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Summary 

Residual stresses are one of the major challenges in additive manufacturing of metallic ma-
terials today. They are induced during manufacturing because of the rapid local heating and 
cooling and may cause distortions, cracking and delamination between layers. The magnitude 
of the residual stresses depends on factors such as manufacturing technology, material, part 
geometry, scanning strategy, process parameters, preheating temperature and density of the 
component. 
In the present work, the magnitudes of residual stresses and distortions in austenitic stainless 
steel 316L components manufactured by Selective Laser melting have been investigated. 
Four specimens with rectangular cross-sections where produced with different heights and 
wall thicknesses. The residual stresses were measured by two different methods, x-ray dif-
fraction and Electronic Speckle Pattern Interferometry (ESPI) incremental hole drilling in 
order to see how well they correspond to each other.  

The results showed peaks of high tensile stresses in the building direction in all speci-
mens. The magnitudes of stresses were similar in all four specimens. The largest distortions 
occurred when the wall thickness was increased, and the height was reduced. It was also 
shown that the measurements made by x-ray diffraction and ESPI incremental hole drilling 
were not consistent with each other. The latter showed unrealistically high measurements 
near the surface. 
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Symbols and glossary 

AM Additive manufacturing. 

ESPI Electronic Speckle Pattern Interferometry.  

IGC Intergranular corrosion. 

IGSCC Intergranular stress corrosion cracking.  

SLM Selective laser melting. 

HAZ Heat affected zone.  

TGM Temperature gradient mechanism.  

SIMT Stress Induced Martensite Transformation. 

E Young´s Modulus [GPa]  

d Inter-planar spacing [Å] 

dt Layer thickness [mm] 

dn Inter-planar spacing of planes normal to the surface [Å] 

dψ  Inter-planar spacing of planes at an angle ψ to the surface [Å]   

h Hatch spacing [mm] 

m  Gradient of the d vs. sin2ψ curve 

n  Order of reflection 

P Laser power [W] 

v Poisson´s ratio 

VE  Volumetric energy density [J/mm3] 

vs Scan speed [mm/s] 

λ Wavelength of the incident x-ray beam [Å]  

σφ   Single stress acting in a chosen direction [MPa] 

θ  Angle between incident or reflected x-ray beams and the surface of the reflect-
ing planes [°] 

ψ  Angle between the normal of the sample and the normal of the diffracted plane   
  [°] 
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1 Introduction 

The introduction of additive manufacturing (AM) has opened up possibilities to build 
parts of complex near-net shapes with a minimal need for post machining. While con-
ventional manufacturing methods removes material from a solid block of material, AM 
selectively adds material where it is needed to build the desired geometry [1]. 
Selective Laser Melting (SLM) belongs to the powder-bed branch of the additive man-
ufacturing technologies and is commonly used in space, aviation and the automotive 
industry [2]. A thin layer of metal powder is applied to a base plate that is subsequently 
irradiated and melted by a laser beam in a pattern defined by a three-dimensional CAD-
model. The process is repeated in a layer-by-layer manner until the desired geometry is 
completed. The mechanical properties of SLM-built components are comparable to 
bulk-formed materials because the powder is completely melted/solidified and no bind-
ing or fluxing agents are involved in the manufacturing process [3].   

The possibilities with SLM are almost unlimited from a designing point of view. 
However, other problems arise due to the manufacturing process itself. The rapid heat-
ing and cooling caused by the laser beam induces stresses into the material that will 
remain after completion of the part, even if no external load is applied. This type of 
stress is known as residual stress. Residual stresses are self-equilibrating, which means 
that the sum of all stresses equals zero. 

Stresses can lead to distortions, cracks and delamination between the subsequent 
layers. The consequences of distortions in powder-bed additive manufacturing is not 
only limited to the loss of geometric tolerances. They may also prevent the distribution 
of a fine and even layer of powder across the target area during the manufacturing 
process [4].  

Residual stresses within SLM-fabricated parts have been an important research 
topic ever since the technology entered the market. The ability to control and minimize 
residual stresses is therefore a key factor that must be considered both during the design 
and manufacturing stage of a new component.  

1.1 Aim 
The magnitude of the residual stresses is vital for the capability of a manufactured part.  

This study investigates how the part geometry relates to the generated amount of 
residual stresses and distortions by varying the wall thickness and height of a part with 
a rectangular cross-section. The building material was stainless steel AISI 316L and the 
parts were manufactured by SLM. This knowledge may help to understand how the 
part should be orientated on the baseplate to minimize the amount of stresses that 
remain within the part after completion.  

Two different measurement techniques are used, x-ray diffraction and Electronic 
Speckle Pattern Interferometry (ESPI) incremental hole drilling, in order to evaluate 
how well they correspond to each other.  
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2 Background 

2.1 Additive manufacturing 
Additive manufacturing, also known as three-dimensional printing, started to de-

velop in the 80’s and is rapidly being integrated as an industrial manufacturing tech-
nique. Instead of subtracting material to achieve a desired shape, as in conventional 
manufacturing, the part is built layer by layer to near-net shape [5]. 

The design is generated from a three-dimensional CAD-model. Numerous tracks 
are added in the two-dimensional x-y plane creating a layer. The desired geometry is 
obtained by stacking multiple layers on top of each other as illustrated in figure 1 [5]. 

 
Figure 1. Stacking of multiple layers 

The layer by layer approach opens up the possibilities for complex designs that have 
been very hard or even impossible to achieve with conventional manufacturing meth-
ods. This gives the designers a new dimension of freedom, almost without limitations 
when making a part. It also facilitates changes of a current design because AM only 
requires a change in the CAD-model while conventional methods might require a whole 
new setup of tools. Another key benefit of AM is a minimized need for additional ma-
chining and minimal waste due to the near-net shape of the component. Although some 
parts with high surface finish demands do need some post processing, it is much less 
compared with conventional manufacturing techniques [5].  

Even though AM have opened up possibilities that previously only were imaginary, 
there are still some challenges like slow building rates and high investment costs. The 
technique should therefore not be seen as a contender to conventional manufacturing 
techniques but more as a complement [5]. 

2.2 Selective laser melting (SLM) 
Selective laser melting, also known as SLM is an additive manufacturing technique used 
for metallic materials. A substrate baseplate is mounted into a chamber filled with an 
inert/protective gas, e.g. argon or nitrogen, and a thin layer of powder is spread onto 
the plate by a coater. The powder is subsequently scanned by a high-energy laser beam 
projected from above in a specific pattern defined by the CAD-model and fully melts 
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the powder. The base plate is then lowered a distance of one powder layer thickness by 
an elevating system, followed by the application of a new powder layer and the process 
is repeated until the desired 3D geometry is completed. The unused powder is then 
removed and can be recycled [6]. Figure 2 shows a schematic of a typical SLM machine 
setup. 

 

 
Figure 2. Schematic of a SLM machine setup. 1) The coater applies a layer of 
powder. 2) Laser irradiation. 3) Lowering of the substrate (Used with permis-

sion from ref. [7], figure 1). 

2.2.1 Input parameters 
It is important to achieve a high density of the part during the manufacturing process 
since the presence of even small defects such as pores will reduce the mechanical prop-
erties drastically. The energy input must be high enough to melt and penetrate the pow-
der bed. An insufficient energy input will result in semi-molten powder particles, thus 
generate porosity and poor bonding. However, an excessive heat input may exceed the 
materials boiling point and lead to a heavily evaporation of the alloying elements. The 
result is a deep crater in the melted pool, a condition known as “keyhole”. The conse-
quences of the keyhole-effect is poor deposition rates and gas entrapment, with residual 
porosity as a consequence [8].  
The energy input per volume unit is defined as volumetric energy density and calculated 
according to equation (1) [9]: 

 

𝑉𝑉𝑉𝑉 =
𝑃𝑃

𝑣𝑣𝑠𝑠 × ℎ × 𝑑𝑑𝑡𝑡
 (1) 

 
Where 
 
VE = Volumetric energy density [J/mm3] 
P = Laser power [W] 
vs = Scan speed [mm/s] 
h = Hatch spacing [mm] 
dt = Layer thickness [mm] 
 
A schematic of the variables in equation (1) is presented in figure 3. 
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Figure 3. Clarification of the energy density parameters. (Used with permission 

from ref. [9], figure 6). 

The exposure strategy of the laser will affect the temperature field in the parts being 
produced, and steep thermal gradient will induce residual stresses in the material that 
will remain after completion [10]. Residual stresses will be further discussed in chapter 
2.4. Several suggestions of different scanning patterns can be found in the literature [9–
17]. 

2.3 Stainless steel AISI 316L 
Stainless steels are a group of steels with a high corrosion resistance in comparison to 
other types of steels. An alloy content of chromium in excess of 12 wt% will form a 
thin oxide layer that passivates the surface, hence make the steel resistant against cor-
rosion attacks. Additional alloying element can be added to stabilize other phases, en-
hance the mechanical properties or provide an increased corrosion resistance [18].  

AISI 316 and 316L are fully austenitic stainless steels that is commonly used in the 
chemical, petrochemical, fertilizer and nuclear industry due to the good combination of 
mechanical, fabrication and corrosion resistance properties [19]. These alloys, com-
pared to the widely used AISI 304 and 304L, possesses a better resistance against pitting 
[18] and crevice corrosion in environments containing chlorides and other halides due 
to the addition of molybdenum [20].  

AISI 316L differs from AISI 316 in terms of carbon content [18]. Lower carbon 
content is advantageous in order to avoid an undesirable process known as sensitiza-
tion. Chromium carbides precipitate at the grain boundaries when the steel is heated to 
a temperature range between 500-800°C. These precipitates deplete the grain bounda-
ries of chromium which makes the steel susceptible to intergranular corrosion (IGC) 
and intergranular stress corrosion cracking (IGSCC). There are two ways to mitigate 
the risk of sensitization. One is to alloy the steel with elements that has a higher affinity 
to carbon than chromium, like titanium or niobium. The other is to reduce the total 
amount of carbon within the alloy [19], which is the case with 316L. Table 1 shows the 
chemical composition of AISI 316 and AISI 316L. 

 
Table 1. Chemical composition of AISI 316 and AISI 316L (ref. [18], table 23.1). 

AISI type No. C [wt%] Mn [wt%] Cr [wt%] Ni [wt%] Mo [wt%] 

316 0.08 max 2 16-18 10-14 2-3 

316L 0.03 max 2 16-18 10-14 2-3 

 
The strength of a specimen manufactured by SLM differs from specimens manufac-
tured by conventional methods. Tolosa et al. [21] investigated how the yield strength 
and ultimate tensile strength in 316L were affected by different building orientations on 
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the base plate. It was found that the specimens showed an anisotropic behavior. Their 
findings, together with material data provided by SLM Solutions for their 316L powder 
and wrought AISI 316L is presented in table 2. Tolosa et al. [21] also reports mean 
micro hardness of 235 HV for all specimens.  
 
