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Abstract 
 
Synchrotron X-ray diffraction is a powerful non-destructive technique for the analysis of 
the material stress-state. High cooling rates and heterogeneous temperature distributions 
during additive manufacturing lead to high residual stresses. These high residual stresses 
play a crucial role in the ability to achieve complex geometries with accuracy since they 
can promote distortion of parts during manufacturing. Furthermore, residual stresses are 
critical for the mechanical performance of parts in terms of durability and safety.  
In the present study, Ti-6Al-4V bridge-like specimens were manufactured additively by 
selective laser melting (SLM) under different laser scanning speed conditions in order to 
compare the effect of process energy density on the residual stress state. Subsurface 
residual stress analysis was conducted by means of synchrotron X-ray diffraction in 
energy dispersive mode for three conditions: as-built on base plate, released from base 
plate, and after heat treatment on the base plate. The quantitative residual stress 
characterization shows a correlation with the qualitative bridge curvature method. 
Computed tomography (CT) was carried out to ensure that no stress relief took place 
owing to the presence of porosity. CT allows obtaining spatial and size pores distribution 
which helps in optimization of the SLM process. 
High tensile residual stresses were found at the lateral surface for samples in the as-built 
conditions. We observed that higher laser energy density during fabrication leads to lower 
residual stresses. Samples in released condition showed redistribution of the stresses due 
to distortion. 
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1.  Introduction 
 
Selective laser melting (SLM) is a powder-bed based additive manufacturing (AM) 
technique. It allows producing near-net shape structures with complex geometry. SLM is 
a multiple parameter process, and all of process parameters (e.g., laser power, powder 
layer thickness, laser scanning speed, and scanning strategy) may influence the resulting 
material properties. Also high residual stresses (RS) are known to develop during the 
SLM building process. They affect the mechanical behaviour of material, and may lead 
to shape distortion, detachment from support structures, and even crack formation. 
Previous studies show that thermal RS in SLM parts are primarily caused by two 
mechanisms: the temperature gradient, and the cool-down phase of the molten top layer 
(1). Also, the influence of the number of layers, the thickness of the layers, the geometry, 
and the scanning strategy for Ti-6Al-4V parts have been investigated (2, 3). Typically, 
the highest RS were reported along the scanning direction. Besides the optimisation of 
the SLM scan strategies (3), the most common approach to reduce RS of AM parts, before 
the separation from the baseplate, is a “stress relief heat treatment” (4).  
Currently in most of the cases, RS were determined by destructive methods (contour 
method (5), hole drilling (6)) or laboratory X-ray diffraction on surface (around 5 µm 
penetration) (2,7). The RS analysis by non-destructive evaluation methods, such us by 
neutron diffraction in bulk of material (8) and in subsurface region by synchrotron X-ray 
diffraction, is not well reported for SLM parts. 
In the present work, we investigated the RS in SLM bridge-shaped specimens as a 
function of the laser energy density introduced during manufacturing, to order to identify 
SLM processing parameter limits. Ti-6Al-4V samples in the form of bridges were used 
also to assess the parameters influencing the RS state and to guide the development of 
SLM processes (3, 9). The distortion of bridges, which occurred after their removal from 
the baseplates, was studied for a quick assessment of RS state. The computed tomography 
(CT) was employed to control the density of the part since the high porosity can have an 
influence on RS state. The synchrotron X-ray diffraction performed allowed us non-
destructive RS analysis in subsurface region of the sample (10). Furthermore, the use of 
synchrotron radiation allows the use of small gauge volumes, and thereby enables high 
spatial resolution in the subsurface region.  
 
2.  Experimental 
 
2.1 Materials 
 
Bridge-shaped specimens were produced under an argon atmosphere using a SLM 
Solutions 280HL machine with a single IPG fibre laser. The baseplate was heated to a 
fixed temperature of 200 °C during the SLM process. Plasma atomized (AP&C) Ti-6Al-
4V ELI grade 23 powder with a particle size of d90 < 50 μm, as determined by laser 
diffraction, was used for the SLM process. The bridge specimens had a length of 20 mm, 
a height of 8 mm, and a thickness of 10 mm (Fig. 1a). They were produced using different 
scanning velocities (Table 1), to systematically vary the energy density introduced by 
SLM. The volumetric energy density in SLM can be defined as 
 

 EV = Pv·h·x        (1) 
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where P is laser power, x is powder layer thickness, v is laser scanning velocity, h is hatch 
distance. 

For all samples, a set of two contours and one intermediate line were initially produced, 
before the sample bulk was processed. The contour parameters (100 W and 525 mm/s 
scan velocity) were fixed. A constant layer thickness of 30 μm and a chess-pattern scan 
strategy were used. The laser spot was focused exactly at surface of powder bed for all 
samples (Focus = 0 mm). All bridges were built directly on the baseplate. After SLM 
fabrication, selected samples were subjected to a stress relieving heat treatment at a 
temperature of 650 °C for 3 h under vacuum conditions.  
 

