads to accurate geometry [68]
which cannot be achieved by thermal post-treatments.

Although preheating grants negligible RS, the relatively smaller cooling rate leads to lower
tensile strength compared to the selective laser melting metal, as can be seen from comparison
between the EBM-Ti-STD and SLM-Ti-35C as well as between the SLM-AI-35C and SLM-
200C in the present work (see Fig. 7). The higher strength of the SLM Ti6Al4V has been
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Figure 12: Formation mechanism of residual stresses in metal additive manufacturing. The arrows indicate
the nature of thermal deformation (thermal expansion in the left schematic and thermal contraction in the right

schematic).

explained by the finer o’ martensite phase [69]. To understand the effect on preheating of build
platform in the SLM process, the microstructure has been characterized for the SLM-AI-35C
and SLM-AI-200C samples, as presented in Fig. 13. The preparation for the metallurgical
observations follows the same procedure of our former work [51], and the observations were
conducted with a scanning electron microscope (SEM). It can be noticed that the preheating
leads to a coarser microstructure, in the sense that the Si-rich eutectic network is thicker and the
precipitates in the a-Al cell are larger in the SLM-AI-200C compared to the SLM-AI-35C. Note
that the precipitates mainly contain Si for both build platform temperatures, as evidenced by
TEM characterization of materials built with the same SLM parameters [51, 70]. As discussed
by Zhao et al. [51] and Maconachie et al. [71], the failure of the as built SLM AlSi10Mg alloy
is mainly controlled by the fracture of the Si-rich eutectic network; when the brittle network is
coarser, it fractures earlier as observed in [71], resulting in lower ductility.

Moreover, preheating might also play a role on porosity level; note that EBM Ti6Al4V has
been shown to present lower porosity than SLM Ti6Al4V [69]. In order to assess the influ-
ence of preheating the SLM build platform and the FSP post-treatment on porosity level, X-ray
computed tomography has been carried out on the SLM-AI-35C, SLM-AI-200C and SLM-Al-
200C-FSP (FSP stir zone) samples (more details of the tomography study are given in section
5 of the supplementary material). A voxel size of 1.6 um was used to have a large scanned
volume so that big pores (more dangerous for fatigue life than small pores) are more likely
captured. The 3D visualization of porosity is presented in Fig. 14; the pores are found to be
larger in the SLM-AI-35C sample. It should be noted that no pores have been observed in the

SLM-AI-200C-FSP sample, confirming the capacity of eliminating porosity by FSP. After a size
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Figure 13: Microstructure observations (with SEM) of the SLM AlSi10Mg samples. Morphology of the Si network
in the SLM-AI-35C (a) and SLM-AI-200C (b), observation of fine precipitates in the a-Al cells of the SLM-Al1-35C
(c) and SLM-AI-200C (d).

thresholding that excludes objects smaller than 5 voxels, only pores larger than 3.4 pm (equiv-
alent diameter) are counted in the statistics. The pore volume fraction of the SLM-AIl-35C
sample (0.039%) is found to be larger than that of the SLM-AI-200C sample (0.016%). From
the pore size distribution (Fig. 15), it is also observed that there exist much bigger pores in
the SLM-AI-35C sample. Therefore, preheating turns out to be beneficial for porosity mitiga-
tion and presents potential to enhance fatigue resistance of SLM metals. It has been widely
recognized that porosity in AM part involves two main sources, gas trapping (porous powder,
moisture, vaporization) and lack of fusion (particle spattering, insufficient melting) [72, 73].
Preheating reduces the cooling rate, thus leading to higher temperature of the powder layer to
be melted at the ongoing laser scanning step. It can therefore be expected that the residual heat
from the previously built layers evaporates the remaining moisture, enhances the gas diffusion,
reduces the particle spattering via heat induced presintering [74, 75] and promotes the melting
of the current powder layer, thus leading to lower porosity. Extended investigations are needed
in the future to assess this point, using advanced in situ monitoring techniques, such as full-field
infrared (IR) thermography [76], 3D-DIC [77] and high-speed high-energy X-ray imaging [74].

When no preheating is involved in the SLM process, the Ti6Al4V sample is found to exhibit
higher RS level than the AlISi10Mg sample, though the distribution profiles are similar. This
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Figure 15: Cumulative pore size distribution (volume weighted) in the SLM-AI-35C and SLM-AI1-200C samples.
The voxel size is 1.6 um, the pore statistics are performed in a cube presenting an edge length of 2.24 mm for both

samples.

is in line with the theoretical analysis [11] which predicted larger residual stresses in materials
presenting higher mechanical strength. However, when normalizing the residual stress over
the yield strength, it is found that the relative RS level is close between the SLM-Ti-35C and
SLM-AI-35C: 22% vs. 17% for the maximum tensile RS and 17% vs. 14% for the maximum
compressive RS.