Table 2. Yield strength and ultimate tensile strength of AISI 316L (ref [21], ta-

ble 2-6). 
Manufacturing method Yield strength [MPa] Ultimate tensile strength [MPa] 

Wrought [21] 220-270 520-680 
SLM [21] 508-718 555-738 

Data from SLM Solutions [22] 519 ± 25 633 ± 28 
 
Slip or dislocation motion must occur for plastic deformation to happen. SLM produces 
layers composed of very fine grains, followed by grain-boundary strengthening as a re-
sult of the high cooling rates [23]. There are two reasons for this strengthening effect. 
Firstly, different grains have different orientations. This results in discontinuous slip 
planes, which means that the direction of dislocation motion has to change over the 
grain boundary. Hence, an increase in the applied force is needed in order for plastic 
deformation to occur. Furthermore, the atomic disorder at the grain boundary inhibits 
the dislocation movement from one grain to another [24].  

Zhong et al. [25] observed an intragranular cellular segregation network structure, 
containing cells in the size range of 0,5-1 µm within specimens manufactured in 316L 
by SLM. The cellular structure cannot be interpreted as grains because the adjacent cells 
have almost the same crystallographic orientation. The sub-cell boundaries were en-
riched with molybdenum and a high concentration of dislocations, associated with an 
increase in yield strength and residual stresses on a micro-level. The arrangement of the 
cellular structure is mostly dependent on the thermal gradient because their direction is 
more likely to be in the longitudinal direction parallel to the building direction. The 
thermal gradient will be further discussed in chapter 2.4. It was also found that inclu-
sions nano-oxides in the size range of tens to several hundreds of nanometres dispersed 
randomly. These inclusions are formed as a chemical reaction between silicon and the 
residual oxygen that remains within the building chamber. 

Another mechanism that increases the strength of components manufactured by 
SLM is the nucleation of dislocations that is a result of extreme stresses during pro-
cessing [26]. However, Suryawanshi et al. [23] reports that 316L components produced 
by SLM do not exhibit the same level of work hardening as conventional manufactured 
components. Work hardening of 316L is mainly attributed to stress induced austenite 
to martensite transformation (SIMT). The authors believe that the fine microstructure 
generated by SLM prevents this transformation to occur. The reduced susceptibility to 
work hardening is a possible reason for the relatively small increase of the ultimate 
tensile strength.  

2.4 Residual stresses in SLM manufactured specimens 
The design possibilities of SLM are almost infinite. However, the cyclic rapid heat-

ing and cooling of the part induces residual tensile and compressive stresses into the 
part that in some cases can be as high as the substrate yield strength and sometimes 
even in excess of such [27]. 

Residual stresses in metals have its origin in inhomogeneous plastic deformation 
and will per definition remain inside the material upon removal of external loads and in 
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equilibrium with its surroundings [28]. Residual stresses are not always disadvantageous. 
In fact, inducing compressive residual stresses at the surface of welded components is 
a commonly used way to enhance fatigue performance [29]. However, in most cases 
they are unwanted because tensile residual stresses add up to stresses applied by external 
loads and may cause distortion, cracks, curl up in the edges and in worst case failure of 
the component [10]. 
The ability to control the generation of residual stresses is therefore one of the main 
challenges within the field of AM today.  

The residual stresses can be generated either by mechanical impact, solid-state phase 
transformations (e.g. austenite to ferrite), or thermally by a localized increase in tem-
perature [30][31] and can be classified according to the scale that they occur [9]:  

 
• Type I: Also referred to as macroscopic stresses. Represents the average 

stress of a specific volume that contains a sufficient amount of grains where 
all the different material phases are represented.  

• Type II: Microscopic stresses that are generated by different phases or dif-
ferent orientations of grains in the material and acts over a small group of 
grains. 

• Type III: Microscopic stresses that are caused by dislocations or vacancies 
on an atomic scale.  

 
Thermal stresses arise when a volume is unable to expand and/or contract freely 

and can be explained by two models, the temperature gradient mechanism (TGM) and 
the cool-down phase [9,10]. Both of them are based on the volume change during heat-
ing and cooling. The previous is already well known from laser forming of sheet mate-
rials and is representative for the heat affected zone (HAZ) that surrounds the added 
track. The material expands thermally upon heating and a steep temperature gradient 
develops due to the relatively high energy density of the laser and the limited thermal 
conductivity of the material. This local thermal expansion is counteracted by the neigh-
boring material and compressive stresses are induced in the hottest zone while tensile 
stresses arise in the surrounding material. The yield strength of the material is simulta-
neously being reduced due to the increased temperature and the material relaxes by 
plastic deformation when the yield limit is exceeded. The process will be reversed upon 
cooling. The contraction of the plastically compressed zone is counteracted by the sur-
rounding material and residual tensile stresses arise while compressive stresses are in-
duced in the neighboring material [10]. This process is further described in figure 4. The 
elastic thermal stresses are released upon the removal of the thermal gradient, while the 
plastic thermal stresses remains, hence residual stresses [14]. The TGM can be reduced 
to some extent by preheating the baseplate and keep it at an elevated temperature during 
the building process [4,10]. 
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Figure 4. The thermal gradient mechanism a) upon heating b) upon cooling 

(Used with permission from ref. [9], figure 3). 

The cool-down mechanism occurs because of the added layer. The material is com-
pletely stress-free during its molten stage but will shrink during solidification and cool-
ing. The contraction is once again inhibited by the underlying material, thus introducing 
tensile stresses into the added layer and compressive stresses in the underlying layers 
[10]. This mechanism describes the behavior of an entirely solidified layer, see figure 5 
and the generated stresses will add upon the stresses induced by the temperature gradi-
ent mechanism [9]. 

 
Figure 5. The cool-down mechanism a) molten stage b) solidification and 

cooling (used with permission from ref.[9], figure 4). 

Melting point, stiffness and thermal expansion are the physical properties that have 
the largest impact on thermal stress. A lower melting temperature will minimize the 
possible temperature interval, hence lower the magnitude stresses. Young’s modulus E 
and the coefficient of thermal expansion αCTE are temperature dependent. The prior 
will decrease with a temperature increase while the latter will increase. A higher value 
of either will increase the amount of residual stresses [28] [32]. 

Parts manufactured by SLM are built on a base plate where the powder is applied 
with a subsequent irradiation by a laser beam that fully melts the powder as stated in 
chapter 2.2. It has been reported in the literature that the magnitude of the residual 
stresses is connected to the base plate geometry. Mercelis & Kruth [10] performed some 
theoretical calculations based on the general beam bending theory of manufactured 
parts connected to the base plate. It showed that a thicker base plate will result in a 
more uniform distribution of stresses that is followed by uniform shrinkage in the part 
upon removal, hence lower remaining stresses. It was also shown that higher yield 
strengths results in higher residual stresses. However, his theory was never tried exper-
imentally. 

The stress profile of the manufactured part will change during the building process. 
The fist layer will be subjected to tensile stresses according to the cool-down mecha-
nism. The contraction is restricted by the upper part of the base plate which therefore 
will be exposed to compressive stresses. The stresses at the lower surface of the plate 
will be tensile because the added layer wants to “bend” the plate in the direction of the 
laser beam. Every successive layer will continue to induce a certain stress profile in the 
same way as the first layer, thus reducing the initial tensile stresses because of the cool-
down mechanism. A drastic change of the stress profile occurs upon removal of the 
base plate when the part is able to relax through deformation. Tensile stresses will be 
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present in the bottom, followed by a large zone of compressive stresses in the middle 
and tensile stresses at the top [10]. This conclusion is in agreement with experimental 
observations made by Wu et al. [26] who reports that residual stresses tends to be com-
pressive near the center and tensile at the edges of SLM manufactured parts.  

Although the possibilities with SLM from a designer’s point of view are almost un-
limited in theory, it should be kept in mind that the geometry of the part has an impact 
on the final product in terms of distortion, warping and residual stresses. The height of 
the part is one of those geometrical attributes. A higher part needs more layers to be 
stacked upon each other and every layer induces a certain stress profile into the material 
as stated earlier, hence higher stresses [10]. This conclusion corresponds to simulations 
based on the finite element method conducted by Li et al. [14]. 

Previous studies have shown a direct connection between the energy density and 
the residual stresses where an increase in the former results in an increase of the latter 
[33]. The increased energy density leads to a larger melt pool with an accompanying 
larger volume shrinkage upon solidification and can therefore be explained by the cool-
down mechanism. It should be pointed out that a different equation for the energy 
density was used during those experiments that in this report, but the outcome should 
be the same as with equation (1). Simson et al. [9] reports that although the stresses 
decreased slightly with a lower energy density, the amount of defects such as porosity 
tends to increase at the same time. Those defects have no direct connection to the 
surrounding material that in turn enables relaxation, hence reduction of stresses. 
However, some critical voices have been raised regarding the use of energy density as a 
basis for comparison in aspect of residual stresses. Mugwagwa et al. [34] reports that a 
comparison is only valid if the laser power is held constant while the scan speed is 
allowed to vary or vice versa. This was confirmed by measuring the maximum distortion 
of six cantilevers, all manufactured with the same line energy density but with varying 
laser power and scan speed. It was found that the distortion was far from equal between 
the different specimens.  

Vrancken [28] concluded, based on experiments made on Ti6Al4V, that an increase 
in scan speed increases the thermal gradient, and thereby the residual stress. An in-
creased scan speed will cause the melt pool to elongate, which will also result in a higher 
anisotropy within the material. It was also concluded that an increase in layer thickness 
will add to the macroscopic residual stress. A specimen manufactured with a layer thick-
ness of 60 µm will take twice as long to complete as if a layer thickness of 30 µm is 
applied. This results in a reduced heat accumulation, hence increased residual stress. 
Increased laser power turned out to have the smallest effect compared to the two pre-
viously mentioned parameters.  

Most papers in the literature survey implies that the residual stresses are higher in 
the scanning direction than in the perpendicular direction to the molten track in the 
horizontal plane [13,17,33]. Once the laser beam irradiates and melts the metallic pow-
der it will start to move in its planned trajectory, thus creating an elongated melt-pool. 
The melted powder will solidify once the laser beam leaves the pool, but the recently 
solidified volume will still be at a temperature higher than the surrounding material. 
This, in combination with the shape of the melt-pool will create an elongated HAZ as 
well. Consequently, a greater thermal gradient occur in the scanning direction than in 
the perpendicular direction [13,33]. Parry et al. [17] discuss this even further and claim 
that the lack of neighbouring solid material that inhibits the contraction in the trans-
verse direction contributes to the reduction of remaining stresses. De Oliveira et al. [35] 
reports from their experiments in laser cladding that the major principal stress axis is 
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orientated perpendicular to the solidification front. As a result, the solidification front 
and the direction of the major stress axis may be tilted during overlapping of an existing 
track. Simson et al. [9] found the highest stresses in the lateral surface were perpendic-
ular to the scan direction, i.e. in the building direction and explain this by the cool-down 
mechanism. 