Table 1. SLM scanning parameters employed for the bridge specimen. 
Sample Laser Power, 

P (W) 
Hatch, h 
(mm) 

Velocity, v 
(mm/s) 

Focus, f 
(mm) 

Energy Density, Ev  
(J/mm3) 

A1 175 0.1 200 0 291.7 
A3 175 0.1 400 0 145.8 
A4 175 0.1 500 0 116.7 
A10 175 0.1 1100 0 53.0 

 
 
2.2 Methods 
 
The samples were characterized in three conditions: (i) as-built on the baseplate (BP); (ii) 
after stress relief heat treatment on the baseplate (TT); and (iii) directly released from the 
baseplate (R) without TT. Measurements were performed on the same sample before (BP) 
and after removal from the baseplate (R), while the heat treatment was performed on a 
sister sample. 
CT measurements were carried out on the samples A10 and A4 in released condition 
using a v|tome|x L 300 CT scanner from General Electric. During each scan, 2500 
projections were acquired. A tube voltage of 140 keV and a tube current of 80 µA were 
used during the scans with the acquisition time of 2 seconds for each projection. The 
voxel size of 13 µm was achieved. The data processing and visualisation was performed 
by using VGStudio 3.0 MAX (12). The 3D median filter with kernel 3 x 3 x 3 was used 
before data analysis. The porosity analysis tool in VGStudio was employed for the 
estimation of volume fraction of pores. To decrease the probability of false segmentation 
due to image noise, only voids with a minimum size of 10 voxels were considered. 
RS analysis was conducted at the synchrotron BESSY II (HZB, Berlin) on the EDDI 
(Energy Dispersive Diffraction) beamline (10). This beamline provides a white beam with 
an energy range of about 10 keV–150 keV. The experiment was performed with a fixed 
diffraction angle of 2θ = 8°. The energy dispersive diffraction in reflection mode allows 
to probe different depth in the sample (i.e., subsurface region) thus the stress profile in 
depth can be analysed. The prismatic gauge volume is defined by the intersection of the 
incoming and diffracted beams. Gauge volume with length of 3.8 mm was obtained. A 
coordinate system being used during the measurements is depicted in Fig.1a. In the 
present study, only RS along transversal direction (building direction) are reported. To 
estimate the effect of distortion after releasing from the base plate, the measurement 
points along lateral surface and close to top surface were chosen (Figure 1b). The full 
description of stress analysis is reported in (11).  
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Figure 1. (a) Photograph of a bridge sample and its dimensions (T—transversal, L—longitudinal, 
N—normal), (b) mapped area by synchrotron diffraction and specific points measured on the 

lateral surface. 
 
The distortion angles of the bridge-shaped specimens (6) were measured at their top 
surfaces with the ZEISS LSM 700 confocal microscope (Fig. 2). Incidentally, this can be 
used for a fast assessment of the trends of RS state in SLM samples. Distortion angles 
were calculated by averaging the angles measured in two rectangular regions towards the 
edges of the bridges along the longitudinal axis (Fig. 2b). Each angle was calculated from 
the slopes m1 and m2, respectively (Fig. 2c). This procedure was repeated for each line 
parallel to the X axis, yielding the distortion angle as a function of the Z-coordinate. From 
this, the average over around 800 lines was taken, and the mean deflection angle α of the 
bridge and the standard deviation were calculated. 
 

  
Figure 2. Determination of the deflection angle α. For the part of the profile inside the selected 

areas on the left and on the right side, the slopes m1 and m2 are calculated with respect the 
longitudinal direction (11). (a) Top surface LSM, (b) selected area LSM, (c) height profile. 

                                         
3. Results and Discussion 
 
The 3D rendering of pores in A4 and A10 samples obtained by CT is shown in Fig. 3. 
The volume fraction (vf) of 0.9% for A10 and 0.05 % for A4 was determined by using 
porosity analysis tool in VGStudio 3.0 (12). Also, the 3D rendered pores are coloured 
with respect to their volume. Also, the equivalent diameter of every pore was calculated 
(Fig.3d). The A10 sample contains the biggest amount and size of pores. It should be 
noticed that pores are not spherical but elongated along the length (L, Fig.2a) for both 
samples. The alignment of pores corresponds to layerwise SLM process (13).  
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Figure 3. 3D rendering of the pores for sample (a) A10 side view, (b) A10 top view, (c) A4 side 

view, (d) equivalent diameter distribution histogram for the two samples. 
 