It should be noted that the residual stresses measured in the present work result from the
re-equilibrium of force and momentum after the sample removal from the build platform. Mer-

celis and Kruth [11] showed that the residual stresses could be one order of magnitude larger
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before sample removal. The removal involves thus a stress relaxation which can deform the
built part and degrade its geometrical accuracy. As presented in Fig. 16a-b, SLM samples gen-
erally present tensile residual stresses after being manufactured on the build platform, with the
platform constraint represented by a tensile and a bending load on the bottom plane of the sam-
ple (green arrows in Fig. 16a). The detachment of the part can thus be considered as acting a
reverse load on the bottom plane, which is translated into a uniform shrinkage (Fig. 16¢) and
a bending deformation (Fig. 16d) of the part. The combination of the initial tension, the uni-
form shrinkage and the bending leads to the final residual stress distribution in the detached part

(Fig. 16¢).
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Figure 16: Redistribution of residual stresses upon part removal from the build platform. Initial tensile stresses and
constraint from the build platform (a), initial tensile stress distribution (b), uniform shrinkage upon part removal
(c), bending deformation upon part removal (d), final residual stress distribution after part removal (e). The red

and blue arrows represent tensile and compressive stresses, respectively.

From the above analysis, it can be seen that the asymmetry of the measured RS profile (see
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Figs. 9 and 10) should result from the initial tensile stress distribution (Fig. 16b), which might
change with the build platform structure. It should be noted that the prediction in [11] was based
on a solid build platform, while in the present work, the SLM parts were built on a reticulated
support (see Supplementary Fig. 1). This difference might explain why the RS minimum peak
shifts to the top plane in the present measurements, while it is nearly in the center of the sample
in the prediction [11]. More work needs to be done in the future to investigate the effect of
adding reticulated support compared to building directly on the solid platform.

Regarding the FSP post-treatment of the SLM AlSi10Mg incorporating a 200°C preheating,
the residual stresses are even larger than that in the as built SLM AlSi10Mg without preheating.
FSP generates heat and leads to local temperature rise up to 80% of the melting point [78].
Residual stresses arise due to a relatively high cooling rate and strong thermal gradient. De-
spite the relatively high tensile residual stresses in the FSP stir zone, the porosity can be highly
reduced because of the intense plastic deformation, as reported by Santos Macias [8] and con-
firmed in the present work with the X-ray computed tomography measurement (no pores have
been observed in the FSP stir zone). Accordingly, FSPed SLM AlSi10Mg alloy has been shown
to exhibit much longer fatigue life compared to both the as built (without preheating) and the
stress relieve heat treated (SRHT) states [8]. This indicates that the porosity is expected to be
more dangerous than the relatively low residual stresses (20% of the yield strength) to fatigue
resistance in SLM metals. Indeed, the residual stresses would be partly released and redis-
tributed during machining of fatigue test specimens. However, the RS level, in particular for
specimens extracted from the center of the as built (compressive RS, Fig. 10) or FSPed (tensile
RS, Fig. 11) SLM plates, is more likely higher in the FSPed state than in the as built and SRHT
states. The quantification of RS in mechanical test specimens cannot be assessed by the CCM
method; X-ray diffraction or neutron diffraction would be supportive approaches to verify the

aforementioned conjecture and to measure the RS level in the prepared specimens.

6. Conclusions

In this paper, the crack compliance method is used to assess the in-plane (scanning plane)
residual stress distribution along the building direction in both the EBM and SLM samples.
The investigations cover two widely studied AM alloys for direct comparison, i.e., Ti6Al4V
and AISilOMg. The impact of preheating of SLM build platform on residual stress level is

evaluated. Moreover, the redistribution of residual stresses by friction stir processing is unveiled
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to further evaluate this post-treatment technique showing ability to suppress initial porosity. The
main findings are:

(1) The crack compliance method is an efficient and simple way to estimate the overall
residual stress distribution in simple geometry AM parts, results are highly reproducible;

(2) The residual stresses are found to be negligible in both the EBM and SLM samples
incorporating a preheating step, due to the mitigation of cooling rate and thermal gradient;

(3) The SLM samples excluding preheating step present tensile stresses at the top and the
bottom of the sample and compressive stresses in the center. The normalized RS levels in the
Ti6Al4V and AlSi10Mg are close and generally lower than 22% of the yield strength;

(4) The FSP post-treatment of SLM parts leads to the typical "M” shape residual stress dis-
tribution, the stress level being higher than that in the as built SLM samples without preheating.
The tensile residual stress level is however only 53% of the yield strength of the FSPed sample;

(5) The preheating of build platform appears to present a beneficial effect on porosity miti-
gation in the SLM process.

The results and conclusions reported here may be used to validate numerical simulations in
the additive manufacturing community. In particular, the present work would help to promote
our understanding of the decisive effect of the preheating on microstructure, residual stress,
porosity, as well as the corresponding mechanical strength, ductility and fatigue resistance.
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