Based on previous conclusions, it is no surprise that the scanning track length has 
an impact on the residual stresses as longer tracks results in higher stresses. The onset 
of the tracks suffers from the highest residual stresses in both direction of the horizon-
tal plane (x-y). This is because the onset is surrounded with powder that possesses a 
lower heat conductivity than the solid metal, hence a higher thermal gradient [33]. Liu 
et al. [33] observed a significant difference in the development of the stresses in the 
scanning direction and in the perpendicular direction. They found that the stresses de-
creased slightly in the first half of the track and dramatically in the second half for the 
prior, while in the latter the stresses decreased rapidly in the initial stage of the track 
and then oscillated in a small degree. The tracks will mainly contract in the scanning 
direction and the shrinkage compensation is not sufficient if the tracks are excessively 
long.  

Recent research has put a lot of effort to investigate how residual stresses can be 
minimized by optimizing the scanning patterns. As mentioned earlier, the major stress 
occurs in the scanning direction. A more uniform stress distribution can therefore be 
achieved by rotating the scanning directions between the layers. Guan et al. [12] reports 
that a 105° change in hatch angle in raster filling patterns showed the best tensile prop-
erties in their experimental evaluations because of the minimization of stress concen-
trations. The author´s explanation is that it takes 24 interval numbers for the hatching 
to be realigned with the first interval number. 

Kruth et al. [15] investigated different scanning patterns and their effect on defor-
mation in the x and y directions. They found that deformation was inhibited when the 
total scanning area was divided into a chessboard (island scanning) and the tracks in 
every section were scanned in a perpendicular direction to its closest neighbour as 
shown in figure 6. It was concluded that successive sector scanning was preferable to 
distance sector scanning. When the powder is scanned next to a previously scanned 
sector, the surrounding material is somewhat preheated, thus lowering the thermal gra-
dient. A smaller island size will reduce the magnitude of residual stresses [26], a conclu-
sion that corresponds to the previously discussed scanning track length.  

 
Figure 6. Line scanning and chessboard scanning (used with permission from 

ref. [15], figure 2). 

Parry et al. [17] developed a thermo-mechanical model to better understand the 
effect of laser scan strategy of residual stresses generated by SLM by adding squared 
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single layers of different measurements to a base plate. Two different scanning strate-
gies were used, unidirectional and alternating according to figure 7. It was found that 
there is a connection between the size of the square and the residual stress level where 
smaller squares results in lower stresses. This has been confirmed by experimental  ob-
servations by others [26], and corresponds to the theory that the length of the track has 
an influence on the remaining stresses after cooling [33]. The authors also report that a 
non-uniform anisotropic stress distribution was generated in all models. The average 
stress level of the two scanning strategies did not differ much, which is probably due to 
the small scale of the analysis. However, a difference could be observed in the distribu-
tion of localized stresses between the two. For example, when the alternating strategy 
was used, the stresses at the end of scan vectors were lower than with the unidirectional 
strategy. The reason behind this is that the surrounding material is at an elevated tem-
perature, thus reducing the magnitude of the thermal gradient.  

 
Figure 7. a)Unidirectional, and b) alternating scanning strategies (used with 

permission from ref. [17], figure 5). 

The residual stresses can be relieved by post heat treatment. However, the yield 
strength is reduced as well due to dissolution of the cellular network as discussed in 
chapter 2.3, in combination with grain growth [36]. 

2.5 Residual stress measurement techniques 
Stresses within a material cannot be directly measured. However, it is possible to meas-
ure strains and displacements. The magnitude of the stresses in a specific direction can 
be determined by subsequent calculations. There are several techniques available to 
measure residual stresses, both destructive and non-destructive. However, this project 
has been limited to X-ray diffraction and ESPI incremental hole drilling to determine 
the residual stresses in the manufactured specimens.  

2.5.1 X-ray diffraction 
X-ray diffraction is a non-destructive method that is widely used to determine residual 
stresses in metallic materials [37]. The analysis is based on measurements of residual 
strains in the inter-planar spacing that is directly proportional to the magnitude of stress 
[38]. All types of stresses that are presented in chapter 2.4 (type I, type II and type III) 
are detected by x-ray diffraction [39]. 
Rays with a wavelength similar to the magnitude of the specific atomic spacing is emit-
ted by an x-ray tube, penetrate the material and are scattered in all directions by the 
atomic planes. The intensity of the scattered rays is recorded by an x-ray detector [38].  
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Scattered rays that are not in phase will interfere destructively, hence cancel each other 
out. However, scattered rays that are in phase will interfere constructively and increase 
in intensity [40]. This is further explained in figure 8. 

 
Figure 8. Scattering of x-rays. Ray 1 and 1a interfere constructively and in-

crease in intensity. 

Ray 1 and 1a will strike atom A and B respectively and scatter in all directions. Only 
1´and 1a´ will interfere constructively because the distance between the emitted rays (x-
x´ axis) is equal to the distance of the recorded amplified rays (y-y´ axis). Ray 2 strikes 
and scatter at atom C in plane II, thus the distance 2-2´ will be longer than the previous 
two. As a result, the distance on the y-y´ axis will be bigger as well. Constructive inter-
ferences of rays scattered from different planes will create a diffraction pattern with a 
clear relationship to the inter-planar spacing [41].  
The basis of all x-ray diffraction measurements is described by equation (2), also known 
as Bragg´s law [38]: 

 
𝑛𝑛 × 𝜆𝜆 = 2 × 𝑑𝑑 × sin𝜃𝜃  (2) 

 
Where 
 
n = Order of reflection 
λ = Wavelength of the incident beam [Å] 
d = Inter-planar spacing [Å] 
θ = Angle between incident or reflected beams and the surface of the reflecting  
    planes [°] 
 
Thus, equation (2) can be used to determine the inter-planar spacing d by measuring 

the angle θ for a known wavelength λ. 
An applied force, either internal or external will change the initial value of the inter-

planar spacing d to a new value that depends on the direction and magnitude of the 
arisen stress. As a result, the angle θ will change correspondingly in order to fulfil 
Bragg´s law. It can therefore be seen in equation (2) that by measuring the change in θ  
for a known wavelength λ, the inter-planar spacing d in the stress exposed lattice can 
be obtained [31].  

The stress in chosen direction φ for a biaxial stress state is given by equation (3) [41]: 
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𝜎𝜎𝜙𝜙 =
𝑉𝑉

(1 + 𝑣𝑣) × sin2 𝜓𝜓
�
𝑑𝑑𝜓𝜓 − 𝑑𝑑𝑛𝑛
𝑑𝑑𝑛𝑛

�   (3) 

 
Where 
 
σφ = Single stress acting in a chosen direction [MPa] 
E = Young´s Modulus [GPa] 
v = Poisson´s ratio 
ψ = Angle between the normal of the sample and the normal of the diffracted plane 
[°] 
dψ = Inter-planar spacing of planes at an angle ψ to the surface [Å]  
dn = Inter-planar spacing of planes normal to the surface [Å] 
 
Two measurements are required to solve equation (3), in a plane normal to the sur-

face and in a plane at the angle to be measured. The most common way to determine 
the magnitude of stresses are the sin2ψ method. Several measurements of the inter-
planar spacing d are made at different ψ as shown in figure 9. 

 

 
Figure 9. The sin2ψ method. 

Based on the assumption of a zero stress at d = dn, where d is the intercept of the y-
axis when sin2ψ = 0, the stress can be determined according to equation (4) [41]: 

 

𝜎𝜎𝜙𝜙 = �
𝑉𝑉

1 + 𝑣𝑣
� × 𝑚𝑚  (4) 

 
Where 
 
m = the gradient of the d vs. sin2ψ curve 
 
Derivations for equation (3) and equation (4) can be found in reference [41]. 



Degree Project for Master of Science with specialization in manufacturing 
Residual stresses and distortions in austenitic stainless steel 316L specimens 

manufactured by Selective Laser Melting  - Background 

 13 

2.5.2 Hole drilling 
Hole drilling is a well-established and widely used semi-destructive way to measure near 
surface residual stresses within a material. The procedure is carried out by drilling a 
small hole in the test sample that disturbs the stress equilibrium with deformation at 
the surrounding surface as a result. The magnitude of the present stresses is evaluated 
from the strains and displacement of material that occurs due to the new stress equilib-
rium  [42,43]. The types of stresses detected by hole drilling are type I and type II in 
some cases (depending on grain sizes) as presented in chapter 2.4 [39]. 

ASTM E837-13a [44] states that the hole drilling technique is suitable for linear-
elastic materials where the residual stresses do not exceed 80% of the yield stress for 
“thick” materials or 50% of the yield stress for “thin” materials. High stresses may cause 
local plastic deformation at the area surrounding the drilled hole. Local plastic defor-
mation increases the strain relief in comparison to the purely elastic state, with overes-
timated calculated stresses as a consequence. In addition, thin materials may suffer from 
a bending effect due to the loss of stiffness that occurs upon material removal [45]. 

The most common way to measure the deformation is by gluing a strain gauge ro-
sette containing several strain gauges at the surface surrounding the targeted area prior 
to drilling [42]. The most used rosette is the Rendler and Vigness design containing 
three strain gauges, just sufficient to evaluate the in-plane stresses σx, σy and τxy. How-
ever, several other designs exist with up to 12 strain gauges to improve measurement 
accuracy, provide thermal compensation and to allow consideration of plastic defor-
mations [43].  

The introduction of Electronic Speckle Pattern Interferometry (ESPI) eliminates 
the need of strain gauges by illuminating the optically rough surface with coherent laser 
light that is reflected and captured by a digital camera. Each camera pixel receives light 
from multiple locations that interfere constructively or destructively, thus creating a 
speckle pattern of bright and dark spots. The surface of the object is scanned before 
and after the drilling increment to capture the material displacement due to the new 
stress equilibrium. The camera is directly connected to a computer that calculates the 
residual stresses in the subjected specimen based on the displacement of material.  

A principal difference between conventional hole drilling with strain gauges and 
ESPI is that the data is not based on strains for the latter but correlates displacement 
directly with stresses by using a set of coefficients. Key benefits of ESPI compared to 
using strain gauges are shorter preparation time, no gluing or measuring consumables 
and small needs for preparations [46][47]. 