A first assessment of the RS in the SLM samples as a function of the process energy 
density (EV) was obtained by bridge curvature method (BCM) (3) (i.e., deflection angle, 
see Fig. 2) in the released condition of samples. It shows that the deformations strongly 
increase for EV < 116 J/mm3 (Fig. 4a). The deflection angle was measured at the top and 
bottom of the samples, after removing them from the baseplates. For sufficiently high EV 
(A3 and A4), the deflection angles are similar. In the as-built conditions none of the 
samples showed any deformation within the accuracy of the measurement. Using SLM 
process parameters close to the ones corresponding to EV = 116.7 J/mm3, may provide a 
processing window with comparably low deflection angles (Fig. 4a), while at EV much 
lower than ~53 J/mm3, highly distorted samples were obtained in a significantly different 
material state.  
For the RS state analysis in subsurface region, it is recommended that the penetration 
depth during the diffraction experiment exceeds the roughness. In the present case, 
penetration depth reached around 100 μm into the sample bulk that allows to probe the 
direct effects of the SLM parameters on the stress state beyond the contour region. The 
roughness measurements have been described in (11). The typical stress profile for the 
transversal direction as a function of depth is presented in Figure 4b. All sample show a 
linear increase of stresses with depth until maxima at around 70 μm depth, then a decrease 
can be observed. For RS mapping the crystallographic plane {103} with maximum 
penetration depth (8) was chosen. Decreasing stress values from A10 to A1 sample can 
be observed for all depth.  
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Figure 4. (a) Distortion angles as a function of SLM process energy density (EV), (b) 

transversal component of RS profile as a function of depth for samples with BP. 

RS maps for all samples are summarized in Figure 5. The mean error of the RS is about 
±30 MPa. The EV decreases from A1 to A10. A1 and A3 samples show the minimum of 
around 100 MPa, while A4 and A10 present a minimum stress around 400 MPa. The 
maximum value of RS of around 800 MPa was achieved in the pillar of A10 sample. For 
all sample the tendency of increasing stress values to the pillar appears due to bridge 
geometry. Samples in released condition were measured only for A4 and A10. After 
releasing from the baseplate (R), the RS in sample A4 R (Fig. 5c) remain similar to those 
in A4 BP. The comparison of sample A10 BP to A10 R shows a broadening of the high-
strain region of the pillar after release (Fig. 5f,g). The heat treated samples (650 °C for 3 
h) show decreased stress values to almost zero, and no further gradients are observed in 
both A4 and A10 (Figure 5d,h). This implies an efficient relief of RS from the BP 
condition.  
The RS state shows a dependence on: (i) the geometry of the part; (ii) the fabrication 
parameters (i.e., process energy density EV); (iii) the heat treatment; and (iv) the removal 
from the base plate (Fig. 5). In the investigated regions of all samples, only tensile RS 
were found in all as-built conditions; however, it should be mentioned that only 
subsurface regions were investigated. These high stresses can promote faster crack 
propagation on the surface during cyclic mechanical load. Considering the low porosity 
value (less than 1 %) obtained by CT measurements, we assume no influence of porosity 
on RS state. Also, gauge volume penetrated around 100µm from lateral surface. As can 
be observed in Fig.3b, pores are not concentrated on the lateral surface of sample giving 
even lower volume fraction in analysed region. 
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Figure 5. Transversal RS maps of crystallographic plane {103} for process conditions A1 (a) 

BP; A4 (b) BP, (c) R, (d) TT; A3 (e) BP and A10 (f) BP, (g) R, (h) TT. 
 

The present study confirms that for a high EV (A1), lower tensile sub-surface RS are found 
compared to a low EV (A10). The analysis of the trend of sample distortion (Fig.4a), 
including the SLM parameters A1 and A3, indicates that the RS reaches a plateau-like 
minimum when the laser scan velocities decrease to 500 mm/s (A4) and below (A3). It 
should be noticed that with the same deflection angle from BCM for A3 and A4, RS 
analysis shows are a higher RS in sample A4 (Fig. 5). 
The main mechanism leading to the RS in AM parts is the rapid solidification and the 
heat coming from new layer deposition. Thus, laser energy, scanning speeds, and laser 
patterns have a strong influence on the solidification and heat distribution. The slower the 
scanning speed of the SLM laser, the larger the volume affected by the introduced energy. 
Therefore, the thermal gradients in the specimen decrease.  

4.  Conclusions 
 
Non-destructive residual stress analysis by synchrotron X-ray diffraction, in combination 
with bridge curvature method, have proved a suitable approach for assessing residual 
stress state in SLM Ti-6Al-4V, supporting the process and post-process development. 
Tensile stresses built up at the near-surface region during SLM for all studied conditions. 
After heat treatment, those stresses were fully relieved.  
Further investigations are underway to study the role of the contour lines and the effects 
of surface-post treatments for control in the development of surface residual stresses on 
SLM parts. 
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