It should be noted that hole drilling differs from x-ray diffraction in terms of how 
the stresses are measured. X-ray diffraction measures the magnitude and directions at 
the surface by the change within the inter-planar spacing. Hole drilling on the other 
hand measures the average stress between two different depths by strains or displace-
ment of particles at the surrounding area. 
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3 Experimental procedure 

The experimental part of this study was carried out in four steps. The specimens were 
first produced by SLM, followed by optical 3D-scanning to evaluate distortions. The 
residual stresses were measured by x-ray diffraction and ESPI incremental hole drilling. 
Finally, the hardness was measured in Vickers. All measurements were performed at 
room temperature. 

3.1 Specimen preparation 
One set, containing four specimens with a rectangular cross-section were fabricated 
according to figure 10. The length l was held constant while the wall thickness w, height 
h and volume v were varied. The different measurements are presented in table 3. Spec-
imen 1 and specimen 2 differ in respect of height h while specimen 3 and specimen 4 
differ in respect of wall thickness w. The volume v is equal for specimen 1 and specimen 
3, as for specimen 2 and specimen 4.  

 
Figure 10. Geometry of the specimens 

Table 3. Measurements of the manufactured specimens. 
Specimen Height h [mm] Wall thickness w [mm] Length l [mm] Volume v [mm3] 

1 30 3 70 6300 
2 105 3 70 22050 
3 45 2 70 6300 
4 45 7 70 22050 

 
Gas atomized austenitic stainless steel 316L powder, spherical in shape and produced 
by Höganäs was selected as building material. The size distribution is presented in table 
4 and the test results of the chemical composition, provided by the manufacturer are 
presented in table 5. 

 
Table 4. Size distribution of the powder. 

+71 µm [%] +63 µm [%] +53 µm [%] +45 µm [%] +36 µm [%] +20 µm [%] -20 µm [%] 
0.00 0.63 9.06 22.37 29.23 36.66 2.05 
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Table 5. Chemical composition of the powder. 
C [%] Mo [%] Ni [%] Fe [%] Mn [%] Cr [%] Si [%] O [%] 
0.007 2.5 12.7 Bal. 1.5 16.8 0.7 0.050 

 
The samples were fabricated with an SLM 125 HL machine, equipped with a 

400 W IPG fiber laser from SLM Solutions AG.  
The same alternating line scanning strategy was applied for every layer in all speci-

mens. The outer contour scan contains of two border tracks with a total width of 
about 180 µm and one filler track. The objective of the border tracks is to ensure the 
specimen geometry while the purpose of the filler track is to achieve a smooth transi-
tion between the border tracks and the hatch scanning. The outer contour scan is il-
lustrated as line 2 in figure 7b, followed by the hatch scan according to line 1. The 
scanning strategy is further explained in figure 11. The hatch angle was rotated 30° for 
every successive layer to obtain an isotropic stress distribution. This scanning strategy 
is recommended by SLM Solutions AG for 316L powder. 

 
Figure 11. Scanning strategy. 

The process parameters were equal for all parts as presented in table 6. The energy 
density is based on equation (1). The baseplate was held at an elevated temperature of 
200°C during the manufacturing stage. 

 
Table 6. Process parameters. 

Scan Laser power P 
[W] 

Scan speed v 
[mm/s] 

Hatch spacing 
h [mm] 

Layer thick-
ness d [mm] 

Energy density 
E [J/mm3] 

Border 100 400 - 0,03 - 
Filler 125 500 - 0,03 - 
Hatch 200 800 0,12 0,03 69,4 

 
Argon gas, with a content of Ar ≥99.998% was continuously purged into the 

building chamber to protect the specimens from the atmosphere. The location of the 
specimens on the base plate, the direction of powder distribution and the flow direc-
tion of the protective gas is shown in figure 12. 
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Figure 12. Location of the specimens on the baseplate as mounted in the SLM 

machine. 

The baseplate with the manufactured specimens attached is shown in figure 13. 
 

 
Figure 13. Baseplate before removal of the specimens. 

All four specimens were removed by electrical discharge machining (EDM). 

3.2 Optical 3D-scan measurement 
The presence of stresses can cause distortions, resulting in dimensional inaccuracy. 3D-
scanning is an optical method used to obtain rapid and precise measurements in pro-
duction and manufacturing processes. Surface coordinate points are obtained by illu-
minating the surface with structured lights. The reflection is subsequently captured by 
two cameras, creating spatial coordinates that forms the surface determined by active 
triangulation [48]. The magnitude of distortions can be evaluated by comparing the 
captured scan with the original CAD-model.  

Atos triple scan system from GOM GmbH was used to scan the fabricated parts. 
The system operates with two cameras at 8000000 pixels each and is illustrated in figure 
14. The scan was performed at a working distance of 830 mm.  
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Figure 14. Atos triple scan system. 

The specimens were first scanned while they were still welded to the baseplate and later 
scanned again after removal. 

3.3 X-ray Diffraction 
The measurements were conducted at Swerea IVF’s facilities in Mölndal, Sweden, and 
at Stresstech Oy in Vaajakoski, Finland. Xstress 3000 G2R equipment delivered by 
Stresstech Oy was used for all measurements. The machine operated with manganese 
radiation using a wavelength of 2,1031 Å, at 30 kV and 6,6 mA. The sin2ψ method was 
used at 5 different tilting angles (ψ = -45° to 45°). A 2 mm collimator was used for all 
measurements. Figure 15 shows the locations on the specimens where the x-ray diffrac-
tion was conducted. All measurements were performed on the side facing away from 
the centre of the baseplate. 

 
Figure 15. Residual stress measurement points. 

6 different depths were evaluated for every measurement point. The specimens were 
subjected to electro polishing with 60% perchloric acid (HClO4) to remove material 
between every step. The surface of the manufactured parts was rough and uneven which 
complicates the aim to reach a specific depth. The electropolishing was therefore based 
on process time to remove the same amount of material for every measuring point and 
step. The voltage was held constant at 34 V and the current varied between 45-55 A. 
Every point was measured with a digimatic indicator between the polishing steps. The 
total process time in seconds for every step is presented in table 7. The surface was 
subjected to x-ray diffraction as printed. The exact depth and depth deviation is pre-
sented in Appendix A. 
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Table 7. Time of electropolishing to reach the desired depths. 
Measurement 

1 [s] 
Measurement 

2 [s] 
Measurement 

3 [s] 
Measurement 

4 [s] 
Measurement 

5 [s] 
Measurement 

6 [s] 
- 30 60 200 480 1120 

 
Measurement 1 to 4 was conducted at Swerea IVF and 5 to 6 at Stresstech Oy. 
Young’s modulus and Poisson’s ratio of a specimen built in a metallic material with a 
powder technology varies with the fractional density [49]. However, 184 GPa was as-
sumed as Young’s modulus [22] and 0,3 as Poisson’s ratio for all calculations. 

3.4 ESPI incremental hole drilling 
The ESPI incremental hole drilling were performed at Stresstech Oy in Vaajakoski, 
Finland. The measurements were conducted with Prism, an ESPI system developed 
and manufactured by Stresstech Oy. The setup of the equipment is presented in figure 
16. The optical arrangement is illustrated in figure 17. 

 
Figure 16. Prism equipment setup. Figure used with permission by Stresstech 

Oy. 
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Figure 17. The optical setup of Prism. Figure used with permission by Stress-

tech Oy. 

The laser beam is divided in two by a beam splitter. Part of the laser light is used as a 
reference beam and goes straight into the camera. The other part of the laser light illu-
minates the subjected object and is then captured by the camera where it reunites with 
the reference light. Interference between the two occurs, creating a speckle pattern. The 
reference light is subsequently phase-stepped in a series of 0°, 90°, 180° and 270°, using 
a piezoelectric actuator. The results are a fringe pattern according to figure 18, that 
directly relates to the displacement that occurs due to the removal of stressed material. 

 

 
Figure 18. Fringe pattern. Figure used with permission by Stresstech Oy. 

The software used for all calculations was PrismS, developed by Stresstech Oy.  
The specimens were sprayed with a thin layer of matt white paint prior to the measuring 
operation to increase the diffuse light reflection that carries information about the sur-
face. Two face-milled alumina jaws were used to fix the specimens during all measure-
ments. The drilling was conducted with a 0,794 mm std. carbide drill delivered by Rich-
ards Micro-Tool, operating at 30 krpm with a drill feed rate of 0,01 mm/s. Previous 
experiments have shown that a drill speed above 10 krpm is sufficient for measurements 
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in austenitic stainless steels. Lower drill speeds degrades the accuracy of the analysis 
due to non-uniform holes [50]. The Prism uses a 20mW diode pumped laser with a 
wavelength of 532 nm that was facing the specimen at an angle of -58,5°. The angle 
between the camera and the specimen was -33,5°. 

The locations of the measurements were the same as for the x-ray diffraction and 
are presented in figure 15. However, the ESPI incremental hole drilling was conducted 
on the side facing the centre of the base plate. 

The horizontal coordinates of the surface were determined by feeding the rotating 
drill against the specimen until the paint was scratched according to figure 19. 

 

 
Figure 19. Determination of the surface. 

Every measurement profile contained 10 different depths, starting at 50 µm and 
ending at 500 µm. A new drill was used for every profile. The region near the hole was 
omitted from the analysis due to a disturbed displacement field. The analysed area is 
presented in figure 20.  

 
Figure 20. The analysed area surrounding the hole. 

Air was blown at the measurement area during drilling to remove all metallic 
chips. The presence of any dust disturbs the analysis because it is mistaken for dis-
placement of material at the surface, which results in overestimated stresses. 

The first and the last incremental drill depths are most sensitive to measurement 
errors. The roughness of the surface results in a mismatch between the actual volume 
of removed material and the volume used in the analysis for the first measurement.  
At greater depths, the surface displacement of material is heavily reduced with meas-
urement errors as a consequence.  

The same values of Young’s modulus and Poisson’s ratio was used as for the x-ray 
diffraction calculations. It should be noted that no deviations can be obtained when 
hole drilling is the method of choice for residual stress measurements. 
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3.5 Vickers hardness 
Hardness testing was performed to estimate information about the strength of the 

manufactured specimens. The measurements were made in Vickers, where a pyramid 
intender is introduced into the material with a specific force. The hardness is then de-
termined by measuring the diagonal lengths of the indent as shown in figure 21. 

 

 
Figure 21. Indentation of the Vickers pyramid.  

Two cubes were cut with EDM from specimen 4, cold mounted and polished to 
measure the hardness in the xy-plane and the yz-plane. The location of the cubes and 
planes are illustrated in figure 22. 

 
Figure 22. Location of the cubes where the hardness measurements were per-

formed. 

3 profiles containing 4 indents each were made across the cross-sections of both 
planes with a test force of 98,07 N (HV10) and a dwell time of 15 s. 

4 additional series containing 20 indents were made 100 µm from the surface on 
each side of both cubes. The reason behind those measurements was to acquire the 
specific hardness where the stresses were believed to reach the highest magnitudes. 
However, the test force was reduced to 980,7 mN (HV0,1) because of the proximity to 
the surface. The dwell time was kept at 15 s. All measurements were performed with a 
Q10 A+ equipment, delivered by Qness. 

SLM Solutions reports a hardness of 209 ± 2 HV10 for components manufactured 
by their 316L powder [22]. Although the used powder in this study was delivered by a 
different supplier, equipment from SLM Solutions along with their recommended scan-
ning strategy and process parameters was used. Therefore, SLM Solutions specified 
hardness can be considered comparable with the measured hardness in this study.  
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4 Results 

The results from the evaluation of distortion, residual stresses and hardness are pre-
sented in this chapter. The distortion was first evaluated by optical 3D-scanning while 
attached to the baseplate and subsequently after removal from the baseplate. 
The residual stresses were determined by x-ray diffraction on one side and ESPI incre-
mental hole drilling on the other side. The reason for using both techniques was to 
compare the results of the two methods. 

4.1 Optical 3D-scan 
The CAD-model of the manufactured specimens is presented in figure 23 along with 
the results from the optical 3D-scan. The deviation of the specimens removed from the 
baseplate is measured against the geometrical features of the same specimens before 
removal and not the original CAD-model.  

 
Speci-
men 

CAD-model 3D-scan of manufactured 
specimens  

attached to the baseplate 

3D-scan of manufactured 
specimens removed from the 

baseplate 

1  
 

Side 
facing 

out 
from 
the 

centre 
of the 
base 
plate 

   

1 
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facing 
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2 
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out 
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the 

centre 
of the 
base 
plate 
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Figure 23. CAD models and measured distortion of the specimens. 
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4.2 X-ray diffraction 
The results of the x-ray diffraction are presented in this subchapter. The location of 

the measurement points is presented in figure 15. All measured data is presented in 
Appendix A. The highest stresses were measured in the z-direction (building direction). 

A comparison of residual stress between specimen 1 and 2, where the height was 
varied is presented in figure 24-27. 

 

 
Figure 24. Comparison between specimen 1 and specimen 2, measurement 

point 1. 

 
Figure 25. Comparison between specimen 1 and specimen 2, measurement 

point 2. 
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Figure 26. Comparison between specimen 1 and specimen 2, measurement 

point 3. 

 
Figure 27. Comparison between specimen 1 and specimen 2, measurement 

point 4. 

Figure 28-31 shows the comparison between specimen 3 and 4, where the wall 
thickness was varied. 
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Figure 28. Comparison between specimen 3 and specimen 4, measurement 

point 1. 

 
Figure 29. Comparison between specimen 3 and specimen 4, measurement 

point 2. 
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Figure 30. Comparison between specimen 3 and specimen 4, measurement 

point 3. 

 
Figure 31. Comparison between specimen 3 and specimen 4, measurement 

point 4. 

A comparison between specimen 1 and 3, where the wall thickness and height were 
varied but the volume was equal at 6300 mm3 is presented in figure 32-35. 
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Figure 32. Comparison between specimen 1 and specimen 3, measurement 

point 1. 

 
Figure 33. Comparison between specimen 1 and specimen 3, measurement 

point 2. 
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Figure 34. Comparison between specimen 1 and specimen 3, measurement 

point 3. 

 
Figure 35. Comparison between specimen 1 and specimen 3, measurement 

point 4. 

A comparison between 2 and 4, where the wall thickness and height were varied but 
the volume was held equal at 20500 mm3 is presented in figure 36-39. 
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Figure 36. Comparison between specimen 2 and specimen 4, measurement 

point 1. 

 
Figure 37. Comparison between specimen 2 and specimen 4, measurement 

point 2. 
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Figure 38. Comparison between specimen 2 and specimen 4, measurement 

point 3. 

 
Figure 39. Comparison between specimen 2 and specimen 4, measurement 

point 4. 

The residual stress is much higher in the z-direction than in the x-direction and 
reaches its peak about 100 µm below the surface. 
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4.3 ESPI incremental Hole drilling 
The residual stress data obtained from the ESPI incremental hole drilling is presented 
in this subchapter. The data from the first and last incremental depth is excluded from 
the result due to the uncertainty of the measurements. All data, including the first and 
last depth is presented in Appendix B.  

A comparison of residual stress between specimen 1 and 2, where the height was 
varied is presented in figure 40-43. 

 

 
Figure 40. Comparison between specimen 1 and specimen 2, measurement 

point 1. 
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Figure 41. Comparison between specimen 1 and specimen 2, measurement 

point 2. 

 
Figure 42. Comparison between specimen 1 and specimen 2, measurement 

point 3. 
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Figure 43. Comparison between specimen 1 and specimen 2, measurement 

point 4. 

Figure 44-47 shows the comparison between specimen 3 and 4, where the wall 
thickness was varied. 

 
Figure 44. Comparison between specimen 3 and specimen 4, measurement 

point 1. 
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Figure 45. Comparison between specimen 3 and specimen 4, measurement 

point 2. 

 
Figure 46. Comparison between specimen 3 and specimen 4, measurement 

point 3. 
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Figure 47. Comparison between specimen 3 and specimen 4, measurement 

point 4. 

A comparison between specimen 1 and 3, where the wall thickness and height were 
varied but the volume was equal at 6300 mm3 is presented in figure 48-51. 
 

 
Figure 48. Comparison between specimen 1 and specimen 3, measurement 

point 1. 
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Figure 49. Comparison between specimen 1 and specimen 3, measurement 

point 2. 

 
Figure 50. Comparison between specimen 1 and specimen 3, measurement 

point 3. 
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Figure 51. Comparison between specimen 1 and specimen 3, measurement 

point 4. 

A comparison between 2 and 4, where the wall thickness and height were varied but 
the volume was held equal at 20500 mm3 is presented in figure 52-55. 
 

 
Figure 52. Comparison between specimen 2 and specimen 4, measurement 

point 1. 
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Figure 53. Comparison between specimen 2 and specimen 4, measurement 

point 2. 

 
Figure 54. Comparison between specimen 2 and specimen 4, measurement 

point 3. 
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Figure 55. Comparison between specimen 2 and specimen 4, measurement 

point 4. 

4.4 Vickers hardness 
The results from the hardness measurements of the xy-plane is presented in table 8 and 
the results obtained from the yz-plane in table 9. The specified hardness from SLM 
Solutions for their 316L powder is 209 ± 2 HV10.  

 
Table 8. Vickers hardness of the xy-plane. 

Average hardness [HV10] Average hardness 100 µm beneath 
the surface [HV0,1] 

209 ± 4 235 ± 13 
 

Table 9. Vickers hardness of the yz-plane. 

Average hardness [HV10] Average hardness 100 µm beneath 
the surface [HV0,1] 

217 ± 5 231 ± 13 
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5 Discussion 

5.1 Comparison between x-ray diffraction and ESPI incre-
mental hole drilling 

In the part of the work including comparison between X-ray diffraction and ESPI, 
it became clear in how difficult it is to directly compare the results from different tech-
niques for stress evaluations. Although they should show more or less identical results, 
that was not the case herein. The trend of the stress profiles showed similar behaviour, 
with decreasing values from a depth beneath the surface of about 100 µm. However, 
the stress magnitude as obtained by the ESPI was in many cases unrealistically high at 
100 µm.  
The big jumps that was observed within the stress profiles indicates that something has 
went wrong during the measurement. ESPI incremental hole drilling is a very sensitive 
method where the presence of dust or even airflow can disrupt the measurement.  

Another source of error was the mounting of the specimens prior to the drilling 
operation. Tightening of the face-milled jaws might introduce external stresses that are 
added to the residual stresses by flattening out the specimens, hence overestimated 
measurement results. This error would probably be smaller, but still present for a ma-
chined component where the machined surface can be assumed to be relatively flat.  

Finally, it should be pointed out that the magnitudes of the residual stresses were 
higher than the appropriate stress level for the measurement method according to 
ASTM E837-13a [44]. The high stresses near the surface may have resulted in plastic 
deformation of the area surrounding the drilled hole with overestimated residual 
stresses as a consequence. Therefore, it can be concluded that ESPI incremental hole 
drilling is not a suitable residual stress measurement method for components manufac-
tured in 316L with the scanning strategy and process parameters used in this study.  

The uncertainty of the ESPI incremental hole drilling makes the x-ray diffraction 
measurements most suitable to base all further analyses on.  

5.2 Mechanical properties 
It is clear that the residual stresses in the building direction in the evaluated speci-

mens were extremely high, and exceeded the yield strength from previously reported 
experiments [23,51]. However, it should be kept in mind that parameters like scanning 
strategy, laser power, scan speed and preheating temperature have a large impact on the 
development of mechanical properties and residual stresses. It is therefore difficult to 
compare properties between experiments made under different conditions. It has been 
showed in previous studies that the mechanical properties of SLM-manufactured com-
ponents can be highly anisotropic [21].  

The hardness values near the surface and within the object were comparable to the 
reported values by the machine supplier [22]. However, the residual stresses as meas-
ured here exceeded the reported yield strength of 519 ± 25 MPa, indicating upon plastic 
deformation or a locally different microstructure in comparison to an ideal printed 
structure. This implies that given the local variation that might exist within the as-
printed structures, it is not reliable to only use the hardness value as an indicator for the 
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mechanical strength. This was discussed by Hitzler et al. [52], where it was found that 
specimens fluctuated with regards to the ultimate tensile strength in the range of 512-
689 MPa, with more or less identical hardness values. Residual stresses exceeding the 
yield strength has been reported previously by Wu et al. [26] for 316L and by Knowles 
et al. [53] for Ti-6Al-4V. 

An explanation for the apparent high strength, in addition to the fine grain micro-
structure, could be the intergranular networks of sub-cells as reported by Zhong et al. 
[25]. The cell boundaries act as barriers for dislocation movement in the same way as 
grain boundaries, with the exception that they have the same crystal orientation. How-
ever, the microstructure was never examined in this study.  

5.3 The influence of different geometrical features on re-
sidual stresses and distortions 

The 3D-scan measurements showed shrinkage to some extent in all specimens. It 
should be noted that fairly high residual stresses were measured even in the sections 
with no distortion. The differences between all the specimens in terms of measured 
residual stresses were negligible. 

The largest distortion occurred in specimen 1 and specimen 4, with shrinkage ex-
ceeding 100 µm in some sections. Specimen 4 showed more concentrated areas of 
shrinkage in the lower corners close to the building platform.  

The wall thickness and shrinkage of specimen 4 indicated that an increased layer 
area increases the magnitude of residual stress for the specimen, with the following 
stress induced distortion. A similar trend was seen when comparing specimen 2 and 
specimen 4, where the volume was equal, but the wall thickness and height differed. It 
was clear that the amount of distortion was much less in specimen 2. This was valid 
even after removal of the objects from the baseplate, where specimen 4 underwent 
relaxation to a larger extent. 

It can be assumed that the local yield strength was exceeded or at least almost 
reached for all specimens. In other words, the deformation can at least partially be con-
sidered to be plastic. This is due to the fact that residual stresses has it origin in inho-
mogeneous plastic deformation [28], the magnitude of  residual stresses in comparison 
to reported yield strength from the literature, along with the similarity of the maximum 
stress magnitudes in all specimens. 

Especially interesting is the relatively high and unexpected shrinkage of specimen 1. 
What differentiated specimen 1 to both specimen 2 and specimen 3 was the height. The 
reason behind this increased amount of shrinkage is unclear and has to be further in-
vestigated. 

Specimen 2 and 3 showed the least distortion of all specimens. Shrinkage on a spe-
cific area on one side showed less shrinkage on the other side and vice versa. This 
resulted in deformations in the shape of waves. A difference between specimen 2 and 
specimen 3 in terms of the direction of the waves could be observed. Specimen 2 
showed waves in the vertical z-direction. This deformation was rotated 90° for speci-
men 3 where the wave moved in the x-direction. In other words, the waves seemed to 
follow the longest edge length of the specimen. The inhomogeneous deformation was 
somewhat decreased due to relaxation upon removal from the baseplate for specimen 
2 while it was increased for specimen 3. This was probably due to the decreased wall 
thickness of specimen 3. 



Degree Project for Master of Science with specialization in manufacturing 
Residual stresses and distortions in austenitic stainless steel 316L specimens 

manufactured by Selective Laser Melting  - Discussion 

 43 

A general trend that could be observed was that the residual stresses in the z-direc-
tion reached a maximum of 600-650 MPa about 100 µm beneath the surface and then 
decreased further into the material. An increased wall thickness showed a reduced slope 
in comparison to the thinner specimens. This complies with the cool-down mechanism, 
where the stresses are compressive at the centre and tensile near the surface. 

It should be pointed out that the total width of the boarder tracks was about 180 
µm wide in total, and the highest stresses were located within those tracks. The boarder 
tracks are scanned in the same direction for every layer, thus may lead to accumulation 
of stresses in the same direction.  

The ratio between laser power and scan speed according to table 6 are equal for the 
boarder tracks and the hatch tracks. However, the isolated parameters are not. This may 
have affected the geometry and volume of the molten pool which in turn would have 
impacted the magnitude of the residual stresses.  
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6 Conclusion 

Differences in terms of residual stresses and distortions for rectangular cross-section 
specimens with varying dimensions have been investigated in this study. The specimens 
were manufactured in austenitic stainless steel 316L by Selective Laser Melting. In ad-
dition, a comparison between ESPI incremental hole drilling and x-ray diffraction was 
performed.  

The following conclusions can be drawn from the acquired results: 
 
• No major difference in the generation of residual stresses near the surface could 

be observed on the studied geometries in this study. 
• When using X-ray diffraction, the residual stresses were highest at 100 µm be-

neath the surface and showed a hook-shaped profile.  
• It was shown that the wall thickness and height of the specimen affects the 

amount of distortions, where an increased layer area and a decreased height 
results in more shrinkage of the manufactured part. 

• ESPI incremental hole drilling and x-ray diffraction does not correlate well for 
316L specimens manufactured by SLM in this study. The two methods showed 
the same trend with reducing residual stresses from 100 µm beneath the surface, 
but the ESPI incremental hole drilling showed unrealistically high stress magni-
tudes near the surface.  

6.1 Future Work and Research 
With the high magnitude of residual stresses in mind, the scanning strategy and the 
process parameters should be optimized in order to reduce the residual stresses.  

The next natural step with the produced specimens would be to measure the me-
chanical properties of the substrate. This information will be useful to determine if the 
yield strength and ultimate tensile strength are relevant in terms of comparison to the 
magnitude of residual stresses.  

Only residual stresses up to 400-450 µm beneath the surface has been investigated 
in this study. In-depth residual stress analyses should be performed to acquire the com-
plete stress distribution within the specimens. 

The microstructure, in terms of morphology and chemical composition should be 
investigated in order to find an explanation for the high level of stresses and strength.  

Computational simulations in terms of residual stresses and distortions have been 
performed on the same material, geometries, scanning strategy and process parameters 
as used in this study. A comparison between the experimental and simulated results 
should be carried out.  

6.2 Critical discussion 
It should be noted that the optical 3D-scan was conducted as a “best fit” between 

the original CAD-model and the manufactured specimens. The location of references 
is always a source of error that will affect the measured geometrical deviations. 
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All residual stress measurements were performed correctly, but it should be men-
tioned that the ESPI incremental hole drilling equipment had been broken and repaired 
just before the measurements were conducted. There is always a risk that some addi-
tional optimization needs to be performed to obtain correct measurements.  
The lack of experience with the ESPI incremental hole drilling equipment and software 
might be another source of error.  
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Appendix A:1 

A. X-ray diffraction 

Specimen 1 measurement point 1 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 53,2 14,1 235,1 6,9 - - - - - - 

31 11,7 85,4 8,7 428,8 10,5 - - - - - - 

47,2 6,8 110,6 8,7 587,6 16,4 - - - - - - 

97,6 5,4 130,2 15,9 609,8 31 - - - - - - 

197,2 11,9 79,8 41,4 560,9 23 561 29 89,9 4,4 79,8 29 

368,2 - 103,3 40,6 405,1 43,2 410,8 37,3 -82,3 9,7 97,7 37,3 

 

Specimen 1 measurement point 2 

Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 44,2 5,9 212,6 7,6 - - - - - - 

24,8 11,5 63,6 12 460,9 15,8 - - - - - - 

45,6 2,2 123,8 11,4 576,5 19,1 - - - - - - 

93,2 9,0 145,2 18,6 631,9 39,1 - - - - - - 

197,6 15,5 157,7 51 610 25,7 632,1 35,8 -77,9 4,3 135,9 35,8 

399,6 - 151,6 41,4 512,6 49,2 523,2 40,6 -80,4 7,6 141 40,6 

 

Specimen 1 measurement point 3 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 38,8 12,9 267 13,4 - - - - - - 

19,2 10,9 57,2 18,5 317,2 8,1 - - - - - - 

42,2 4,5 95,9 13,2 481 19,5 - - - - - - 

81,8 4,6 44,3 15,5 488,6 28 - - - - - - 

178,4 8,8 46,3 30,3 449,2 16,8 450,8 21,3 86,3 3,4 44,7 21,3 

372,4 - 47,2 38,7 336,3 64,8 346,7 46,6 -79,5 8 36,8 46,6 
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Appendix A:2 

Specimen 1 measurement point 4 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 10,8 11,4 281,7 6 - - - - - - 

23,8 17,3 42,7 9,4 331,4 14,6 - - - - - - 

43 6,0 24,9 9,3 469,9 17,8 - - - - - - 

91,6 10,4 49,6 12,4 492,6 21,7 - - - - - - 

190 16,4 50,4 23,3 448,7 18 462,9 19,6 -79,5 4,3 36,2 19,6 

382 - -1,4 29,5 380.9 34 414,2 28,8 -74,2 3,8 -34,7 28,8 

 

Specimen 2 measurement point 1 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 59,1 9,1 311,3 13,4 - - - - - - 

34,4 3,5 86,1 7,6 480,1 14,1 - - - - - - 

46 3,2 91,9 12,1 523,8 20,9 - - - - - - 

105,6 3,6 157,1 32,6 514,2 36,8 - - - - - - 

214 12,6 64,8 57,8 322,7 28,7 323,3 39,5 87,3 8,6 64,3 39,5 

416 - -28,3 28,2 -21,7 40,2 -21,7 30,4 -84,8 375 -28,3 30,4 

 

Specimen 2 measurement point 2 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 84,8 12,2 331,1 14,2 - - - - - - 

31 11,1 119,2 11,3 514,7 18,9 - - - - - - 

46 4,9 86,2 14 478,5 16,6 - - - - - - 

109,6 10,6 117,3 22 583,6 28,5 - - - - - - 

234,6 6,1 46,9 25,1 391,4 32,2 391,6 25 88,9 4,1 46,8 25 

426,6 - -48,4 40,6 17,5 28,8 61,6 33,1 57,7 9,8 -92,5 33,1 

 

Specimen 2 Measurement point 3 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 51,1 12,7 285,9 14,3 - - - - - - 

36,8 6,0 96,1 10,3 483 16,4 - - - - - - 

51,6 6,7 123,1 14 604,1 18,4 - - - - - - 

107,8 3,2 208,5 41,8 598 21,8 - - - - - - 

209,6 1,9 226,4 37,3 521,3 31,7 583,9 31,8 67,3 3,9 163,9 31,8 

388,6 - 31,9 22,1 288 46,4 316,3 33,6 72,5 6,4 3,6 33,6 

 



Degree Project for Master of Science with specialization in manufacturing 
Short descriptive title of the work - X-ray diffraction 

Appendix A:3 

Specimen 2 measurement point 4 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 33,8 9,2 267,3 8,4 - - - - - - 

38,8 6,4 62,5 11,1 414,1 9,4 - - - - - - 

54,4 9,0 121 6,2 495,4 16,2 - - - - - - 

125,6 5,7 185,3 34 631,8 30,3 - - - - - - 

216 9,3 183,7 45,6 564,2 39,4 567,4 37,2 -84,8 6,6 -84,8 6,6 

423 - 34,9 21,4 330,6 34,7 330,6 25 89,5 5,8 34,9 25 

 

Specimen 3 measurement point 1 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 28,2 12,7 202,8 9,6 - - - - - - 

34,4 4,1 79,6 22,5 423,1 21,1 - - - - - - 

41,2 8,6 93,2 15,8 522,2 19,8 - - - - - - 

76 1,7 66,6 19,8 474,3 11,8 - - - - - - 

178 17,2 48,2 11,5 466,3 35,3 471,6 23,1 -83,6 4,2 42,8 23,1 

365 - 2,4 27,5 137 17,4 140 21,1 81,1 14 -1 21,1 

 

Specimen 3 measurement point 2 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 -0,1 14,2 232,3 11,5 - - - - - - 

30,4 9,3 73,9 11,1 438,4 14,4 - - - - - - 

44,2 8,1 93,3 10,8 566,2 21,9 - - - - - - 

92,6 5,5 43,8 18,3 562,9 21,4 - - - - - - 

192,6 3,8 68,6 35,1 504,5 56,3 507,3 40,7 85,4 5,4 65,8 40,7 

398,6 - 54,4 26,4 133,2 21,4 136,3 23,8 79,1 29,7 51,3 23,8 

 

Specimen 3 measurement point 3 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 60,7 7,9 305,5 13,4 - - - - - - 

31 2,2 113,4 5,9 404,6 11,5 - - - - - - 

43,8 4,6 134,3 7,8 497,9 14,9 - - - - - - 

88,4 13,3 85,1 12,6 455,2 13,9 - - - - - - 

192,6 7,7 121,5 11,5 439,6 40,1 440,9 25,7 86,3 5,7 120,2 25,7 

392,6 - -1,6 43,1 -52,7 20,3 4,5 30 18,1 24,9 -58,8 30 
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Appendix A:4 

Specimen 3 measurement point 4 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 52,8 17,6 297,2 12,9 - - - - - - 

29 6,4 84,7 8,2 420,4 11,4 - - - - - - 

45,6 2,9 62,4 4,9 508,4 18,7 - - - - - - 

103 9,8 105,7 10,8 478 23,7 - - - - - - 

194,4 10,0 72,5 23,8 372,9 27,3 437,4 24 -67,2 3 8 24 

384,4 - -51,7 31,8 34,4 20,8 84,1 24,6 58,8 6,2 -101,3 26,6 

 

Specimen 4 measurement point 1 

Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 49,9 7,7 215,7 12,3 - - - - - - 

28,4 7,2 70,9 14,9 427,2 11,7 - - - - - - 

46,4 7,1 80,3 11,2 542,7 21,3 - - - - - - 

91,8 8,3 113,5 13,2 626,7 28,9 - - - - - - 

184,6 8,7 -11,1 17,6 328,4 23,3 331,4 18,4 -84,7 5,9 -14 18,4 

381,6 - 72,8 36,7 545,8 31,4 550,2 30,9 -84,5 8,3 68,4 30,9 

 

Specimen 4 measurement point 2 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 44,1 11 217,8 11,2 - - - - - - 

33,6 3,6 56 12,4 439,5 10,3 - - - - - - 

45,8 8,6 64,9 10,2 557,8 16 - - - - - - 

86,8 4,1 87,6 14,8 578,5 32 - - - - - - 

188 7,2 77,8 30,1 420,5 34,7 428,2 29,8 81,6 8,2 70,1 29,8 

387 - 117,5 34,8 500,1 38,7 501,1 32,2 87,1 10 116,5 32,2 

 

Specimen 4 measurement point 3 
Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 -5,6 11,1 256,5 9,1 - - - - - - 

31,6 11,3 79,8 9,6 413,1 18,2 - - - - - - 

51,8 9,3 104,7 6,4 509,2 18 - - - - - - 

103,2 10,7 183,3 11 567,3 32,6 - - - - - - 

186,6 9,5 12,9 29,6 296,1 28,4 296,5 25,1 -87,9 5,8 12,5 25,1 

401,6 - 130,4 29,8 355,4 26,9 378,4 31,3 73,1 9,6 107,4 31,3 
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Appendix A:5 

Specimen 4 measurement point 4 

Depth [µm] ± σx [Mpa] ± σz [Mpa] ± σmax [Mpa] ± Principle stress angle [°] ± σmin [Mpa] ± 

0 0 16,1 8,8 270,8 9,2 - - - - - - 

32,2 5,7 77,6 12,7 380 16,7 - - - - - - 

58 9,4 95,5 9,1 489,2 18,5 - - - - - - 

99,8 9,2 140,1 14,8 577,8 31,9 - - - - - - 

203,2 5,5 147,9 25 469,3 39,9 472,2 29 -84,2 5,1 144,5 29 

399,2 - 117,4 26,7 408,4 59,4 408,4 39,9 -88,3 9,8 117,1 39,9 
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Appendix B:6 

B. ESPI incremental hole drilling 

Specimen 1 measurement point 1 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 473 547 548 473 5 93,83 9,4 

100 390 686 686 390 -5,48 88,94 8,9 

150 137 528 532 134 -35,8 84,81 10,2 

200 40,9 477 477 40,7 -9,95 88,69 9,8 

250 54,8 513 514 53,6 -22,9 87,15 10 

300 69,4 439 439 69 -12,9 88 8,9 

350 94,3 381 381 94,3 -0,4 89,92 9,3 

400 94,4 328 328 94,2 5,47 88,66 7,8 

450 122 215 215 122 -0,11 89,93 7,3 

500 274 332 332 274 20,7 87,97 7,5 

 
 

 

Specimen 1 measurement point 2 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 526 681 681 526 3,97 91,46 10,2 

100 330 730 730 330 -4,66 89,33 10,9 

150 114 682 682 114 9,03 90,91 11,3 

200 -53,3 478 482 -57,5 47,7 95,09 11 

250 40,7 573 575 38,6 33,6 93,59 10,9 

300 86,6 580 581 86,5 8,4 90,97 12,4 

350 81 339 339 81 -0,44 89,9 9,8 

400 202 385 385 202 1,61 90,5 11,4 

450 235 362 369 228 30,9 102,97 10,9 

500 296 279 303 272 12,5 152,39 8,5 
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Appendix B:7 

Specimen 1 measurement point 3 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 433 557 563 427 -26,6 78,4 10,9 

100 422 682 684 420 -19,8 85,67 11,6 

150 103 532 532 103 -3,88 89,48 11,1 

200 -49,5 300 303 -51,8 28,7 94,66 10,3 

250 -6,42 343 345 -8,02 -23,7 86,13 10,5 

300 -106 249 249 -106 5,03 90,81 14,6 

350 5,5 244 244 5,48 2,51 90,6 10,9 

400 84,6 268 268 84,5 -3,09 89,04 9,6 

450 112 208 213 108 21,3 101,99 9,2 

500 212 223 224 211 2,86 102,79 13,4 

 

Specimen 1 measurement point 4 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 290 419 423 286 21,7 99,22 8,5 

100 342 673 684 330 63 101,43 10,7 

150 12,6 344 352 4,7 51,8 98,68 10,3 

200 -110 240 252 -122 65,3 100,23 8,8 

250 -95,4 254 267 -109 69,5 100,86 8,6 

300 50,4 407 414 43,1 51,3 98,04 9,2 

350 -64,5 218 231 -77,6 62,2 101,89 8,5 

400 43,7 244 257 31,1 51,8 103,67 12,4 

450 -32,6 70,9 92,7 -54,4 52,3 112,67 8,8 

500 142 163 207 97,9 53,7 129,37 8,8 

 

 
 

Specimen 2 measurement point 1 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 334 446 447 333 -8,31 85,47 9,5 

100 279 488 490 277 -20 84,58 9,6 

150 -59,7 259 262 -62,9 -32,2 84,29 9,8 

200 104 455 456 103 -16,3 87,36 10 

250 -40,6 154 156 -42,5 -19,3 84,38 7,9 

300 -64,8 38,4 38,4 -64,8 1,8 91 7,1 

350 64,7 125 125 64,2 -5,36 84,96 8,3 

400 -187 -213 -185 -215 -7,2 14,48 7,2 

450 167 162 170 159 5,11 149,18 7,5 

500 -8,13 -84,3 -7,89 -84,5 -4,21 3,15 8,9 
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Specimen 2 measurement point 4 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 163 273 273 163 -4,47 87,68 12,3 

100 445 743 743 445 3,91 90,75 17 

150 336 669 670 335 13,1 92,24 14,6 

200 222 596 596 222 15 92,3 15,5 

250 197 493 498 192 38,5 97,27 18,3 

300 143 340 351 132 48,2 103,05 12,7 

350 -27,9 75,3 95 -47,6 49,2 111,81 11,3 

400 356 520 533 343 48,4 105,32 18,1 

450 127 193 218 103 47,3 117,56 9,9 

500 204 207 241 170 35,9 133,69 10,1 

 

Specimen 2 measurement point 2 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 328 421 424 325 -16,2 80,38 9,2 

100 361 679 679 361 -0,94 89,83 12,5 

150 22,9 382 382 22,8 -5,2 89,17 10,7 

200 5,13 337 341 2,12 -31,8 84,58 9,7 

250 -167 87,6 87,7 -167 -4,86 88,91 8,4 

300 159 394 394 158 -9,02 87,8 22,2 

350 -11 62,5 63,6 -12,1 -9,14 83,01 9,2 

400 -35 -8,88 -8,72 -35,2 -2,06 85,53 7,5 

450 -105 -130 -104 -132 6,14 166,98 7,7 

500 33,3 -29,5 33,5 -29,7 -2,97 2,7 10,8 

Specimen 2 measurement point 3 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 559 659 686 532 -58,4 65,23 12,8 

100 436 827 841 422 -76,6 79,28 13,8 

150 121 563 570 114 -55,9 82,9 14,8 

200 88,2 459 473 74,7 -72 79,4 15,7 

250 91,5 486 501 76 -79,7 78,99 20,4 

300 49,4 293 306 36,8 -56,9 77,48 10,5 

350 95,4 305 318 82,3 -54,1 76,32 9,4 

400 136 277 283 130 -29,4 78,64 9,7 

450 96,2 198 214 80,9 -42,4 70,17 8,8 

500 173 224 239 158 -31,3 64,56 10,1 
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Specimen 3 measurement point 1 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 261 281 281 261 2,4 96,03 10,2 

100 424 713 713 424 -5,14 88,98 13,3 

150 197 667 667 197 7,93 90,97 13,7 

200 226 631 632 225 -20,2 87,15 13 

250 28,1 369 370 26,7 -22,4 86,25 13,3 

300 -21,9 83,8 85,1 -23,3 -12,1 83,56 10,7 

350 -64,7 34,6 35,8 -65,9 11,2 96,37 9,9 

400 -64,1 -4,93 -4,91 -64,2 -1,13 88,91 9,1 

450 -41,1 -31,6 -31,1 -41,6 -2,14 77,2 8,8 

500 2,75 13,4 15,6 0,54 5,32 112,5 9,1 

 

Specimen 3 measurement point 2 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 374 429 441 362 -27,9 67,54 15,9 

100 435 747 749 434 -22,2 85,94 13,4 

150 244 700 700 244 5,73 90,72 13,9 

200 173 592 593 171 24,6 93,35 12,9 

250 -20,9 258 258 -21 4,84 90,99 11,2 

300 1,08 164 165 0,57 -9,13 86,81 10,2 

350 -83,4 66,8 66,9 -83,5 3,67 91,4 9,2 

400 -119 -34,2 -34,1 -119 3,2 92,17 8,4 

450 -1,69 37 45,1 -9,79 19,5 112,59 8,6 

500 -33,8 -37,9 -30,8 -40,9 -4,63 32,86 8,1 

 

Specimen 3 measurement point 3 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 557 647 657 546 -31,9 72,43 11,6 

100 311 500 501 310 -12,3 86,29 11,3 

150 80 380 383 76,7 -21,4 84,1 10,4 

200 -21,3 175 190 -36,2 -56,1 75,12 9,4 

250 15,1 187 199 3,15 -46,8 75,69 9,8 

300 -33,5 74,4 88,7 -47,8 -41,9 71,08 10,4 

350 -92,7 -84,2 -64,9 -112 -23,2 50,19 9,4 

400 22,1 -14,5 56 -48,4 -48,9 34,76 7,9 

450 -35,7 -77,8 -19,3 -94,3 -31,1 27,95 7,9 

500 -59,7 -126 -56,2 -130 -15,6 12,54 8,7 
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Specimen 3 measurement point 4 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 511 642 647 506 26,1 100,91 14,3 

100 430 821 829 421 58,4 98,31 14,7 

150 105 480 493 90,8 73,1 100,64 11,8 

200 130 419 431 118 60,5 101,37 11,7 

250 -43,5 155 172 -60,8 60,9 105,79 10,4 

300 22 93,7 127 -10,9 58,6 119,28 9,3 

350 -85,7 -14,7 1,98 -102 38,3 113,58 9 

400 -18,6 -63 4,42 -86,1 39,4 149,68 8,8 

450 -69,6 -146 -62,3 -153 24,6 163,57 8,7 

500 54,9 -105 62,7 -113 36,2 167,86 8,5 

 

Specimen 4 measurement point 1 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 630 768 773 626 -24,3 80,32 9,6 

100 432 788 791 429 -31,8 84,93 11,1 

150 234 780 786 228 -57,4 84,06 12,2 

200 111 591 596 105 -51,3 83,97 11,3 

250 86,3 628 634 80 -58,7 83,88 11 

300 95,1 488 491 91,8 -36,1 84,8 10,7 

350 240 551 552 239 -19,3 86,46 10,5 

400 253 538 541 250 -31,5 83,76 10,2 

450 555 821 824 552 -27 84,27 11,1 

500 577 696 697 575 13,3 96,3 9,3 

 

 
Specimen 4 measurement point 2 

Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 673 927 929 671 -21,5 85,21 12,8 

100 562 892 895 558 -35,9 83,86 14,1 

150 237 734 737 234 -36,4 85,83 21,4 

200 136 593 607 122 -79,5 80,42 16,7 

250 83,9 538 552 70 -80,6 80,24 12,7 

300 30,6 419 426 23,2 -53,8 82,25 11,6 

350 135 517 522 130 -44,5 83,44 12,7 

400 235 514 524 226 -53,1 79,58 14,2 

450 438 671 677 432 -36,7 81,27 10,5 

500 414 509 511 412 15,3 98,98 10,9 
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Specimen 4 measurement point 3 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 649 748 822 575 -114 56,26 11,4 

100 541 891 889 443 -185 62,01 13,4 

150 109 457 498 67,6 -127 71,96 10,9 

200 85,9 534 584 35,4 -159 72,34 10,1 

250 79,5 466 511 34,9 -139 72,17 11 

300 17,4 435 460 -8,03 -106 76,52 11,1 

350 79,5 385 410 54,3 -91,4 74,55 10,4 

400 131 379 398 113 -69,8 75,32 13,2 

450 215 448 465 198 -64,8 75,45 39,9 

500 455 567 578 444 -36,8 73,34 19 

 
 

Specimen 4 measurement point 4 
Depth [μm] σx [MPa] σz [MPa] σ1 [MPa] σ2 [MPa] 𝜏𝜏xy [Mpa] Theta [°] Poor Pixels [%] 

50 473 612 613 473 -5,05 87,93 9,6 

100 576 833 834 576 9,15 92,04 13,9 

150 78 389 390 76,6 20,4 93,74 10,3 

200 -31,9 321 328 -38,5 48,8 97,73 12,7 

250 22,4 371 373 21,1 21,2 93,47 11,2 

300 16,1 347 348 14,9 20,4 93,52 10,8 

350 47,4 312 315 45 25,4 95,43 9,4 

400 51,1 242 242 51 3,08 90,92 8,5 

450 161 375 376 160 8,98 92,39 9,6 

500 329 414 415 328 9,45 96,27 9,6 
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C. Vickers hardness 

Series 1 yz-plane HV10 
Indent Hardness [HV10] Diagonal 1 [µm] Diagonal 2 [µm] Average diagonal [µm] 

1 220 286,56 293,81 290,185 

2 222 282,49 295,87 289,18 

3 221 285,54 293,31 289,425 

4 212 298,85 292,79 295,82 

 

Series 2 yz-plane HV10 
Indent Hardness [HV10] Diagonal 1 [µm] Diagonal 2 [µm] Average length [µm] 

1 213 293,8 296,42 295,11 

2 208 301,91 294,87 298,39 

3 222 285,11 292,8 288,955 

4 219 287,09 294,59 290,84 

 

Series 3 yz-plane HV10 
Indent Hardness [HV10] Diagonal 1 [µm] Diagonal 2 [µm] Average diagonal [µm] 

1 218 291,21 292,26 291,735 

2 218 288,1 294,91 291,505 

3 221 287,06 292,25 289,655 

4 211 290,69 301,59 296,14 

 

Series 1 xy-plane HV10 
Indent Hardness [HV10] Diagonal 1 [µm] Diagonal 2 [µm] Average diagonal [µm] 

1 209 293,31 302,09 297,7 

2 201 300,03 306,76 303,395 

3 207 293,28 305,78 300,5475 

4 211 291,98 300,55 296,265 
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Series 2 xy-plane HV10 
Indent Hardness [HV10] Diagonal 1 [µm] Diagonal 2 [µm] Average diagonal [µm] 

1 211 291,21 301,57 296,39 

2 204 298,47 304,17 301,32 

3 206 294,84 305,77 300,305 

4 216 286,04 300,02 293,03 

 

Series 3 xy-plane HV10 
Indent Hardness [HV10] Diagonal 1 [µm] Diagonal 2 [µm] Average diagonal [µm] 

1 217 289,66 294,91 292,285 

2 212 293,8 297,98 295,89 

3 210 292,76 301,96 297,36 

4 207 295,87 302,64 299,255 

 

Series 1 100 µm from the surface yz-plane HV0,1 
Indent Hardness [HV0,1] Diagonal 1 [µm] Diagonal 2 [µm] Average diagonal [µm] 

1 227 28,44 28,7 28,57 

2 230 28,07 28,7 28,39 

3 232 28,25 28,33 28,29 

4 233 28,07 28,33 28,2 

5 219 28,62 29,63 29,13 

6 220 28,81 29,26 29,03 

7 227 27,88 29,26 28,57 

8 221 18,25 29,63 28,94 

9 246 27,88 27,04 27,46 

10 216 29,18 29,45 29,31 

11 239 27,69 27,96 27,83 

12 235 27,88 28,33 28,11 

13 227 28,62 28,52 28,57 

14 236 27,32 28,7 28,01 

15 244 27,69 27,41 27,55 

16 229 28,81 28,15 28,48 

17 243 27,32 27,96 27,64 

18 254 26,95 27,04 26,99 

19 258 26,77 26,85 26,81 

20 246 27,32 27,59 27,46 
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Series 2 100 µm from the surface yz-plane HV0,1 

Indent Hardness [HV0,1] Diagonal 1 [µm] Diagonal 2 [µm] Average diagonal [µm] 

1 220 27,88 30,19 29,03 

2 200 30,67 30,19 30,43 

3 229 27,88 29,07 28,48 

4 219 28,81 29,45 29,13 

5 193 30,11 31,85 30,98 

6 216 28,81 29,82 29,31 

7 224 28,44 29,07 28,76 

8 227 28,44 28,7 28,57 

9 232 28,07 28,52 28,29 

10 217 29,18 29,26 29,22 

11 236 27,69 28,33 28,01 

12 227 28,44 28,7 28,57 

13 229 28,25 28,7 28,48 

14 246 27,14 27,78 27,46 

15 232 28,07 28,52 28,29 

16 236 28,07 27,96 28,02 

17 243 27,32 27,96 27,64 

18 260 26,39 27,04 26,72 

19 238 27,51 28,33 27,92 

20 227 28,62 28,52 28,57 
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Series 1 100 µm from the surface xy-plane HV0,1 

Indent Hardness [HV0,1] Diagonal 1 [µm] Diagonal 2 [µm] Average diagonal [µm] 

1 241 27,88 27,59 27,74 

2 232 28,07 28,52 28,29 

3 232 28,44 28,15 28,29 

4 236 28,07 27,96 28,02 

5 208 29,93 29,82 29,87 

6 227 28,62 28,52 28,57 

7 229 27,88 29,07 28,48 

8 243 27,69 27,59 27,64 

9 233 27,88 28,52 28,2 

10 241 27,32 28,15 27,74 

11 243 27,69 27,59 27,64 

12 230 28,62 28,15 28,39 

13 253 27,32 26,85 27,09 

14 251 26,95 27,41 27,18 

15 241 27,88 27,59 27,74 

16 239 27,69 27,96 27,83 

17 186 31,6 31,48 31,54 

18 236 27,32 28,7 28,01 

19 235 27,69 28,52 28,11 

20 239 28,25 27,41 27,83 
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Series 2 100 µm from the surface xy-plane HV0,1 

Indent Hardness [HV0,1] Diagonal 1 [µm] Diagonal 2 [µm] Average diagonal [µm] 

1 243 27,32 27,96 27,64 

2 251 26,95 27,41 27,18 

3 232 28,25 28,33 28,29 

4 227 28,44 28,7 28,57 

5 233 27,69 28,7 28,2 

6 239 27,69 27,96 27,83 

7 236 27,69 28,33 28,01 

8 246 27,51 27,41 27,46 

9 205 29,93 30,09 30,06 

10 251 27,14 27,22 27,18 

11 241 27,88 27,59 27,74 

12 232 28,44 28,15 28,29 

13 233 28,25 28,15 28,2 

14 241 27,88 27,59 27,74 

15 230 28,62 28,15 28,39 

16 249 26,77 27,78 27,27 

17 246 27,32 27,59 27,46 

18 230 28,07 28,7 28,39 

19 244 27,51 27,59 27,55 

20 226 27,88 29,45 28,66 
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